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Preface

Recent advances in stem cell biology have opened up new therapeutic strategies
for a variety of incurable diseases. But the ultimate clinical success of such
therapies lies entirely on our ability to efficiently control and manipulate stem cell
fate and produce therapeutic cells in large, pharmaceutically relevant scales. This
book presents a treatise on the state-of-the-art developments in biomaterials as
synthetic niches for engineering stem cells, both for understanding their behavior
under 3D biomimetic conditions as well as to develop new strategies for long term
maintenance and lineage-specific differentiation into therapeutic cells. Animal and
human stem cells of both embryonic and adult origin are discussed with appli-
cations ranging from nerve regeneration, orthopedics, cardiovascular therapy,
blood cell production and muscle regeneration. Both synthetic and natural bio-
materials have been discussed with specific focus on how material stem cell
interactions direct specific cell fate.

Chapter 1 introduces the reader to matrix biology and how dynamic elements of
the stem cell extracellular matrix (ECM) can be engineered through biomaterials.

Chapter 2 and 3 provide a detailed understanding of how material properties
and three-dimensional (3D) biomaterial scaffolds can be used to alter the stem cell
niche with particular focus on surface energy, mechanical properties as well as
controlled release of factors from the niche material.

The concept of niche topography and its effect on stem cell fate is thoroughly
discussed in Chaps. 4 and 5. Chapter 4 provides particular emphasis on mechano-
transduction while Chap. 5 emphasizes on how nanoscale topography of the stem
cell niche influences cell proliferation and differentiation. Specifically the authors
present ways to mimic these nanoscale features using three-dimensional (3D)
nanofiber matrices and how such matrices influence a variety of stem cell
behavior.

The use of micropatterning technologies to create synthetic, soft 3D niches is
discussed in Chap. 6. Specifically, hydrogel-type biomaterials are presented as a
conducive-microenvironment for stem cell growth and differentiation.

Chapter 7 further elaborates on the use of microfabrication technologies along
with high throughput approaches on embryonic stem cell research. These are
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critical not only in controlling stem cell fate in a precise and deliberate manner but
to also study cell niche interactions in a quantitative and high-throughput way.

Chapters 8 12 focus on use of biomaterial-based niches for lineage-specific
differentiation of stem cells. Specifically, Chaps. 8 and 9 discuss cardiovascular
differentiation of stem cells while Chap. 10 introduces hematopoietic lineage,
specifically T cell differentiation from embryonic and adult stem cells. Chapter 11
provides a review of neural regeneration under hypoxic conditions with specific
emphasis on the role of biomaterials. Finally, Chap. 12 provides a unique treatise
on the aging stem cell niche in the context of biomaterial-based muscle regener-
ation.

Austin, Texas Krishnendu Roy
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Engineering ECM Complexity into
Biomaterials for Directing Cell Fate

Sarah E. Stabenfeldt, Ashley Carson Brown and Thomas H. Barker

Abstract By definition, biomaterials and tissue engineering materials aim to
replace, restore, and/or regenerate tissue where disease or injury has caused
irreparable damage to native tissue. However, mimicking the complexity of the
in vivo milieu has proved to be a serious challenge for current biomaterials. For
example, one common strategy involves incorporating a short known biologi-
cally active motifs into the biomaterial to encourage cellular attachment,
migration, and differentiation. In doing so, the intricacy of the dynamic in vivo
environment is greatly diminished. This chapter highlights dynamic elements of
the extracellular matrix (ECM) that provide critical signaling cues in vivo, the
state of current biomaterial approaches, and potential approaches to incorporate
more complex components into future biomaterials. The goal of this section is to
introduce emerging concepts in matrix biology that have the potential to be
exploited in biomaterials design, rather than being an exhaustive review of ECM
dynamics.

1 Cell–ECM Interactions

Cell signaling involves a multitude of interactions with the extracellular
environment that includes cell cell, cell ECM, and cell growth factor interac-
tions. Early reports of the ECM function described it as merely a 3D matrix
required for mechanically supporting cells. However, we now know that the ECM
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serves more functions than simply holding cells together to form tissue. The ECM
is composed of an array of tissue-type dependent fibrous proteins many of which
also exhibit developmental and pathology-specific splice variations, proteogly-
cans, and matricellular proteins. Moreover, structural fibril proteins such as lam-
inin (Ln), fibronectin (Fn), and collagen also have many binding sites for growth
factors and proteases as well as its primary role in the engagement of cell-surface
integrins. Therefore, the ECM serves not only as a mechanical support, but also a
reservoir for cellular signaling molecules. This chapter highlights the composition,
signaling, and dynamic regulation through proteolytic degradation and remodeling
of the ECM. Using the neural stem cell niche as a model system we address how
these ECM dynamics influence stem cell differentiation and phenotype. Finally,
this chapter will outline future additional areas of research in cell ECM interac-
tions and incorporation of complex ECM motifs into biomaterials for enhanced
control of stem cell biology.

1.1 ECM Composition and Signaling

The ECM is comprised of a highly organized cellular microenvironment that is
critical to cellular survival and development [14, 34, 74]. The fibril proteins (i.e.
Fn, Ln, and collagen) contain many binding domains that interact with cells and
other proteins. Without these proteins, development can be significantly altered or
even halted. For example, during embryogenesis, Ln-1 (a1b1c1) and Ln-10
(a5b1c1) are essential for proper basement membrane assembly [46, 66]. Ablation
of specific Ln subunits is lethal to developing murine embryos by day 5.5 (b1 and
c1) or day 7 (a1) due an absence of a basement membrane and an undifferentiated
endoderm [34, 46, 66].

Cell ECM interactions occur predominately through the receptor class known
as integrins. Integrins are heterodimeric cell surface receptors composed of two
transmembrane polypeptides, so-called a and b subunits. These ab-integrin
complexes are intracellularly linked to the cytoskeletal associated proteins (e.g.
talin, vinculin, and/or paxillin) and signaling enzymes (e.g. focal adhesion kinase;
FAK). The functional role of integrin ECM interactions ranges from directing
ECM assembly to stimulating intracellular signaling pathways for migration,
differentiation, and survival. For example, b1 integrins are capable of interacting
with Ln-1 (a1-chain) to aid in proper assembly of the basement membrane during
embryogenesis [1]. Disruption of Ln-1 assembly has been shown to lead to
significant apoptosis in the basal lamina of embryoid bodies [34, 46]. Additionally,
the b1 integrin family has been linked to pro-survival signaling. In particular,
Leone et al. [33] reported increased apoptosis in vitro of neural stem cells derived
from b1 integrin conditional knock-out mice. Therefore, ablation of either the
ECM or critical ECM receptors eliminates inherent survival mechanisms in
developing cells.

2 S. E. Stabenfeldt et al.



1.2 ECM Regulation

Integrin specific engagement has implications in cell development, survival, and
differentiation. In development, the ECM environment changes dramatically, from
mostly Fn to a predominantly Ln environment. Changes in ECM environment after
development, such as in wound healing situations, can be less dramatic but still
have serious effects on cell fate. Two ways in which integrin specificity can be
regulated are through proteolytic processing of ECM molecules, and through
mechanochemical translation of cell-binding ECM domains. These processes are
thought to reveal ‘‘cryptic’’ binding sites and/or disturb conformation specific
interaction between integrins and their ECM ligands, resulting in changes in
integrin binding and potentially leading to an integrin ‘‘switch’’. These so called
integrin switches result in the loss of binding of one integrin and the preferential
binding of another integrin to an ECM ligand as the result of an alteration in the
ligand itself. An emerging concept is that the inclusion of cryptic binding sites
within ECM molecules provide a way to include structural cues for cells during
development, tissue organization, wound healing, and remodeling processes [62].
This concept is evidenced by findings that reveal that unveiling of cryptic binding
sites can govern many cell ECM interactions, including migration, invasion,
adhesion, and differentiation. This type of signaling provides an elegant system for
regulating ECM cues in an energy efficient manner, such that the time-sensitive
cues are created at the same time and are spatially oriented in the same location but
remain cloaked until needed. Proteolytic processing of the ECM must be strictly
controlled during wound healing because of the dramatic differences in cell
phenotype that result; a requirement which is highlighted by evidence that many
disorders, such as metastatic cancer, arise from over active proteases.

1.2.1 Proteolytic Processing of the ECM

Proteolysis of ECM proteins can significantly alter ECM conformation, integrin
specificity, and ultimately ECM-mediated cell phenotype. A primary example of
this is seen in proteolytic processing of Ln during wound healing of the epidermis
[47]. Ln-5 is a known ligand of three main integrins, a3b1, a6b1, and a6b4 [37].
Ln-5 is comprised of a3, b2, and c2 Ln chains. The integrin binding domain of Ln
is located within the Ln globular (LG) domains found at the C-terminus of the a3
chain of the molecule. Within the LN-a3 module either a3b1 or a6b4 can bind,
depending on the processing of the molecule, which can promote either migration
or hemidesmosome formation, respectively. During in vivo dermal wound healing,
unprocessed Ln-5 is synthesized and assembled into a fibrous network at the
wound edge. In this unperturbed state, a3b1 integrin binds via the LG3 domain,
specifically to the PPFLMLLKGSTR motif [28]. This interaction leads to
epithelial cellular motility and facilitates wound closure. Upon wound closure,
cellular motility must be downregulated and this is elegantly regulated through
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proteolytic processing of the LG3 domain, resulting in an integrin switch (Fig. 1).
Specifically, proteolysis occurs between the LG3 and LG4 domains by serine
proteases cleaving at Gln 1337-Asp1338, which results in exposure of a prefer-
ential ligand for a6b4 [50]. This integrin switch leads to a downregulation of cell
motility, induction of hemidesmosome formation, and ultimately stabilization
epithelial cell cell adhesion [15, 22, 51, 52]. The parallels between the wound
healing physiology studies and the process of epithelial to mesenchymal transition
in the developing embryo, including gastrulation and development of complex
epithelial organs like lung, kidney, and glands are striking (Table 1).

Proteolytic processing of matrix molecules can lead to an integrin switch, but
the converse has also been observed. Integrin specific interactions with ECM
molecules can also induce proteolysis through upregulation of MMPs. Once again
in the context of dermal wound healing, keratinocytes located at the migrating
epithelial front, where there is no basement membrane, upregulate expression of
collagenase (MMP-1). In culture, this upregulation of MMP-1 has been shown to
only occur when cells are in contact with native type I collagen [68], and is the
result of integrin a2b1 binding. The specific nature of MMP-1 induction through
a2b1 integrin binding is evidenced by the observations that a2 integrin blocking

Fig. 1 Proteolytic processing
and integrin binding cryptic
site exposure in Ln. A In
newly synthesized Ln the
a3 chain is expressed as the
full length polypeptide con
taining five globular domains.
The LG3 domain supports
a3b1 integrin binding.
B Upon proteolysis the LG4
domain is exposed and drives
primarily a6b4 integrin
engagement and subsequent
hemidesmosome formation

Table 1 Role of specific integrins in cell fate determination

Integrin Role in cell fate References

a2b1 Leads to increases in MMP 1 expression on collagen I;
facilitates keratinocyte migration on collagen

[68]

a3b1 Facilitates migration on Ln during wound closure [50, 51]
a5b1 Facilitates wound healing, angiogenesis, enhanced

differentation of precursor cells (osteoblasts, myoblasts,
NSCs, and MSCs), and migration of Fn

[13, 21, 29, 69, 42]

a6b1 Increased levels are a sign of ‘‘stemness’’; Facilitates
migration on Ln and NSC adhesion and proliferation

[38, 50, 51, 58, 64]

a6b4 Results in hemidesmosome formation [50 52]
avb3 Increased cell addhesion, increased proliferation and

decreased differentiation of precursor cells
[8, 69, 13, 42]
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antibodies prevent MMP-1 expression. The induction of MMP-1 expression
facilitates keratinocyte migration on collagen, by cleaving the molecule. It has
been suggested that cleavage of the collagen matrix by MMP-1 may expose cryptic
sites on collagen for other receptors, such as avb5 integrin [45, 48]. Expression of
MMP-1 after initial wounding peaks on the first day and gradually tapers for
approximately 14 days until the levels of MMP-1 are undetectable, which corre-
sponds with complete reepitheilization. Interestingly, Ln-1 (only deposited after
reepithelilization), but not Ln-5 (expressed by migrating keratinocytes), seems to
down regulate MMP-1 expression in keratinocytes that are in contact with colla-
gen-I. This elegant coordination of integrin specific responses to collagen further
highlights the importance of proteolytic processing of ECM molecules in regu-
lating cell fate, particularly in the realm of wound healing. Whether these concepts
are fully recapitulated in stem cell niches has yet to be fully established, but the
principle holds promise for the design of ECM mimetic materials that are truly
interactive with and responsive to cells that are actively differentiating into various
cell lineages.

1.2.2 Mechanochemical Translation of Cell-binding ECM Domains

In addition to proteolytic processing, exposure of cryptic binding sites can be
regulated by force-mediated conformational changes in ECM molecules. Force-
mediated conformational changes are, as the name implies, the direct result of
cell-applied forces on ECM molecules. As in proteolytic processing of ECM
molecules, mechanochemical translation results in a specific alteration in the
molecule, in this case in the conformation, within critical ligand binding
sequences. Two types of mechanochemical translation have been observed, first
the activation and release of growth factors from the ECM and second, the
deactivation/activation of integrin binding sites, both of which ultimately result in
changes in local cellular responses. Though force-mediated conformational
changes are documented in many molecules including von Willebrand factor [72],
titan [36], transforming growth factor b (TGFb), and the classical example of Fn,
specifically in the type III repeats of the molecule.

Fn is a high-molecular weight glycoprotein, comprised of two nearly identical
230 270 kDa monomers cross-linked by a pair of disulfide bonds near their
C-termini [41, 53]. Fn exists as a single gene, but alternative splicing of its mRNA
results in multiple, tissue-specific and developmental/pathology-specific isoforms.
Structurally, each Fn monomer is comprised of three repeating units known as type I,
type II, and type III repeats. While type I and type II repeats contain stabilizing
disulfide bridges, the type III repeats, composed of two anti-parallel b-sheets, do
not, leaving them highly sensitive to force mediated unfolding. The central
cell-binding region of Fn is found within the type III repeats, specifically the
seventh through tenth type III repeats. The well-described Arg-Gly-Asp (RGD)
site, which is a well-known and often employed peptide ligand for many integrins,
is found within the tenth type III repeat. The best-defined demonstration of the
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effect of Fn domain unfolding at the secondary-level on integrin-binding is seen in
domain unfolding of the tenth type III repeat.

In addition to the RGD-containing tenth type III repeat, a second integrin
binding site, the so-called ‘‘synergy’’ site comprised of the sequence PHSRN, is
found on the adjacent ninth type III repeat. The synergy site is located approxi-
mately 32 Å from the RGD loop on the tenth type III repeat. The type III repeats
show great elasticity in the loops between their F- and G-b strands, known as the
FG loop, which allows the ninth and tenth type III repeats to present multiple
conformations. Under small applied forces (on the order of 10 pN) Fn’s tenth type
III repeat is susceptible to partial unfolding, resulting in an intermediate state in
which the RGD loop within the tenth type III repeats begins to translocate away
from the ninth type III repeat, resulting in an increase in the distance between the
RGD and synergy sites from approximately 32 to approximately 55 Å [30]. This
capacity to present multiple spatial orientations of the ninth and tenth type III
repeats has great implication on cell binding, because the relative positioning of
these two domains has been shown to influence integrin a5b1 binding. Integrin
a5b1 binds by simultaneously engaging the RGD and synergy sites, as these sites
translocate away from one another, they can no longer be bound simultaneously
and integrin a5b1 no longer binds (Fig. 2). These findings suggest that an integrin
‘‘switch’’ can be mechanically induced by stretching and partially unfolding these
two domains. Further evidence suggesting that a mechanically induced integrin
switch exists within the ninth and tenth type III repeats of Fn was shown by studies
in which conformational stability was conferred to the ninth or tenth type III
repeats, resulted in modulation of integrin specificity. In these studies, the ninth
type III repeat was stabilized via a Leu-Pro mutation at amino acid 1,408 [42] or
the tenth type III repeat [27] was stabilized through stabilization of the hydrogen
bonding within the repeat. In both cases, stabilization of the relative positions of
the two repeats resulted in increased affinity for integrin a5b1 over integrin avb3.
In addition, studies in which the linker region between the ninth and tenth type III

Fig. 2 Mechano regulation
of integrin binding to Fn.
A The RGD and PHSRN sites
of Fn are in close proximity
and can be simultaneously
bound by integrin a5b1.
B After the application of
force, the Fn domains begin
to partially unfold and sub
sequently the RGD and
PHSRN sites are moved away
from one another. As a result
of this translocation, a5b1
integrin can no longer bind
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repeats was increased in length showed reduction in a5b1 binding [17]. These
studies have significant implications in biomaterials design. For over a decade the
integrin/adhesion ligand of choice in biomaterials has been the RGD peptide,
either in linear or cyclic form. It has become increasingly clear that RGD is
significantly less capable of directing integrin specificity, and thus cellular
responses are mostly uncontrolled in these biomaterials. More recently several
groups have begun to explore approaches for incorporating both RGD and synergy
peptides as individual entities within biomaterials [5]. However, all such
approaches have relied on statistical methods for ensuring sufficient coupling of
both RGD and synergy peptides so as to promote the appropriate distances
between the motifs. This approach has a major flaw in that the organization of
these motifs with the Fn ECM is not homogeneous, nor is it random. The motifs
are structurally positioned with respect to one another and the elegance of the Fn
system ensures their appropriate position at energy levels below a particular
threshold. Thus far the attempts to engineer an RGD + synergy biomaterial have
lacked this level of control.

In addition to mediating integrin-specificity, force mediated unfolding of Fn is
also required for polymerization of the molecule into a fibrillar form [2, 4, 40].
Cellular forces expose cryptic binding sites required for polymerization. Recent
studies have highlighted the importance of cell-mediated unfolding of Fn in for-
mation and maintenance of a polymerized Fn matrix. In vitro, inhibition of actin
polymerization resulting in loss of cellular contractility results in relaxation of the
Fn matrix, such that Fn exists in a more compact form [3]. Fn molecular collapse
has also been observed in cell derived Fn-rich ECMs, in which fibroblasts were
extracted from the matrix. Semi-quantitative analysis of Fn molecular unfolding
indicates that cells are capable of inducing strain levels of approximately 200
700% into Fn fibers, resulting in domain unfolding of the type III repeats [65].
More recently, it has been shown that force-mediated unfolding of Fn fibers may
lead to the association of nontraditional binding partners with Fn. While still not
fully understood, there is growing support for the concept that partial unfolding of
Fn and perhaps specifically the type III repeats leads to radical shifts in the
function of Fn. An underexplored area of this research relates to the release of
growth factors from Fn upon mechanical stimulation, although there is evidence
that upon force application, Fn-bound TGFb latency complex is ‘‘activated’’ and
releases active TGFb [73].

As with integrin-switching via proteolytic processing, integrin-switching as the
result of mechanically induced translation can have great consequences on cell fate
determination. Specifically in the case of Fn unfolding, there is typically a switch
between a5b1 and avb3 integrin binding, resulting in differences in differentiation
and proliferation processes. For example, engagement of the b1 integrin subunit
has been shown to enhance differentiation of precursor cells [18]. In contrast,
engagement of av integrins, including avb3, contributes to increased cell adhesion
and proliferation and decreased differentiation [8]. Specifically, systems resulting
in an increase of a5b1 binding over avb3 binding to Fn has been shown to induce
a switch between proliferation to differentiation of MC3T3-E1 osteoblast-like
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cells [69] and mouse C2C12 myoblasts to myotubes [13]. Controlling these
integrin switches by engineering constructs that incorporate Fn type III repeats in
specific conformations offer a potential method for controlling integrin specificity
and ultimately cell fate. Highlighting this approach, Martino et al. [42] engineered
Fn fragments presenting RGD and synergy in their native conformation as either a
wild-type product or a hyperstabilized fragment. Stabilization of the domains lead
to significantly enhanced specificity for a5b1 integrin and enhanced differentiation
of mesenchymal stem cells. In addition, a5b1 integrin has been shown to regulate
angiogenesis [29] and wound repair processes [21]. The ability to control cell fate,
particularly in the case of stem cell differentiation, has many uses in the field of
regenerative medicine.

2 ECM and the Stem Cell Niche

During neural development, ECM proteins are critical players. Ln-1, Ln-10, Fn,
and collagen-IV are all ECM proteins that are important to neural signaling and
have been associated with cellular survival, adhesion, migration, and differentia-
tion [9, 12, 57]. Moreover, recent analysis of the stem cell niche in the adult
subependymal layer (also known as the subventricular zone; SVZ) has identified
the co-localization of LN subunits with basic fibroblast growth factor (bFGF) [26,
43, 44]. These findings indicate that the ECM not only provides direct cell support
through cell ECM interactions, but it also sequesters growth factors for neural
stem cells (NSC).

2.1 Integrins: A Sign of ‘‘Stemness’’

Certain integrin subunits have been related to properties of stem cells or ‘‘stemness’’.
For example, murine embryonic stem cells (ESC), hematopoietic stem cells (HSC),
and neural stem cells (NSC) all express elevated levels of a6b1 integrins [19, 58].
Looking closer at NSCs, both murine and human derived NSCs have been separated
from more mature differentiated cells based on the levels of b1 integrin expression
[19, 49]. Nagato et al. [49] demonstrated that sorting of a heterogeneous neural cell
population positive for b1 integrins yielded a population of pluripotent stem cells
capable of differentiating into all three neural lineages (neurons, oligodendrocytes,
and astrocytes); whereas, cells negative for b1 integrins yielded a population
incapable of neurosphere formation, an identifying quality of NSCs. Similarly,
examining the genetic expression of immature and mature neural cell markers from
human NSCs indicate that NSC populations with high levels of b1 integrins also
expressed immature NSC markers (i.e. prominin-1, nestin, sox2, sox3, musahi-1,
and bmi-1); whereas, populations with low levels of b1 integrins had increased
expression of more mature neuronal markers (i.e. bIII-tubulin) [19].

8 S. E. Stabenfeldt et al.



2.2 Neural Stem Cells and Integrin/ECM Alterations

NSCs within the developing and mature adult brain engage in ECM interactions via
integrins. Research has shown that the ECM microenvironment surrounding NSCs
and subsequent integrin engagement is critical to maintaining self-renewal prop-
erties and then initiating differentiation into the various neural phenotypes. This
section highlights the temporal and spatial profiles of ECM components and inte-
grins surrounding NSCs during neural development and within the adult NSC niche.

2.2.1 Integrin and ECM Profile During Neural Development

Developing neural tissue provides an excellent example of integrin alterations that
are both spatially and temporally dependent (review by [63]). Throughout devel-
opment, b1 and b5 integrins have been identified as unique in the developing cortex
and subcortical tissue. However, integrin distribution shifts and includes a broader
range of b integrins in post-natal brains. For example, b6 integrins only appear in the
adult cortex namely on neurons and oligodendrocytes [63]. The neural stem cell
niche of the developing ventricular zone (VZ) is dominated with high levels of
b1 integrins on NSCs and Ln (Fig. 3) [10, 38, 56]. At embryonic day 13.5 (E13.5;
murine model) the b1 integrin positive NSCs are present in the VZ, subventricular
zone (SVZ), and intermediate cortical regions; these NSCs also co-localize with
markers of proliferation [38]. However, by E16 the b1 integrin positive cells are
confined to the VZ/SVZ regions as the cortical neuronal layers become more dif-
ferentiated (Fig. 3) [38]. More specifically, the VZ is populated with NSCs
expressing high levels of a6b1 integrins. Interrogating neural tissue radial out into
the intermediate zone and developing cortical regions has revealed that levels
of a6 integrin subunit decrease and levels of a5b1 integrins increase [6, 7].
Corresponding to integrin expression, levels of known b1 integrin ECM-based
ligands (i.e. Ln and Fn) are spatially and temporally regulated in the VZ/SVZ and

Fig. 3 Integrin switch during neural development. A The NSC microenvironment during
development consists predominately of bFGF soluble factors and laminin chains with corre
sponding a6b1 integrins that maintains a relatively homogenous stem cell population. B As
development continues, NSCs begin to differentiate and migrate out to cortical layers potentially
due to integrin switching (e.g. a6b1 to a5b1 integrins), ECM modifications (Ln to fibronectin),
and/or decreasing levels of bFGF
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developing cortex. Specifically, the levels of the known a6b1 integrin ligand Ln-a2
chain (Ln 2, 4, and 12) peak in the VZ at E12.5 and then decrease throughout the
remainder of development [7]. In contrast, Fn, a ligand for a5b1 integrins, is
predominately present in the developing cortex [70]. Assessing the potential sources
for these ECM components, recent studies suggest that NSCs could participate in
producing certain Ln chains. For example, in vitro NSC cultures have been shown to
produce and secrete high levels of Ln c1 chains (ligand for a6b1 integrins; Ln 1-4,
6-11); however, the production of the c1 chains is significantly reduced after
differentiation [67]. This localized ECM production may be a type self-regulation
that maintains the NSCs in an undifferentiated state. However, the Ln c1 chains may
be further modified by extracellular proteolytic enzymes or other means to shift the
self-maintenance signal to differentiation signal, as was demonstrated in the case of
keratinocyte wound repair in the previous section. Therefore, the signaling pathways
that stimulate NSC migration and differentiation during development may involve
integrin switching from a6b1 integrins to a5b1 integrins. The suggested role of a5b1
integrin in the differentiation of NSCs echoes the demonstrated role of this integrin
in the differentiation of a number of other stem and precursor cells including MC3T3
preosteoblast, MC12 myoblasts, and our own work looking at human MSCs.

2.2.2 ECM and Integrin Profile in Adult Neural Stem Cell Niche

In the adult brain, regions of neurogenic potential have been identified in both the
SVZ region and the hippocampus [11, 16]. However for this chapter, only the SVZ
will be highlighted. In SVZ, the NSC niches are localized to a subregion between
the ependymal layer of the apical ventricle surface and neighboring vasculature
(Fig. 4) [26, 31]. Interestingly, a percentage of the NSCs actually penetrate the
ependymal cell layer positioning the NSC in contact with the ventricle and span
out to the local vasculature (5 10 lm away from the ventricle surface) [64].

Fig. 4 Adult neural stem cell niche. Located in SVZ, the NSC niches are localized to a sub
region between the ependymal layer of the apical ventricle surface and neighboring vasculature.
NSCs have been shown to integrate in between ependymal cells while maintaining contact with
the blood vessel basal lamina rich in Ln. More committed transient amplifying cells as reside in
the SVZ and continue to differentiate into neuroblasts that migrate out of the SVZ. Comparing the
integrin profiles of NSCs to neuroblasts there is a significant loss of a6b1 integrin expression
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Similar to the NSCs of the VZ/SVZ region in the developmental phases, NSCs of
the adult SVZ express high levels of a6b1 integrins; however, the more differen-
tiated migratory neuroblasts have lower levels of a6b1 integrins [64]. Adult
vascular endothelial cells are known to secrete a substantial amount of Ln-10, a
well-known ligand for a6b1 integrins. So, it is not surprising that the co-locali-
zation of NSC a6b1 integrins and endothelial-derived Ln-10 have been observed
in vivo [26, 43, 64]. Moreover, in vitro SVZ derived neurospheres adhere and
spread on a monolayer of confluent endothelial cells; adhesion is blocked with
either a6b1 integrin blocking antibodies or a competitive soluble Ln peptide. By
anchoring to both the vasculature and ventricle, adult NSCs have direct access to
two sources of soluble signals that may influence intracellular signaling in
combination with ECM/integrin signaling.

2.2.3 Functional Role of ECM/Integrin Interactions

Recent publications have investigated the functional role of b1 integrins within the
embryonic and adult neural stem cell niche [38, 64]. Both groups utilized transient
function-blocking antibodies delivered intraventricularly in vivo to provide
localized b1 or a6b1 integrin interference. In both the embryonic VZ and adult
SVZ NSCs, blocking b1 integrins predominately affected the location of the NSCs
in relation to ventricular surface. NSCs mainly lie within 10 lm of the apical
ventricle surface. However, localized and transient blocking of the b1 integrins
resulted in NSC detachment from the apical ventricle surface and NSCs were
found at distances greater than 10 lm from the boundary [38, 64]. Additionally, an
increased number of proliferating NSCs were also observed. These studies suggest
that NSC a6b1 integrins function to maintain NSC adhesion and also regulate the
proliferative capacity of the NSCs within the niche. In vitro studies with SVZ
derived NSCs revealed that a6b1 integrin signaling in NSCs involves the mitogen-
activated protein (MAP) kinase pathway for self-renewal maintenance [7]. In
addition to b1 integrin signaling, the MAPK pathway is also influenced by growth
factor signaling such as epidermal growth factor (EGF) and basic fibroblast growth
factor basic (bFGF or FGF-2) [7, 32]. The convergence onto MAPK signaling is
significant since during neural development, levels of EGF and bFGF fluctuate in
the developing neuroepithelium. The initial mitogenic factor, bFGF, peaks at E11
at which point EGF levels begin to increase. Interestingly, NSCs exposed to
bFGF upregulate EGF receptors [35]. Therefore, the wave of bFGF may act as a
primer for the upcoming wave of EGF. These soluble signals shift in conjunction
with modifications to the ECM and integrin expression profiles within the VZ
and developing cortical regions play a major role in neural development and
differentiation (Fig. 2).

Migration and differentiation patterns of NSCs have been evaluated using
controlled in vitro experiments. Specifically, NSCs adhere with greater affinity to Fn
and Ln-1 than collagen-I, collagen-IV, and non-treated tissue cultured plastic [71].
Additionally, migration on Ln-1 was significantly higher than Fn. On both Ln-1
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and Fn, migration was controlled by b1 integrins. More specifically, migration on
Ln-1 appeared to be regulated by a6b1 integrin signaling, whereas a5b1 integrins
modulated migration on Fn [25, 71]. Astrocytic differentiation on both
Ln-1 and Fn dominated the differentiation profile; however, modest increases
in neuronal phenotypes was observed on Ln-1 compared to Fn [71]. Collectively,
characterization of in vivo neural development and in vitro NSC cultures indicate
that both spatial and temporal changes in both integrin expression and the ECM
are instrumental in NSC maintenance, migration, and differentiation. Taken
together with dynamic nature of the ECM, that is, not only is the ECM regulated
at the translational and transcription level but also posttranscriptionally in
the extracellular space through proteolytic processing and mechanochemical
translation events, suggest that the maintenance as well as the differentiation of
stems cells, like NSCs, can be partially controlled by the design of ECM mimetic
biomaterials.

3 Current Biomaterials Approaches

Cell ECM interactions play a critical role in directing cell fate. Cell binding to
ECM molecules through integrins is determined by specific sequences within the
ECM molecules. In the field of regenerative medicine, the ability to specifically
control integrin binding in turn offers an attractive method for controlling cell fate.
As it becomes clearer how specific sequences within ECM molecules and how
proteolytic processing directs integrin binding, and how this in turn leads to
markedly different cellular responses, biomedical approaches are arising to harness
these responses. Two approaches have been taken for developing biomaterials to
control cell fate as a result of ECM interactions: biomimetic approaches and
engineering of protein variants. Both approaches have been used to increase cell
adhesion, direct proliferation, and direct differentiation.

3.1 Biomimetic Approaches

Biomimetic approaches typically focus on developing simple environments to
facilitate cell adhesion through the addition of cell adhesive peptides, such as
RGD, into scaffolds. This bottom-up approach is attractive from the standpoint of
simplicity, ease of reproducibility, and cost effectiveness. In general this approach
has demonstrated utility in controlling cellular adhesion, but thus far lacks the
biological specificity for controlling complex cellular processes such as stem cell
differentiation. The widely used RGD sequence for example, is a promiscuous
integrin binding sequence and is known to bind many integrins including a2b1,
a3b1, a4b1, a5b1, a8b1, avb1, avb3, avb5, avb6, and avb8 [61]. Further
highlighting the lack of specificity in the RGD sequence is seen in the number of
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ECM proteins that contain the sequence, including Fn, vitronectin, LN, entactin,
osteopontin vitronectin, fibrinogen, thrombospondin, von Willebrand factor, ten-
ascin, and several others including some growth factors like TGFb [61]. Despite
the general failure of the RGD peptide to direct cell fate, several other peptide
motifs have begun to demonstrate greater control over integrin specificity and thus
cell behavior. Of note are two increasingly used peptides, GFOGER and YIGSR,
derived from collagen and Ln, respectively. These adhesive ligands direct greater
specificity to particular integrins and thus will likely yield greater results as these
and peptides are developed. However, what remains lacking in these systems is the
temporal control over their presentation to cells as is seen in the native ECM.
Several approaches have been explored toward this goal. The discovery and
development of enzyme-specific proteolytic peptides has enabled greater bio-
mimicry by allowing biomaterials to be processed in ways similar to the native
ECM [39]. In addition, synergistic peptides may be patterned in ways that enable
simple peptides to exert greater control over integrin specificity [5]. Despite these
efforts, directing specific cell behavior, in particular differentiation, in response to
biomaterials for regenerative medicine applications is thus far a mostly unrealized
goal in the field of biomaterials and regenerative medicine. [23, 24] Current
technological advances inspired by the reductionist point of view have focused on
developing simple and merely adequate environments that facilitate simple cell
processes, such as cellular adhesion. However, even if ECM-derived peptides have
largely demonstrated their utility, such as supporting cell adhesion, the lack of
biological specificity of many of these peptide motifs is simply not optimal to
control more integrated processes such as differentiation [54]. In an attempt to
elicit greater control over integrin binding, efforts have been made to engineer
ECM variants, through the creation of recombinant protein fragments, that
incorporate additional levels of complexity to direct cell fate.

3.2 Engineering Protein Variants

Engineering protein fragments has several distinct advantages for directing inte-
grin specificity; first extracellular matrix molecules are large, complex molecules
that contain not only integrin binding sites, but also many other sites that are
involved in other protein/protein interactions as well as numerous other processes
that can influence cell fate. By creating protein fragments, these other interactions
can be either engaged or avoided and specific integrin interactions can be elicited.
Second, as previously mentioned, protein fragments are more specific than simply
using peptide sequences and have evolved molecular mechanisms that refine their
activity, e.g. the unfolding of Fn’s ninth and tenth type III repeats at a threshold
force. Integrin specificity can be conferred by adjacent binding sequences, such as
the PHSRN sequence in Fn, [30, 41] as well as through conformation induced
specificity, which is seen in the requirement of a helical conformation within the
integrin sequence of collagen for a2b1 integrin binding [27, 59].
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In order to induce integrin specific cellular responses, several groups have
created recombinant Fn protein variants that display the ninth and tenth type III
repeats displaying both the RGD and PHSRN sites, these protein variants therefore
can be used to induce a5b1 integrin binding and the resulting cell phenotypes. For
example, Fn fragments displaying the 7 10 type III repeats were shown to enhance
osteoblastic differentiation of bone marrow stromal cells when coated on titanium
implants [54, 55], a response that was shown to be the result of an increase in
integrin a5b1 binding compared to RGD functionalized surfaces. Engineered Fn
type III repeats have also been used to direct mesenchymal stem cell (MSC) fate in
2D and 3D systems through the presentation of the ninth and tenth type III together
(RGD and PHSRN) or the tenth type III repeat alone (RGD only) [42]. Once again
the presentation of RGD and PHSRN together resulted in the increase of integrin
a5b1 binding compared to MSCs cultured on RGD alone, which predominantly
engaged integrin avb3. This observed integrin switch was accompanied by an
enhanced osteoblastic differentiation.

While these examples focus on conferring integrin specificity to cells through Fn
type III repeats, there are a number of other proteins that contain specific, known
sequences that direct integrin binding, including the GFOGER sequence found in
type I collagen. The GFOGER sequence, which has also been used as a single
polypeptide adhesion ligand, is found in residues 502 507 within the molecule and
direct integrin a2b1 binding [27, 59]. Interestingly, the tertiary structure of the
binding sequence is just as important as the amino acid sequence for integrin
binding, such that the native triple-helical structure is critical for cell binding [27].
Several groups have created collagen-1 fragments that present the GFOGER
sequence in its native triple helical sequence and have shown the fragments utility in
directing cell fate in various systems, including liver and bone [20, 27]. By com-
bining several fragments that direct integrin specific engagement, one could
potentially elicit complex cellular responses and explore synergistic effects. An
example of this is seen through the combination of triple helical GFOGER fragments
for directing a2b1 engagement with Fn type III repeat fragments for directing a5b1
engagement. By eliciting a2b1 and a5b1 binding, Reyes and Garcia [60] were able
to enhance osteoblastic differentiation and matrix mineralization.

These examples highlight the utility of engineering protein variants in directing
integrin specificity and cell fate. The possibilities for engineering protein variants
are ever increasing as biologists uncover previously unknown binding sites within
ECM molecules and as more becomes known about the signaling networks
involved.

3.3 Future Directions for Biomaterials as Stem Cell Niches

As new biomaterials and regenerative medicine approaches are developed there
will be a significant need to acknowledge and account for the inherent complexity
presented in the native stem cell niche and in developmental programs. From an
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engineering perspective, increasing complexity can be incorporated into emerging
systems through modern approaches such as 2D and 3D patterning. Several groups
have successfully employed micro and nano-scale patterning technologies in 2D
that are capable of controlling integrin cluster size. Whether this level of control is
physiologically relevant and/or is capable of exerting the level of control over cell
fate remains to be determined. Using 2D systems to understand how we can use
the spatial orientation of the ECM to regulate cell fate is just the beginning. The
current efforts to pattern 3D hydrogels via non-cell destructive means (i.e. nonUV/
radical) must continue to progress. The benefit of developing patternable systems
is that one can take both the reductionist approach of employing peptides, as well
as employ the more physiologically relevant ECM systems (e.g. recombinant ECM
fragments). Related to the idea of patterning nano and micro-scale ‘‘spots’’ is the
concept of integrin clustering via the design and creation of tandem repeats of
ECM fragments and/or peptides. Native ECM protein fibers are assembled such
that adhesion motifs are presented in a tandem repeated fashion. Several groups
have begun to explore the creation of recombinant tandem repeating structures
presenting multiple adhesion factors. This approach potentially allows the time
sensitive, via enzymatic degradation, loss of motif that enhances integrin clus-
tering and downstream signaling. One could then take this concept a step further in
the development of systems that enables one to control not only the spatial ori-
entation in a single modification step, but rather, through the design of gel sol
materials, control for the rates of clustering by modification of the fluidic prop-
erties of such complex materials. Through these and other future developments
that continually strive to emulate the complexity of the ECM microenvironment,
the possibility of engineering biomaterials as stem cells niches will become reality.
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Functional Biomaterials for Controlling
Stem Cell Differentiation

Ameya Phadke, Chien-Wen Chang and Shyni Varghese

Abstract Differentiation of stem cells has shown to be strongly influenced
through several cues provided by reciprocal interactions with the extracellular
microenvironment, consisting of soluble bioactive agents and the extracellular
matrix. While the dynamic extracellular matrix is difficult to mimic in its entirety,
recent research has successfully mimicked individual matrix-centric cues using
synthetic polymeric systems to influence differentiation of stem cells into
tissue-specific lineages. Material properties that have been shown to direct this
differentiation include chemical functionality, mechanical properties, as well as
tissue-mimetic modifications such as mineralization. Another aspect of the
extracellular microenvironment that has been mimicked in the controlled differ-
entiation of stem cells is the presence of specific bioactive agents. Material-based
delivery of these agents allows for the spatiotemporal variation in their presen-
tation to stem cells, allowing for precise control over their terminally differentiated
phenotype. Thus, the delivery of bioactive agents to cells via synthetic materials
has also been an effective method to influence stem cell differentiation to various
tissue-specific lineages. In this chapter, we discuss the use of synthetic materials to
direct stem cell differentiation through both, capitulation of matrix-specific
biochemical, mechanical and physical cues, as well as the controlled delivery of
specific bioactive agents.
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1 Introduction

1.1 Emergence of Stem Cell Engineering
in Regenerative Medicine

Stem cells are proving to be an extremely invaluable tool in understanding
developmental processes, disease progression, epigenetics, pathophysiology, drug
screening and cell based therapies. Among these, cell therapies represent the most
challenging yet potentially most fruitful applications for stem cells. Upon
differentiation into a suitable phenotype, stem cells can be introduced at a
damaged site in a tissue in order to facilitate its regeneration, halting any further
tissue damage and even possibly reversing it. Approaches combining the use of
stem cells and appropriate materials have thus shown great promise in treating
several conditions emerging from the degeneration of tissues. When utilizing such
a strategy however, it is important to understand the interaction between stem cells
and materials and the effect of these interactions on the efficacy of the desired
therapy in regenerating the desired tissue. A comprehensive understanding of these
interactions allows for the effective design and development of materials capable
of influencing stem cell adhesion as well as the lineage into which these cells
differentiate. This requires a multidisciplinary approach integrating concepts in
material science, chemistry, cell biology and physiology. In this chapter, we
present such an approach capable of aiding in the design of suitable materials and
subsequently efficient regenerative therapies.

1.2 Stem Cell Sources

Multipotent and pluripotent cells capable of differentiating into several lineages
have been obtained from a variety of sources and are often classified based on the
source from which they are obtained. Embryonic stem cells (ESCs) are obtained
from embryonic sources and were first isolated through the in vitro fertilization of
preimplantation blastocysts [1]. They are characterized by their high telomerase
activity and pluripotent differentiation potential. Mesenchymal stem cells are
multipotent progenitor cells and are typically isolated from bone marrow, although
they have been isolated from a variety of adult tissues such as bone, cartilage, skin,
fat and muscle [2]. They are characterized by a spindle-like morphology and have
been shown to differentiate into adipocytes, chondrocytes and osteoblasts [3].
A more recent advance in sourcing stem cells has been the development of induced
pluripotent stem cells (iPS) [4 7]. First reported by Takahashi and Yamanaka [6],
these stem cells are obtained by genetic reprogramming of differentiated cells into
a de-differentiated state resembling embryonic stem cells. These cells represent a
promising method of obtaining autologous pluripotent stem cells sourced from
adult tissues.
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2 Stem Cell Expansion and Differentiation Using Biomaterials

2.1 Roles of ECM in Stem Cell Differentiation

The extracellular environment provides essential structural support and regulates
signaling to cells [8]. Cells are organized in extracellular matrix (ECM), a
hydrated extracellular environment specifically for supporting cell cell and
cell ECM interactions. The interactions between cells and ECM are crucial in
embryogenesis, tissue differentiation, wound healing and tumorigenesis [9]. ECM
components regulate stem cell differentiation mainly by providing two-way
biophysical and biochemical communications to the cells. The ECM is a 3D
hydrophilic network comprising of fibrous structural proteins (collagens, fibro-
nectin, laminins, elastin and vitronectin) and glycosaminoglycan (GAG) network.
Among these structural components, collagen and elastin networks provide tissue
with mechanical resistance to shear and tensile stress. Osmotic pressure created by
the negatively charged GAGs results in the highly swollen viscous matrix, thereby
providing compressive strength to the tissue. In addition to provide mechanical
protection to cells, ECM contains various cell adhesion molecules to support cell
attachment and proliferation. Figure 1 details cues influencing cell behavior in the
extracellular environment.

ECM has a profound effect on stem cell differentiation. During the process of
tissue development and morphogenesis, the dynamic remodeling of ECM
components is required to direct differentiation of uncommitted progenitor cells
into a specific lineage. It is generally believed that the interactions between ECM
and cells initiate various signal transduction pathways [10] thereby regulating
lineage of differentiation. This was shown by Datta et al. [11] in a study that
demonstrated the ability of bonelike ECM to promote osteogenesis of human
mesenchymal stem cells (hMSCs). An interesting study by Hoshiba et al. [12]

Fig. 1 Schematic demon
strating the reciprocal
molecular interactions
between the cells and their
microenvironment compris
ing of extracellular matrix
components, soluble factors
and the surrounding cells
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showed that enhanced osteogenesis of MSCs was observed when these cells were
cultured in matrices produced by mesenchymal stem cells in the early stage of
ostegenesis when compared to MSCs cultured on matrices on obtained from late-
stage osteogenesis or from undifferentiated MSCs. This suggests that the ECM
may show different structure and composition in different stages of differentiation.

Additionally, a number of studies have demonstrated the potential of using
single ECM components to tailor materials to achieve desired stem cell lineage.
Chung et al. [13] demonstrated the ability of hydrogels of hyaluronic acid
(a component found abundantly within the ECM of cartilage) to promote
chondrogenic differentiation of encapsulated hMSCs. Previous studies have
demonstrated the capability of collagen gels to induce chondrogenic differentiation
of MSCs [14, 15]. Brännvall et al. [16] reported the efficient neuronal differen-
tiation of neural stem/progenitor cells (NS/PC) upon encapsulation in collagen
hyaluronan composite hydrogels, while Awad et al. [17] demonstrated that
encapsulation within scaffolds of gelatin (a denatured form of collagen) promoted
chondrogenic differentiation of human adipose derived stem cells. These examples
illustrate the importance of utilizing ECM components in order to regulate the
differentiation of stem cells into tissue specific cells. Although these naturally
derived materials provide the necessary biological cues for cell matrix interac-
tions, they often suffer from batch-to-batch variations and challenges associated
with modifications. In contrast, synthetic materials offer great control over
structural and mechanical properties but lack biological cues. Hybrid scaffolds
containing both naturally derived materials and synthetic materials often offer a
‘‘best of both worlds’’ approach and hence are extremely promising prospects as
materials for cell culture matrices.

2.2 Mimicking ECM with Synthetic Biomaterials

2.2.1 Mimicking the Biophysical and Biochemical Properties of ECM

The initial goal of studies involving synthetic biomaterial based scaffolds was to
provide a 3D architectural/structural support to cells [18]. Of late, there has been
an emphasis on the development of synthetic biomaterials eliciting various
interactions observed between cells and ECM in native tissues by mimicking
several well studied extracellular biochemical cues and biophysical cues.
By utilizing several inherent properties of matrix materials, cell matrix inter-
actions can be harnessed to modulate stem cell differentiation. These properties
include: matrix functional groups, mechanical properties, matrix degradability,
surface geometry and microarchitecture [11, 19 27]. Additionally, scaffolds may
also be modified through processes such as mineralization in order to stimulate
differentiation into osteogenic lineage. A detailed discussion on the role of
biomineralized scaffolds on osteogenic differentiation of stem cells is presented
in Sect. 2.2.3.
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Functionalization of Synthetic Substrates with ECM Derived Ligands

In addition to incorporating entire ECM components, biomaterials can be
functionalized using specific ligands representing the ECM binding sites to modulate
cell attachment, proliferation and differentiation [28]. This functionalization can be
achieved by a variety of methods such as blending [29], copolymerization [30], and
immobilization using techniques such as N-hydroxysuccinamide (NHS) chemistry [31].

Several studies have made use of well studied cell-binding peptide sequences
such as RGD, YISR and IKVAV to improve cell adhesion to synthetic biomate-
rials [32 34]. However, it is important to consider that orientation of these ligands
within the scaffold material may affect their ability to promote cell adhesion [35].
It is interesting to note that these RGD based peptide ligands promote cell adhe-
sion and migration more effectively when clustered in scaffolds rather than when
sparsely dispersed within the scaffold [36].

Modification of polymers with ECM derived ligands has also been reported to
affect differentiation of stem cells. Silva et al. [37] demonstrated the differentiation of
neural precursor cells into neurons and astrocytes by incorporating IKVAV moieties
in self assembled ampiphilic nanofibrous matrices. A recent study indicated that the
presence of decorin moieties tethered to PEG hydrogels stimulated chondrogenesis of
encapsulated hMSCs [38]. Hwang et al. [39] reported that encapsulation of human
embryonic stem cells within RGD modified polyethylene diacrylate (PEGDA) based
hydrogels promoted increased chondrogenic differentiation, when compared to
unmodified PEGDA hydrogels as well PEGDA hydrogels incorporating ECM
molecules such as hyaluronic acid, collagen type I and collagen type II. This was
attributed to reports from other studies indicating that RGD binding to integrin avb1

stimulated release of TGF-b1, thereby stimulating chondrogenic differentiation.
Interestingly, several studies have reported enhancement of osteogenic differ-

entiation by RGD incorporation into biomaterial scaffolds [40, 41]. Shin et al. [42]
report that incorporation of RGD peptide into oligo-poly(ethylene glycol) fumerate
stimulated osteogenic differentiation of rat bone marrow stromal cells even in the
absence of b-glycerolphosphate and dexamethasone (DEX), typically used as
supplements in medium to trigger osteogenic differentiation. It was suggested that
the interaction between RGD peptide and surface integrins in these cells activated
intracellular pathways triggering osteogenic differentiation in a manner similar to
that seen when such cells are exposed to dexamethasone. This is supported by
other studies indicating that selective activation of integrins can trigger osteogenic
differentiation of progenitor cells [43, 44].

2.2.2 Effects of the Cell–Matrix Interface

Surface Chemistry and Interfacial Energy

The ability of cells to respond to differences in surface chemistry of synthetic
biomaterials has been well demonstrated [45]. By altering the chemical structure
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of the surface of synthetic materials, the binding of proteins to these surfaces and
their orientation (and hence the binding of cells to the surfaces) can be affected. In
other words, cellular response to biomaterials may be controlled by altering
interaction of material with serum components. By tailoring biomaterial surfaces
with specific surface properties providing specific extracellular microenviron-
ments, desired degrees of attachment, proliferation and differentiation can be
achieved [32, 46]. This is especially important in mimicking cell matrix inter-
actions to obtain materials with desired capacity to promote cell adhesion and
tissue specific differentiation. Although recreating a synthetic mimic of the
dynamic extracellular environment is fairly challenging, there have recently been
rapid advances made in developing synthetic analogs incorporating various
chemical functionalities typically observed within the ECM. For example,
modification of polymeric surfaces with anionic groups causes formation of a
negatively charged material; this is one potential method to obtain a highly water-
swollen matrix with the ability to resist compression, thereby mimicking the role
of glycosaminoglycans (GAGs) in load bearing tissues.

Plasma grafting has been explored as a potential method to alter surface
chemistry of biomaterials. It is important to note that plasma grafting can be used to
obtain highly localized modified domains (from several hundred angstroms to
10 mm) leaving the bulk properties of the materials unaffected. Mwale et al. [26]
observed that altering surface chemistry through glow discharge plasma using
ammonia affected the differentiation of hMSCs. This process, when applied to nylon
6-polyamide and biaxially oriented polypropylene, led to enrichment of the surface
with nitrogen atoms, thereby promoting cell adhesion. Interestingly, application of
this treatment to nylon 6-polyamide promoted osteogenic differentiation of MSCs
while plasma-treated biaxially oriented polypropylene (BOPP) was found to
suppress osteogenic differentiation. The authors attributed this suppression to the
possibility that BOPP inhibited the formation of collagenous extracellular matrix by
the seeded stem cells, thereby inhibiting further differentiation. Mwale et al. [47]
also reported in another study, that doping of BOPP with nitrogen rich plasma
polymerized ethylene (referred to as PPE:N) suppressed not only expression of
collagen type X but also several osteogenic markers such as alkaline phosphatase,
osteocalcin and bone sialoprotein in differentiating hMSCs. This indicates a
potential application for this technique in promoting chondrogenic differentiation of
MSCs while suppressing/delaying their endochondral ossification. Of interest is the
fact that hMSCs for this study were sourced from patients aged 60 80 years
undergoing treatment for osteoarthritis. Although these MSCs inherently expressed
hypertrophic markers such as collagen type X and osteogenic markers under control
conditions, culturing them on plasma treated BOPP down regulated these markers
without affecting the markers which are characteristic of hMSC-derived chondro-
cytes. Plasma grafting was also used to great effect by Wan et al. [48] to alter the
surface chemistry, surface energy and surface topology of poly(L-lactic acid)
(PLLA) films, thereby increasing their ability to support cell retention.

Jiao and Cui [49] summarized several well-studied methods to modify surface
chemistry of polyester biomaterials thereby improving their ability to support cell
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growth. Hydrolytic degradation is often used in polyesters, thereby cleaving
surface ester bonds and leading to formation of carboxyl and hydroxyl residues
at the surface. This serves to increase the hydrophilicity and decrease the
interfacial surface energy of the material, thereby altering its cellular response.
Croll et al. [50] proposed two methods i.e. base hydrolysis and aminolysis to lead
to formation of carboxyl or primary and secondary amines respectively on the
surface of poly(L-lactic-co-glycolic acid) (PLGA), while minimizing collateral
surface degradation.

Surfaces may also be modified through anchoring of monomers such as vinyl
acetate, acrylic acid and acrylamide onto PLLA films by means of photo-induced
grafting. Additionally, functional groups such as carboxyl, hydroxyl and amide
groups were incorporated by means of photo-grafting of hydroxyethyl methacry-
late, methacrylic acid and acrylamide, respectively, onto the surface. Such a
modification was shown to improve the ability of the biomaterial (film) to support
chondrocyte growth [51].

While there have been several well studied methods of modifying surface
chemistry of polymers to improve cell adhesion, effects of chemistry of polymeric
matrices on differentiation of multipotent cells have only recently been reported
[20, 22]. Chastain et al. [52] used two different materials viz. PLGA and polyc-
aprolactone (PCL) to modulate the preferential adsorption of ECM proteins from
serum and demonstrated that depending upon the adsorbed protein the material
showed differential effect on osteogenic differentiation of hMSCs. Photochemical
modification of polystyrene surfaces with azodiphenyl derivatives of hydrophilic
polymers such as polyacrylic acid (PAAc), polyacrylamide (PAAm) and poly-
ethylene glycol (PEG) was shown by Guo et al. [22] to affect chondrogenic
differentiation of hMSCs. While modification with PAAc and PAAm were found
to improve cell adhesion, modification with PEG was found to inhibit the cell
adhesion. Additionally, surfaces modified with PAAm showed more rapid adhe-
sion of cells than PAAc. The authors attributed this difference to the electrostatic
attraction between the positively charged surface formed from photochemical
modification with PAAm and the negatively charged cells. Modification with PEG
would form a neutral surface which would not exhibit this attractive force with
cells and as a result, cells cultured on PEG modified surfaces showed aggregation
into pellets, indicating dominance of cell cell interactions over cell material
interactions. PEG-modified and PAAm-modified surfaces were found to promote
chondrogenic differentiation of these cells upon culturing in chondrogenic med-
ium. Curran et al. [53, 54] reported that chondrogenesis is promoted on glass slides
by the presence of surface hydroxyl and carboxyl groups whereas surface amine
and thiol groups were found to stimulate osteogenesis. Methylated and untreated
glass surfaces were found to maintain undifferentiated phenotype of MSCs.
Similar results were also reported by Lee et al. [55] with Chinese hamster ovary
cells. This study reported that low density polyethylene sheets functionalized with
amine groups promoted cell adhesion to the greatest degree among charged groups
(carboxyl and amine), while hydrophilic neutral groups (such as OH) promoted
cell adhesion to a greater degree than hydrophobic neutral groups (amide groups).
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An effect of material chemistry on differentiation of cells under 2D and 3D
culture conditions was recently reported by Benoit et al. [20]. Human mesen-
chymal stem cells were plated on PEG hydrogel surfaces functionalized with
carboxyl, phosphate and t-butyl groups, under 2D culture conditions. Morpho-
logical observations indicated that cells cultured on carboxyl-modified PEG
surfaces showed a rounded morphology similar to that seen in chondrocytes cul-
tured in 2D conditions, cells cultured on phosphate modified PEG surfaces
assumed a spread morphology similar to that observed in osteoblasts and cells
cultured on t-butyl modified PEG surfaces showed adipocyte-like morphology (see
Fig. 2), along with the presence of intracellular lipid droplets (not shown).

This was confirmed through FISH analysis (see Fig. 3) wherein cells cultured
on surfaces modified with carboxyl, phosphate and t-butyl groups showed elevated
expression of aggrecan (a chondrogenic marker), core binding factor a-1 (an
osteogenic marker) and peroxisome proliferator-activated receptor c (PPARc) (an
adipogenic marker) respectively when compared to a control, unmodified PEG
surface.

It has been reported that lineage into which stem cells differentiate can be
influenced by cell shape, spreading and matrix stiffness [21, 25] and that these can
be influenced through material chemistry. To evaluate whether material chemistry
affected cell lineage in a manner independent of the aforementioned properties,
MSCs were encapsulated by Benoit et al. in three-dimensional scaffolds func-
tionalized with tertiary butyl and phosphate groups, respectively; due to small

Fig. 2 Images from immunostaining (F actin and nuclei) of hMSCs seeded on (a) unmodified
PEG (b) carboxyl modified PEG (c) phosphate modified PEG and (d) t butyl modified PEG.
(Adapted from [20] with permission, copyright Nature Publishing Group, 2008)
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mesh size, encapsulated cells were restricted to a rounded morphology indepen-
dent of material chemistry. Additionally, sufficiently small concentrations of the
functional groups were used so as not to affect the bulk mechanical properties of
the polymeric scaffold material to a significant degree. In this manner, effects of
cell material interaction on differentiation were effectively decoupled from effects
on differentiation of cell morphology and matrix elasticity. Immunoblotting
revealed that cells encapsulated in t-butyl-modified-PEG showed an upregulation
of the adipogenic marker PPARc after 14 days which remained constant at
21 days suggesting adipogenic differentiation. Cells encapsulated in phosphate-
modified PEG showed an upregulation of the osteogenic marker CBFa-1 after
14 days and showed increased levels of expression after 21 days suggesting a
differentiation into osteogenic phenotype. The authors proposed that these
difference in matrix functionality triggered differentiation down different path-
ways through two potential mechanisms. Firstly, through interaction with surface
receptors, it is possible that different functional groups triggered different intra-
cellular signaling pathways promoting differentiation into varying lineages.
Another mechanism is the selective sequestration of cell secreted factors by the
functional groups; the sequestered factors may then influence the differentiation of
the cells down a particular pathway.

It is also important to consider the effect of scaffold material chemistry on the
adsorption of serum components such as fibronectin and their resulting interaction
with cellular receptors such as integrins. Recently, chemistry of matrix materials
has been used to vary the quantity and conformation of adsorbed fibronectin which

Fig. 3 Gene expression profiles of (a) aggrecan (b) CBFa 1 (c) PPARc for hMSCs seeded on
surfaces modified with various functional groups, normalized to expression on control surface of
unmodified PEG. Black bars represent expression after 4 days, white bars represent expression
after 7 days and gray bars represent expression after 14 days (adapted from [20] with permission,
copyright Nature publishing group, 2008)
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in turn was shown to influence the adhesion and differentiation of cells [24, 56].
Michael et al. [57] demonstrated an effect of varying surface chemistry of mate-
rials on the conformation of fibronectin in a coated layer; alterations in surface
energy by varying surface functional groups (surface chemistry) affected the
quantity of adsorbed fibronectin; neutral hydrophilic (OH) and hydrophobic (CH3)
groups promoted fibronectin binding to a greater extent than charged functional
groups (-NH2 and -COOH). Additionally, it was shown that surfaces modified with
methyl, carboxyl, hydroxyl and amine groups respectively produced markedly
different conformational changes in fibronectin coated on these surfaces, thereby
allowing variation in exposure of sites capable of binding to specific integrins.
This conformational variation was also shown to affect osteogenic differentiation
in self assembled monolayers [56]. It was observed that surfaces containing
hydroxyl and amine functionalities respectively promoted osteogenic differentia-
tion to a greater degree than surfaces functionalized with carboxyl and methyl
groups, respectively. Through immunological studies, it was determined that based
on the surface chemistry (and hence conformation of fibronectin in the coated
layer), different integrin binding sites (matrix ligands) were exposed and different
cell surface integrins were activated. Based on the surface chemistry of the
material, activity of binding sites for integrins a5b1 and avb3 were reported.
It was observed that surfaces modified with carboxyl, amine and hydroxyl groups
respectively promoted binding of integrin a5b1 to fibronectin; carboxyl modified
surface additionally showed binding of integrin avb3 to fibronectin. Interestingly,
mineralization (indicating osteogenic differentiation) was observed only on amine
and hydroxyl modified surfaces. Treatment of carboxyl modified surfaces with b3
blocking antibody promoted mineralization on this surface; additionally treatment
of amine modified surfaces with the same antibody led to an increase in miner-
alization. It is important to note that amine modified surfaces were expected to
show greater b3 affinity than hydroxyl modified surfaces. These observations led
the authors to suggest that binding of integrin a5b1 promotes osteogenic differ-
entiation while avb3 suppresses it. Moursi et al. [44] reported that activity of
integrin a5b1 is essential for triggering of upregulation of factors representing
osteoblast activity. It has also been shown that over expression of avb3 in MC3T3-
E1 cells suppresses osteoblastic activity [58].

Changes in surface chemistry also affect material hydrophobicity/hydrophilicty,
thereby affecting protein adsorption on biomaterial surfaces. This in turn can
potentially affect interaction between cells and materials [45] and has been
characterized as interfacial energy [59]. Surfaces with net positive or negative
charges tend to be more hydrophilic than neutral surfaces. Several studies have
reported the effect of surface energy on binding of ECM proteins such as fibro-
nectin, vitronectin, albumin, globulin and fibrinogen to material surfaces [60, 61].
Previous studies showed improved cell adhesion to hydrophilic surfaces [62 64].
Changes in surface energy can lead to conformational changes in adsorbed
fibronectin, influencing binding to cellular integrins. Binding to lineage-specific
integrins may activate signaling pathways specific to a particular lineage and
thereby influence the differentiation of stem cells.
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Lieb et al. [24] reported the effect of surface energy on osteogenic differentiation
of marrow stromal cells. This study focused on decreasing the hydrophobicity of
poly (D,L-lactic acid) by preparing poly (D,L-lactic acid) poly(ethylene glycol)
monomethyl ether (PLA PEG MmE) diblock copolymers. Interestingly,
PLA PEG MmE diblock copolymers showed lower cell attachment and prolifer-
ation than PLA, PLGA and tissue culture polystyrene. This was attributed to the
decreased adsorption of serum proteins in the case of PLA PEG MmE due to
decreased hydrophobicity. However, upon long term culturing on these materials, it
was observed that cells cultured on PLA PEG MmE showed significantly higher
alkaline phosphatase activity and greater degree of mineralization (evaluated
through Von Kossa silver staining) than PLA, PLGA and tissue culture polystyrene.
These serve as biomarkers for osteogenic differentiation and suggest that a small
decrease in the hydrophobicity of the material promoted differentiation into oste-
ogenic lineage. The authors attributed this to specific conformational changes in
adsorbed proteins due to changes in surface energy, thereby exposing binding sites
specific to integrins active during osteoblast activity. Such conformational changes
in ECM proteins have previously been shown to modulate osteogenic differentiation
on synthetic materials [56]. It is also mentioned however, that the PEG PLA diblock
copolymers also did show rough surfaces, which previously have indeed been shown
to promote osteogenic differentiation [65, 66]. Indeed a study by Dalby et al. [67]
demonstrated the influence of nanoscale surface topology on the osteogenic
differentiation of hMSCs. In sum, conformational changes in adsorbed proteins and
the resulting selective activation of cell adhesion molecules seem to serve as the
predominant mechanism through which surface energy and chemistry of biomate-
rials promotes differentiation of stem cells.

2.2.3 Mineralization of Matrix Materials

The term ‘biomineralization’ refers to the modification of materials by integration
with a crystalline/semicrystalline inorganic phase resembling that seen in mineral-
ized tissues, such as bone or tooth enamel. Presence of mineralized coating consisting
of an apatite layer mimicking bone mineral has been shown to extensively promote
osseointegration of implant materials while also promoting bone healing [68]. Bone
mineral is similar to hydroxyapatite (Ca5(PO4)3OH), although studies of Raman
spectra of bone suggest the substitution of hydroxyl group by carbonate groups in the
crystal lattice [69]. Materials such as bioactive glasses and calcium phosphate based
ceramics have demonstrated the ability to form a layer of apatite resembling bone
mineral upon incubation in simulated body fluid, a solution mimicking the ionic
composition and pH of plasma [68, 70]. Of late, there has been an increased interest in
generation of mineral polymer composite materials; one reason for this is the sim-
ilarity of these materials to the native structure of bone consisting of a composite of
an organic phase associated with a crystalline, inorganic phase. The successful
syntheses of hydrogel apatite composites showing strong adhesion between the two
phases indicate the vast potential of polymeric matrices in this field.
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Mineralization of Polymeric Matrices

A variety of methods have been used to incorporate inorganic apatite phases into
polymeric matrices and have been discussed in detail by Kretlow and Mikos [71].
A popular method is the incorporation of anionic polar groups into scaffold
materials; upon soaking in simulated body fluid (SBF), these groups serve as
potential initiators of apatite nucleation by binding to calcium. For example,
incorporation of anionic functional groups was observed to induce mineralization
of poly hydroxyl-2-ethyl methacrylate (pHEMA) scaffolds upon soaking in
simulated body fluid [72]. Supplementing the simulated body fluid with fetal
bovine serum/albumin has been demonstrated to promote mineralization of
pHEMA without any chemical modification [73]. In another study, Song et al. [74]
achieved mineralization of pHEMA scaffold materials utilizing a pH-mediated
templating process from the thermal decomposition of urea. This mineralization
process has also been successfully utilized to generate apatite polymer composites
with polycaprolactone [75], PLGA and PLLA [76].

Effect of Mineralization on Cell Adhesion, Proliferation and Differentiation

Several studies have indicated that incorporation of a mineral phase into polymeric
scaffold material serves to enhance attachment, proliferation and osteogenic differ-
entiation of multipotent cells. Koç et al. [77] observed that rat MSCs seeded onto
mineralized PLGA foams showed excellent adhesion to the scaffold material and
underwent osteogenic differentiation. This study suggested that presence of a
mineralized layer not only promotes osteoinduction of seeded cells but also promotes
cell adhesion as a result of increased surface roughness. A study by Osathanon et al.
[78] compared osteoinductive capacity of two kinds of mineral polymer composites
involving electrospun fibrin scaffolds: one wherein varying quantities of nanopar-
ticles of hydroxyapatite were incorporated directly into the polymeric phase and one
in which fibrin scaffolds were incubated in a solution containing concentrations of
calcium and phosphate ions resembling those seen physiologically, leading to the
deposition of a mineral. Upon seeding with murine calvarial cells and incubation with
osteogenic medium, both of these materials showed enhanced expression of osteo-
genic markers (BSP, OCN, COL 1, ALP, CBFA 1 and OSX) as compared to
non-composite scaffolds consisting of fibrin alone. However, mineralized fibrin
scaffolds showed higher expression of these markers at earlier time points as
compared to scaffolds prepared by incorporation of nano-size hydroxyapatite as well
as higher alkaline phosphatase activity and a greater increase in calcium content.
Additionally, mineralized fibrin scaffolds showed greater calcium phosphate disso-
lution than fibrin/nanosize hydroxyapatite scaffolds, leading the authors to suggest a
link between extracellular calcium and phosphate concentrations and osteogenic
differentiation through resultant upregulation of osteogenic markers (see Fig. 4).

This is supported in a study by Dvorak et al. [79] in which murine and rat fetal
calvarial cells exposed to higher extracellular ionized calcium levels led to
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upregulation of core binding factor a-1, collagen type 1, osteopontin and osteo-
calcin, all of which are markers indicating osteogenic differentiation of progenitor
cells. These findings imply that mineralized scaffolds may be able to promote
osteogenic differentiation even in the absence of soluble factors often used to
promote it. These mineralized scaffolds promoted osteogenic differentiation by
exposing the murine calvarial cells to higher extracellular calcium levels in the
microenvironment around the material due to dissolution of the inorganic miner-
alized phase. It is important however, to note that scaffolds undergoing excessively
rapid dissolution may produce excessively high extracellular calcium concentra-
tion, thereby inhibiting osteogenisis [80].

While such methods have been used to ascertain the effect of mineralization of
matrices formed from polymers of natural origin, similar reasoning can be used to
predict the effect of mineralization of synthetic matrices on cell lineage. A study
by Yu et al. [81] reports the ability of surface mineralization of nanofibrous
e-polycaprolactone scaffolds to stimulate osteogenesis of seeded rat MSCs.
Mineralized scaffolds were found to promote cell adhesion and proliferation to a
greater extent than unmineralized scaffolds. Additionally, cells seeded on
unmineralized scaffolds showed increased proliferation. It was proposed by the
authors based on microscopic evidence that cells seeded on mineralized scaffolds

Fig. 4 Top, left gene expression for murine calvarial cells seeded on (1) fibrin scaffolds (2)
mineralized fibrin scaffolds (3) fibrin scaffolds with 0.25 g nanosize hydroxyapatite and (4) fibrin
scaffolds seeded with 0.5 g nanosize hydroxyapatite. Top, right dissolution profile for fibrin
scaffolds (FS), mineralized fibrin scaffolds (MFS), fibrin scaffolds with 0.25 g nanosize
hydroxyapatite (0.25 g nHA/FS) and fibrin scaffolds seeded with 0.5 g nanosize hydroxyapatite
(0.5 g nHA/FS). Bottom Scanning electron micrographs of (a, f) FS in PBS for 14 days (b d, g i)
MFS after soaking in simulated body fluid for (b, g) 24 h (c, h) 7 days (d, i) 14 days and (e, j)
0.5 ng HA/FS (adapted from [78] with permission, copyright Elsevier, 2008)
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reached confluence before unmineralized scaffolds thereby inhibiting further
proliferation; this would promote differentiation of these cells.

As evidenced in the above studies, mineralization of synthetic scaffolds is an
effective technique to promote cell adhesion, stimulate differentiation into
osteogenic lineage and improve ossteointegration of synthetic implant materials.
In other words, this technique shows promise in application to cell based therapies
for the efficient healing of mineralized tissues.

2.2.4 Mechanical Properties

In addition to the effects of extracellular biochemical cues, reciprocal mechanical
interactions between cells and environment have significant impact on the differ-
entiation of stem cells [21]. The effects of mechanical forces on cells due to the
matrix can be observed from single cell level to the development of complex tissues.
At the single cell level, adhesion of cell to a material with specific stiffness triggers
signaling transduction cascades allowing translation of extracellular mechanical
cues into intracellular events [82]. Dynamic interactions between cell and matrix
control several cell behaviors such as spreading, migration and cell shape through
binding with integrins, the chief mechanotransducers for cells [83]. For example,
cell geometry (spreading) is a result of pre-stress between ECM and cellular
microtubules [84]. Previous studies have demonstrated that cell spreading controls
processes such as proliferation and apoptosis [85]. The ability of various types of
cells to respond to mechanical differences in the extracellular environment has been
described in detail in a review by Discher et al. [86]. A recent study by Engler et al.
[21] showed that stem cell differentiation can be directed by varying elasticity of
matrix. In this study, hMSCs were cultured on 2D polyacrylamide hydrogels with
different elasticity prepared from using different amount of crosslinker. Neuro-
genesis, myogenesis and osteogenesis of hMSCs were observed on soft, medium and
stiff hydrogel matrices, respectively. Khatiwala et al. [87] have evaluated the effect
of ECM compliance on osteogenesis of progenitor cells and the signaling pathways
involved. ECM compliance was found to affect activity of extracellular signaling
kinase (ERK), with stiffer matrices promoting osteogenic differentiation.
Additionally, a potential mechanism suggested by the authors was the downstream
ERK mitogen-activated protein kinase (MAPK) activation of the RhoA Rho
associated protein kinase (ROCK) signaling pathway.

2.3 Biomaterial Based Delivery of Soluble Factors
for 3D Cell Culture

2.3.1 Incorporation of Bioactive Agents into Matrix Materials

In addition to the extracellular matrix, soluble bioactive agents (such as growth
factors, hormones, proteins, small molecules, cytokines and chemokines) also play
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many roles in regulating proliferation and differentiation of stem cells.
Incorporation of bioactive agents into growth medium represents the simplest way
to harness the beneficial effects of such factors on stem cell differentiation [88].
However, this approach suffers from certain limitations. For instance, hydrophobic
agents show poor solubility in aqueous media. Hydrophilic bioactive agents can be
readily dissolved but their stability is strongly dependent on environmental factors
such as ionic strength, pH and enzymatic degradation/inactivation [89]. This
approach has major limitations for 3D cell-laden systems of critical size due to
limited degree of diffusion across cell-laden matrices. Heterogeneous differenti-
ation may occur due to non uniform distribution of growth factors throughout the
cell laden construct upon their delivery through incorporation into medium.
Additionally, growth factor signaling during development involves precise
concentration of these factors and their spatial and temporal gradients. Figure 5
represents the various methods by which bioactive agents can be delivered to
progenitor cells via functional biomaterials.

A variety of biomaterial-based technologies have been developed of late to
precisely control delivery of bioactive agents to stem cells in a spatiotemporal
manner. One such approach involves the direct incorporation of bioactive agents
within the biomaterial; however, this bolus delivery approach does not provide
sustained delivery of the desired agents. Studies have shown that manipulation of
material microstructure allows retention of growth factors within the scaffold
thereby offering their sustained delivery to embedded cells. For instance, b-sheet
microstructure was created in one study by treating lyophilized silk with an
organic solvent. The steric hindrance effect arising from resultant b-sheet
microstructure was thought to contribute to the sustained release of IGF-I from
scaffolds constructed with these modified silk materials [90].

Another approach involves nano- and micro- carrier based delivery vehicles in
which carriers containing the bioactive agents of interest are dispersed within the
3D scaffold seeded with stem cells to achieve localized controlled delivery of the
agents. Such sustained release of soluble factors to differentiating stem cells inside

Fig. 5 Schematic drawing of various methods used to deliver bioactive molecules to cells within
a biomaterial scaffold. a Dispersion of the agent within the scaffold material. b Encapsulation of
bioactive agents in degradable nano/microspheres. c Use of interactions between bioactive agents
and binding domains in the scaffold material
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biomaterial matrices usually exhibits higher differentiation efficiency. Potential
toxicity is also minimized by preventing the effects of administration of soluble
factors at excessively high doses, referred to as ‘dose dumping’. Thus, the
incorporation of delivery vehicles carrying bioactive agents into tissue scaffolds
allows for the engineering of stem cells in a 3D defined microenvironment [91].
The release profile of soluble factors from carriers within the scaffold depends on
various properties of the biomaterial such as porosity [92 94], composition
[92, 93], degradability and microstructure [90]. Generally, biomaterial chemistry
determines the strength of interactions between soluble factors and the material
[94]. Soluble factors not interacting appreciably with materials can diffuse freely
and thus shorten the delivery time to the encapsulated cells. Due to the sensitivity
of bioactive molecules it is important to use mild encapsulation conditions so as to
avoid their deactivation and/or degradation, again restricting the choice of
biomaterial [89, 95]. Commonly used delivery vehicle systems include biode-
gradable nano/microsphere (beads) [96] and polyelectrolyte complexes, formed by
electrostatic interactions between the bioactive molecules and materials. A variety
of biodegradable synthetic polymers such as PLA, PGA, PLGA, PEG PLGA,
PEG PCL have been widely used to prepare drug/protein-loaded nano/micro-
spheres [96]. In addition to synthetic biodegradable polymers, natural materials
such as gelatin and chitosan can also be used to prepare protein-loaded nano/micro
particles. The application of degradable particle allows the sustained protein
release via particle degradation.

2.3.2 Effects of Controlled Delivery of Bioactive Agents
on Stem Cell Differentiation

Delivery of Bioactive Agents to Embryonic Stem Cells

Addition of soluble bioactive molecules directly into culture medium represents a
convenient approach for directing ESCs differentiation (through embryoid body,
EBD, formation) with modest efficiency [88]. Homogenous delivery of soluble
bioactive agents into EBD is highly challenging, because of their 3D spheroid
nature [97]. As a result, cell differentiation within embryonic bodies is usually
heterogenous and disordered due to the inefficient intra-EBD transport of soluble
factors. Sachlos et al. [97] have characterized the composition of the shell
surrounding EBDs and have reported improving diffusive transport into the EBD
interior through the disruption of this membrane. The shell was found to consist of
ECM comprised of collagen type I, a squammous cellular layer with tight cell cell
adhesions associated with E-cadherin and a basement membrane, as indicated by
the presence of collagen type IV lining. In the latter part of the study, this base-
ment membrane was disrupted either by preventing its formation with noggin or
degrading it using collagenase. This treatment was found to increase the diffusive
transport of retinoic acid and subsequently promote the neuronal differentiation of
the ESCs.
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Several carrier-based methods such as peptide-transmembrane domain
(PTD)-protein conjugates [98] and microparticles [99] have been developed to
further increase the delivery efficiency. Similarly, Carpanedo et al. [100] have
adapted in situ release of retinoic acid to the interior region of EBDs using
degradable PLGA microspheres. The in-situ release of soluble factors within
EBDs has showed promising results by promoting homogenous differentiation of
ESCs within EBDs into phenotypes resembling those observed in early mouse
streak embryos (see Fig. 6).

Other studies such as those by Newman et al. [101] and Nojehdehian et al.
[102] have demonstrated the efficacy of utilizing degradable PLGA microspheres
to deliver retinoic acid to pluripotent P19 embryonic carcinoma cells for differ-
entiation into neuronal lineage. As stated by Newman et al. these microspheres
served two purposes viz. the delivery of retinoic acid to the cells and as potential
transplantation matrices to support cell attachment, growth and differentiation.
Nojehdian et al. also demonstrated that the presence of a poly-L-lysine coating on
the microspheres further enhanced neuronal differentiation of the embryonic
carcinoma cells.

Fig. 6 Immunostaining of embryoid bodies. OCT4 staining was performed on day 10 untreated
embryoid bodies (a), embryoid bodies with unloaded microspheres (b) and embryoid bodies with
retinoic acid loaded microspheres (c). Embryoid bodies with untreated and unloaded micro
spheres contained clusters of OCT4t cells, while OCT4t cells in embryoid bodies with retinoic
acid loaded microspheres were localized to the columnar cell layer. FOXA2, a marker of visceral
endoderm, was also expressed in clusters of untreated (d) and unloaded MS EBs (e), but was
localized to the outermost layer of cell in RA MS EBs (f). a c, bar 50 mm; d f, bar 100 mm.
(Adapted from [100] with permission, Copyright Elsevier, 2009)
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Tissue Specific Differentiation of Stem Cells Using
Delivery of Bioactive Agents

Osteogenic differentiation of stem cells can be stimulated with various growth
factors including bone morphogenetic proteins (BMPs), dexamethasone, bFGF and
platelet rich plasma (PRP) derived growth factors. The sustained release of
bioactive agents such as dexamethasone from microparticles has been shown to
enhance osteoegenesis of stem cells in a 3D environment [103]. In this study,
carboxymethylchitosan/poly(amidoamine) dendrimer loaded with dexamethasone
was used to enhance the osteogenesis of rat bone marrow stromal cells (RBMSCs)
growing on porous degradable hydroxyapatite and starch polycaprolactone
scaffolds, respectively [103]. Though biodegradability of the materials is a major
consideration, it is extremely important to study biomaterials with inherent growth
factor binding capability. In studies by Anseth et al. [104, 105], heparan and PEG
were used to fabricate scaffolds for sustained growth factor delivery. Heparan, a
highly sulfated glycoaminoglycan, contains binding domain for various growth
factors such as bFGF and BMP-2. Their work showed that sustained release of
bFGF (up to 5 weeks) from heparan domains in the scaffolds increased the
expression of alkaline phosphatase (ALP) and other osteogenic markers such as
collagen I and osteopontin at the transcriptional level. In another study by the same
research group, Benoit et al. made use of fluvastatin release from PEG hydrogel
scaffolds in order to activate release of BMP-2 from encapsulated hMSCs, thereby
stimulating osteogenic differentiation of these cells [106]. In a study by Basmanav
et al. [92], microspheres prepared by complexing poly(4-vinyl pyridine) (P(4)VN)
and alginic acid loaded with the growth factors BMP-2 and BMP-7 showed
enhanced osteogenic differentiation of bone marrow stem cells (BMSC) in porous
scaffolds. In another study [94], the combination of degradable chitosan beads
with degradable scaffolds (Porous nano-hydroxyapatite/collagen/poly(L-lactic
acid)/chitosan microspheres (nHAC/PLLA/CMs)) supported sustained release of
active BMP-2 derived synthetic peptides, the release rate of which was dependent
on the degradation rate of both microspheres and scaffold. Enhanced osteogenesis
of rabbit marrow mesenchymal stem cells was achieved using this system.

Similar to osteogenesis, bioactive agents are required to control and or enhance
chondrogenic differentiation of stem cells. Chondrogenic differentiation of MSCs
in vitro is often achieved by culturing them in a three-dimensional (3D) condition
in the presence of TGF-b superfamily growth factors [107, 108]. The incorporation
of these chondrogenic morphogens into biomaterial scaffolds is advantageous due
the ability of this method to provide spatially and temporally moderated delivery
of bioactive agents. In one study, a dual delivery system was designed by using
double bead microspheres to deliver dexamethasone (DEXA) and dehydroepian-
drosterone (DHEA) simultaneously to engineer inflammation-free tissue in the
vicinity of the implant [96]. These microspheres contained a PLGA core which
hydrolyzed in aqueous environment, releasing these two chondrogenic factors
simultaneously. Up-regulation of collagen II, aggrecan, GAGs, cartilage oligo-
meric matrix protein (COMP) and down-regulation of collagen I were observed
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from mMSCs. Another example of dual delivery systems is the delivery of TGF-b
and dexamethasone from PLGA scaffolds [91]. In another study, increased
chondrogenesis was observed upon release of IGF along with TGF-b release from
silk scaffolds [90]. In a study by Park et al. [109] gelatin microparticles loaded
with insulin-like growth factor-1 (IGF-1) and transforming growth factor b1
(TGF-b1) were incorporated into a degradable PEG fumarate hydrogel. These two
growth factors were released from gelatin particles via simple diffusion. The
degradation of PEG-fumarate hydrogels further enhances the delivery efficiency
by increasing the mobility of encapsulated nano/microparticles which promoted
chondrogenesis of rabbit MSCs. Researchers have also utilized the ability to
manipulate the spatial- and temporal release of growth factors from biomaterial
based delivery vehicles for engineering composite tissues. For instance, Wang
et al. [110] have incorporated microspheres containing growth factors, BMP-2 and
IGF-1, in a gradient fashion within the alginate scaffold to regulate osteochondral
differentiation of MSCs.

2.4 In Vivo Applications

As seen above, the ability of functional materials to influence the terminal
phenotype of various stem cells is quite well-illustrated. In addition to this, several
studies have illustrated the ability of similar functional materials to recruit pro-
genitor cells and promote the formation of new tissue in vivo, particularly cartilage
and bone tissue. A study by Sharma et al. demonstrates in vivo chondrogensis of
goat MSCs encapsulated in photopolymerized PEG hydrogels containing hyalu-
ronic acid (HA) along with TGF-b, followed by the generation of cartilage-specific
ECM (specifically collagen II and proteoglycan) upon subcutaneous injection into
athymic nude mice [111]. Inclusion of HA and TGF-b in the hydrogels was found
to promote proteoglycan synthesis; in the absence of HA, there was significant
expression of collagen I, while no proteoglycan was produced in the absence of
TGF-b. This synergetic effect of TGF-b and HA on promoting chondrogenic
differentiation was attributed to the possibility of increased retention of TGF-b
within the construct through restriction of its diffusion by inclusion of HA. The
technique of cell encapsulation has also been used to create a tissue engineered
mandibular condoyle [112, 113]. In these studies, chondrogenic and osteogenic
cells derived from rat MSCs were encapsulated in PEG hydrogels; upon implan-
tation, these constructs were found to contain stratified layers of both, osseous
components such as mineral nodules and cartilaginous components such as
glycosaminoglycans. Several in vivo studies in which functional materials are used
to differentiate and/or deliver stem cells are summarized by Chai and Leong [114].
In one such study by Levenberg et al. [115], scaffolds consisting of poly(L-lactic
acid) and poly(L-lactic-co-glycolic acid) were used in conjunction with various
chemical cues such as retinoic acid, activin-A, TGF-b and Insulin Growth Factor 1
(IGF-1) respectively to commit them to germ layers to develop into tissues such as
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liver, cartilage and nervous tissue. Upon implantation of these constructs in severe
combined immunodeficient (SCID) mice, these constructs were found to maintain
their viability for at least 2 weeks. Additionally, evidence of integrating with host
vasculature was also observed. In another study, Cho et al. [116] demonstrated in
vivo adipogenesis of adipocyte derived stem cells seeded in phospholipase/
poly(glycolide) scaffolds upon implantation in athymic mice, although in this case,
the scaffold served predominantly to provide mechanical support to the construct,
cells and the resultant extracellular matrix.

Lee et al. [117] used thermosensitive hydrogels consisting of triblock copoly-
mer of poly(ethylene glycol-b(DL-lactic acid-co-glycolic acid)-b-ethylene glycol)
(PEG PLGA PEG) for the efficient engraftment of muscle derived stem cells
(MDSCs) for the efficient healing of diabetic wounds. It was observed that MDSCs
differentiated into fibroblasts, myofibroblasts and endothelial cells, thereby
accelerating the healing and subsequent closure of the diabetic wound. In another
study, Boldrin et al. [118] demonstrated the efficient delivery of human muscle
precursor cells (hMPCs) by means of a degradable poly(glycolic acid) scaffold.
Upon implantation in CD1 nude mice, these scaffolds showed a human nuclear
antigen signal (utilized to evaluate the presence of human-origin cells as opposed
to the host mouse cells) nearly threefold of that obtained by mere injection of
hMPCs, indicating a much higher efficiency of delivery in the case of the cell-
seeded polymer scaffolds. Kim et al. [119] have demonstrated the ability of
committed adipose derived stem cells (ADSCs) in conjunction with injectable
PLGA microspheres to form muscle tissue in vivo. ADSC-seeded PLGA micro-
spheres were cultured in myogenic medium for 21 days and then injected
subcutaneously into the necks of nude athymic mice. Mice injected with PLGA
microspheres alone showed the formation of acellular matrix at the injection site
while those injected with cell-laden microspheres showed the formation of muscle
tissue morphologically resembling native muscle.

2.5 Future Perspectives

Both genomic [120] and proteomic [121] approaches have been intensively
studied to elucidate the complex molecular regulation network behind stem cell
differentiation. With these advances, more and more molecular markers for stem
cell differentiation have been discovered. These differentiation markers in
combination with high throughput assay-based methods have facilitated the
discovery of biologically active small molecules and new materials for
controlling stem cell engineering [122, 123]. The advances in this field could lead
to the development of novel biomaterials with higher efficiency in controlling
tissue specific differentiation of stem cells. While several advances have been
made in developing materials capable of controlling stem cell differentiation,
there are a multitude of areas which show great promise in revolutionizing stem
cell based therapies. One such area is the synthesis of materials showing
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anisotropy in their chemical and physical properties, especially across controlled
gradients. Such materials would be especially useful in cell-based therapies for
the repair of interfaces between different tissues such as the osteochondral
interface. Controlled variations in material properties can allow for the simulta-
neous differentiation of common progenitor cells into multiple phenotypes on a
single scaffold. Another potentially promising area is the development of
self-healing materials capable of supporting cell adhesion and differentiation.
Previous studies have investigated self healing using microvascular networks in
materials [124]; self healing materials may also be used in conjunction with cells
to mend damaged tissues, providing mechanical support at the damage site while
simultaneously directing differentiation of cells to the appropriate phenotype.
Native tissue cells are also subjected to dynamic mechanical cues and therefore
developing advanced multi-functional scaffolds that can provide dynamic
chemical and mechanical cues to encapsulated cells beyond being a structural
support and/or static chemical and mechanical cues will have a profound influ-
ence on the field of biomaterials and stem cell engineering.
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Integration of Biomaterials into
3D Stem Cell Microenvironments

Andres Bratt-Leal, Richard Carpenedo and Todd McDevitt

Abstract Stem cells receive physical and chemical cues capable of influencing
their phenotype from inter-related elements of the microenvironment, such as cell
cell contacts, soluble molecule signals and physical interactions with the ECM. In
contrast to conventional 2D culture systems, barriers to diffusion within 3D cul-
tures limit the effectiveness of media manipulation as a method to direct cell
behavior. Efforts to engineer stem cell microenvironments in 3D using biomate-
rials have generally been attempted by either scaffold seeding, cell encapsulation,
or microcarrier/microparticle based approaches. These different methods have
been applied not only for the propagation of pluri- and multipotent stem cells, but
also to direct the differentiation of such stem cells into more differentiated
phenotypes. This chapter discusses the unique benefits, as well as associated
challenges of integrating biomaterials into 3D stem cell microenvironments.

1 Introduction

Stem cell fate is regulated by transcription factors that control gene and protein
expression. The balance between self-renewal and differentiation of stem cells is
determined by the sensitivity of gene regulation to changes in the extracellular
microenvironment. A complex assembly of soluble factors, cell cell and
cell extracellular matrix interactions constitute the molecular regulators of the
microenvironment through which stem cell fate is determined [1]. Particularly in
the case of pluripotent and multipotent stem cells, the microenvironment requires
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special consideration because of the vastly divergent array of cell lineages that can
be adopted by such stem cells. In the developing embryo, morphogen gradients,
cell cell and cell extracellular matrix signals are integrated to provide essential
spatial and temporal information to direct cell differentiation, migration and tissue
formation.

Pluripotent embryonic stem cells (ESCs) can differentiate into cells of all three
germ lineages (ecto-, endo- and mesoderm); however, when the microenvironment
is not strictly regulated, ESCs differentiate in a spontaneous, uncontrolled manner.
Thus, much of the current focus of ESC research is to better understand environ-
mental mechanisms regulating cell differentiation and to develop the essential
technologies to direct differentiation more efficiently towards a homogeneous
population of cells that could be used for regenerative therapies. Recently, the ability
to produce ‘‘induced’’ pluripotent stem (iPS) cells from human somatic cell types
has been reported, allowing for patient specific pluripotent cells to be developed,
and thereby avoiding the potential immune rejection of allogenic ESCs [2, 3].

Multipotent adult stem cells, present in most tissues of mature organisms, serve to
repair and regenerate tissues and thereby enable organisms to live beyond the life-
span of individual cells [4]. Multipotent stem cells are also responsive to signals in
the microenvironment capable of directing self-renewal or differentiation. For
example, in many tissues, contact, or a loss of contact with a specialized basement
membrane is believed to influence the fate of stem cell daughter cells [4].

Stem cells are typically expanded in an environment intended to maintain
‘‘stemness’’ before being subjected to a different set of conditions designed to
promote differentiation, preferably to a specific phenotype. Biochemical factors
such as basic fibroblast growth factor (bFGF) for human ESCs [5, 6] or leukemia
inhibitor factor (LIF) for mouse ESCs [7, 8] are routinely added to the culture
medium to grow ESCs in an undifferentiated state. Withdrawal of these factors
from the culture media allows differentiation to proceed. In contrast, specific
factors have yet to be identified to stably maintain mesenchymal stem cells
(MSCs) and extended passaging of MSCs in vitro generally results in genetic
abnormalities and reduced differentiation potential.

The substrate on which stem cells are cultured also can be used to inhibit or
promote differentiation. Feeder layers of cells can be used, such as mouse embryonic
fibroblasts (MEFs) [5], to promote ESC self-renewal. In addition, ECM coatings,
such as MatrigelTM, a complex mixture of basement membrane components isolated
from mouse tumor cells, or gelatin can be used as alternative surface coatings to
feeder cell layers [9]. MatrigelTM and MEFs contain or produce ECM and soluble
factors which favor ESC self-renewal and growth while limiting cell differentiation.
The introduction of xenogenic material, either through the substrate, or through
animal serum, can lead to the expression of immunogenic animal proteins on human
stem cells, limiting their clinical uses [10]. Thus, chemically defined media, which
avoid the introduction of animal serum proteins, have been produced in recent years
for the purpose of presenting the most basic biochemical factors required for stem
cell growth and self-renewal [11]. Defined culture media and ECM substrates can
also be advantageous in directed differentiation protocols in order to present defined
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amounts of molecules and avoid presentation of conflicting signals which could
contribute to heterogeneous differentiation.

1.1 Culture in Two or Three Dimensions

Traditionally, two-dimensional culture (2D) is used to maintain cells in an
undifferentiated state whereas three-dimensional (3D) culture techniques are more
commonly implemented in differentiation protocols. For example, ESCs are com-
monly differentiated through the formation of 3D multicellular aggregates, referred to
as embryoid bodies (EBs) [12]. Spheroid culture provides a platform for scalable
culture of cells because they can be grown in suspension and require a lower tissue
culture surface area-to-volume ratio compared to cells in monolayer. The 3D spheroid
microenvironment is complex and becomes more so as differentiation progresses.
Differentiating cells deposit extracellular matrix and are subjected to homo- and
heterotypic cell cell interactions, as well as autocrine and paracrine factors.

Soluble factors added to the culture media are more accessible to cells grown in
monolayer and the temporal resolution of these factors can be fairly well con-
trolled by simply exchanging the culture media at specific times [13]. In contrast,
3D culture provides more physiological cues such as increased cell cell interac-
tions and the potential for increased cell extracellular matrix interaction; however,
diffusion limitations complicate 3D cultures of cells. Concentration gradients of
soluble factors added to the media, which result from the diffusion properties of
3D cellular aggregates or constructs, can result in differences in the microenvi-
ronment depending on the spatial positioning of cells. Stem cells can be very
sensitive to small perturbations in the biochemical composition of their sur-
roundings and the effects of soluble factors often vary in a dose-dependent
manner. This limited control of the 3D environment has necessitated the devel-
opment of biomaterial technologies to engineer the microenvironment of 3D
culture systems in order to further develop stem cell differentiation protocols.

1.2 Strategies for Biomaterial Control of the 3D
Microenvironment

As introduced above, adhesive protein biomaterials (i.e. Matrigel and gelatin) have
been used as culture substrates for stem cell maintenance culture in 2D. Bioma-
terials can also be integrated within 3D stem cell environments in order to control
the increased complexity of the microenvironment. Strategies to control stem cell
behavior using biomaterials have largely aimed to deconstruct elements of native
biological complexity and integrate defined components into controlled systems to
present molecular cues to stem cells.
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Parameters such as hydrophobicity, porosity, degradation kinetics and surface
coating can be engineered to create the desired material properties. The ability to
engineer biomaterial surface properties can be utilized to present insoluble factors
to mimic cell cell or extracellular matrix interactions. Stem cells and biomaterials
can be combined as scaffolds in the classic tissue engineering paradigm, wherein a
spongy or fibrous scaffold provides mechanical support for attachment and
migration guidance initially and then degrades as the cells produce their own
natural scaffolding. In addition to scaffolds, which have been used extensively
with other cell types, single cell suspensions or EBs are often completely encap-
sulated in either a natural ECM matrix or in a polymer designed to provide
differentiation cues. Encapsulation typically occurs in the form of small spherical
beads (hundreds of microns in diameter) grown in suspension culture whereas
scaffolds are much larger and are grown in static or perfused cultures. Another
approach is to integrate biomaterials within stem cell spheroids, either using mi-
crocarriers or microparticles, to control the microenvironment from the ‘‘inside
out.’’ Strategies utilizing scaffolds, encapsulation and microcarrier/microparticles
for control of the stem cell microenvironment are depicted in Fig. 1 and are
discussed in further detail below.

2 Scaffolds

The application of polymeric scaffolds to support somatic cells was one of the
original tenets of tissue engineering strategies [14]. Polymer scaffolds were
originally designed primarily as carriers for cell transplantation which provided
temporary structural support until cells could adequately synthesize their own
matrix to replace the biodegradable synthetic material. However, advancements in
the field of biomaterials have led to the development of more sophisticated
scaffolds in various forms (e.g. porous, fibrous), capable of responding to

Fig. 1 Biomaterials can be incorporated within 3D stem cell microenvironments to direct cell
behavior. Cells can be cultured on or within polymeric scaffolds (a) which provide physio
chemical cues. Encapsulation of cell aggregates or single cells (b) can be used to increase the
surface area to volume ratio for scalable culture and to provide an artificial matrix. ‘‘Inside out’’
approaches to direct the microenvironment include culture of cells on microcarriers (c, top) and
the incorporation of microparticles within stem cell aggregates (c, bottom)
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environmental changes (e.g. temperature, pH, electrical stimulation, proteases) and
directly incorporating biomolecular cues to mediate cell attachment, proliferation
and differentiation. Recently, pluripotent and multipotent stem cells have
been seeded onto polymer scaffolds as a means to examine self-renewal and
differentiation properties in 3D.

Scaffolds have been studied in combination with mesenchymal stem cells
(MSCs) for a wide variety of applications including bone and cartilage regener-
ation. The ability of MSCs, derived from bone marrow or other tissues (e.g.
adipose tissue), to differentiate into a variety of cell types, including osteo-,
chondro-, and adipogenic lineages, has made MSCs the most common cell source
for musculoskeletal tissue engineering strategies. A variety of synthetic and
natural polymers have been utilized for both osteogenesis and chondrogenesis
of MSCs, including nanofibrous electrospun poly(caprolactone) (PCL) [15 17],
PLGA [18 22], and silk [23 26]. The ability of multiple scaffold types with a wide
range of chemical and physical properties to support MSC proliferation and dif-
ferentiation makes this a promising and active area of stem cell research.

Pluripotent stem cells can likewise be cultured on or within scaffolds, and much
of the knowledge gained from previous studies with MSCs can be applied to ESC
culture. As discussed above, culture of undifferentiated ESCs is typically per-
formed in monolayer, with cells grown on either an inactivated MEF feeder layer
or Matrigel. However, the use of synthetic scaffolds for self-renewal culture may
circumvent the issues of xenogenic contact and scale-up feasibility associated with
MEF and Matrigel substrates. The culture of hESCs on an artificial matrix
composed of semi-interpenetrating polymer networks (sIPN) supported short-term
maintenance of pluripotency [27]. The sIPN hydrogels were functionalized with
the arginine-glycine-aspartic acid (RGD) peptide sequence, and RGD concentra-
tion, as well as the mechanical properties of the hydrogel, were varied indepen-
dently to identify conditions which promoted self-renewal of hESCs. Artificial
extracellular matrices for stem cell renewal can be used as a xeno-free alternative
to defined media.

Additionally, ESCs have been cultured on nanofibrillar polyamide matrices
known as Ultra-Web under self-renewal conditions [28]. ESCs grown on Ultra-
Web displayed higher alkaline phosphatase activity, indicative of pluripotency, as
well as enhanced proliferation, relative to gelatin-coated glass coverslips.
Activation of Rac, a small GTPase, was also enhanced in cells cultured on Ultra-
Web, as was activation of the PI3K pathway and Nanog expression. These data
indicate that the 3D architecture on which cells are cultured may play an important
role in cell fate determination and must be taken into account in future design of
cell culture systems for ESC self-renewal.

Synthetic scaffolds have also been applied to differentiation approaches for
ESCs. Porous scaffolds composed of PLGA/PLLA have been investigated as
substrates for hESC adhesion and differentiation, with the intent of forming
complex tissue architectures to be used in transplantation therapies [29]. The
combination of seeding human ESCs on porous scaffolds and media supple-
mentation with growth factors was found to induce differentiation into various
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cell types that expressed markers of neural, chondrogenic and hepatic lineages.
Cells remained viable on the scaffolds following implantation in severely
immune compromised mice, and continued differentiation and reorganization
was observed. Studies focusing specifically on neural differentiation of hESCs
seeded onto PLGA scaffolds were performed, with the effect of various media
supplements reported [30]. The addition of nerve growth factor and neurotrophin
3 to the scaffold cultures enhanced differentiation to nestin and bIII tubulin
positive cells, indicative of neural progenitors and neurons, respectively. How-
ever, formation of functional, higher-ordered tissues will likely require greater
sophistication in scaffold architecture and differentiation-cue presentation to
ESCs.

Scaffolds composed of biomimetic and natural polymers have been used in
scaffold fabrication in order to present instructive microenvironments to
pluripotent cells. ESCs cultured on the biomimetic material Cytomatrix formed
3D structures similar to EBs, but displayed enhanced ECM production as well as
increased efficiency in differentiation to hematopoietic precursor cells [31].
Genes associated with ECM production as well as proliferation and differenti-
ation were found to be enhanced relative to traditional EBs [32]. Incorporation
of ESCs into porous alginate scaffolds resulted in efficient, homogeneous EB
formation, with EBs spatially restricted within the pores. Agglomeration of
EBs appeared to be inhibited, resulting in efficient cell proliferation and
differentiation [33].

Fibrin scaffolds have also been investigated for use in directed ESC differen-
tiation to neural cell types [34]. Cells from both dissociated and intact EBs were
seeded within fibrin scaffolds, and conditions including cell density and fibrinogen
and thrombin concentration were optimized for cell proliferation and differentia-
tion. After 14 days, successful differentiation of ESCs into neurons and astrocytes
was observed. In an independent study, cells were seeded onto fibrin scaffolds as
well as PEGylated fibrin scaffolds, and proliferation and differentiation were
assessed relative to traditional EBs as well as EBs grown in semi-solid methyl-
cellulose [35]. Proliferation in both types of fibrin scaffolds was enhanced relative
to EBs and methylcellulose EBs. Culture in non-PEGylated fibrin resulted in
differentiation similar to that observed in traditional EBs, with down-regulation of
OCT4 and expression of VE-Cadherin, while ESCs growth in PEGylated fibrin
were more similar to methylcellulose controls.

Semi-interpenetrating polymer networks composed of the natural polymers
collagen, fibronectin and laminin were examined as scaffolds for ESC differ-
entiation [36]. Differentiation was found to be a function of both network
composition and concentration, as high collagen concentration inhibited EB
cavitation, fibronectin appeared to enhance endothelial differentiation, and lam-
inin enhanced cardiomyogenesis. Use of the self-assembling nanofibrillar peptide
scaffold PuraMatrix was investigated for osteogenic differentiation of ESCs [37].
EB-derived cells were seeded onto PuraMatrix scaffolds after 8 days of differ-
entiation, and cells plated onto tissue culture polystyrene served as a 2D control.
Both PuraMatrix and 2D substrates supported osteogenic differentiation,
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although maintenance of OCT4 positive cells was more prevalent in 3D. Scaf-
folds can be used to control physiochemical elements of the microenvironment,
however, their use for large scale production of homogeneous cells may be
limited due to diffusional limitations of nutrients in large constructs lacking
vasculature.

3 Encapsulation

Encapsulation of stem cells into hydrogels represents a scalable way to present
factors locally to cells. Unlike scaffolds, large numbers of capsules can be
cultured in suspension culture. Encapsulation of stem cells can affect diffusion,
control aggregate size and prevent agglomeration as well as provide an
instructive environment depending on the properties of the material chosen for
encapsulation. From a bioprocessing perspective, encapsulation provides a
method to grow anchorage dependent cells in suspension thereby increasing the
surface area to volume ratio and scale up potential. MSCs are difficult to
maintain as aggregates in suspension [38] and for this reason they are often
studied using encapsulation. In addition to bioprocessing advantages, the creation
of an artificial matrix aids in study of cellular response to specific elements of
native ECM. Elements such as material stiffness or peptide density can be varied
independent of other factors.

Single cell suspensions or cell spheroids can be encapsulated several ways
depending on the material properties. Thermosetting hydrogels such as agarose can
be used to encapsulate cells by emulsifying a mixture of agarose, cells and oil.
Agarose capsules containing EBs are formed in the oil phase after emulsification and
can be gelled by lowering the temperature below the gelation point of agarose [39].
Materials such as alginate are useful for encapsulation because gelation occurs in the
presence of Ca2+ ions and does not require oil phase emulsion or temperature change
that can lower cell viability. Precisely sized droplets of alginate and cells can be
created and gelled in CaCl2 baths and cells can be retrieved at later time points
after transfer to a medium without Ca2+ [40 43]. Artificial polymers such as
poly(NiPAAm-co-AAC) [44], poly(ethylene glycol) (PEG) [45], and PEG deriva-
tives such as PEG diacrylate [46, 47] and oligo(poly(ethylene glycol)) fumerate [48]
have been utilized as well.

Encapsulation also provides a method to investigate interactions between cells
and specific signaling sequences in an artificial ECM environment in which the
ligand density can be precisely controlled. For example, alginate can be modified
to present small peptide sequences such as arginine-glycine-aspartic acid (RGD)
[43], found on ECM proteins such as fibronectin, fibrin and vitronectin. Increasing
RGD density in alginate gels resulted in dose dependent decrease in encapsulated
MSC response to TGF-B1 and dexamethasone, components of chondrogenic
media. It was hypothesized that integrin mediated signaling may be responsible for
inhibition of chondrogenesis in the cells and control of integrin signaling may be a
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useful target for directed differentiation strategies. Mimicking ECM interactions
using small peptide sequences can aid in understanding the mechanisms by which
ECM components contribute to the cellular microenvironment.

In regards to ESCs, encapsulation originated as a method to control the homo-
geneity of differentiation culture. ESCs express high levels of E-cadherin, a homo-
typic cell cell adhesion molecule, which has been shown to be primarily responsible
for EB formation in suspension culture [39, 49]. High levels of E-cadherin also
can lead to agglomeration which is particularly problematic in static cultures.
Agglomeration leads to heterogeneity in EB culture and contributes to the
heterogeneity of the resultant differentiated cell population. In addition, the size of
the initial ESC aggregate has been implicated in the trajectory of subsequent dif-
ferentiation, and therefore precise size control of EB formation is considered
advantageous [50 52]. In addition, EBs formed using other methods can be later be
encapsulated with one EB/capsule to prevent agglomeration and to shield EBs from
shear forces experienced in a stirred bioreactor. ESCs can be encapsulated as a
single-cell suspension and depending on the material used and the size of the capsule
formed, the result can be single EBs or small individual clumps of cells.

ESCs can be encapsulated in natural polymers such as hyaluronic acid [53] or
alginate [54] to maintain a pluripotent state useful for production of large amounts
of cells. Cells can then either be retrieved from the gels or switched to differen-
tiation conditions for further culture. Retrieval from hyaluronic acid encapsulation
requires that the capsules be incubated in hyaluronidase, while alginate capsules
can be depolymerized through the removal of divalent cations. Encapsulation can
be further used to promote differentiation into hepatocytes [42], chondrocytes [55],
cardiomyocytes [56], and definitive endoderm [57]. In some cases, encapsulation
is used as a method to support differentiation of ESCs; however, directed differ-
entiation techniques, such as the addition of soluble factors, can also be combined
with encapsulation to promote specific directed differentiation.

Bioengineers can apply knowledge of biological processes which are known to
occur naturally to direct stem cell behavior, such as the presentation the RGD
peptide to promote adhesion, however, another strategy is to screen biomaterials
with different surface chemistries to discover new non-physiological interactions
which can be useful in directing cell differentiation. Using this strategy, the gene
expression of stem cells on different surfaces can be analyzed on an array set-up
with high-throughput analysis and materials that promote the desired differentia-
tion can be further analyzed in 3D culture. PEG hydrogels functionalized with
small side functional groups of varying charge and hydrophilicity illicit different
gene expression profiles of encapsulated hMSCs [58].

4 Microcarriers and Microparticles

Encapsulation of ESCs and other stem cell types is a method to introduce bio-
material control of differentiation cues; however, this method is an ‘‘outside in’’
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strategy. Biomaterial interaction with the microenvironment is directly imparted
on cells of the surface of encapsulated aggregates whereas interior cells are not
directly affected. Alternative strategies have similarly focused on incorporating
biomaterials with cells cultured in suspension; however, they rely either on culture
of cells on microcarriers or the incorporation of microparticles within stem cell
aggregates.

4.1 Microcarriers

Microcarriers are spherical beads, normally 150 500 microns in diameter, and can
be made of a variety of materials such as polystyrene, dextran and glass. Cells can be
grown on the surface of microcarriers to increase the available growing surface area
per unit volume and have been used to scale up culture of anchorage dependent cells.
Microcarriers have been reported to support maintenance culture of human ESCs
[59 61], mouse ESCs [49, 62, 63] and MSCs [64, 65] and importantly, population
doubling times remain comparable to 2D culture standards. Dextran beads coated in
collagen are most often used for ESC attachment. These cells can then be differ-
entiated while adhered to the bead or they can be separated from the beads for use in
other differentiation protocols. The choice of coating is important to the cell yield
and in the case of polystyrene beads, cells can adhere without a coating through
electrostatic interactions. Cell collection from uncoated polystyrene is difficult and
results in decreased cell viability, whereas with gelatin coated dextran, trypsin can
digest the collagen layer and cells can be recovered with high yield. Matrigel has
also been successfully used as a dextran bead coating as it is known that Matrigel
will support undifferentiated growth of ESCs [59, 61].

In contrast to scaffold-based approaches, the material properties of microcarriers
have not been extensively studied in regards to directed differentiation or micro-
environmental control. Microcarrier materials are evaluated on their ability to
expand large amounts of undifferentiated cells. This is in part due to the fact that
microcarrier culture is analogous to 2D culture where media manipulation using
growth factors or small molecules is a potent regulator of cell behavior. Limitations
remain with microcarrier culture including agglomeration and low cell viability after
collection procedures. Stirred suspension bioreactors are commonly utilized to
agitate the culture and prevent agglomeration and a balance must be reached between
shear forces experienced by cells and agglomeration at lower agitation rates.

4.2 Microparticles

While microcarriers are used to scale up the culture monolayers of cells, smaller-
sized particles, ranging from 250 nm to 10 lm in diameter, can be incorporated
within larger cell spheroids to take advantage of increased cell cell contacts and 3D
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ECM contact. The incorporation of materials within stem cell aggregates is a rela-
tively new approach of ‘‘inside out’’ engineering that can be used to place cells on
the interior of the aggregate in direct contact with the biomaterials. Biomaterial
microparticles have been widely used in the field of drug delivery as vehicles for
controlled release of encapsulated molecules, and their surface can be functionalized
with cell specific adhesion ligands for cell-targeted delivery, especially useful in
cancer therapies. In addition, microparticle surfaces can be modified to mimic cell
cell interactions, loaded with soluble morphogens for controlled release or can be
used to introduce ECM proteins for control of matrix properties [66]. The surfaces of
materials such as polystyrene and poly(2-hydroxyethyl methacrylate) have previ-
ously been modified in 2D cultures to present LIF to prevent differentiation or
Jagged-1 to mimic cell cell signaling [67, 68]. Microparticles can be combined with
other techniques discussed previously to add further control of soluble factor release.
Microparticles incorporated in scaffolds [69, 70] can continually release encapsu-
lated factors throughout the construct and this could similarly be used in capsules of
encapsulated cells.

Microparticles incorporated within progenitor cell spheroids was first used to
improve post-transplantation cell viability of neural cells [71]. Fetal rat brain cells
were mixed with poly(lactic-co-glycolic acid) (PLGA) microparticles which
released nerve growth factor (NGF) to increase cell viability after transplantation.
This concept has also been applied to synthetic microenvironments for ESCs for
the purpose of directed differentiation [72, 73]. As introduced in the beginning of
the chapter, ESC spheroids present barriers to diffusion and therefore cells in the
interior are not completely accessible to molecules in the media as is the case with
2D culture. Cell cell contacts and deposited ECM can limit the diffusion of even
small molecules and the formation of gradients is likely to contribute to the
heterogeneous nature of EB differentiation.

Incorporation of biomaterials within EBs circumvents the diffusion barriers to
cells on the EB interior and microparticles can act as point sources continuously
releasing morphogen within the EB. In this way, gradients of molecules can be
minimized to create a more homogeneous environment for the cells within EBs. An
example of microparticle-mediated control of the EB microenvironment is the
incorporation of PLGA microparticles within mouse EBs [72]. The microparticles
were loaded with retinoic acid (RA), a small, hydrophobic morphogen, and were
designed to continually release RA throughout EB culture. The resulting EBs
upregulated gene expression of genes characteristic of epiblast stage embryos and
uniform cavitation was observed in large populations of EBs. This effect could not
be matched through any soluble addition of RA to the EB medium, suggesting that
the controlled release of the RA by the particles inside the EBs was needed to
provide the appropriate microenvironment for epiblast-like EB formation. Evidence
that this effect was widespread throughout the entire culture indicates that this
strategy could be used to direct differentiation of ESCs in a scalable manner.
Controlled release of morphogens is also desired to conserve growth factor for large
scale experiments. Biomaterials can preserve the bioactivity of encapsulated growth
factor by maintaining the molecule in a bound state and preventing degradation.
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Soluble addition of growth factors must be replenished as determined by the half-life
of the molecule in order to maintain the desired concentration for cell signaling.

5 Summary and Conclusions

Stem cell differentiation is controlled by a complex system of extracellular signals
from the microenvironment. Control over the microenvironment in 3D culture
systems is limited when using traditional cell culture methods and therefore
engineered biomaterials have been integrated within 3D stem cell environments
for directed differentiation. Scaffolds, hydrogel encapsulation, microparticles and
microcarriers all are used to control cell cell interactions, cell ECM interactions
and the presentation of soluble or immobilized factors to cells. These methods
have been used to increase the efficiency and scalability of maintenance culture as
well as for directed differentiation.
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Stem Cell Interaction with Topography

Benjamin K. K. Teo, Soneela Ankam and Evelyn K. F. Yim

Abstract The growth and differentiation of stem cells are regulated by bio-
chemical and biophysical cues in the extracellular microenvironment. Increasing
evidences have shown that substrate topography, one of the biophysical properties
of the microenvironment, can affect stem cell fate, such as the maintenance of
embryonic stem cells and the differentiation of adult and embryonic stem cells.
The underlying mechanism of how topography influences stem cells remains
unknown. Nevertheless, the advancement in technology has enabled the fabrica-
tion of synthetic topography with different materials, chemistries, geometries and
sizes, allowing systematic studies of the underlying mechanism. Recent studies
show that the topography-induced stem cells response can be a result of mecha-
notransduction via cellular components such as intergrins, focal adhesion and
cytoskeleton organization.

1 Introduction

Stem cells are defined as cells with the ability to self-renew and differentiate into
specialized cells in response to appropriate signals [1]. Because of its ability to
differentiate into different types of functional cells, stem cells possess great value
as therapeutics to regenerate and repair damaged tissue. Both the controlled self
renewal and directed differentiation are keys to the application of stem cells in
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regenerative medicine, which aims to provide a therapeutic platform by creating or
controlling the extracellular microenvironment in order to guide tissue growth for
functional recovery and/or dictate stem cells differentiation into the appropriate
cell types. In their in vivo environment, stem cell fate is controlled by intrinsic
factors and microenvironment known as the stem cell niche [2, 3]. The micro-
environment is composed of extracellular matrix (ECM), which is a reservoir of
biochemical as well as biophysical cues, of which the latter can be presented in the
form of nanotopography and matrix stiffness. In the last few years, attention has
been drawn to the study of biophysical cues as increasing supporting evidence has
shown that cells are regulated not only by chemical signals but also by biophysical
properties from the extracellular environment. This chapter will discuss one of the
biophysical cues the topography of the extracellular environment, the micro- and
nanofabrication methods to engineer the topography, how stem cells interact with
the substrate topography and the current theories and speculations of how
topography can direct stem cell fate.

1.1 Extracellular Topography

During natural tissue development, cells are interacting with various nano-scaled
topographical and biochemical cues in their microenvironment [4]. Weiss and
Garber [5] described the effect of contact guidance, the role of ECM structure in
cell orientation and migration, more than 50 years ago. Curtis also proposed the
influence of microtopography on cell behavior in 1964 [6], which has also been
extensively studied ever since. Recent findings underscore the phenomenon that
mammalian cells respond to nanoscale features on synthetic surfaces, and the topic
has been described in several recent reviews [7 10].

When stem cells are removed from the in vivo stem cell niche, they can dif-
ferentiate spontaneously in vitro but this differentiation process is inefficient,
uncontrolled and often results in highly heterogeneous cell population [1]. A
crucial strategy of regenerative medicine is to understand how to control the
microenvironment surrounding the cells to restore the niche equilibrium. A typical
strategy is to enrich the biochemical environment in the in vitro culture medium
with a combination of soluble growth factors, cytokines and/or serum protein, to
induce the stem cells to differentiate preferentially into a particular lineage.
However, because the signaling pathways required for stem cells to differentiate
into functional adult cell types remains unclear, the culture time, concentration,
and the combination of various biochemical cues to improve the differentiation
efficiency have yet to be optimized. In addition to enhancing the biochemical
signal, gaining a fundamental understanding of the cell substratum interaction will
be required to understand and reconstruct the stem cell niche. While the impor-
tance of topographical cues may vary for different cell lineages, its relevance
is unquestionable.
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1.2 Nanotopography

Stem cells vary in sizes and shapes in the micron range, and different types of stem
cells require different biochemical and biophysical cues for differentiation or
maintenance; however, it is not surprising to see that various type of stem cells do
respond to topography at the nanoscale. Nanotechnology is defined as the
manipulation of atoms and molecules in nanometer scale range of \100 nm;
nevertheless, as the focus of this chapter is not on the quantum effect of the
materials but the cell interaction with substratum features, stem cell’s responses to
sub-cellular scale topography of [1,000 nm will also be discussed in this chapter
to give a more holistic description of the field in discussion.

The fact that the in vivo extracellular matrix or substratum with which cells
interact often includes topography at the nanoscale substantiates the importance to
investigate cell substrate interactions at the sub-micron scale. The basement
membrane, which is a ubiquitous component of ECM that plays an important role in
tissue development and organization, is an example. It possesses a complex mixture
of pores, ridges, and fibers, which have sizes in the nanometer range. The *200 nm
thick layer separates tissues such as epithelia, endothelia, muscle fibers, and the
nervous system from connective tissue compartments. These nanometer range
structures are also seen in the corneal epithelial basement membrane of the Macaque
monkey as shown in Fig. 1a [4]. It consists of a porous membrane with a network of
cross-linked fibers, with the pores averaging 72 nm and the fibers 77 nm in diameter

Fig. 1 a Scanning electron micrograph of the corneal epithelial basement membrane after
incubation in 2.5 mM EDTA and epithelial removal. This shows the overall ‘‘felt like’’ archi
tecture of the surface, consisting of interwoven fibers and pores. The complex topography of
intertwined fibers and pores of varying sizes is evident. b Scanning electron micrograph of
Matrigel. The nanoscale topography is composed of a meshwork of fibers and pores similar to
that found for the ‘‘native’’ anterior corneal basement membrane [4]
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respectively. The mean elevation of these features is around 160 nm. The trabecular
meshwork of the human cornea is another example [11]. It consists of ECM orga-
nized into a network of beams, covered by trabecular endothelial cells.

Similar nanoscale features can be seen in an artificial basement membrane, the
commercially available MatrigelTM (BD Biosciences, Fig. 1b) [4], which has been
widely used in feeder free expansion of embryonic stem cells (ESCs). Matrigel is a
solubilized basement membrane extracted from the Engelbreth Holm Swarm
(EHS) mouse sarcoma, a tumor rich in ECM proteins. The Matrigel revealed a
topography of fibers and pores at the nanoscale when viewed using the SEM,
although it still remains debatable whether the protein hydrogel in its swollen state
does provide a solid structure to the cells. Nonetheless, these nanofeatures may
play an important role in maintaining the pluripotency of ESCs. Another example
of nanotopographical influence on stem cell show that nanotopography alone can
induce the differentiation of human mesenchymal stem cells into neuronal lineage.
The nano-topography induced a more significant upregulation of neuronal markers
in hMSCs compared to micro-topography, highlighting the importance of feature
size in topography induced differentiation [12].

2 Nanofabrication Techniques

The advancements in micro- and nanofabrication technology enable the studies of
cellular response of micro- and nanofeatures with a wide range of chemistry and
topography. Most of these technologies were developed initially for the micro-
electronic industry, but they have since been adapted for cellular studies. Detailed
description of the micro- or nanofabrication technology has been covered in
several excellent reviews [9, 10, 13 17]. Table 1 summarizes the nanofabrication
techniques that are commonly used in studies of cellular response and stem cell
niche reconstruction. In general, the techniques can be divided into two categories
of fabrication, mainly that of ordered features and random features.

Many fabrication techniques for ordered features are dependent on optical
lithography and reactive ion etching. This can be followed by anisotropic etching or
UV and glow discharge treatment [15]. Photolithography is limited by diffraction
limitations. Its diffraction limitations and thus its resolution is typically that of the
wavelength of the light used for the exposure (typically[200 nm). Electron-beam
lithography can be used to produce nanoscale patterns, but it is expensive and time-
consuming. Some other methods such as laser ablation, X-ray lithography and dip-
pen nano-lithography can also be used. Nanoimprint lithography (NIL) is a
mechanical lithography process, in which a polymer resist will be embossed with a
patterned hard mold, such as a pre-patterned SiO2 mold. In conventional thermal
NIL, a substrate will be spin-coated with a polymer layer before embossing with a
hard mold. It is low-cost and can pattern features in large areas with a lateral
resolution of \10 nm [19]. In the reversal imprinting, a polymer layer is spin-
coated onto the mold only, and then transferred to a bare substrate by imprinting
under suitable temperature and pressure [20, 43]. In addition to thermal NIL, UV
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Table 1 Fabrication techniques

Fabrication
method

Resolution Features Advantages Limitations

(a) Nanofabrication techniques for ordered features
Electron beam

lithography
[3 nm [18] Pillars, wells

Grooves
Precise geometry

and pattern
No mask needed

Expensive
Time consuming
Small surface

coverage
Even lower

resolution
with negative
resist

Nanoimprint
lithography

[3 nm (limited
by the
template) [19]

Pillars, well,
grooves

3D [20]
Hierarchical

structures
[21]

Inexpensive
Fast
Easy to scale up
Ability to make

complex
structure

Versatility in
choice of
material

Expensive
equipment

Template needed

Soft lithography [100 nm
(commercial
PDMS)

[50 nm (h
PDMS)
[22, 23]

Pillars, well (2D
pattern)

Inexpensive
Fast
Simple

Limitation on
material

Template/mold
required

Dip pen
nanolithography

[100 nm [24] Line, dots, 2D
pattern

Precise control
Maskless
Pattern and

image
acquisition
simultaneously

Slow
Height

limitation
unless used
with particle
deposition
and/or
etching

Direct write
fabrication with
multi photon

[250 nm [25] 3D complex
architecture

In situ
biocompatible
fabrication

Special
equipment

Limitation in
choice of
materials

Photolithography C250 nm [26] Pillars, wells,
grooves

Precise geometry
and pattern

Large surface
coverage

Expensive
equipment

Feature size
limitation

Mask required

(continued)
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Table 1 (continued)

Fabrication
method

Resolution Features Advantages Limitations

(b) Nanofabrication techniques of random features
Nanoporous

membranes
C1 nm [27, 28] Porous

membrane
Easy fabrication
Inexpensive
Precise control

over pore size

Insufficient
strength for
physiological
loads

Carbon nanotubes SWNT: 0.4 2 nm
indiameter [29]

MWNT:[2 nm
indiameter [29]

Woven mesh or
vertical arrays

Patterns when
combined
with lith
ographic
methods

Strong, flexible
and
conductive

Potential toxicity
of the carbon
nanotubes

Etching:
chemical/
reactive ion
etching

C2 nm Craters
chemical

[30]
Needles

reactive
ion [31]

Pores electro
chemical
etching [32]

Fast
Economical
No special

equipment
required (for
chemical
etching)

No control in
geometry

Electrospining
nanofiber

[3 nm [33, 34] Cylindrical
fibers:
aligned/
random

Versatility in
material
choice

Composite
with nature
materials

Biological
polymer

Co axial fiber
enable drug
delivery

Only fiber
Difficult to

control pore
size for
nanofiber
mesh

Self assembly
nanofiber

[ 10 nm fibers
[35, 36]

Hydrated 3D
mesh of
interwoven
nanofibers

Controlled fiber
dimension and
morphology

Self assembly

Required
engineering of
molecules for
self assembly

Polymer
demixing

Vertical C13 nm
[37 39]

Islands, pits,
ribbons

Simple
Fast
Inexpensive

Limitation in
geometry and
choice of
materials

Colloidal
lithography

C20 nm [40] Columns Easy to pattern
Large surface

coverage area

Limitation in
geometry

Carbon
nanofibers

[40 nm in
diameter [41]

Fiber Conductive fiber
with tunable
mechanical and
cell adhesion
property

Fiber only

(continued)

B. K. K. Teo et al.



NIL allows the imprinting of UV-curable materials at room temperature. With the
different modes of imprints, NIL provides a wide choice of polymers that can be
used for nanofabrication. This can prove to be particularly useful for cellular
engineering and the reconstruction of stem cell niches.

Using a template generated by optical or mechanical lithography, the pattern
can be replicated rapidly and easily onto elastomers such as polydimethylsiloxane
(PDMS) with soft lithography. However, there are limited types of siloxane
polymers that can be used in soft lithography.

Although most optical or mechanical lithographies has the capability to gen-
erate highly ordered features with high precision, the fabrication process can be
expensive and complex. Fabrication techniques of random structures, on the other
hand, are relatively simple and more economical. For example, nanoislands of 13
95 nm in height can be fabricated by polymer demixing based on phase separation
of polystyrene and poly(4-bromostyrene) spin-coated on silicon wafers [37]. The
ability to produce different nanofeatures based on such phase separation phe-
nomenon, however, would be limited.

Another versatile technique of producing nanostructures for cell culture
applications is electrospinning [33, 34]. In the electrospinning process, an elec-
trode is placed into a syringe or pipette containing the polymer solution. A high
voltage applied discharges an electrically charged jet of polymer solution onto a
grounded collector surface. Randomly oriented fibers will be collected, forming a
nonwoven mat, while aligned fibers can be collected using a rotating wheel, by
matching the rate of rotation with the rate of fiber deposition. Many different types
of polymers can be processed into fibers with diameters ranging from several
nanometers to tens of microns. Although electrospinning requires relatively simple
instruments, many process parameters are needed to be optimized to produce the
fiber characteristics of desired size, orientation, and uniformity without bead
formation. The processing parameters include viscosity, evaporation rate, surface
tension and conductivity of the polymer solution, and processing variables of
applied electric voltage and source-to-collector distance.

This section described a generic overview of the nanofabrication techniques
that have been used in studying cellular response. Nanotopography can be

Table 1 (continued)

Fabrication
method

Resolution Features Advantages Limitations

Phase separation [50 nm fiber [42] Porous and
fibrous
network

Simple
No special

equipment
Porosity easily

controlled

No organized
pattern

Direct write
fabrication with
multi photon

[250 nm [25] 3D complex
architecture

In situ
biocompatible
fabrication

Special
equipment

Limitation in
choice of
materials
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fabricated using various methods to mimic the stem cell niche with features of
different size and geometry. With the constant rapid development of fabrication
technologies, more choices are available in selecting substrate materials with
different biochemical and biophysical properties, such as rigidity, which allows
researchers to optimize the cell substrate interaction.

3 Stem Cells Reception to Topography

Stem cells can be broadly classified into embryonic stem cells (ESCs) and adult
stem cells. ESCs are pluripotent cells derived from the inner cell mass of blastocysts
with the potential to maintain an undifferentiated state [44]. The ESCs are hypo-
thetically capable of regenerating all the cell types of the three germ layers
ectoderm, mesoderm and endoderm. Adult stem cells on the other hand, are derived
from adult tissues and are usually multipotent, where the lineage is more restricted
than ESCs. Recent technologies also allow the re-programming of adult cells into
pluripotent stem cells, which are referred to as induced pluripotent stem cells.
These induced pluripotent stem cells exhibit properties similar to embryonic stem
cells [45]. Stem cells being capable of self-renewal and differentiation have a huge
potential for biotechnology and regenerative medicine. In this section, we will
restrict our focus on the role of biophysical cues, in particular the role of topography
in the differentiation of embryonic stem cells and adult stem cells like neural stem
cells/neural progenitor cells (NSCs/NPCs) and mesenchymal stem cells (MSCs).

3.1 Embryonic Stem Cells

ESCs remain as potential candidates for regenerative medicine due to their plu-
ripotent properties. Since undifferentiated ESC generate teratocarcinoma, a germ
cell tumor, when implanted in vivo, a directed differentiation of ESCs is required
for medical applications. The major challenges of using ESCs for therapeutic
applications includes overcoming ESC shortage, obtaining clinical grade cell lines
and deriving a pure differentiated population in an efficient and ethical manner.

The propagation of undifferentiated ESCs will be essential to overcome the
shortage of ESC supply. Conventionally, ESCs require the support of a feeder
layer for their long term propagation in vitro. Many groups have tried different
kinds of feeder layers ranging from mouse to human and also transitioned to feeder
free cultures like the Matrigel. Nevertheless, the Matrigel is derived from animal
sources and may have potential problems in clinical applications. Furthermore, the
Matrigel possesses a mixture of topographical cues in addition to a reservoir of
biochemical cues. Thus the most opted condition would be a defined feeder free
system consisting of appropriate biochemical and topographical cues.

Markert et al. [46] designed topographically distinct micro-structured surface
libraries called the BioSurface Structure Arrays. Using murine ESCs, they
screened approximately 504 distinct topographical structures with various
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combinations of height, size and gap, etched on a 3 9 3 mm2 Silicon wafer. They
were able to assort the topographies favouring the maintenance of undifferentiated
murine ESCs and those promoting differentiation. This study is a breakthrough in
realizing the potential of topography to support feeder free ESC culture.

In addition to the ability to propagate sufficient pluripotent ES cells, it is also
crucial to control the differentiation of ESCs. In order to achieve this, many
approaches have been employed, namely the use of chemically defined media,
conditioned media or coating with various types of ECM components. Essentially,
researchers have tried to maneuver the in vivo microenvironment to study stem
cell differentiation.

To date, most of the researchers have experimented with the chemical factors
that aid in directing differentiation of embryonic stem cells into a specific and
desired lineage. Murray et al. proposed that mouse ES cell differentiation is reg-
ulated by changes in cell cell interactions observed when the ES cells are cultured
as embryoid bodies. On the other hand, in a more recent study by Gerecht et al.
[47], it was demonstrated that the nanotopography of the substrate could control
human ESC morphology, i.e., elongation and alignment of human ESCs including
proliferation via in vitro contact guidance response to the nanoscale grating fea-
tures. They also showed that nanotopography in the presence of soluble growth
factors is able to show more significant effects as compared to substrate signalling
alone. These interesting findings have led to the change in the focus of researchers
to the eclectic field of micro and nano patterns of various geometries and sizes to
design a suitable scaffold and also to observe the response of stem cells to these
patterned features [48].

A maskless photolithography system was used by Sasaki et al. [49] to develop
adhesive circular micro domains (100 400 lm in diameter) on glass cover slips;
200 lm circular domains were found to be the optimal diameter for the cardiac
differentiation of uniform sized murine ESC aggregates (Fig. 2). This is a relatively
simple technique to obtain a consistent population of ESC derived cardiac cells for
high throughput assays. Smith et al. [50] observed that murine ESCs interacted better
with the nanofibrous matrices compared to the films. A marked upregulation of
osteogenic markers was also observed in the nanofibers. These two studies

Fig. 2 Micropatterning can
potentially serve as a simple
and reproducible fabrication
method for mass production
of size controlled ESCs.
Shown here on the right is a
microscopic image of ESCs
cultured on circular micro
patterned substrate, 200 lm
in diameter, on day 3. Scale
bars represent 200 lm [49]
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highlighted that in addition to chemical factors, the cell matrix interaction, colony
size and shape are also important factors in regulating differentiation. Their work
testifies the importance of nanosized topographies in stem cell differentiation.

Here in this section, we put forth selected studies demonstrating the significance of
topography in the maintenance of ESCs as well as directing differentiation. These
works clearly reiterate the importance of understanding cell matrix interaction to
recreate the stem cell niche using appropriate growth factors and optimal topographies.

3.2 Neural Progenitor Cells/Neural Stem Cells

Neural stem cells are multipotent stem cells and are present in both developing and
adult central nervous system. The NSCs are capable of self renewal and differ-
entiation into astrocytes, oligodendrocyte and neurons while the NPCs are lineage
restricted and only capable of fewer divisions. The three major types of progen-
itors found in the adult human brain are ventricular zone neural progenitors,
hippocampal neuronal progenitor cells and white matter glial progenitors. Isola-
tion, expansion and in vitro differentiation of these stem cells and progenitors have
been studied extensively in the last two decades [51 58]. NSCs and NPCs possess
the potential for differentiation into transplantable neurons and so their identifi-
cation and isolation has given hope for treating debilitating neurodegenerative
disorders. Our focus in this section would be on the role of topography in directing
differentiation of NSCs and NPCs.

The effect of topography as contact guidance has been studied extensively with
a focus on axonal guidance and neuronal regeneration. It was observed that in
addition to serving as contact guidance, topography can also affect the differen-
tiation of NSCs. Recently, Christopherson et al. [59] analyzed the oligodendrocyte
and neural differentiation of rat hippocampus derived neural stem cells (rNSC)
seeded on nanofibers of various sizes. It was observed that in the presence of 1 lM
retinoic acid and 1% fetal bovine serum, rNSCs showed a 40% increase in oli-
godendrocyte differentiation on 283-nm fibers and 20% increase in neuronal dif-
ferentiation on 749-nm fibers, in comparison to tissue culture polystyrene surface.
The smaller fiber diameter also increased proliferation and cell spreading. This
study shows the significance of fiber topography and fiber dimension in regulating
rNSC differentiation as well as proliferation.

Topography often works synergistically with the appropriate biochemical cues.
Recknor et al. [60] studied the effect of topography on neural differentiation of
adult rat hippocampal progenitor cells (rNPCs) on micropatterned polystyrene
substrates, chemically modified with laminin. When the rNPCs were co-cultured
along with the astrocytes on the micropatterns, the percentage of neuronal dif-
ferentiation and the neurite outgrowth showed a clear increase, suggesting a
synergistic effect of nanotopography and the biochemical factors secreted by the
astrocytes. The presence of cell cell contacts can also possibly influence the
enhanced differentiation.
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In another study performed by Silva et al. [61] NPCs were encapsulated in vitro
within a three-dimensional network of nanofibers formed by self-assembly of
peptide amphiphile molecules. The self-assembly of the nanofibers was triggered
by mixing cell suspensions in media with dilute aqueous solutions of the mole-
cules. The cells not only survived the growth of the nanofibers around them but
also rapidly differentiated into neurons; the self-assembled fiber also suppressed
the development of astrocytes. This rapid selective differentiation has been
attributed to the amplification of bioactive neurite-promoting laminin epitope
IKVAV, a biochemical cue presented to the cells by the nanofibers. In a slightly
different study, Soen et al. [62] screened the ECM components, morphogens, and
other signaling proteins that had a significant effect on the differentiation of neural
stem cells. These results taken together, provide a potential way to develop
scaffolds with the appropriate combinations of chemical and topographical cues
for an efficient differentiation of neural stem cells.

3.3 Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) are stem cells of mesodermal origin which can
be derived from the adult bone marrow. MSCs are multipotent in nature, capable
of differentiating into osteoblasts, myoblasts, adipocytes, chondrocyte and skin
[63 66].

The most common strategy to differentiate MSCs is to use a combination of
growth factors or biochemical cues. Nevertheless, various studies have shown
nanotopography alone can induce differentiation of MSC or enhance the MSC
differentiation [12, 67 69].

In one of the study, thermosensitive hydroxybutyl chitosan were electrospun
into aligned nanofibers, with an average diameter of 437 nm [70], and myogenic
induction of human MSCs was observed in response to topographical features
without differentiating medium. The maintenance of the cytoskeletal structure and
cell cell contacts in the cell-sheet seems to have a direct relationship in inducing
the gene expression of a myogenic lineage. This thermosensitive polymer scaffold
could be coupled with the drug encapsulation capacity of electrospinning to serve
as a multi-functional platform to encapsulate growth factors apart from providing
nanotopographical cues. Thermosensitive polymers have a lower critical solution
temperature (LCST) below which they are hydrophilic and water soluble. When
the temperature is increased above the LCST, they become hydrophobic and water
insoluble. This technique is beneficial in enabling us to differentiate MSCs as well
as harvest the differentiated cells as a cell sheet without disrupting the cell ECM
interaction.

Extensive studies have been done on MSCs to understand its response to var-
ious kinds of topography due to the ease in obtaining patient specific multipotent
MSC. In a comparative study of different patterns by Martino et al., uniform grids
and grooved nanopatterns on hydrogenated amorphous carbon film were compared
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for the differentiation of human bone marrow derived MSCs (huBM MSCs) into
osteogenic and adipogenic lineage (Fig. 3). The grooved nanopatterns exerted a
greater effect on differentiation of huBM MSC into osteogenic lineage due to the
alignment and elongation cues presented by the grooves [71].

In yet another study, microstructures imprinted on PMMA in the range of
50 100 lm confirmed the previous results by other researchers that topography
indeed plays an important role in directing the differentiation of MSCs into either
the osteogenic or adipogenic lineage [10, 72]. Although the exact mechanism
remains elusive, this fine tuning is possibly related to the change in cell shape with
different topographies, for it was observed that round patterns aided adipogenic
lineage differentiation while gratings induced elongation of MSCs in turn pro-
moting osteogenic transition [69].

It was also demonstrated that the heights of topographical features could affect
osteogenic differentiation of MSCs. Titanium nanopillar structures with heights of
15, 55 or 100 nm on Ti surfaces were synthesized by anodization through a porous
alumina mask. The 15 nm high topography features resulted in the most significant

Fig. 3 a, b The field emission scanning electron microscopy (FESEM) analysis of a hydroge
nated amorphous carbon film with groove and grid configurations. c, d Human bone marrow
MSCs grown on the corresponding grids and grooves. Note the differences in the cytoskeletal
structure of MSCs on the different patterns. They are immunofluorescently labelled with
a tubulin and F actin, counter stained for nucleic acid with DAPI [71]
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bone matrix nodule formation after 21 days of culture in comparison to the pillars
of sizes 55 and 100 nm [73]. In this study, the authors demonstrated that the stem
cell behaviour is a function of pillar heights and not of the diameter or gaps. This
might serve as another important guiding parameter to consider while designing a
scaffold for MSC differentiation. The authors also postulated that nanoscale
topography works by presenting adhesive proteins to cells in a preferential/
unpreferential manner, thus controlling the cell response. However, this theory
appears less likely as cell alignment can also be observed on round features, with
the curvature of the features suggested to be a function of cell alignment [7]. After
having understood the significance of pattern geometry and dimensions, in an
intriguing research done by Dalby et al. [67], it was shown that random topog-
raphies were better than ordered ones in inducing the mesenchymal stem cells to
differentiate towards an osteospecific lineage. The same group had also tried to
fabricate a controlled disorder nanopit topography by electron beam lithography
[74]. It was termed NSQ50 with pits in a square arrangement, 300 nm centre
centre spacing and was used as a scaffold to direct osteoblast differentiation of
human bone marrow osteoprogenitor cells. Their results showed that stem cells
were able to detect regularity of the nanostructures, and that the symmetry of
structures had significant influence on stem cell differentiation.

In addition to the mesenchymal lineage, MSCs have also been shown to acquire
atypical neuronal-like phenotypes. In a study conducted by Yim et al. [12] the
proliferation, alignment, elongation and transdifferentiation of human mesenchy-
mal stem cell on the nanograting axis was studied. Gratings with line widths of
350 nm, 1 and 10 lm on PDMS were used to study the transdifferentiation of
human MSCs into neuronal lineage, with or without retinoic acid induction. They
have successfully shown that the effect of nanotopography on the upregulation of
neuronal marker is higher compared to the RA induction alone.

The transdifferentiation of bone marrow derived MSCs was also studied on
electrospun poly(L-lactic acid)-co-poly-(3-caprolactone)/Collagen (PLCL/Coll)
nanofibrous scaffolds, with fiber diameters in the range of 230 ± 31 nm, using
neural induction factors like BDNF, EGF, and b-mercaptoethanol [75]. Their
results reiterates the need for both topographical cues and chemical cues in order
to upregulate the neuronal markers. The mechanism behind transdifferentiation in
response to nanotopographical cues is yet to be unraveled. Nonetheless, these
studies contribute to materializing the enormous potential for the generation of
functional neurons from patient derived mesenchymal stem cells.

In the above section, we have tried to highlight the prominent experiments carried
out with topographies of various patterns, height, diameter, gap, materials and order
(random and ordered), in combination with biochemical cues to study the differen-
tiation of MSC into osteogenic, adipogenic or neuronal lineage.

We have reviewed selected studies illustrating the effect of various types of
topographies on stem cell differentiation and proliferation and are summarized in
Table 2. In vivo key topographical features that regulate cellular functions are
likely to be tissue specific and possibly required to be investigated on a case by
case basis; thus it will be difficult to establish a clear relationship of a cellular

Stem Cell Interaction with Topography



function associated with a topography parameter. However, there is increasing
evidence that we can potentially exploit both the topography that is capable of
mimicking the in vivo microenvironment and stem cells that are capable of self
renewal and multilineage differentiation. Even though researchers have contrib-
uted substantially to help us better understand stem cell matrix interaction, the
present scenario necessitates several horizons to be explored. The following sec-
tion will briefly discuss the current theories and speculation on how topography
can direct stem cell fate.

4 Making Sense of Physical Cues in the Extracellular Matrix:
Mechanotransduction

4.1 Introduction to the ECM

During development, stem cells in their niche are exposed to diverse yet intricately
regulated regular array of structures as previously discussed. The ECM compo-
nents include proteoglycans that contain large glycosaminoglycan side chains,
glycoproteins (e.g. fibronectin, elastin) and collagen. These protein fibers are
known to be in the scale of 10 300 nm in diameters [77] and form a meshwork
that provides tensile strength to the ECM. Cells in their microenvironment interact
closely with the ECM through various adhesions, establishing physical interactions
that are often vital for survival. They actively detect and respond to the ECM
nanoscale features in their surroundings. One of such important features includes
the topography of these scaffolds.

Table 2 Effects of topography on stem cell differentiation

Stem cell Differentiation Pattern used Source

Embryonic stem
cells

Differentiated state and
undifferentiated state

Biosurface structured arrays [46] Mouse

Cardiac cells Circular microdomains [49] Mouse
Osteogenic lineage Nanofibrous matrices [50] Mouse

Mesenchymal stem
cells

Neuronal lineage Gratings [12] Human
Neuronal lineage Nanofibrous scaffolds [75] Human
Myogenic lineage Electrospun thermosensitive

scaffold [70]
Human

Osteogenic and adipogenic Grooves and grids [71] Human
Osteogenic and adipogenic Heat embossed microstructures

[10, 72]
Human

Osteogenic lineage Random topographies [67, 76] Human
Bone regeneration Titania nanopillar structures [73] Human
Osteoblast differentiation Controlled disorder nanopit [74] Human

Neural progenitor
cells

Neurite outgrowth Micropatterns [60] Adult Rat
Oligodendrocyte and

neuronal differentiation
Nanofibers [59] Rat

Neuronal differentiation Nanofibers [61] Murine
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The structural cues from topography changes the orientation of the cells,
reorganizes its body, shape and functional state [78 80], which includes stem cell
differentiation as shown in the previous sections. Studies employing simplistic 2D
topography models to mimic native ECM demonstrated that mechanical cues do
play an important role in regulating stem cell differentiation. Intriguingly, the cells
must have an intrinsic fundamental mechanism to sense the underlying substrate
topography, generating mechanical signals that are translated by intracellular
signaling pathways before ultimately regulating the genomic expression and cell
function [81]. This is also known as mechanotransduction. It is important however
to note that the mechanotransduction involves a complex interplay of different
cellular organelles and components (e.g. focal adhesion and cytoskeleton) that by
themselves are highly dynamic in vivo, making the process more convoluted [82].
The precise mechanism by which how cells sense and respond to topographical
cues remains a mystery, possibly due to both inadequate studies and the com-
plexity of the problem. However, advancement of experimental techniques has
helped to provide clues to the mechanism and it appears that cellular components
such as the integrins, focal adhesions and cytoskeleton organization collectively
play important roles in topography-induced cellular behavior [82 84].

4.2 Mechanotransduction: A Direct Connection?

The extracellular topographical signals have to be transduced from the ECM to the
nucleus, where the genome can be regulated as a response to the extracellular
signals. Although various other indirect and chemical mechanisms have also been
postulated (e.g. G-proteins, ion channels), we have limited our discussion to a
direct transmission of forces (via cellular organelles) to the nucleus as a mecha-
nism for gene regulation [85]. Under the effect of nanotopography, the physical
substrates do exert differential mechanical stress onto the cells, as indicated by the
cytoskeletal reorganization. In the previous section, we have presented an over-
view of the use of patterned substrates as a form of physical cue to regulate stem
cell differentiation into various lineages. In this section, we will discuss about the
important components of the mechanotransduction machinery, namely the inte-
grins, focal adhesions and cytoskeleton that translates these topographical cues
into secondary pathways, ultimately affecting stem cell differentiation.

4.3 Connecting with the ECM: Cell–Matrix Interactions

Before we try to understand the mechanism of mechanotransduction, it is
important to identify the key components involved in the relaying of external
topographical cues. Anchorage dependent cells require a favorable substratum for
their survival and proliferation and cell shape has been established as a key reg-
ulator in the cell physiology [86]. In the studies presented earlier, cells that were
cultured on the topographical surfaces adopt different cell morphology as
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compared to non-patterned surfaces [8, 10, 12, 72]. In one of our studies, MSCs
that were cultured on 350 nm nanogratings pattern demonstrated an elongated
morphology as compared to a more spread morphology on the unpatterned sur-
faces [12]. Importantly, the cell nucleus was also observed to elongate in response
to the topography. The change in cell shape thus serves as an early indicator that
the cell responds to the underlying nanotopographical cues.

The evident change in cell shape has led to the postulation that it might act as a
regulator of stem cell fate. Early studies by Ingber et al. [87] showed that ECM
induced changes in the cell shape plays a role in regulating the growth and dif-
ferentiation of capillary endothelial cells. It is tempting to extend such a mecha-
nism to stem cell differentiation, since the stem cell shape can be physically
controlled using patterned substrates as a result of altered adhesions between the
cells and the artificial ECM. One such study involved the use of defined ‘‘micr-
opatterns’’ of proteins that was precisely deposited upon a substrate to control the
cell attachment area. MSCs exhibited a different morphology on different patterns.
While MSCs on a small island exhibited a rounded morphology, cells on larger
islands was observed to be flattened [88]. Interestingly the rounded MSCs com-
mitted to an adipogenic lineage while the flattened MSCs gave a more osteoblastic
phenotype [69], see also Fig. 4. The authors also observed significant changes in
the actin cytoskeleton organization and the focal adhesions assemblies, as

Fig. 4 Cell shape as a regu
lator of cell fate. An example
for the fabrication of ECM
(such as fibronectin) islands
is shown. The cell shape
control can be determined by
controlling the size and shape
of the islands. Top right
human MSCs shows different
morphology on different
ECM patterns. Human MSCs
that were allowed to spread
on a larger island area pref
erentially undergo osteogen
esis while cells that were
restricted to a smaller adhe
sive island undergoes adipo
genesis. Figure is slightly
modified from source for
B & W print [94]
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observed by other groups when inducing the differentiation of similar cell type into
other lineages [89, 90].

A large number of studies have investigated the effect of cell shape on dif-
ferentiation [91 93]. Cell shape is thus one of the earliest observable nanotopo-
graphical-induced changes. The changes in cell shape, however, may not be purely
topographically induced as interactions with the ECM can be complex [93 96].
Nanotopography induced changes in cell shape can also be a basis for secondary
effects from which the genomic expression of the cell is regulated.

4.4 Integrins and Focal Adhesions: Inside Out and Outside In

Anchorage-dependent cells are able to anchor onto the underlying substrate.
Various different types of adhesions exist between cells and the ECM, differing in
size, shape and biochemical composition. It is therefore no wonder that with a
large diversity of adhesions, they perform different and specific functions in cells
[97]. These include cell cell adhesions (e.g. Cadherins) and cell matrix interac-
tions. Our discussion will focus on the cell matrix interactions as they are most
relevant to stem cells response to nanotopography.

Cells anchor to the ECM through adhesions that are mediated by integrins.
Integrins are heterodimeric transmembrane cell adhesion proteins that bind to
specific motifs present on the ECM [81, 98]. In relation to nanotopography
induced stem cell differentiation, the change in the physical structure of the
underlying substrate can influence this clustering of integrins and other adhesion
molecules. Arnold et al. [99] was able to use precise nanoscale adhesive islands to
establish a relationship between integrin clustering, focal adhesion formation and
actin stress fibers which influenced the adhesion and spreading of cells. In fact, the
maximal distance where two individual integrin molecules can bind is in the range
of 50 70 nm, showing the importance of integrin clustering in the regulation of
integrin mediated signal transduction [99].

Using a novel nanoscale ligand spacing gradient, the same group suggested that
cells expressed delicate sensitivity to interparticle spacing of about 1 nm, demon-
strating the sensitivity of the sensing mechanism [100]. It was also suggested that the
sensitivity to minute variations have physiological implications where in vivo, ECM
collagen fibers has a 67 nm banding periodicity [101] and fibronectin fibers presents
nanoscale epitopes [102, 103]. Upon binding to the ECM ligands, integrins cluster
and activates specific signaling pathways that are important for various cellular
functions such as migration, proliferation and differentiation. It is therefore likely
that the nanotopographical cues modify the extent and activation of integrin clus-
tering as the initial step in subsequent signal transduction in stem cell genomic
regulation. However, the role of integrins in gene regulation is complex because
these receptors participate in both the sensory and operational functions of the cel-
lular machinery, also commonly known as the outside-in (sensory) and inside-out
(operational) signaling activities. The observed dynamics of the integrins on
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topography can be due to both the response of the cell to the underlying ECM and/or a
secondary effect of the actin-cytoskeleton focal adhesion feedback machinery. The
complexity in the feedback network connecting the sensory and operational func-
tions is also reflected in the highly intertwined integrin adhesome network [104].

One of the most important integrin-mediated adhesions involved in mechano-
transduction is the focal adhesion (FA) [82, 105]. FAs play an important role in
linking actin cytoskeleton to the transmembrane integrins [104, 106]. The exact
molecular nature of FAs is unclear; however, FAs are composed of a large
complex network of adhesion molecules [97, 105]. Some of the important struc-
tural proteins include talin, vinculin and focal adhesion kinase (FAK). The for-
mation and maturation of the FA are driven by feedback from the actin
cytoskeleton and integrin [82]. Briefly, talin connects integrin dimers with the
actin filaments before the recruitment of additional components in the complex
[107]. The subsequent maturation of the complex requires a contractile pulling
force generated by the actin myosin machinery [108, 109]. For a more detailed
description of the steps and mechanism of the FA assembly, readers can refer to an
excellent review by Geiger et al. [82].

Mechanical force thus plays an important role in the promotion of FAs. An
important component of FA, vinculin, has been shown to trigger the clustering of
activated integrins [110]. The binding of vinculin to talin during the initial stages
of FA assembly is shown to be force mediated. Moreover, vinculin talin inter-
action in vitro requires a mechanical force mediated unfolding of the flexible talin
rod domain [111]. It seems that the contractile stress that actin exerts on the
adhesions are essential for the formation of FA. The global forces that are expe-
rienced by the cells under nanotopographical cues can alter such forces that the
FAs are experiencing, ultimately changing their differentiation lineage. This is one
of the many examples of the components that undergo force mediated confor-
mational changes to relay signals. Other components will include p130Cas [112]
and fibronectin [103]. All the studies indicate that FAs play an important role in
mechanotransduction, possibly also in regulating nanotopography-induced stem
cell differentiation.

4.5 Cytoskeleton: Force Transmission

4.5.1 Cell Exerting Forces on the Underlying Substrate

Force generation in the cytoskeleton is required for cell adhesion and migration
on ECM. The cytoskeleton consists of actin (microfilaments), microtubules and
intermediate filaments. They form a network of filamentous protein that extends
throughout the cell cytoplasm in eukaryotic cells. The cytoskeleton has been
well studied where it is involved in cellular metabolism and movement ranging
from mitosis to migration [113, 114]. The microtubules provide a transport
system for vesicles and membrane bound organelles, radiating out from the
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microtubule organizing centre through the cytoplasm [115]. Intermediate fila-
ments (IF), are another class of cytoskeleton which consists of tough protein
fibers. The IFs mainly provides mechanical support for the cell and nucleus
[115, 116]. For example, the intermediate filament vimentin binds directly to
nuclear lamina proteins, which are regulators of nuclear organization and gene
function [117].

The final class of actin microfilaments, on the other hand, provides evidence of
cell cytoskeletal response to nanotopography with the observed alignment of actin
microfilament to nanogratings and differential organization to the other surface
features [12, 83, 118].

The contractile forces present in the actin stress fibers of the cytoskeleton
appear to be integral in modulating cell adhesion, shape and even functions like
cell differentiation. In a study by Engel et al. [119], the use of matrices with
different elasticity regulates the differentiation of MSCs into different lineages.
The use of specific non muscle myosin II inhibitor blebbistatin blocked all elas-
ticity-directed lineage specification without strongly affecting cell function and
shape significantly, showing the importance of cytoskeletal force generation in
ECM sensing. Different groups have tried to investigate the cellular forces that
cells exert on the underlying substrate. An early method of cellular force mea-
surement technique used a silicon rubber membrane that deforms and wrinkles
upon the exertion of force by adherent cells [120]. Another more recent study
employed the use of an array of vertical elastomeric microcantilevers that bends
under the exertion of contractile force by cells [121]. These methods of measuring
cellular force exertion provided new insight into cytoskeletal forces and their
relation to nanotopographical sensing.

The formation of FAs also require external force loading from the ECM [121]
or tensile force generation by the actin myosin contraction of anchoring actin
filaments [84, 122]. As the expression of focal contacts and organization of stress
fibers in response to topography has effects on cell differentiation, these studies
reiterate the importance of actin microfilaments in the cell nanotopographical
signal transduction. It appears that the cytoskeletal-mediated nanotopographical
sensing mechanism is also present in human ESCs. hESCs aligned and elongated
when they were cultured on nanometer scale gratings [47]. More importantly, the
topographical cues were able to alter the organization of cytoskeletal components
such as F-actin, which in turn affected the ECM cell force loading profile. It is
likely that the stem cells interpret such changes in force signals to regulate cellular
functions like differentiation.

4.6 Filopodia: Probing the ECM

The actin cytoskeleton of the cell also aids in the active projections of the cell plasma
membrane such as filpodias and lamellipodias. Filopodias are highly motile organ-
elles that have been intimately associated with local topographical cue sensing in
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cells [123]. A recent study by Satoshi et al. [118] observed that filopodia extensions
of MSCs perpendicular to the nanogratings retracted faster than those parallel to the
gratings, seemingly demonstrating an ability of filopodia to probe topological dif-
ferences. It is interesting to note that the perpendicularly directed filopodias also had
fragmented and thus weaker vinculin expression as compared to the parallel ones.
The role and molecular mechanism of filopodia in nanotopography sensing remains
unknown although preliminary studies have been done [124].

4.7 Nucleus: Gene Regulation

The nucleus contains most of the cells genetic material, whereby the regulation of
these materials and other associated proteins will be essential for controlling
cellular functions. One of the main structures of the nucleus that appears to be
important in topography-mediated mechanotransduction is the nuclear lamina.
Similar to the cytoskeleton, the nuclear lamina consists of a meshwork of inter-
mediate filaments and lamin proteins [77]. Transmembrane integrins are physi-
cally coupled through the focal adhesions to the cytoskeletal filaments that, in turn
links to the different components of the nucleus such as the nuclear lamina
scaffold, chromatin and DNA. Recently, the LINC, a specialized structure that
links both the nucleoskeleton and cytoskeleton has been identified, providing more
evidence that mechanical forces that arise due to nanotopography can physically
affect the structural organization of the nucleus [125, 126]. Forces that are
transmitted to the nuclear scaffolds via LINC complex may regulate critical DNA
enzymes or factors. Furthermore, in an earlier study, the disruption of intermediate
filaments leads to the mechanical decoupling of the integrins and nuclei [85],
demonstrating that a direct physical connection exists between the two. Indeed, the
alignment and elongation of MSC nuclei along nanogratings suggests that
topography may exert an effect on the structural organization of the nucleus [12].

Although there are evidences of nuclear mechanotransduction, the molecular
and biophysical basis for such a mechanism is still left to be understood. It will be
interesting to note that such processes are often coupled with chemical signaling
mechanisms that make the analysis more complicated. Interested readers can find
an excellent review by Wang et al. [127] on nuclear mechanotransduction.

5 Conclusion

The various components that are fundamental to direct mechanotransduction have
only been briefly discussed in the context of both nanotopographical cues and generic
ECM signal transduction. In this chapter, we have explored the mechanism by
looking at studies that have been carried out on individual modules of the cell-
topography sensing machinery. Although a substantial amount of work has been
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carried out in order to decipher this multifaceted mechanism, the challenge remains
that we take heed from the cell’s mechanism to put together the various critical
mechanosensing modules into a complete model, which is similar to how the cell
integrates the different components to orchestrate a concerted response [128 130],
see Fig. 5. Many studies have been particularly focused on the individual modules of
the mechanism of topography-induced stem cell differentiation, however rigorous
work have to be done in integrating all the information together for a complete
understanding of stem cell differentiation. It is therefore fundamental that we unravel
the intrinsic underlying mechanism for nanotopography-induced stem cell differ-
entiation, to pave a new paradigm in regenerative medicine.
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The Nanofiber Matrix as an Artificial
Stem Cell Niche

Hai-Quan Mao, Shawn H. Lim, Shuming Zhang, Gregory Christopherson,
Korey Kam and Stephen Fischer

Abstract Nanofibrous matrices serve as artificial substrates to partially mimic the
key physical and structural characteristics of the stem cell niche. Three methods
for the preparation of nanofibrous matrices, including electrospinning, solution
phase separation and self-assembly are reviewed and contrasted. Their effect
on stem cell adhesion, survival, migration, proliferation and differentiation are
discussed. In particular the applications of these nanofibrous matrices for the
expansion, differentiation and delivery of stem/progenitor cells are highlighted in
this chapter. These matrices provide great opportunities to modulate cellular
behavior and tissue regeneration at the nanometer scale.

1 The Stem Cell Niche

The term ‘‘stem cell niche’’ was coined in 1978 by Schofield, who proposed the
notion that stem cells reside in vivo within specialized compartments, or niches,
which maintain these cells in an immature and proliferative phenotype [1]. The
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stem cell niche constitutes the natural microenvironment that surrounds stem cells,
and encompasses both cellular and acellular components. The niche is believed to
provide a complex array of physical and biochemical signals to stem cells in a
temporal and spatial fashion; by integrating both local and systemic cues, the niche
actively engages these cells and guides their proliferation, migration, and fate
specification [2 5]. Consequently, the niche is both an anatomical and functional
entity, and it plays a vital role in regulating how stem cells participate in tissue
regeneration and repair [6, 7].

Important lessons can be learned by examining the structure function relation-
ships of various niche components, and recent studies have provided greater insight
into how these niche components act in concert to regulate stem cell behavior [6 9].
For instance, there is mounting evidence demonstrating the importance of cell
adhesion molecules in providing selective anchorage to various types of stem cells
through both cell cell and cell extracellular matrix (ECM) interactions [2, 5, 10,
11]. Such adhesion-based interactions are likely cell-type dependent and are vital to
stem cell survival and activity (e.g. phenotype maintenance, migration and prolif-
eration). In addition to providing anchorage, another important function of niche
ECM components is the local regulation of ‘‘instructional’’ signaling cues by
manipulating the concentration and presentation pattern of signaling molecules
(Fig. 1) [12]. In other words, the niche appears to provide the context by which these
biochemical cues act on stem cells to orchestrate their biological functions. Thus,
these signaling molecules have to be viewed as parts of a multifaceted spatial and
temporal network regulated by the ECM and niche cells [13].

In light of the vital role that the stem cell niche appears to play in vivo, the niche
concept has been increasingly recognized as a guiding principle for designing sys-
tems for the ex vivo manipulation of stem cells and stem cell-based therapies.
Engineered artificial matrix systems with a well-controlled presentation of cellular,
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Fig. 1 The concept of the stem cell niche, and role of the extracellular matrix in regulating stem
cell survival and signaling. ECM extracellular matrix, GF growth factor; [GF] growth factor
concentration. Matrix topography may facilitate these processes. Adapted from [14]
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molecular, and physical cues offer a systematic approach to correlate effects of niche
components on stem cell behavior. Such systems will not only help to further identify
the key niche components and their functions, but also provide feasible matrices for
ex vivo stem cell expansion and controlled differentiation. Certainly, the level of
complexity of native stem cell niches makes replicating these a great challenge.

2 Nanoscale Topography in the Extracellular Matrix

It has long been recognized that the physical properties of a cell culture substrate,
including its topographical, mechanical, and electrical properties, significantly
impact cell adhesion, survival, migration, proliferation, and differentiation in vitro.
In many cases, the cell type-specific behaviors observed in response to these
physical stimuli in vitro can be correlated in some fashion to the native environ-
ment in which the cells reside in vivo. For example, recent studies have demon-
strated that stem cells can be differentiated towards tissue-specific lineages by
matching the mechanical stiffness of a substrate to that of the desired tissue
[15, 16]. Likely, the physical properties of stem cell niches play an important role
in regulating stem cell behavior in vivo. A major challenge in engineering artificial
stem cell niches is to properly identify the relevant physical features of native
niches, which are likely different for each stem cell type.

A fairly obvious physical feature of many stem cell niches is the presence of
nanoscale topography. For example, ample evidence has shown that the in vivo
ECM (e.g. basal lamina) possesses ubiquitous nanoscale fibrous morphology
(Fig. 2) [17 21]. Additionally, in-depth microscopic analysis of tissues where stem
cells reside has revealed topographical features with both micro- and nanoscale
fibrous structure [22 25]. Despite the existence of ECM fibrous features associated
with the various niches, the most substantial evidence of the role of topography in
regulating stem cell fate has been derived in vitro. A number of studies have
shown that various cell types respond to topographical features of the substrate
upon which they are cultured [21, 26]. Various model substrates with controlled
micro- and nanoscale surface features including islands, pillars, gratings, and fibers
have been used to investigate the impact of surface topography on stem cell
behavior. For instance, when cultured on parallel grooves, cells elongated and
aligned in the direction of the grooves; and this morphological change was
facilitated by reorganization of the cytoskeleton structure [27 30]. This reorga-
nization affects cell phenotype and function by triggering cytoskeleton-linked
intracellular signaling pathways, for example, the reduction in smooth muscle cell
proliferation when cultured on 350 nm-wide gratings [21]. Using the mammalian
visual system as a model, Ellis-Behnke et al. have shown that a nanofiber scaffold
provided a permissive environment to promote axon regeneration and brain repair,
resulting in functional recovery of vision [31]. These results, while highlighting
the significance of nano-topographical factors as a general signaling cue, provide
impetus for further mechanistic investigation into their influence on stem cells.
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3 Methods to Generate Nanofibrous Matrices

Several methods have been developed to investigate the role of nanoscale
topography in regulating stem cell behavior. We will highlight three common
techniques, which have been used to generate nanofibrous structures both for
ex vivo stem cell culture and in vivo stem cell delivery.

3.1 Electrospinning

Electrospinning is the most widely used method for producing nanofiber matrices,
and is prized for its high versatility and capacity to generate nanofibers from a
variety of polymer solutions or melts. The diameter of electrospun fibers ranges
from tens of nanometers to a few microns [33]. A standard electrospinning setup
includes a spinneret (a single or an array of blunt needles or glass pipettes), a

Fig. 2 Examples of extracellular matrices and associated nanotopography. a The marginal layer
of pars distalis facing the cavum hypophysis in goat; b replicas of the developing embryonic
corneal stroma at 18 days, and areas with collagen fibrils that are arranged in lamellar structure
that criss cross in a quasi perpendicular manner. c Ultrastructural basement membrane archi
tecture of carotid basement membrane, and d inferior vena cava basement membrane. Adapted
from a [18]; b [32]; c and d [24]
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syringe pump, and a collector plate (Fig. 3a). When the polymer solution or melt is
extruded, a high electrostatic potential (usually 5 50 kV) is applied between the
spinneret and grounded collector plate, inducing charge accumulation on the
surface of the fluid. With increasing electrostatic repulsion, the surface of the fluid
at the needle opening forms a conical shape zone (i.e. the Taylor cone) [34]. When
the electrostatic repulsion overcomes the intrinsic surface tension of the polymer
solution or melt, a charged jet of fluid is ejected from the Taylor cone, whipping in
a random orientation before accumulating on the grounded collecting plate. The
small diameter of electrospun fibers is mainly achieved by the stretching and
acceleration of the viscous jet before fibers land on the collecting plate. Solvent
evaporation and polymer melt solidification can occur before or after the fiber
collection, depending on the parameters and electrospinning set-up. Due to the
bending instability associated with a spinning jet, electrospun fibers usually
deposit on the collecting surface as randomly oriented nonwoven mats. However,
when these fibers are collected onto rotating wheels or frames, they can form a
mesh of aligned nanofibers (Fig. 3b) [35, 36]. Flexibility in controlling the
nanofiber spatial orientation is a distinct advantage of electrospinning method.

Although relatively straightforward in design, the electrospinning process itself
is rather complicated. Many materials properties (such as solubility, glass-transi-
tion temperature, melting point, crystallization velocity, molecular weight,
molecular weight distribution, entanglement density, solvent vapor pressure, and
pH) and processing parameters (such as polymer concentration, electrical

Fig. 3 Electrospinning setup and collection. a A typical Electrospinning setup includes a spin
neret, a syringe pump, and a collecting plate. Polymer solution or melt is stretched into a thin fiber
under applied high voltage, whipping in a random manner before depositing on grounded collecting
plate. b When a rotating wheel or frame is used for collection, electrospun fibers can be aligned
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conductivity, surface tension, feed rate, electrode separation and geometry, tem-
perature, and relative humidity) can affect fiber diameter and arrangement of
collected nanofibers. Systematic optimization is often required to achieve control
over nanofiber morphology, diameter, composition, secondary structures and
spatial arrangement. In such a process, the polymer material and solvent combi-
nation is generally the first consideration. After selecting an appropriate solvent,
parameters such as solution feeding rate, solution concentration, electrical con-
ductivity and inclusion of surfactant can be modulated to control the diameter of
produced nanofibers. Generally speaking, lower flow rate and concentration,
addition of surfactant [37] and higher electrical conductivity lead to a reduction of
fiber diameter [38]. For spatial organization of nanofibers, aligned fibers can
usually be obtained by utilizing a rotating collector [36] or creating a quadratic
arrangement of four electrodes to force a cross deposition of nanofibers [39].
A shorter distance between spinneret and collection plate (e.g. centimeter or
millimeter range) can also achieve a higher degree of alignment [40, 41].

To expand the scope of possible application for electrospun fibers, a variety of
improvements have been made to increase the diversity of materials and introduce
surface functionality. Polymer blends have been used to prepare electrospun fibers
with nanoscale morphologies [42] or a core-sheath structure [43], and natural
biomaterials have been electrospun into fibers. The most frequently used natural
materials include collagen [44], chitosan [45], gelatin [46] and laminin [47].
Carrier polymers can also be used to facilitate the electrospinning of materials that
otherwise cannot be processed alone, and composite or protein nanofibers.

Electrospun fibers have been extensively used as tissue engineering scaffolds and
as culture platforms for various types of stem cells. To facilitate cell adhesion, fiber
surfaces have been modified using different techniques, including physical
adsorption or covalent conjugation of cell adhesion proteins, plasma treatment to
introduce surface charge, and grafting polymerization to generate surface functional
groups, etc. [48]. For example, electrospun fibers have been coated with positively
charged poly-L-ornithine (PLO) and laminin to promote the adhesion of neural stem
cells [49]. As one example of chemical functional group grafting, Chua et al. have
introduced polyacrylic acid chains to the surface of polyethersulfone nanofibers by
UV-initiated surface grafting polymerization, and subsequently converted the car-
boxylic groups to amino groups to achieve high amine density on fiber surface.
These amine-grafted nanofibers have promoted the phenotype maintenance of
hematopoietic stem cells during expansion culture [50 52]. Beyond these efforts,
electrospun nanofibers have also been covalently conjugated with cell-specific
bioactive ligands to enhance cell adhesion, proliferation, and differentiation [53].

3.2 Self-assembly

The formation of functional nanofibers via self-assembly is also an area of growing
interest. The term ‘‘self-assembly’’ is used to describe the process in which a
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disordered system of pre-existing components forms an organized structure or
pattern as a consequence of specific, local interactions among the components
themselves, without external direction [54, 55]. Using this approach, scientists
have developed a family of self-organized nanostructures such as zero-dimen-
sional objects, spherical micelles, cylindrical micelles, ribbons, two-dimensional
sheets, and three-dimensional networks [56]. The strategies employed in con-
trolling geometries of self-assembled structures usually require careful design of
both molecular shape and molecular interactions [57].

One example of a self-assembled nanofiber matrix is prepared from a de novo-
designed water-soluble amphiphilic peptide, consisting of a hydrophobic alkyl tail
connected to a short peptide sequence (Fig. 4a) [58 60]. Upon addition of counter
ions or pH titration, these molecules can self-assemble into networks of well-
defined nanofibers. This process is triggered by charge screening using counter
ions and facilitated by the collapse of the alkyl groups from aqueous solution
as well as hydrogen bond formation between adjacent peptide residues.

Fig. 4 Self assembly illustration of a a peptide amphiphile [peptide sequence: C15H31CO
CCCCGGGS(P)RGD, a transmission electron microscopic image of the assembled fiber is shown
in c] and b a b sheet forming peptide (DADADADARARARARA, a scanning electron micro
scopic image of the assembled fibers is shown in d). Schematic of the molecules are shown,
which further self assemble together to form a cylindrical micelle. Adapted from [58] and [65]
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This nanofiber formation can be initiated at physiological pH and ionic strength,
making it possible for cell encapsulation and in vivo applications [61, 62].

Another type of well-studied nanofiber matrix is prepared from peptides that
self-assemble into b-sheets in physiological medium (Fig. 4b) [63 65]. The amino
acid sequence of these peptides consists of alternating hydrophobic and hydro-
philic residues, with the hydrophilic residues carrying alternating positive and
negative charges. Upon addition of physiological medium, these molecules self-
assemble into networks of well-defined nanofibers, resulting in a hydrogel with
about 99% water content [64]. The mechanical moduli of these peptide hydrogels
approach that of a hydrogel prepared from type I collagen. Since self-assembly is
mediated by intermolecular forces, the hydrogels can be easily deformed and re-
assembled under shear, allowing them to be delivered in vivo through injection
(with or without cells) to promote tissue regeneration.

In both of these peptide nanofiber systems, ECM-derived short cell adhesion
peptides can be incorporated into the sequences of self-assembling peptides to
enable cell binding and migration through the matrix. For example, a laminin-
derived peptide sequence, isoleucine-lysine-valine-alanine-valine (IKVAV),
included in a peptide amphiphile can be decorated onto self-assembling nanofiber
surfaces. This IKVAV-conjugated nanofiber matrix enhanced cell adhesion and
differentiation of neural progenitor cells [61]. While linking functional short
peptide sequences to self-assembling peptides has been successful, the incorpo-
ration of larger bioactive proteins is challenging. An alternative approach is to
covalently tether biotin to the nanofiber surface, and subsequently immobilize
growth factors to biotin moieties using the biotin streptavidin linkage. Using this
approach, Davis et al. have achieved local and sustained release of insulin-like
growth factor 1, known to increase cardiac stem cell growth [66].

It is generally difficult to control the alignment of these self-assembled
nanofibers due to a lack of long-range order. Recent developments by Zhang et al.
have shown that through a thermal induction process, long range alignment of
some peptide-based self-assembled nanofibers can be achieved [67]. It remains to
be demonstrated whether these aligned nanofibers can be produced in larger scale
for stem cell cultures and/or therapeutic delivery.

3.3 Solution Phase Separation

Polymer solutions can be thermally induced to undergo phase separation. Under
appropriate conditions, the separated polymer-rich phase can form a nanofibrous
structure [68, 69]. This fiber formation occurs through the spinodal liquid liquid
phase separation (Fig. 5) and a consequential crystallization of the polymer-rich
phase. When temperature decreases to below the spinodal transition such as that
shown in Fig. 5a, the liquid liquid phase separation spontaneously occurs through
a spinodal-decomposition mechanism [70]. A typical procedure of generating
nanofiber matrices includes phase separation-gelation, solvent extraction, freezing,
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and lyophilization. The diameters of fibers generated using this method range from
tens to hundreds of nanometers. The phase separation-gelation is the most critical
step of this process and important for the control over the porosity and fibrous
morphology. Low gelation temperature favors the formation of the nanoscale fiber
network. Low initial polymer concentration leads to smaller diameter fibers and a
more porous network [70]. Based on this principle, many polymer solvent systems
that have similar phase diagrams may be used to generate nanofiber scaffolds with
the phase separation technique.

One advantage of phase separation is the ease of incorporating macropores into
the nanofiber scaffolds by inducing phase separation in the presence of salt or
paraffin particles [71]. These porogen particles are leached-out after lyophilization
by soaking the scaffold in appropriate solvents (e.g. water for salt particles and
hexane for paraffin particles). This method generates both macroscale (250
425 lm) pores and nanoscale fibers [72]. Recently, this method has been extended
to prepare a macroporous and nanofibrous scaffold from gelatin, which mimics
both the nanotopography and chemical composition of type I collagen in the ECM.
The gelatin nanofiber scaffold has a porosity of higher than 96%, well-connected

Fig. 5 Phase separation
technique used to create
nanofibrous matrix. a Sche
matic phase diagram of
polymer solution [70] and b
SEM micrograph of porous
nanofibrous matrix made with
liquid liquid phase separa
tion technique [68]. Adapted
from [70] and [68]
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macropores, and nanofibrous pore wall structures. The nanofiber diameters ranged
from 160 to 180 nm [73].

The phase separation method provides a convenient way to generate polymer
nanofiber scaffolds without any special equipment; it is easy to scale up; and it is
possible to control the porosity and macropore size of the scaffold. Thus far, only
preparation of a randomly oriented nanofiber matrix has been reported with this
method.

3.4 Comparison of Nanofiber Generation Methods

Electrospinning, self-assembly, and thermally induced phase separation techniques
produce nanofibers with slightly different feature sizes and physical properties
(Table 1). Electrospinning is the most versatile method and has been used to
generate fibers from a wide range of materials. The phase separation method
requires more stringent selection of the solvent polymer pairing that allows
spinodal liquid liquid phase separation to occur. The self-assembly method has
only been successful in creating nanofibers from peptide amphiphiles and b-sheet
forming peptides. The diameter range of self-assembled nanofibers is typically
much smaller than electrospun fibers and nanofibers prepared by solution phase
separation. Self-assembled nanofibers are used in hydrogel forms and can be
injected, whereas the other two types of fiber matrices are used as solid scaffolds.
In addition, surface biofunctionalization techniques have to be specifically tailored
for each type of matrix.

Table 1 Comparison of nanofiber matrices prepared by electrospinning, self assembly and
solution phase separation methods

Fiber preparation
method

Electrospinning Self assembly Solution phase
separation

Materials choice Wide range of natural and
synthetic polymers, ceramic
fibers can also be prepared
from their precursors

Peptide
amphiphiles

b sheet forming
peptides

Selected natural and
synthetic polymers

Fiber diameter 50 nm to 2 lm 5 20 nm 50 500 nm
Physical form Solid fiber matrices Soft hydrogels,

injectable
Solid fiber matrices

Incorporation of
macropores

Possible Difficult Easy to incorporate with
porogens

Cell adhesion
property

Surface adsorption or
covalent conjugation of
ECM proteins and other
ligands

Direct peptide
conjugation or
through
biotinylation
scheme

Surface adsorption or
covalent conjugation of
ECM proteins and
other ligands
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4 Nanofibrous Matrices for Stem Cell Expansion

Due to their capacity for long-term self-renewal and ability to differentiate into
multiple specialized progeny, stem cells have enormous potential for use in a
variety of cellular therapies. In order to achieve therapeutic outcomes in most
cases, a much larger number of stem cells is required than can be obtained from a
patient, necessitating the use of ex vivo culture systems to expand the initial cell
population. In addition to quantity, both the quality (maintaining stem cell
phenotype and regeneration potential) and purity (free of contamination from
other cell types and animal products) of the expanded stem cells are important.
Certainly, robust and efficient methods for producing large populations of high
quality stem cells are needed.

In recent years, researchers have engineered a variety of artificial culture sys-
tems for the efficient ex vivo expansion of stem cells. Because stem cells are
extremely sensitive to their local microenvironment, such systems are designed to
provide a well-controlled presentation of cellular, molecular, and physical cues.
Here we describe how nanofiber scaffolds have been used to facilitate the undif-
ferentiated expansion of a variety of stem cell types.

4.1 Nanofiber-mediated Expansion of Human Hematopoietic
Stem Cells (HSCs)

Human HSCs constantly undergo self-renewal and differentiation within the bone
marrow microenvironment, whereas in culture they tend to lose their self-renewal
ability. It is believed that HSC self-renewal may be subject to regulation by the
biochemical and topographical cues in the bone marrow niche [74 76]. Such bio-
chemical cues include cell-secreted hematopoietic factors (HGFs) and contact with
the stroma and ECM molecules [77]; whereas the topographical cues, likely orig-
inating from the 3D architecture of the bone marrow, can influence cell cell and
cell substrate interactions. A successful HSC expansion strategy should ideally
mimic these key characteristics of the bone marrow stem cell niche. Current HSC
expansion methodologies have incorporated various components of the niche, and
can be categorized into either a biological approach or a biomaterials approach.

The biological approach uses a stromal monolayer to provide biological signals
to HSCs [76]. In the first few weeks of culture, an adherent layer of stromal cells
comprised of fibroblasts, macrophages, adipocytes, endothelial cells and reticular
cells is laid down, and serves as a substrate for the subsequent HSC culture. HSC
self-renewal can be maintained for months through direct interactions between the
HSCs and various elements of the stroma. Although these studies demonstrate that
the stromal layer, to a large extent, can promote the self-renewal of human HSCs,
it has a number of disadvantages. The stromal layer is fragile thus requires a rigid
surface for support, and has a limited lifespan of about 6 8 weeks. More
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importantly, its use for clinical applications poses logistical problems. First, the
need to collect and then grow a layer of the patient’s own stromal cells adds
significantly to the time, cost, and complexity of the production of autologous
HSCs. Second, it could be problematic to obtain healthy stromal cells from
patients with other diseases. Third, the composition of stromal layers is poorly
defined. It is difficult to harvest and culture the stroma in a reproducible fashion,
which renders the expansion outcome less predictable. Allogeneic sources of
stroma, although feasible, are unreliable. They pose potential infection risks and
contain an insufficient quantity of primary stromal cells. An additional compli-
cation is that the stromal layer may produce negative regulators of hematopoiesis
such as transforming growth factor TGF-b and chemokines [78, 79].

Due to these concerns, stromal-free culture has gradually emerged as an
alternative approach, using various combinations of hematopoietic growth factors
to substitute for the regulatory signals provided by the stroma [80, 81]. Stem cell
factor (SCF) and Flt-3 ligand (FL) have been shown as the key growth factors for
HSC expansion, because c-Kit and Flk-2/Flt-3 the tyrosine kinase receptors for
SCF and FL, respectively have been shown to transduce signals crucial for HSC
development. Thrombopoietin (TPO), a ligand for c-Mpl and originally identified
as a primary regulator for megakaryopoiesis, has also been shown to act syner-
gistically with SCF and IL-3 to stimulate the expansion of primitive hematopoietic
cells [82]. Simplicity is a major advantage of the growth factor-supplemented
suspension culture. However, different growth factor and cytokine cocktails have
only yielded limited success [74, 83]. This is probably because these suspension
cultures lack other components of the unique regulatory microenvironment of bone
marrow stroma.

The biomaterials approach aims to partially mimic the three-dimensional (3D)
aspects of the bone marrow microenvironment. Several studies have indicated that
the 3D culture microenvironment contributes to the regulation of HSC proliferation
and differentiation. For example, Bagley et al. have shown that a 3D tantalum porous
scaffold supports the maintenance of primitive CD34+CD38- cells for up to 6 weeks
and yields a 6.7-fold increase in colony-forming cells (CFCs) without supplementing
cytokines in serum-free medium [84]. Li et al. cultured human cord blood-derived
HSCs in a nonwoven polyethylene terephthalate (PET) mesh and obtained signifi-
cantly higher numbers of CD34+ cells and colony-forming cells (CFCs) after
7 9 weeks of culture in the scaffold compared with 2D substrate cultures [85].

Independent of physical topography, HSC substrate adhesion through b1 inte-
grins has been shown to be important for the regulation of HSC survival and
homing to the niche [86]. Binding of integrin receptors to surface-coated fibro-
nectin may contribute to improved homing of the expanded HSCs after trans-
plantation, since the engraftment ability is lost if HSCs are cultured in suspension
culture. The cell substrate adhesion through integrin binding is also thought to
prevent terminal differentiation in HSCs. Feng et al. prepared FN-conjugated PET
fibrous scaffolds and investigated the effect of HSC adhesion in a 3D scaffold on
cell expansion [87]. FN-conjugated PET fibrous scaffolds mediated higher cell
expansion efficiency than FN-conjugated PET films or tissue culture polystyrene
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during a 10-day expansion culture in serum-free medium. Human umbilical cord
blood CD34+ cells cultured in FN-conjugated scaffolds also gave the highest yield
of long-term culture initiating cells compared with all other substrates.

The effect of nanoscale topography on HSC expansion was first demonstrated
using a series of electrospun polyethersulfone (PES) fibrous matrices with various
types of surface functional groups: carboxylic, hydroxyl, and amino groups in
comparison with unmodified fibers [88]. The functionalized PES nanofibers had an
average diameter of 529 ± 144 nm with a surface functional group density of
55 nmol/cm2. Ex vivo culture of human cord blood-derived HSCs showed that
surface amino groups in synergy with a nanofiber matrix significantly enhanced
the expansion of total CD34+ cells and colony-forming unit (CFU) cells. More-
over, HSC expansion efficiency on the aminated nanofiber matrix was much higher
than on similarly aminated PES film surfaces. The CFU assay also confirmed that
cells expanded on aminated nanofibers contained a higher frequency of CFU-
GEMM cells, which represent more primitive progenitor cells, compared to the
aminated PES film.

A striking difference was observed in HSC adhesion to aminated nanofibers
versus aminated films. Following a 10-day expansion culture, relatively few cells
(*22%) remained attached to the aminated film and most of the adherent
cells were found at the edges of cracks and other film defects. In contrast, cells
expanded on an animated nanofiber matrix formed abundant colonies, accounting
for more than 45% of the expanded cells. All other conditions (including
unmodified, carboxylated and hydroxylated nanofibers and films) yielded negli-
gible levels of adherent cells. More importantly, a much higher fraction (45%) of
the adherent cells cultured on aminated PES nanofibers maintained a CD34+

phenotype after 10 days of culture, compared to 17% CD34+ cells among the
suspension fraction. The enrichment of CD34+ cell population bound to the ani-
mated nanofiber scaffold suggests that substrate topographical cues can improve
ex vivo expansion of HSCs through regulated cell adhesion. The clinical appli-
cation of this technology was further verified by the successful engraftment of the
expanded HSCs in NOD/SCID mice [52] and the enhanced neovascularization in
NOD/SCID mice in a hind limb vascular injury model [89].

Culture of hHSCs in a collagen nanofiber matrix was performed in a self-
assembled type I collagen nanofibrous hydrogel. Human cord blood-derived
CD34+ cells were cultured in this collagen type I nanofiber hydrogel in the
presence of Flt3-ligand, stem cell factor, and interleukin 3 [90]. 7-day serum-free
in vitro culture within the collagen nanofibrous gel produced an increased number
of myeloid colony-forming units (CFC-U), although the total expansion factor of
CD34+ cells was slightly lower compared to the control suspension cultures,
suggesting that collagen I scaffolds may improve the preservation of the
multipotency of the CD34+ cells.

It is worth noting that the diameter and elastic modulus of reconstituted
collagen nanofibers are different than that of electrospun synthetic fibers. These
factors may also contribute to the influence of the fibrous matrix on HSC adhesion
strength and the ability to migrate, and, hence, on expansion efficiency.
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4.2 Nanofiber-mediated Expansion of Neural Stem Cells (NSCs)

Current protocols for NSC expansion call for either co-culture with stromal cells or
neurosphere cultures in growth factor-supplemented media [91 93]. NSCs and
neurons provided by these methods are far from satisfactory. The former method
poses a serious problem for clinical application due to contamination from xen-
ogenic components; the second method is laborious and inefficient, as the gen-
erated neurospheres are heterogeneous and only a small fraction of expanded cells
retain their primitiveness. Adult NSCs are associated with basal lamina in the
subventricular zone of the lateral ventricle and the dentate gyrus subgranular zone
of the hippocampus [94, 95]. Therefore, the nanofibrous topography intrinsic to the
basal lamina may benefit the expansion and maintenance of NSCs in culture.
Nisbet et al. cultured NSCs isolated from adult rats on electrospun polycapro-
lactone (PCL) fibers of 750 nm diameter with or without amino-group surface
functionalization, and found that the aminated PCL fibers improved NSC expan-
sion over unmodified PCL nanofibers in EGF, FGF-2 and heparin-supplemented
medium or under fetal bovine serum-supplemented medium without growth fac-
tors [96]. Though amino-functionalization did not appear to impact rat NSC dif-
ferentiation, the increased hydrophilicity of the PCL nanofibers enhanced cell
adhesion, spreading and proliferation.

Laminin is known to promote NSC adhesion in vitro [10] as well as being a
critical component of the mammalian basement membrane [97]. To this end,
laminin-coated electrospun polyethersulfone (PES) fiber meshes with average fiber
diameters of 283, 749 and 1,452 nm were used to investigate the role of nanofiber
diameter on rNSC proliferation and differentiation [49]. It was found that rat NSC
expansion increased with decreasing fiber diameter. Morphological investigations
with scanning electron microscopy (SEM) revealed that rat NSCs on 283 nm fibers
proliferated in a colony-like fashion with enhanced cell cell contact. Conversely,
rat NSCs cultured on TCPS were well spread and exhibited far less cell cell
interaction. These observations may point to the role of nanofiber topography in
combination with laminin mediated cell cell and cell substrate interactions in
regulating cell migration and proliferation.

4.3 Nanofiber-mediated Expansion of Embryonic Stem
Cells (ESCs)

Until recently, ESCs were cultured exclusively on mouse embryonic fibroblasts,
which served as a feeder layer crucial to proper maintenance. A commercially
available 3D nanofibrous scaffold of electrospun polyamide nanofibers, known as
Ultra-Web, was investigated for its effect on ESC proliferation and self-renewal
[98]. ESC colonies were significantly larger in size for cells cultured on Ultra-Web
compared to glass coverslips, while still expressing alkaline phosphatase, an
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undifferentiated stem cell marker. Further mechanistic experiments revealed
the critical involvement of Rac (a small GTPase), the PI3K/AKT signaling path-
way, and the up-regulation of Nanog and c-Fos in nanofiber-mediated
ESC proliferation.

4.4 Nanofiber-mediated Expansion of Mesenchymal
Stem Cells (MSCs)

Electrospun collagen nanofibers have been evaluated in expansion of MSCs [99].
MSCs were expanded on two sets of collagen fibers with diameters ranging 200
500, and 500 1000 nm, respectively, and on tissue culture polystyrene (TCPS)
plates, with the greatest proliferation observed on the 500 1000 nm collagen
matrix. Concurrently, there was a decreased amount of vinculin-associated focal
adhesion complexes for the large diameter fiber matrix. This suggests a possible
involvement of cytoskeletal-linked signaling pathways in hMSC self-renewal,
which could be influenced by the topography and mechanical properties of the
nanofibrous collagen matrix, in contrast to the rigid 2D TCPS substrates.

The effect of nanofiber topography on MSC expansion was investigated in a
similar fashion, examining self-assembled peptide amphiphile nanofiber hydrogels
in place of electrospun scaffolds [100]. The peptide nanofibers were functionalized
with an arginine-glycine-aspartic acid (RGD) peptide sequence to facilitate cell
adhesion. MSCs isolated from the femurs of 3-week-old male Wistar rats were
seeded in the peptide nanofiber hydrogels with or without the RGD sequence. The
RGD containing PA nanofibers facilitated both significantly higher cell attachment
and proliferation than either nanofibers without RGD ligands or TCPS plates. One
possible advantage of the self-assembling nanofiber matrix lies with their potential
as an in vivo proliferation platform, thereby providing a strategy for possible
in vivo expansion before in situ differentiation and tissue regeneration.

5 Nanofiber Matrices for Differentiation of Stem Cells

In addition to facilitating stem cell expansion, nanofiber matrices can be designed
to either passively or directly induce differentiation along specific lineages. These
matrices are intended to provide provisional support and facilitate stem cell
adhesion, differentiation, and tissue organization, either prior to or following
implantation in vivo. Conventional approaches towards induction of stem cell
differentiation in vitro have been restricted to treatment with a variety of molecular
mediators, for example small molecules or growth factors. On the other hand, there
is gathering evidence to indicate that stem cell differentiation is sensitive and
responsive to the physical signals emanating from their microenvironment. For
example, MSCs can be restricted into various geometries by engineering their
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adhesive contacts to the substrate, resulting in a fate choice between adipogenic
(constrained morphology) or osteoblastic (spread out morphology) lineages [101].
It was postulated that these effects were brought about by the associated changes in
cytoskeletal arrangement and focal adhesion assembly imposed by the restrictions
on cell spreading, and their subsequent impact on Rho/ROCK signaling. Addi-
tionally, other studies have emerged to indicate that stem cells can make fate
decisions in response to substrates stiffness [15], mechanical stress [102, 103],
electrical stimulation [104, 105], and so on. With this in mind, synthetic nanofi-
brous substrates can be fabricated that are capable of presenting such extracellular
signals. In addition to controlling substrate topography, composition and
mechanical properties, nanofibrous substrates can be used as a means of presenting
surface-immobilized adhesive or signaling ligands, and controlled release of
inductive growth factors. The ultimate goal is to be able to sufficiently recapitulate
the signaling events involved in the adult stem cell niche or embryonic develop-
ment, so as to engineer a more functional and well-integrated regenerated tissue.

5.1 Nanofiber-mediated Stem Cell Differentiation into
Neuronal Lineages

Development of clinical interventions for the repair of the nervous system is an
active area of interest as it is unable to spontaneously recover following traumatic
insult or injury. In particular, regeneration in the spinal cord is particularly chal-
lenging due to the formation of the glial scar and presence of growth-inhibitory
molecules. In contrast to the central nervous system, adult peripheral nerves retain a
limited ability to regenerate, as Wallerian degeneration creates a more permissive
microenvironment, allowing severed nerves to re-grow over limited distances
(typically less than 5 mm). Even in instances of successful nerve re-connection,
functional recovery is often less than desired due to the formation of improper
axonal contacts and atrophy of target tissues following prolonged denervation [106].
Stem cell transplantation-based strategies for repairing the nervous system have
been extensively explored, and shown to promote functional recovery in a variety of
disease and injury models, including spinal cord [107] and peripheral nerves.

A number of groups have investigated the use of electrospun nanofibers as
niches for the neural differentiation of stem cells. Most of these studies were
focused on elucidating the effects of topographical cues presented by nanofiber
scaffolds, particularly their influence on cell morphology, attachment, and neurite
extension. Mouse ES cells were induced to differentiate via treatment with retinoic
acid, and the resultant embryoid bodies were cultured on aligned and random
electrospun PCL fiber scaffolds [108]. Neurite fields extending from EBs seeded
onto aligned fibers showed directional extension along the axis of fiber alignment,
and also had longer average length than neurites observed on random fibers.
Interactions of EBs with random fiber topography also seemed to result in a higher
proportion of cells that differentiated into astrocytes.
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During Wallerian degeneration following peripheral nerve injury, Schwann
cells respond to the loss of axonal contacts by dedifferentiation and proliferation
within the injury site. The Schwann cells then re-form into bands of Büngner to
guide regenerating nerve ends, then finally regain their myelinating phenotypes
after axonal reconnection is complete [109, 110]. Chew et al. set out to establish
the impact of aligned electrospun fibers on the maturation of these primary
Schwann cells by evaluating changes in gene expression [111]. Fiber alignment
was found to promote the up-regulation of the pro-myelination genes P0 and MAG
as compared with random electrospun fibers and two-dimensional polymeric films,
suggesting that fiber alignment was an effective cue in directing cells towards a
more differentiated state. The authors hypothesized that this pro-differentiation
effect was responsible for the significant functional recovery observed when
polymeric conduits presenting an aligned fiber topography were used to guide
regenerating axons following rat sciatic nerve injury [112].

In addition to fiber alignment as a potential neurotrophic cue, neural stem cells
were demonstrated to be responsive to the dimensions of single electrospun fibers.
In one study, the effect of electrospun fiber diameter and alignment on C17.2
mouse neonatal cerebellum stem cells was investigated [113]. Random and aligned
mats of fibers with average diameters of 300 nm and 1.5 lm were electrospun
from poly-L-lactide (PLLA). The average length of neurites extended from C17.2
cells was significantly longer when cultured on aligned nanofibers than on the
other scaffolds, indicating that the fiber dimension in combination with fiber
alignment helped to enhance C17.2 differentiation. Further evidence that stem
cells are sensitive to electrospun fiber diameter was presented in the work of
Christopherson et al. [49]. Rat adult hippocampal-derived NSCs were cultured on
laminin-coated PES electrospun fibers and differentiation was induced by retinoic
acid treatment. NSCs cultured on fibers with average diameter of 283 nm extended
processes that were guided by the underlying nanofiber morphology and showed
preferential differentiation into oligodendrocytes. NSCs cultured on larger dia-
meter (average *749 nm) fibers were restricted in their ability to spread and
migrate, and consequently a higher proportion of neuronal progenitors were
observed.

Nanofibrous scaffolds resulting from self-assembled peptide amphiphiles can
be modified to present signaling epitopes particularly relevant to NSCs, for
example epitopes from laminin, which is the predominant ECM protein within the
NSC niche. This approach is advantageous over presenting laminin as a compo-
nent of the scaffold, for example via coating or electrospinning [47], as a supra-
physiological density of the signaling epitopes can be achieved. A peptide
amphiphile nanofiber network incorporating the laminin-derived pentapeptide
epitope IKVAV preferentially enhanced differentiation of embryonic mouse NSCs
into neuronal over astrocytic lineage [61]; neuronal differentiation was observed in
almost 50% of cells in nanofiber hydrogel, as compared with only 10% of cells
cultured on either laminin or poly-D-lysine coated 2D substrates. This effect was
attributed to the 1000-fold higher calculated density of IKVAV peptide that could
be achieved in the PA gel as compared to a close-packed model of laminin coating.
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Electrical stimulation was found to increase regeneration of both motor [114]
and sensory [115] peripheral nerves via activation of genes associated with the
cellular response to injury [116] as well as secretion of neurotrophic molecules
[117]. Sensing of extrinsically applied electrical fields was found to be facilitated
by transmembrane ion channels, which appear and become functional even at early
stages of embryonic development [118]. Electroactive polymeric materials were
investigated as substrates for exposing cells in vitro and in vivo to mild electric
potential or current [119, 120], and enhanced neurite outgrowth was observed in
PC12 cells seeded on polypyrrole films and subjected to a constant 100 mV
potential [121]. Electrically conductive polymers can further be formed into three-
dimensional architectures to integrate structural and electrical cues. Lee et al.
coated aligned and random electrospun poly-L-lactide-co-glycolide (PLGA) fiber
matrices with polypyrrole and subjected PC12 cells seeded on the meshes to a
constant electrical potential [122], and showed that a higher proportion of stim-
ulated cells extended neurites with a longer median length than cells that did not
receive stimulation.

5.2 Nanofiber-mediated Stem Cell Differentiation into
Chondrogenic and Osteogenic Lineages

MSCs, most commonly derived from bone marrow, are an attractive cell source for
cell replacement therapy due to their relative ease of derivation and expansion, as
well as well-established multilineage differentiation potential [123]. For the pur-
poses of musculoskeletal tissue engineering, cell therapy must often be comple-
mented by suitable scaffolding that supports cell migration, repopulation, and
matrix deposition, while simultaneously maintaining the desired shape of the final
tissue. MSCs have been cultured with a variety of scaffold types including
hydrogels, foams, microfiber and nanofiber matrices [124 128]. These studies
clearly established the compatibility of various scaffolding materials for MSC
culture. However, whether biomimetic scaffolds can be designed that actively
instruct cell fates remains an area of active exploration.

Repair of damaged cartilage is a particularly challenging problem because the
avascular nature of the tissue offers limited access to both the nutrient supply as
well as a cell source for repopulating the injury site. The high porosity inherent
within nanofibrous scaffolds offers a microenvironment particularly suited to
facilitating biological processes that require intimate cell cell or cell matrix
contact. Nanofibrous matrices are a logical alternative to the current protocol for
chondrogenic induction of MSCs, which calls for high density pellet culture to
simulate cartilage development within the embryo [129, 130]. TGF-b1-mediated
chondrogenic induction of hMSCs seeded into an electrospun PCL fibrous scaffold
proved to be more effective than similar induction of hMSC pellets [125].
Although cartilaginous gene expression as measured by RT PCR was at a similar
extent in both culture systems, hMSCs in fibrous scaffolds consistently produced a
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greater amount of sulfated glycosaminoglycans, possibly due to more available
space within the scaffold for ECM accumulation. Interestingly, chondrocyte-like
cells in the fibrous scaffold were also organized into a zonal arrangement that was
somewhat reminiscent of native articular cartilage. In an extension of this work, it
was also later demonstrated that this platform was amenable to the production of
pre-shaped cartilaginous constructs without loss of chondrogenic differentiation
potential [131]. Further studies revealed that the mechanical properties of this type
of engineered cartilage could also be enhanced when MSC morphology was ori-
ented in response to fiber alignment [132]. MSCs were cultured on aligned PCL
fibers in an attempt to replicate the organization of the fibrocartilaginous menisci
of the knee, where fibrochondrocytes are surrounded by a tight network of radially
aligned collagen I filaments. After 10 weeks in culture, aligned fiber constructs
had higher stiffness and modulus compared with random fiber constructs due to the
more organized deposition of ECM in the former, even though overall levels of
GAG and total collagen production were comparable.

One strategy for designing biomimetic scaffolds for the osteogenic niche is to
incorporate ceramics or minerals with similar composition of the inorganic com-
ponent of the native bone in order to promote osteoinduction and osteointegration
between native bone and the scaffold [133, 134]. Bioceramics such as calcium
phosphate or hydroxyapatite have demonstrated excellent biocompatibility and
bioactivity both in vitro and in vivo [135, 136]. These ceramics can be blended
with or used to coat nanofibrous scaffolds in order to ameliorate the intrinsically
brittle and fragile nature of the inorganic components. One approach is to incor-
porate or coat electrospun fibers with calcium phosphate as a means of achieving
mineralization in vitro via hydroxyapatite deposition on the fiber surface following
immersion in simulated body fluid. Calcium phosphate can be loaded into the
polymer solution as aerosolized nanoparticles or crystals prior to electrospinning
[137, 138], or simply coated onto mats of nanofibers [139]. These mineralized
scaffolds did not have any adverse effects on biocompatibility, as evidenced by
their ability to support continued proliferation and osteogenic differentiation of
hMSCs. In a study performed by Lee et al., hydroxyapatite encapsulation into
PLGA nanofiber matrix resulted in increased alkaline phosphatase activity as well
as osteogenic gene expression and further scaffold mineralization through calcium
deposition [140].

Osteoblasts and osteoclasts that comprise the cellular component of bone
interact with proteins in their niche in a number of ways, such as integrin-mediated
binding to osteopontin and bone sialoprotein [141]. Using self-assembling pep-
tides, a nanofiber matrix can be prepared that presents short peptide signaling
motifs that underlie these bone matrix interactions [142]. Peptide sequences tested
were osteogenic growth peptide ALK [143, 144], the osteopontin cell adhesion
motive DGR, and a synthetic sequence containing two RGD cell adhesion motifs.
Preosteoblastic MC3T3-E1 cells were cultured on the various hydrogel nanofiber
scaffolds and induced to differentiate into bone. The highest degree of osteogenic
differentiation was observed in nanofiber matrices presenting the dual-RGD motif,
with the highest alkaline phosphatase activity as well as secretion of osteocalcin,
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although all motif-presenting scaffolds showed greater differentiation than the
control nanofiber matrix without any signaling sequence. These results directly
implicate the importance of cell scaffold adhesive interactions in mediating
osteogenic differentiation.

5.3 Nanofiber-mediated Stem Cell Differentiation into
Myogenic Lineage

Formation of mature skeletal muscle requires the fusion of skeletal myoblasts into
bundles of muscle fibers. Although muscle cells are considered to be post-mitotic
and terminally differentiated, evidence exists to suggest that injured muscle tissue
retains a limited capacity for regeneration. This is believed to occur via activation
of a normally quiescent population of progenitor cells known as satellite cells that
normally reside below the basal lamina of muscle fibers. Upon activation, satellite
cells proliferate, undergo myogenic differentiation to form myoblasts that even-
tually give rise to new muscle fibers, or fuse with existing damaged fibers [145,
146]. Although the biochemical [147, 148] and biophysical features [149, 150] of
the satellite cell niche have been extensively examined elsewhere, less is under-
stood about the effects of the structural features of the niche on myoblast differ-
entiation. Designing nanofiber scaffolds intended to simulate the structure and
organization within the basal lamina is one strategy for engineering muscle tissue
adopted by several research groups.

The ability of the underlying substrate topography to dictate cell morphology is
the driving principle behind the use of aligned electrospun fibers as a scaffold for the
regeneration of muscle fibers in vitro. The densely packed, unidirectional fibrous
substrate closely mimics the organization of native muscle tissue. A working
hypothesis is that satellite cell alignment induced by the substrate can promote
myoblast differentiation and facilitate eventual fusion into new muscle fibers. Choi
et al. demonstrated that culture on aligned PCL fibers resulted in highly oriented
F-actin organization in myotubes [151]. Although the width of myotubes was
approximately the same on both random and aligned fibers, myotubes on aligned
fibers were on average approximately twice as long as myotubes formed on random
fibers [152]. A separate study showed that C2C12 myoblasts cultured on aligned
polyesterurethane fibers experienced up-regulation of myogenin and myosin heavy
chain (MHC) gene expression, concomitant with the formation of putative multi-
nucleated myotubes in highly parallel arrays, which was not observed on random
fibers [153]. The inductive potential of topographical alignment beyond merely
facilitating myotube formation and fusion was also suggested in a study by Dang
et al., in which hMSCs cultured on aligned hydroxybutyl chitosan fibers showed up-
regulation of the myogenic genes collagen IV, desmin, Pax-3, Pax-7 and myogenin
compared with hMSCs cultured on films [154].

Electrospun fibers comprised of a blend of poly-L-lactide-co-caprolactone
(PLCL) and polyaniline (PAN) were used as an electroactive scaffold to facilitate
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myoblast differentiation into myotubes [155]. PAN is a conducting polymer and
was previously shown to support cardiac myoblast proliferation while also
retaining its conductive properties under tissue culture conditions [156]. PLCL
was blended with PAN to fabricate scaffolds due to the intrinsic lack of
mechanical rigidity and stability of PAN alone. C2C12 myoblasts cultured on
PAN-containing nanofiber matrix under differentiation conditions showed sig-
nificantly higher quantities of myotube formation as compared with myoblasts on
cultured on matrix without PAN; increasing the proportion of PAN in the matrix
from 15 to 30% also resulted in formation of larger myotubes. Furthermore,
expression of the myogenic genes myogenin, troponin T and myosin heavy chain
were up-regulated in myoblasts cultured on an electroactive nanofiber matrix.
Although the cells were not subject to electrical stimulation during the culture
period, it was hypothesized that the electrical conductivity of the substrate may
facilitate better cell cell communication. This study implies the importance of
exposing skeletal muscle cells to electrical impulses to enhance muscle
regeneration.

6 Nanofibrous Matrices for Stem Cell Delivery

Stem cell-based therapy offers tremendous potential for the repair and regener-
ation of tissues damaged by injury or disease. Using animal models, several
groups have shown that they can achieve a significant level of functional
recovery simply by injecting the stem cells intravenously [157, 158] or directly
into the tissue of interest [159 161]. A basic premise of this strategy is that
tissue-specific signals emanating from local microenvironments, both from
somatic cells and ECM, direct the implanted stem cells to differentiate towards
specific lineages. Despite these promising results, however, bone marrow
transplantation remains the only stem cell-based therapy with any real clinical
success for humans. Among the reasons indicated for the lack of success with
other stem cell therapies are the large-scale cell loss, cell death, and poor
engraftment of transplanted stem cells, and the poor control over stem cell fate
after implantation [162]. Likely, the local microenvironments present in damaged
or diseased tissues do not provide the proper signals for stem cell retention,
survival, and differentiation.

To improve the efficacy of stem cell-based therapies, a variety of delivery
scaffolds are being developed with the aim of providing microenvironmental
support for implanted stem cells [162]. Such scaffolds act as synthetic analogs of
the ECM, providing adhesion cues to maintain the viability of implanted cells and
retain them at the implant site. Scaffolds may also be designed to encourage stem
cell differentiation towards specialized lineages and to provide structural support
for the newly developing tissue. They can be seeded with cells prior to implan-
tation (in the case of solid scaffolds) or mixed with the cells and spontaneously
assembled in situ (in the case of nanofiber hydrogels).
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To date, a limited number of nanofibrous scaffolds have been developed for in
vivo stem cell delivery. Electrospun fibers have been used to deliver stem cells
for various tissue regeneration applications. Li et al. reported the use of elec-
trospun PCL scaffolds for articular cartilage repair in a swine model [163]. The
scaffolds were seeded with either allogenic chondrocytes or xenogenic human
MSCs, and maintained in culture for a period of 3 weeks prior to implantation
into 7 mm full-thickness cartilage defects created in the distal weight-bearing
surface of femoral condyles. At 6 months post-implantation, the MSC-seeded
constructs showed the most complete repair of the defects, reproducing a smooth
hyaline-like cartilage surface with mechanical properties similar to native hyaline
cartilage.

Hashi et al. demonstrated the advantage of using a tubular PLLA nanofiber
scaffolds to improve the efficiency of MSC-based vascular tissue engineering in a
rat model [164]. After seeding MSCs onto flat, electrospun nanofiber sheets and
allowing the cells to attach for 1 day, the authors wrapped the sheets around
0.7 mm mandrels and bound them by sutures to maintain their tubular shape. The
cell-seeded constructs were then removed from the mandrels and cultured for a
period of 2 days prior to implantation, resulting in tubular scaffolds with
embedded and circumferentially aligned MSCs. Similar acellular scaffolds were
also prepared as controls. The scaffolds were implanted by suturing them to the
common carotid artery using an end-to-end anastomosis procedure. At 2 months
post-implantation, large numbers of endothelial cells and smooth muscle cells
were present in both the MSC-seeded and acellular scaffolds, and complete
endothelialization was observed. However, only the MSC-seeded constructs were
non-thrombogenic and they showed excellent long-term patency compared to
acellular scaffolds. Surprisingly, the authors attributed the presence of endothelial
cells and smooth muscle cells in MSC-seeded constructs solely to recruitment
from the surrounding host tissue, even though it is possible that the implanted
MSCs may also differentiated into both cell types in situ.

Due to the ease of cell delivery by injectable hydrogels, self-assembled nano-
fiber hydrogels have also been explored as an artificial matrix to improve the
retention, survival, and differentiation of implanted stem cells. Using a b-sheet
forming peptide nanofiber hydrogel, Davis et al. showed that a nanofiber hydrogel,
when injected into the wall of the left ventricle of adult mice, created a favorable
microenvironment within the myocardium for recruitment of host endothelial cells
and smooth muscle cells [165]. They also tested the delivery of undifferentiated
ESCs to myocardium using this injectable hydrogel, with injected ESCs sponta-
neously differentiating into cardiac myocytes after 2 weeks, likely due to signals
emanating from the myocardial microenvironment. Introducing a local release
function of growth factors in the hydrogel may significantly improve the regen-
eration outcome. This can be achieved by entrapping a sustained release system
inside the hydrogel or by immobilization of growth factors to the peptide nano-
fibers. Davis et al. have achieved local and sustained release of insulin-like growth
factor 1 (IGF-1), known to increase cardiac stem cell growth, by using a ‘‘biotin-
streptavidin sandwich’’ scheme [66]. Using this method, IGF-1 was loaded without
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interfering with the self-assembly of peptide nanofibers, and had controlled release
for 28 days to the local myocardial tissue. This IGF-1-loaded hydrogel, when
injected together with cardiomyoctes, resulted in reduced cardiomyocyte apoptosis
and improved restoration of systolic function after experimental myocardial
infarction.

The peptide amphiphile nanofiber hydrogel has also been shown as an effective
delivery vehicle for stem cells. Cell survival and proliferation in the peptide
amphiphile hydrogel can be enhanced by incorporating cell adhesion ligands.
Webber et al. constructed a binary nanofiber hydrogel with a mixture of RGDS-
conjugated and unconjugated peptide amphiphiles [166]. The luciferase-express-
ing bone marrow mononuclear cells (BMNCs) were encapsulated in the nanofiber
hydrogel and injected subcutaneously in a mouse model. At 4 days post-injection,
the cells implanted within the RGDS-containing nanofiber hydrogel showed a
significant increase in bioluminescence (315%) when compared to the initial
baseline. This increase in bioluminescence was also significantly greater than cells
implanted in hydrogel without RGDS ligand (127%) and with saline (147%). This
study indicated that cell adhesion cues in nanofiber matrix are crucial to support
BMNC survival and proliferation in vivo.

7 Summary

Nanofibrous matrices prepared by electrospinning, solution phase separation, and
self-assembly provide a unique set of substrates that can be used to partially
recreate stem cell niches for the expansion, differentiation and delivery of stem/
progenitor cells. Nanotopography presented by these nanofiber matrices has been
shown to significantly influence stem cell adhesion, migration, proliferation and
differentiation. These matrices provide great opportunities to modulate cellular
behavior and tissue regeneration at the nanometer scale, the same scale where
molecular signaling transduction occurs at the cell cell and cell substrate
interfaces.

Integrating the biochemical cues and topographical cues is an important engi-
neering consideration in designing the nanofiber matrix. A nanofiber matrix
without any cell adhesion ligands or other biochemical cues is less likely to exert
significant influence to stem cells cultured in the matrix. Specific cell adhesion
signals should be an integral component for future design of nanofiber matrix; and
the capability to enhance the local stability, concentration and presentation of
growth factors relevant to stem cell control will be an important feature of the
artificial stem cell niches. In addition, the optimal configuration of topographical
cues (diameter, alignment, pore structure, mechanical properties, etc.) and bio-
chemical cues including matrix bound and supplemented factors needs to be
tailored for each cell type. Similarly, the set of effective cues for expansion and
differentiation are likely to be different.
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Micropatterned Hydrogels
for Stem Cell Culture

Sharon K. Hamilton, Hang Lu and Johnna S. Temenoff

Abstract Stem cells represent a new frontier in tissue engineering and regener-
ative medicine, due, in large part, to their ability to proliferate and differentiate
along multiple lineages for use in a myriad of clinical applications. Efforts are
currently underway to understand the molecular mechanisms underlying the
decision of stem cells to enter mitotic dormancy, undergo self-renewal, or ter-
minally differentiate. Recent advances in the field of micropatterned biomaterials,
specifically hydrogels, have generated new approaches that may allow scientists to
more easily address the complex questions commonly encountered in stem cell
biology. Given the potential power of the combination of hydrogel biomaterials
and micropatterning techniques applied to areas of stem cell biology, this chapter
begins with a brief overview of important characteristics of stem cells that could
be further understood using micropattered hydrogels, as well as a review of basics
of hydrogels and micropatterning technologies. The second half of the chapter
provides a summary of particular micropatterned gels that have been applied to
in vitro cell-based work, with specific attention paid to how these techniques could
be applied toward stem cell research.
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HSCs Hematopoietic stem cells
MSCs Mesenchymal stem cells
NSCs Neural stem cells
BMPs Bone morphogenetic proteins
TGF-bs Transforming growth factor-bs
GDFs Growth and differentiation factors
HA Hyaluronic acid
PEG Poly(ethylene glycol)
PVA Poly(vinyl alcohol)
RGD Arg-Gly-Asp
MMP Matrix metalloproteinase
MEMS Microelectromechanical systems
LSL Laser-scanning lithography
SFL Stop-flow lithography
OFML Optofluidic maskless lithography
SLMs Spatial light modulators
PDMS Polydimethylsiloxane
GPQG Gly-Pro-Gln-Gly
TPLS Two-photon laser scanning
LGPA Leu-Gly-Pro-Ala
HDF Human dermal fibroblast
PEG-DA PEG-diacrylate
PEG-mA PEG-methacrylate
Hep G2 Human hepatoblastoma cells

1 Introduction: Application of Biomaterial Technologies
to Stem Cell Research

Stem cells represent a new frontier in tissue engineering and regenerative medi-
cine, due, in large part, to their ability to proliferate and differentiate along mul-
tiple lineages for use in a myriad of clinical applications [1 5]. Over the last
decade, major advances have been made in the isolation, culture, and differenti-
ation of a variety of stem cell types. Furthermore, stem cells have been identified
in every major organ and tissue of the human body [5]. Intense efforts are currently
underway to understand the molecular mechanisms underlying the decision of
stem cells to enter mitotic dormancy, undergo self-renewal, or terminally differ-
entiate [6, 7]. Understanding these mechanisms will help researchers realize the
full therapeutic potential of stem cells. However, much remains to be explored in
order to provide biomedical scientists and engineers the knowledge base to
reproducibly direct stem cell function or renewal for scale-up to therapeutic
applications.
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Recent advances in the field of micropatterned biomaterials have generated new
approaches that may allow scientists to more easily address the complex questions
commonly encountered in stem cell biology [8 10]. For example, it is now
becoming possible to study the dynamic responses of stem cells to well-defined
model microenvironments [5, 11]. This will allow researchers to elucidate the role
of specific niche components and architecture in regulating fundamental behaviors
such as mechanisms of cell division, self-renewal, and differentiation [12]. On the
other hand, a better understanding of the molecular mechanisms by which specific
interactions impact stem cell self-renewal and differentiation is required for the
targeted design of biomaterials to promote these functions [13]. Therefore, greater
knowledge from today’s model systems could lead to the improved design of
future stem cell carrier materials, thereby further refining these technologies and
decreasing time to translate stem cell therapies to clinical applications.

While many biomaterial carriers have been explored for stem cells, hydrogels
are advantageous because they mimic both chemical and mechanical aspects of the
native extracellular matrix (ECM) and therefore may be particularly suited for use
in model systems that investigate the role of the extracellular environment in stem
cell function [6]. In particular, their ability to provide tunable three-dimensional
(3D) environments is of particular interest, since a disconnect often exists between
traditional two-dimensional cell culture studies and in vivo response to implanted
cell-based constructs [11, 14, 15].

As mentioned above, new techniques have recently been developed to pattern
biomaterials with different cell or ligand types at the micrometer scale [16 19].
Such microscale control of cellular environments has been used to probe the
influence of the spatial effects of cell ECM, cell cell, and cell soluble factor
interaction on stem cell fate [8, 12, 20 23]. The recent application of these
micropatterning techniques to hydrogel biomaterials is extremely exciting for stem
cell research due to the versatility and tailorability of this combination of tech-
nologies. For example, cell-laden hydrogels can be arranged, shaped, and layered
using microfluidic patterning and micromolding technologies to better replicate the
natural organization of cells in tissues [9, 24, 25]. Additionally, many hydrogels
are formed through photoinitiation, which enables the sculpting of desired con-
struct shapes prior to gelation and the subsequent setting of these shapes upon
exposure of the solution to UV light [26, 27]. Therefore, hydrogels are prime
candidate constructs for micropatterning due to the ease of manipulating sample
geometry while maintaining the 3D culture environment (Fig. 1) [9, 28 30].

Given the potential power of the combination of hydrogel biomaterials and
micropatterning techniques applied to areas of stem cell biology, this chapter
begins with a brief overview of important characteristics of stem cells that could
be further understood using micropattered hydrogels, as well as a review of basics
of hydrogels and micropatterning technologies. The second half of the chapter
provides a summary of particular micropatterned gels that have been applied to
in vitro cell-based work, with specific attention paid to how these techniques could
be applied toward stem cell research.
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2 Stem Cells

There are many types of stem cells, including embryonic stem cells (ESCs),
hematopoietic stem cells (HSCs), mesenchymal stem cells (MSCs), neural stem
cells (NSCs), and others [1, 2, 4, 5, 31 37]. Each type of cell may find its own use
in specific regenerative medicine applications, but all stem cells share some
common characteristics, as discussed in this section. This chapter will focus
mainly on MSCs since their encapsulation in micropatterned hydrogels has been
explored more than the encapsulation of other stem cells, but many of the char-
acteristics highlighted below are equally applicable to other stem cell types. For
more detailed reports of experiments with ESCs [14, 38], HSCs [34, 39], and
NSCs [36, 40], please see listed references.

2.1 MSC General Characteristics

Like all other cells, MSCs have several major functions, many of which can be
manipulated by micropatterning technologies. These functions are viability,
proliferation, migration, cell cell communication, differentiation, and pro-
grammed cell death [41]. Underlying many of these functions is the morphology of

Fig. 1 Combination of stem cells, hydrogels and micropatterning for use in tissue engineering.
a Stem cells are cultured in plates, then lifted and b mixed with a hydrogel precursor. c Exog
enous factors are added to the cell laden hydrogel precursor to yield solutions with different
compositions (i.e. different ECM molecules, cell types, soluble factors, etc.). d Hydrogel pre
cursor solutions are micropatterned to fabricate a heterogeneous hydrogel. e Resulting patterned
hydrogel is cultured and subsequently assayed for various cell functions
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the cell as it has been found that cell shape can profoundly influence how the cell
responds to cues from its external environment [42 44].

In addition to these basic cell functions, MSCs are of great interest for cell-based
therapies because they can be easily isolated and expanded in vitro without pheno-
typic change before lineage-specific differentiation [1, 2]. Additionally, particularly
while resident in local stem cell niche, they can generate identical copies of them-
selves through mitotic division over extended time periods, and thus are self-renewing
[1, 4, 45, 46]. The high proliferation rate of stem cells combined with the ability of
these cells to remain in an undifferentiated state can result in a dramatic increase in the
expansion of total cells while in culture, making it relatively easy to produce enough
cells to fill large tissue defects for clinical applications [1, 2, 4, 44, 47]. For more
reading on stem cells and their characteristics please refer to [1, 4, 5, 44, 48].

Further exploration into stem cell functions and how they can be manipulated
will not only increase knowledge of stem cell biology, but will help scientists to
effectively utilize stem cells in tissue engineering. For example, modifying mesh
sizes within 3D hydrogel scaffolds for cell culture could help determine the effects
of specific cell morphologies on cellular functions [6, 49, 50]. Also, many scaf-
folds lend themselves to modifications which could directly influence stem cell
proliferation and differentiation; thus carefully modifying scaffolds could shed
new light on what induces differentiation into specific cell lines. Many of the
hydrogels discussed later can include tethered ECM components, so carefully
modifying scaffolds could provide important information on what components of
the niche induce cell division and maintenance of pluripotency [51].

2.2 MSC Differentiation and Plasticity

The differentiation potential of MSCs has been studied extensively over the past
31 years [48, 52]. Differentiation of stem cells into phenotypes including bone,
cartilage, tendon, muscle, adipose tissue, and hematopoietic-supporting stroma can
be affected by both biochemical and mechanical factors [1, 2, 4]. Biochemical
influences are usually proteins such as growth factors that can be added exoge-
nously in cell culture media or can be produced by neighboring cells during
development [5, 11, 53, 54]. For MSCs, bone and cartilage differentiation have
been most extensively studied to date. Soluble factors that are often added to
achieve osteogenic (bone) differentiation of MSCs are bone morphogenetic pro-
teins (BMPs), specifically BMP-2 and BMP-6 [55, 56]. Similarly, several signaling
molecules including BMPs [56], transforming growth factor-bs (TGF-bs) [57],
growth and differentiation factors (GDFs), members of the TGF-b superfamily
[58], and Wnt [55] ligands including BMP-4, TGF-b1, and GDF-5 can be supplied
to induce chondrogenic (chondrocyte) differentiation. Please see [5, 44, 53, 59] for
more detailed discussions on factors that induce stem cell differentiation.

Biomechanical influences can also be generated externally (bioreactors in cell
culture/normal activity in development), but can also come in the form of cues
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internal to the developing tissue, such as matrix stiffness [3]. Similar to application
of growth factors, a number of bioreactors have been designed to impart com-
pressive force for osteogenic and chondrogenic differentiation [60 65]. For more
information on mechanical influences on MSC differentiation please see [66 70].
Because many of the signaling pathways that induce lineage-specific differentia-
tion, as well as how these pathways are affected by the composition of the
extracellular microenvironment, remain unknown, the versatility of patternable 3D
hydrogels makes them very useful as platforms to address and control the culture
environment for a variety of in vitro stem cell studies.

Initially, it was thought that MSCs could only differentiate into mesenchymal
tissues; however, recently, it has been discovered that they are capable of greater
plasticity or transdifferentiation than originally recognized [71 73]. Transdiffer-
entiation means that these cells can produce a wide spectrum of cell types
regardless of whether the tissues are derived from the same resident tissue [74].
Unfortunately, many of these studies are population based so it is difficult to
determine if each individual cell is changing phenotype, or if different subpopu-
lations are responding to different cues [75]. Careful micropatterning of 3D
scaffolds, like hydrogels, can provide scientists with ideal systems for the
exploration of stem cell plasticity by dynamically tuning the microenvironment of
the MSCs to induce differentiation down one lineage and subsequently promote
differentiation down an alternate lineage. The results could be carefully analyzed
at multiple time points to observe the microenvironment effect on MSCs.

3 Hydrogels

Given the plethora of complex questions that arise in stem cell research,
increasingly complicated model systems are required to fully capture the biolog-
ical events that are occurring as these cells interact with their local extracellular
matrix and neighboring cells. The 3D biomimetic microenvironment provided by
patterned hydrogels allows for the probing of stem cell response to external stimuli
in a well-defined and observable manner and is therefore an excellent candidate for
building controlled model systems [5, 15]. Hydrogels are 3D, hydrophilic, poly-
meric networks that absorb large quantities of water while remaining insoluble in
aqueous solutions due to chemical or physical cross-linking of individual polymer
chains [76 79]. Specifically, hydrogels are appealing for biological applications
due to their cytocompatibility [80 82], modulus similar to many soft tissues [81,
83], and high water content which allows for the formation of thick constructs (up
to 1.5 mm) with viable cells embedded throughout the gel [9, 77, 78, 84]. This
section provides some basic background information on different types of
hydrogels currently used for 3D scaffolds with a focus on those materials
employed currently with micropatterning techniques. For a more detailed over-
view of hydrogels for tissue engineering and drug delivery, please see [29, 77, 78,
80, 83 87].
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3.1 Natural Versus Synthetic Polymers

Hydrogels can be prepared from natural or synthetic polymers using various
methods (e.g., photo- and thermal-initiated polymerization) that will be discussed
later in the chapter [49, 88]. Hydrogels made from natural sources can be derived
from polymers such as collagen, hyaluronic acid (HA), fibrin, alginate, agarose,
and chitosan [89]. Many natural polymers, such as collagen, HA, and fibrin, have
been used in tissue engineering applications because they are either components of
or have macromolecular properties similar to the natural extracellular matrix
(ECM) [83, 87, 90]. Collagens are composed of three polypeptide strands twisted
together to form a triple helix and are the main protein of mammalian ECM [91,
92]. Likewise, hyaluronic acid, an anionic glycosaminoglycan polysaccharide, is
also found in nearly all adult animal tissues [92]. Alternatively, alginate, agarose,
and chitosan are hydrophilic, linear polysaccharides derived from marine algae
sources (alginate and agarose) or crustaceans (chitosan) [93, 94]. Another naturally
derived gel, MatrigelTM, is derived from soluble basement membrane extract of
mouse tumors [95]. Various natural polymers have specific utilities and properties
based on their origin and composition [87, 96]. Advantages of natural polymer-
based gels include inherent biodegradability, and biologically recognizable moi-
eties that support cellular activities [77, 96]. Disadvantages of some of these
hydrogels include mechanical weakness and the possibility of evoking immune/
inflammatory responses [77, 87].

Synthetic hydrogels are appealing for tissue engineering due to the amount of
control scientists have over structure, such as cross-linking density, and tailored
properties, such as biodegradation, mechanical strength, and chemical and bio-
logical response to stimuli [87, 96]. Synthetic polymers such as poly(ethylene
glycol) (PEG) [97] and other PEG-based polymers [98, 99], or poly(vinyl alcohol)
(PVA) [100] can be reproducibly produced with specific molecular weights, block
structures, degradable linkages, and cross-linking moieties [101]. These features
determine gel formation dynamics, cross-linking density, and mechanical and
degradation properties of the material. Hydrogels made from synthetic polymers
like PEG, PVA, or their derivatives do not possess the inherent bioactive prop-
erties that gels made from natural polymers do. However, they do have well-
defined structures and are versatile templates for subsequent modifications that
yield tailorable degradability and functionality [77, 87].

3.2 Gelation Mechanisms

Hydrogels undergo a transition from a liquid to semi-solid state (gelation) via a
variety of physical and chemical mechanisms. While this is not always the case,
for the hydrogel types currently used in micropatterning, those that are naturally
derived undergo gelation mainly due to increasing entanglements of the

Micropatterned Hydrogels for Stem Cell Culture



biopolymer chains as a solution of the material is cooled to room or body tem-
perature [83, 93, 102, 103]. On the other hand, synthetic polymers such as PEG
require chemical (covalent) cross-links to form a mesh-like structure that is the
basis of the gel state [29, 77, 87]. Specific means to induce chemical cross-links
that have been utilized in micropatterning processes are highlighted below.

3.2.1 Radical Chain Polymerization

Natural and synthetic biocompatible polymers can be modified to contain two or
more carbon carbon double bonds (C@C) to create multifunctional macromers [27,
87]. In the presence of an initiator, radicals are generated that propagate through
multiple carbon carbon double bonds to form high-molecular-weight kinetic
chains that are covalently cross-linked in a network [29]. A variety of cell types
have been encapsulated utilizing thermal [104], redox [105, 106], and photoiniti-
ating cross-linking conditions [107, 108]. The cytotoxicity of several redox and
photointiating systems has been examined and it was determined that redox-initi-
ating system toxicities are dependent, in part, on the pH of the initiator [109] while
photoinitiator system toxicities are based upon initiator chemistry and concentra-
tion [110, 111]. Additionally, radical concentration and length of cell exposure to
radicals and UV light has significant effects on cell viability [111, 112].

3.2.2 Chemical Cross-linking

Hydrogels can also be fabricated by chemical cross-linking or step-growth poly-
merization techniques [29]. An attractive feature of this cross-linking mechanism
is that it does not require additional components like initiators [113]. Polymers can
be modified with hydrated sulfur or thiol (HS R) side groups that will form sulfur-
sulfur or disulfide (S S) cross-links [114] or they can be modified with esters
(R COOR) that react with sulfur radicals or thiolates (�S R) to form thioether
(R-C S-R) linkages [113, 115]. Studies utilizing these cross-linking mechanisms
verified that the conditions required for chemical cross-linking do not adversely
affect cells; however, gelation rates are typically slower compared to radical chain
polymerizations [29].

3.3 Functionalization of Hydrogels

3.3.1 Biodegradable Hydrogels

Biodegradable hydrogels are often favored for biomedical applications because they
degrade in clinically relevant time-scales under relatively mild conditions, thus
eliminating the need for additional surgeries to recover implanted gels [78, 96, 116].
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They are advantageous for in vitro applications because they allow the cells to
produce extracellular matrix to better mimic native tissue environments [86].
Currently, the fabrication and modeling of hydrolytically degradable hydrogels
[117, 118] are well developed and the synthesis and utilization of synthetic
gels incorporating biological moieties for enzymatic degradation are under
investigation [119, 120]. While hydrogels made from natural polymers are often
enzymatically degraded, synthetic hydrogels containing biological moieties often
offer more controlled degradation rates due to their tunable physicochemical
properties [77].

3.3.2 Biomimetic hydrogels

One of the drawbacks of using synthetic and some natural hydrogels for in vivo
applications is that they do not have adhesion or enzyme-responsive sites for
supporting cellular activity [80, 121]. However, synthetic polymers can be
co-polymerized with other biological molecules to introduce multiple functional
moieties into hydrogels representing different aspects of the native 3D tissue
[80, 87]. These functionalities often support the suppression or promotion of cell
survival and function. For example, the covalent addition of adhesive peptide
sequences such as Arg-Gly-Asp (RGD) [26, 122 125] to PEG hydrogels has
promoted viability of encapsulated cells [78, 125 127], while the addition of short
matrix metalloproteinase (MMP)-sensitive peptide sequences (mentioned above as
a means to improve degradation) have allowed cell migration, cell spreading, and
tissue formation within the gels [113, 119, 128 131].

4 Micropatterning

As discussed previously, hydrogels have been combined with microfabrication
techniques for a variety of tissue engineering applications. Examples include the
fabrication of scaffolds with control over features such as shape, size, and archi-
tecture [13, 132]. Micropatterning hydrogels allow them to more closely mimic in
vivo conditions, particularly by providing a means to culture multiple cell types
together in proper spatial relationship [13, 17, 133 137]. These microscale
approaches can be used to study cell behavior with tightly regulated control of cell
microenvironment interactions such as cell cell, cell ECM, and cell-soluble fac-
tors in a spatially-regulated manner [2, 138]. Furthermore, patterned hydrogel
constructs can be used to define heterogeneous environments in vitro, such as
controlling the degree of homotypic and heterotypic cell cell contact, which is
difficult to do in traditional tissue culture [15]. Utilization of these techniques for
cell analysis offers many advantages over other devices due to the small device
size, high surface-area-to-volume ratio, integration with electronics, high
throughput, small sample volumes, the ability for batch processing, geometrical
control, and single-cell analysis [139 141]. For example, engineering artificial
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stem cell niches to determine cell differentiation based on spatially- and tempo-
rally-regulated signals may lead to the realization of the proper series of external
cues required to efficiently and reproducibly differentiate stem cells into any
desired cell type [13, 142 144]. This section provides an overview of microfab-
rication technologies that have been used to produce patterned, cell-containing
constructs. More specific examples of these constructs and the biological
knowledge gained from micropatterned culture are found in Sect. 5.

4.1 Microfabrication Technology

Microfabrication for making cell-containing (biomaterial) constructs borrows from
some well established processes from integrated circuit fabrication techniques and
employs a sequence of steps to produce complex physical structures [139]. The
variation of processes and materials used leads to a large range of possible devices
and constructs [139, 140]. To fabricate microelectromechanical systems (MEMS)
or microfluidic devices, substrates typically composed of silicon, glass, or polymer
are utilized to build a device out of the substrate’s bulk material in a process
known as bulk micromachining, or on the surface of the chosen substrate in
surface micromachining processes [145, 146]. These processes can be used indi-
vidually or in conjunction with one another to build a device [139]. There are four
basic methods that are used in microfabrication to create a device: etching,
bonding, photolithography, and thin-film growth [139, 147]. Etching is a process
to selectively remove materials and thereby create features in the materials that are
left, and by bonding two substrates together one could form a closed structure
[139]. Photolithography is a method where photon-sensitive materials (such as a
class of polymers called photoresists) can be patterned using photomasks [139].
Depending on the tone of the photoresist, photon-exposed areas are either left or
removed in a development step; photo-exposure renders positive-tone resist more
soluble in solvents [15, 148, 149]. Thin-film growth is an additive technique where
materials are grown on substrates by chemical or physical processes [139, 150,
151]. In addition to these above-mentioned techniques, polymer films can be used
as thick structural layers and can be deposited in a range of methods including
microcontact printing [152, 153] and micromolding [150, 151]. This chapter
focuses on adaptations of photolithographic techniques to cell-laden materials, as
well as other additive or subtractive techniques and molding specifically developed
for fabricating biomaterial constructs.

As described above, traditional photolithography uses masks, photosensitive
polymers, photoresists, and UV light to transfer a pattern into a material [139].
When adapted for biomaterials, photolithography works in a similar fashion by
cross-linking exposed regions and leaving the unexposed regions largely soluble in
the solvent (typically water or salt buffer) [15, 148, 149]. For photopatterning
applications, a variety of materials have been developed to be photosensitive,
biocompatible, and bioactive. The type of chemistry chosen for each application
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depends largely on the tolerance of the cells to chemical and photo-toxicity and the
biological activities designed in the cellular microenvironment. Other micro-
engineering techniques have been utilized to tailor co-cultures and to create
microfluidic networks in hydrogels that enable efficient exchange of solute with
the bulk of the scaffold. These networks allow quantitative control of the soluble
environment experienced by the encapsulated cells in their three-dimensional
environment [8 10, 13, 154 161]. There are a multitude of micropatterning
techniques that can be employed to engineer these micropatterned constructs
(please see [10, 50, 139 141, 157, 162] for in-depth review), but only those
currently in use for micropatterning hydrogels will be discussed here.

4.2 Applications in Hydrogel Patterning

4.2.1 Photolithography

In photolithography, a macromer solution is mixed with a photoinitator that cat-
alyzes the cross-linking reaction upon exposure to UV light (Fig. 2) [163, 164].
This technique provides good control over hydrogel size and shape [163]. A
photomask containing opaque patterns is often used in photolithography [149].
The mask is placed over the macromer/initiator solution and then exposed to UV
light [9, 163]. The hydrogel precursor solution that is exposed to the UV light
through the transparent regions of the photomask polymerizes, creating hydrogels
in these exposed regions [53, 137]. The shape and size of the resulting hydrogel is
based on the features of the mask [9, 149, 164]. This technique of patterning
photocross-linkable hydrogels can be used to generate cell-laden microstructures
[53, 163]. This micropatterning technique is very versatile as it can be used with a
variety of multifunctional macromers [9, 165] and can be adapted for utilization in
other lithographic techniques such as laser scanning lithography [157, 158] and
stop-flow lithography [10, 159] as well as micromolding techniques [166] (see
later sections of this chapter). Photolithography applied in the contact mode where
the mask is next to the substrate (e.g. the hydrogel) is usually high throughput

Fig. 2 Formation of hydrogels containing encapsulated cells using photolithography. Cells are
encapsulated in hydrogels by exposing the hydrogel precursor solution to UV light through the
photomask
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because in principle multiple samples can be exposed at the same time. The trade-
off is often between the resolution of the pattern and the sample thickness
(B1 mm). This means that to achieve large sample thickness, the resolution must
be sacrificed, resulting in a loss of feature fidelity [9, 112, 155]. Contact photo-
lithography is also very inexpensive and accessible compared to some of the
specialty techniques as discussed below [50, 139, 140].

4.2.2 Laser-scanning lithography

Laser-scanning lithography (LSL) is a recently developed technology that employs a
laser-scanning confocal microscope to pattern photosensitive materials (Fig. 3); it
can be used in making actual constructs/devices, or masters for replica molding (as in
soft lithography), or cross-linking biomaterials as in the case of photopatternable
hydrogels [157, 167]. This technique provides an even exposure across the entire

Fig. 3 Formation of hydrogels containing encapsulated cells using laser scanning lithography.
Step 1 hydrogel precursor solution is layered onto a base hydrogel and allowed to diffuse into the
gel network. Step 2 laser beam is scanned across an x y plane within the hydrogel in the specified
regions of interest shown in the ROI template to the right of the gel being patterned. Conjugation
of the macromer to the hydrogel substrate only occurs at the laser focal point. Therefore, the
microscope stage is incremented axially and patterning is continued within the specific ROIs at
this next x y plane and this step repeated until the desired 3D patterns have been formed.
Step 3 unbound precursor is allowed to diffuse out of the hydrogel network. ([167] Copyright
Wiley VCH Verlag GmbH & Co. KGaA. Reproduced with permission)
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sample and facilitates accurate alignment of successive exposures to photosensitive
materials. Currently, features on the scale of 3 lm have been achieved with a 109

objective (NA 0.45) with high fidelity and greater facility than conventional
photomasking [158]. Another advantage of this technology is that various parame-
ters can be controlled by the user to allow maximum flexibility, such as the laser type
and power, and the pixel exposure time [158]. Additionally the use of differential
interference contrast on the confocal microscope permits immediate verification of
each exposure, precise alignment of successive scans and reduced chromatic aber-
ration between imaging and exposure [158, 167]. The trade-off here, however, is that
LSL exposes the sample ‘‘pixel-by-pixel’’, and therefore is a serial technique and
generally low throughput.

4.2.3 Stop-flow Lithography

Stop-flow lithography (SFL) relies upon the projection of a photomask upon a
focal plane with a microfluidic channel that is filled with a photopolymerizable
polymer solution (Fig. 4) [10, 159]. Typically, high initiator concentrations are
used to ensure rapid cross-linking of the polymers and high throughput. Features of

Fig. 4 Formation of hydrogels containing encapsulated cells using stop flow lithography.
Hydrogel precursor solution flow rate in a microfluidic channel is driven by a pressure profile
controlled by a computer operated three way solenoid valve that alternates between closed and
opened. The computer also controls the exposure time of the macromer solution to UV light
provided by an automated shutter. Polymerization occurs only where the solution is exposed to
the UV light. ([159] Reproduced by permission of The Royal Society of Chemistry)
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the photocross-linked particles such as size, shape, swelling behavior, and com-
position can be tailored independently using SFL through mask selection, optical
exposure intensity, and polymer composition [10]. Furthermore, SFL allows for
the generation of particles with multifunctionalities by flowing multiple streams
through a microchannel at the same time and patterning across these streams [10,
159]. Controlling each stream’s flow rate and adjusting the choice of photomask
and polymerization location can result in the fabrication of a single particle with
several orthogonal chemistries with control over the proportion and pattern of each
type of chemistry [10, 159, 168, 169]. The throughput of SFL is somewhere
between that of contact lithography and LSL, as are the spatial resolution and
flexibility of the technique (in terms of the ability to change the shape of the
desired particles) [159, 170].

4.2.4 Optofluidic Maskless Lithography

Optofluidic maskless lithography (OFML) is related to SFL. It uniquely combines
the concept of maskless and continuous flow lithography techniques in microflu-
idic channels to provide real-time control of the in situ polymerization process to
dynamically synthesize polymeric microstructures with various shapes (Fig. 5)

Fig. 5 Formation of hydrogels containing encapsulated cells using optofluidic maskless
lithography. The microelectromechanical systems based spatial light modulator (MEMS based
SLM) controls the 2D UV light exposure pattern on the macromer solution with great spatial
accuracy to precisely control the polymerization within the field of view. (Reprinted with
permission from [162]. Copyright 2007, American Institute of Physics)
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[135, 162, 171]. Maskless lithography techniques use programmable exposure
patterns with spatial light modulators (SLMs) instead of traditional photomasks
and the continuous flow of photosensive polymer in the microfluidic channel
supplies the nonpolymerized material into the photopatternable region [162]. The
continuous flow also serves to carry the synthesized microstructures for further
processing, thus there is no need for addition actuators [162]. This method also
takes advantage of microelectromechanical systems (MEMS)-based high-speed
SLMs to dynamically control the shape of polymerized microparticles and to
improve the throughput, which is especially attractive when generating a large
number of constructs [135, 162, 172]. Optofluidic maskless lithography technique
is even more flexible than SFL because the shapes of particles can be changed on
the fly while in production, but this often comes with the complexity and
expensive nature of the setup equipment. Hence, thus far, this technique has only
been used for special applications [135].

Also, a method for high-throughput generation of 3D microstructures using a
membrane-mounted microfluidic channel and an OFML system has been devel-
oped to allow for building more complex and heterogeneous structures. Photo-
polymerized 3D microstrctures can be fabricated in a layer-by-layer fashion with
the thickness of each layer controlled by the deformation of the membrane. The
material composition of each layer can be varied using microfluidic control of
photocurable polymer to generate composite microstructures with heterogeneity in
both lateral and vertical directions. In OFML, the polymer in the UV exposure area
polymerizes throughout the cross-section of the channel so the thickness of the
particles is determined by the height of the channel [162, 171, 173]. In 3D-OFML,
the height of the channel is altered for the generation of multilayered structures. A
microfluidic channel is used with a soft polydimethylsiloxane (PDMS) membrane
mounted on top, and on the other side of the membrane is a pneumatic chamber.
The pneumatic pressure in the chamber causes deformation of the membrane,
changing the height of the bottom channel filled with photosensitive polymer.
Each layer of the structure is fabricated via projection of the corresponding mask
pattern when the membrane is at the desired height. Running the exposure and
height control simultaneously for each layer results in 3D structures. A few
advantages of this technique are that it is simple, fast (*0.2 s per exposure), and
vertical resolution of gels can be achieved up to *100 lm using membrane
deformation. Furthermore, the photosensitive polymer could be varied for each
layer to result in a heterogeneous 3D structure [135].

4.2.5 Photodegradation

While photons are mostly used to cross-link polymers in photo-micropatterning,
they can also be used in subtractive processes. Analogous to how positive-tone
photoresists work, photodegradation removes materials. Micropatterning hydro-
gels through photodegradation first requires the preparation of a hydrogel that has
a photodegradable macromer unit incorporated into the scaffold [8, 174].
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A specific wavelength of light (365 nm) that selectively degrades the photolabile
nitrobenzyl ether derivative group in the hydrogel can be utilized to selectively
cleave parts of the hydrogel [8, 175]. The degradation of the hydrogel results in a
decrease of the local network cross-linking density and often changes hydrogel
properties such as stiffness or diffusivity [8]. This technique can be used to create a
variety of patterns and different topologies in hydrogel constructs [8]. The reso-
lution of such a technique in creating patterns often depends on the chemistry and
how the light is applied. For example, laser scanning would produce higher
resolution (at lower throughput) than mask-based methods.

4.2.6 Micromolding

Micromolding is another useful technique for forming micropatterned hydrogels
that often utilizes a micropatterned master to mold replicas for repeated fabrication
(Fig. 6) [50, 134, 151, 176]. The shape of the master mold determines the shape of
the resulting hydrogel structures [134, 151]. Microwells can be formed in an array
using micromolding to produce specific patterning of cells [163]. Another mi-
cromolding technique, capillary force lithography, can be utilized to create
micropatterned hydrogel systems using a master PDMS pattern [141]. The capil-
lary forces and surface tensions and interactions between the master pattern and
the macromer solution cause the hydrogel precursor solution to fill the master in
the desired shape and structure [160, 177, 178]. Often either a pipette or a syringe
pump is employed to fill the PDMS master mold [53, 163, 179]. The advantages of

Fig. 6 Formation of hydrogels containing encapsulated cells using micromolding. a Hydrogel
precursor solution is deposited onto a plasma cleaned polydimethylsilozane (PDMS) pattern. b A
PDMS coverslide is placed on top, forming a reversible seal. c Hydrogel precursor solution is
photopolymerized via exposure to UV light. d The PDMS coverslide is removed, e removing the
gels which can then be f harvested and hydrated
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the micromolding technique are that it is relatively inexpensive, high-throughput,
easy to perform, and the fidelity is well-controlled [134, 151, 180]. The spatial
resolution of micromolding technique can be high, but is significantly dependent
on the aspect ratio of the structure (width to depth), the cross-linking chemistry of
the gel, and the resolution of the technique used to make the master. In general,
it is possible to pattern structures with a resolution on the order of a cell.

4.2.7 Two-dimensional Templating

Two-dimensional templating can be performed on 3D constructs like hydrogels
using a variety of techniques to create small, spatially-confined regions of deposited
material on a hydrogel surface [152, 153, 181 183]. Robotic spotting is a deposition
method that allows for the delivery of nanoliter volumes of soluble materials to
precise locations on a substrate, including hydrogel surfaces [181]. Soft lithography
[140] can be employed to make agarose stamps that can be used to pattern bacteria
and cells onto a variety of surfaces including glass and agar [152, 153]. These
templating techniques can be utilized to pattern cells or encourage the adhesion of
cells though the printing of adhesive ligands onto hydrogel surfaces [152, 181].
These techniques are generally easy to perform and inexpensive, but the resolution
is not as good as photolithography-based techniques and therefore are useful for
only larger structures (B1 cm 9 1 cm) [152, 153, 181, 183].

Of the above-mentioned techniques, which to use depends on the specific
biology and applications, as well as the chemistry available for the system of
interest. Some of the techniques can directly produce the constructs large enough
for the final applications (e.g. contact lithography and micromolding), while others
produce components that can be assembled post-encapsulation and manipulation.
Whether to employ light or other physical constraints to produce patterned cell-
laden gels depends on the fidelity and resolution required, as well as the geometry
and chemistry requirements. The considerations often used in determining the
specifics of the lithographical techniques are light intensity (which translates to
macromer choice, photoinitiator concentration, and toxicity considerations),
fidelity, and size of the samples.

5 Micropatterning Hydrogels with Embedded Cells

All of the methods described above for micropatterning hydrogels can be directly
translated to the exploration of a variety of cell types including stem cells and their
cellular functions and interactions [8 10, 179]. Specific chemistry may need to be
tailored for stem cells, but the general strategies and trade-offs remain the same.
To further clarify the versatility of micropatterned hydrogels as synthetic
microenvironments to probe stem cell function and response to various stimuli,
particular examples of how these technologies can be applied to stem cell culture
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are reviewed here. In some cases, stem cells (usually MSCs) have been employed
in these experiments. In other studies, differentiated cell types have been used, but
it does not preclude these technologies from being applied to stem cell research
because the general principles of how they work do not change. These examples
are organized by characteristic or function of stem cells (see Sect. 2) they are
specially suited to examine.

5.1 Culture of One Cell Type

5.1.1 Cell Viability

To address one of the most basic cell functions, the chemistry and architecture of
photopatterned PEG-based hydrogels can be tailored to support specific cell type
survival. Specifically, adhesive peptides can be incorporated and the gel archi-
tecture modified to minimize barriers to nutrient transport for highly metabolic
cells like hepatocytes [9]. Single-layer hydrogels have been fabricated with spe-
cific architectures encapsulating cells at high density. The photopatterned features
of these gels help reduce diffusive nutrient transport limitations, which effectively
increase cell viability in these photopatterned hydrogels as compared to unpat-
terned gels. Additionally, multilayer constructs with fluidic channels that enable
perfusion in a continuous flow bioreactor have been prepared by additive photo-
patterning of cellular hydrogels. This can be done by patterning the bottom layer of
a construct and subsequently patterning other layers on top of it using a specially
designed apparatus [9].

The encapsulation of rat hepatocytes in photopatterned gels with a width of
500 lm using additive photopatterning has shown an increase in cell viability as
compared to the encapsulation of cells in unpatterned bulk gels. Three-dimensional
hepatocyte-laden constructs were photopatterned to reduce nutrient transport lim-
itations and subsequently cultured in a continuous flow bioreactor for 12 days. The
photopatterned constructs produced higher levels of albumin and urea, markers of
synthetic and metabolic function in the liver, than non-patterned constructs of equal
cell number and external scaffold dimensions. Additionally, hepatocytes were
photoencapsulated with RGD in single and multilayer hydrogel constructs and
hydrogels with photopatterned features of 500 lm showed better cell viability after
24 h as compared to gels without the photopatterned features [9].

While these studies have provided great insight into the field of liver biology,
the more universal benefit of these studies is the development of another tool for
tissue engineering of organs. A notable advantage of the fabrication of 3D cell-
laden gels via additive photopatterning is that it can be generalized to many tissue
types, while the use of a multilayer process enables the incorporation of different
cell types into each layer which could be utilized in a more complex study of cell
cell interactions, especially towards the controlled differentiation of stem cells
(see Sect. 5.2 for further discussion of co-culture technologies) [9].
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5.1.2 Cell Migration (and Morphology)

The elegant use of organic materials’ chemistries affords synthetic microenvi-
ronments that capture critical aspects of extracellular matrices. There are two
advantages that spatially tuning material properties provide: the ability (1) to
manipulate cell functions, and (2) to directly observe cellular processes including
proliferation, morphological changes, and migration. The former includes the
ability to allow cells to adhere to the biomaterials and spread/proliferate, providing
cues for differentiation, and/or allowing for degradation of the gel locally such that
cells can migrate in response to changes in the ECM environment. The latter is
important because real-time information concerning encapsulated cell behavior
can be tracked optically to gain understanding of how cells are responding to the
local environment. The reactive macromer components can be easily exchanged
for other functionalities resulting in readily tailorable hydrogels with multiple
functionalities for three-dimensional cell studies [165].

Enzymatically-degradable multifunctional PEG-based macromers have been
shown to react with one another via a ‘‘click’’ reaction [between an alkyl
group (CBC) and an azide (N@N@N)] to effectively encapsulate cells within a
hydrogel equipped with MMP-cleavable peptide sequences (Gly-Pro-Gln-Gly,
GPQG) [165, 184]. Furthermore, a photosensitive functionality has been
incorporated into the gel that enables patterning of biological functionalities
within the gel with micrometer-scale resolution. In this way, the biophysical
and biochemical properties of the gel can be independently tailored. Mouse
NIH 3T3 fibroblasts have been encapsulated within these degradable gels with
a cysteine-containing RGD sequence. It has been found that selectively
exposing specific areas of the gels to light affords spatial and temporal control
of where the photocoupling reaction of the thiol-containing RGD and the
alkene-containing gel occurs in real time. The light exposure can be controlled
using conventional photolithography methods including single-photon and
multiphoton laser techniques, each affording a high degree of reaction speci-
ficity for precision patterning. The coupling reaction is compatible with cells,
maintaining a [90% viability at 24 h post encapsulation. It was observed that
the presence of the bound RGD within the hydrogels induces localized mor-
phological and migratory changes of the fibroblasts within the patterned
regions. This is because the presence of the RGD allowed cells to attach to
and locally degrade the surrounding hydrogel network giving rise to a spread
cell morphology. When the RGD sequence is absent in the gels, the fibroblasts
maintain a rounded morphology [165].

Two-photon laser scanning (TPLS) photolithography (a variation of LSL dis-
cussed previously), has also been utilized to affect 3D cell migration through the
patterning of acrylate-functionalized biomolecules within degradable, biomimetic
hydrogels. This can be done by first encapsulating cells within a PEG-based
hydrogel modified with MMP-sensitive peptide sequences (Leu-Gly-Pro-Ala,
LGPA). After encapsulation, the hydrogels are incubated in a solution of a desired
biomolecule (in this case, selected to promote migration) to allow the molecule to
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diffuse into the gel. Specific regions of the hydrogel can then be scanned with a
two-photon laser to create 3D patterns of the molecule within the gel. The cells
eventually are able to migrate through the gel because they secrete MMPs and
degrade the gel locally to allow for migration [158, 185].

Specifically, human dermal fibroblast (HDF) clusters in fibrin gels were
encapsulated within PEG-diacrylate (PEG-DA) hydrogels containing the colla-
genase-sensitive peptide sequence, LGPA, and 3D patterns of RGD were created
within the gel network using TPLS photolithography. The migration of HDFs into
the RGD-patterned gel regions was observed by day 10 of the culture at which
point the HDFs had extended long sprouts from the cell clusters into the RGD
regions. This technique could also be used to create gradients of biomolecules like
RGD inside of hydrogels by varying the exposure settings during the patterning
procedure. An advantage of this system is the ability to interchange biomolecules
to investigate the different effects various molecules have on a variety of aspects
of cell locomotion. Also, it would be feasible to pattern several different bio-
molecules within a single hydrogel construct to compare the effects of the mol-
ecules on encapsulated cells. It is possible that this technology can be easily
translated to the field of stem cell research to observe biomolecule effects on stem
cell migration and homing [158, 185].

In another study, tracks of biochemical channels were fabricated within
modified 3D agarose gels using a focused laser [175]. Originally, agarose was
modified with a photolabile cysteine protecting group, which upon cleavage
reveals a free thiol functionality on the gel. Using a laser, the free thiol channels
can be patterned within a gel and subsequently reacted with thiol-reactive bio-
molecules that are diffused into the hydrogel after irradiation. Specifically, this
technology has been used to engineer patterned 3D RGD channels in an agarose
gel [175].

E9 chick dorsal root ganglia were plated on top of the patterned hydrogels
containing RGD channels. Due to the poor adhesion properties of the agarose, cells
adhered to the gel only on top of the designed channels. It was observed that after
3 days, the cell clusters aggregated on top of the peptide channels extended thick
processes into the channels. The migration of cells and the elongation of cell
processes were found to turn at the edge of the patterned biochemical domains.
The experiment was repeated with a scrambled peptide sequence and cell
migration and extension was not observed, which confirms that the cell behavior is
sequence-specific [175].

One advantage of this system is that other biological molecules can be easily
incorporated into the gels for channel pattering purposes to further explore cellular
reactions to specific ligands. These hydrogels containing tracks of biochemical
cues could be utilized to elucidate fundamental cell substrate and cell ligand
adhesion interactions. They could also be employed for the guided regeneration of
nerves or other tissues. We believe that this platform could be utilized to explore
stem cell interactions with specific substrates and ligands as well as stem cell
migration within the designed channels [175].
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5.1.3 Cell Differentiation

Recently, the response of MSCs to dynamic presentations of ligands was studied in
hydrogels created from photodegradable PEG-based macromers [8]. Postgelation
control of the gel properties via selective irradiation has been shown to create
arbitrarily-shaped features, introduce temporal changes, and release on-demand
pendant functionalities [8, 174]. In these experiments, hMSCs were encapsulated
in nondegradable PEG-DA with and without photoreleaseable RGD and cultured
in chondrogenic media containing TGF-b. The absence of RGD in culture yielded
a statistically significant decrease in cell viability within 7 days in PEG-only gels.
At day 10, a portion of the gels with photoreleaseable RGD were irradiated and the
release of RGD did not affect cell viability at that time point. However, by day 21,
a four-fold statistical increase in glycosaminoglycan production (a marker of
chondrogenesis) occurred relative to persistently presented RGD- or PEG-DA-
only-based gels, indicating further differentiation of the hMSC cells down the
chondrogenic pathway in response to alterations in the extracellular microenvi-
ronments. Such photodegradable gels that allow real time manipulation of material
properties or chemistry advantageously provide dynamic environments with the
scope to answer fundamental questions about material regulation of stem cell
differentiation, communication, and proliferation [8, 174].

5.2 Culture of Multiple Cell Types

A great deal of work has emerged over the past several years in the area of co-
culture of stem cells and differentiated cells to examine signaling between these
cell types and potential implications in cellular differentiation [43, 186 189].
Unfortunately, standard co-culture methods that mix two or more cell types cannot
be used to easily control the degree of homotypic and heterotypic cell cell
interactions [166]. Likewise, these co-culture methods are typically carried out in
two-dimensional culture plates in a non-separable manner so analysis of individual
populations is nearly impossible [188, 190 192]. In addition to allowing growth in
a true 3D environment, it is projected that the micropatterning of hydrogels can
allow for the selective removal of one population of cells post-culture to further
analyze biochemical/gene expression [27, 114, 193, 194]. While the microfabri-
cation techniques described below have not been explored for stem cell co-cul-
tures, they hold great promise as co-culture systems to better understand the role of
communication between two or more cell types on various stem cell functions.

5.2.1 Microfluidics

In one example of this type of technology, a device that allows for the patterning of
multiple discrete 3D cell-laden hydrogels in sequence has been developed [179].

Micropatterned Hydrogels for Stem Cell Culture



It is based on a set of parallel microfluidic channels separated by an array of posts
that allow selective filling of individual channels, yet permits continuous interfaces
between adjacent channels for diffusion of molecules and movement of cells
across distinct regions. This microfluidic platform allows for real-time imaging of
the interactions between multiple cell types exposed to autocrine and paracrine
signaling molecules within the three-dimensional environment [179].

The utility of the system was demonstrated though the investigation of the
behaviors of human metastatic breast cancer cells, MDA-MB-231, and tumor-
derived RAW 264.1 macrophages in co-cultured well-defined geometries. Over
the course of 1 week, the MDA-MB-231 did not invade the neighboring macro-
phage-containing MatrigelTM gels; however, the macrophages did invade the
breast-cancer-containing collagen gels beginning at day 3, increasing in inva-
siveness as the culture period was extended to day 7. The infiltrating macrophage
cells also multiplied in the presence of the MDA-MB-231. Interestingly, it was
observed that RAW 264.1 in monoculture were less invasive into the neighboring
gels when the breast cancer cells were not present. Therefore, the behavior of the
macrophage appears to have been influenced, at least in part, by the signals
released by neighboring breast-cancer-derived cells [179].

Compared to currently available models, this system is advantageous because it
allows for the patterning of different combinations of hydrogels and culturing of
multiple cell types in an easy and straightforward manner. It can also be scaled
dimensionally to mimic multicellular in vivo structures and it can be utilized to
generate chemically- and mechanically-tailored three-dimensional cellular niches
in a reproducible manner. Continued exploration of this system will allow
researchers to further investigate paracrine effects on normal and tumor cell
functions, as well as stem cell proliferation, self-renewal, and differentiation [179].

A bottom-up approach to generate tissue constructs with tunable architecture
and complexity has been developed by directing the assembly of cell-laden mi-
crogels [195]. The thermodynamic tendency of multiphase liquid liquid systems is
to minimize their contact surfaces. Therefore, surface tension is the driving force
for the induction of microgel assembly. Shape-controlled microgels spontaneously
assemble within multiphase reactor systems into predetermined geometric con-
figurations and multicomponent cell-laden constructs can be generated by
assembling microgel building blocks and performing a secondary cross-linking
reaction [195].

Mouse NIH 3T3 fibroblasts were encapsulated within PEG-methacrylate
(PEG-mA) hydrogels and their viability was monitored throughout the preparation
steps. The initial cross-linking step did not induce cell death; however, as UV
exposure time increased, cell viability decreased. This approach was also shown to
generate complex structures by showing that cross- and rod-shaped microgels
assembled together, with one cross-shaped gel assembling with one, two, or three
rod-shaped gels. This bottom-up approach for the generation of microgels provides
a highly scalable approach to form biomimetic 3D tissue constructs. This tech-
nique could be used for co-culture involving stem cells by encapsulating two
different cell populations within two differently shaped microgels. When the gels

S. K. Hamilton et al.



assemble together, this would automatically create a patterned co-culture device
where cell cell interactions could be observed [195].

Using the OFML technique described in Sect. 4.1, two different populations of
HeLa cells, stained with Fluorescein and Rhodamine B, were encapsulated in
PEG-DA and the resulting cell-laden hydrogel generated 3D tissue-like micro-
structures containing a different population of living cells in each part of the
structure [135]. Cell viability was C90% up to 1 h after the polymerization.
Additionally, with a suitable design, this technique should extend to make large
scale 3D fabrications on the scale of several millimeters to one centimeter in a few
minutes. The ability to generate 3D composite microstructures could be employed
for making complex co-culture devices to better understand the cell cell and cell
scaffold interactions influencing stem cell proliferation and differentiation [135].

5.2.2 Bioreactors

Microfluidic systems containing immobilized hydrogel-encapsulated cells that can
be used as cell-based biosensors have been developed [137, 148, 164, 196]. Cell-
laden PEG-based hydrogels of various shapes and sizes were photolithographically
polymerized in 200 lm-wide channels or in 2 mm 9 2 mm chambers of micro-
fluidic devices. Two layer heterogeneous hydrogel microstructures containing
different cell types were also generated within the device using the laminar flow
properties inside the microchannels in conjunction with a photolithography
patterning technique [137, 148, 164, 196].

Cell viability of SV-40 transformed murine peritoneal macrophages within the
gels was found to be C80% after 24 h of culture in the device and *70% after 7
and 14 days. By taking advantage of the flow characteristics inside microchannels,
SV-40-transformed murine peritoneal macrophages and SV-40-transformed mur-
ine hepatocytes could be encapsulated side by side within the hydrogels to create
heterogeneous hydrogel microstructures. This system offers several advantages
over other systems previously discussed since it uses less sample volume and
fewer cells. This device offers the ability to explore cell cell interactions for stem
cell biology applications through the separate patterning of hydrogels containing
different cell types. Additionally, the number of cell types explored within one of
these devices could be increased by patterning several heterogeneous micro-
structures containing different cells [137, 148, 164, 196].

5.2.3 Micromolding

In another approach, cell aggregates or spheroid microarrays and co-cultures using
micromolding technology with chitosan hydrogels have been developed [166].
This method is different from many of the other methods discussed in this chapter
in that it utilizes the nonadhesive nature of chitosan to form 3D cell clusters as
opposed to encapsulating cells within a gel to form a 3D construct. The chitosan
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hydrogel surface is altered from cell-repulsive to cell-adhesive during the first few
hours of the culture period. While the exact reason for this change in cell adhesion
remains unclear, it is hypothesized that proteins included in fetal bovine serum and
secreted by the cells adsorbed to the chitosan hydrogel surface and encouraged
further cell adhesion to the gel. This time-dependent surface cell attachment
occurred in the culture of human hepatoblastoma cells, Hep G2, and mouse NIH
3T3 fibroblasts. It was observed that the Hep G2 began forming aggregates inside
the wells 1 day after seeding and the aggregates grew into hemispherical spheroids
by day 3 of culture. These aggregates had C90% viability, and the phenotypic
stability of the hepatoblastoma spheroids was verified throughout the 9 days of
culture by the increasing production of albumin (one of the markers for liver-
specific functions).

For co-culture experiments, Hep G2 were seeded and allowed to aggregate for
24 h. At this point, NIH 3T3 cells were seeded and left to attach to the surrounding
chitosan surface of the micromolds. The fibroblasts attached evenly to the chitosan
surface surrounding the hepatoblastoma spheroids and eventually proliferated to
cover the surface of the entire hydrogel. Some fibroblast cells were observed
invading the hepatoblastoma spheroids at day 9 of culture due to the rapid division
of fibroblasts; however, both Hep G2 and NIH 3T3 cells were viable throughout the
9 days of culture [166]. This spatially-controlled spheroid co-culture system could
provide a useful tool for fabricating biomimetic cellular microenvironments for
studies of the effects of heterotypic cell cell interactions in stem cell biology. It
could also be used to perform protein or gene expression analyses in each cell type
in culture, thus clarifying the responses of multiple cell types to each other [166].

5.2.4 Stop-flow Lithography

Although less fully utilized for biological applications, stop-flow lithography
(SFL) (previously discussed in the Sect. 3) [159, 168], has been employed to
synthesize hydrolytically-degradable microscale hydrogel particles from a solution
of a macromer containing both PEG and poly(lactic acid). Mouse NIH 3T3
fibroblast cells have been successfully encapsulated in hydrogel microblocks via
SFL. It was observed that the majority of encapsulated cells remained viable
shortly after microblock fabrication (*1 h). SFL provides a significant amount of
tunability over the fabrication of microgel particles. Although not yet explored for
co-culture systems, this versatility could prove to be very beneficial for such
culture platforms [169].

6 Future Outlook

Over the last two decades, great strides have been made in stem cell research,
especially as it applies to tissue engineering and regenerative medicine. As
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discussed in this chapter, further progress in basic stem biology may be promoted
by using micropatterned hydrogels as a culture milieu to better recreate the 3D
architecture and the complex cell cell and cell ECM interactions normally
occurring with stem cells in native tissue. However, to provide platforms that
allow sophisticated biological questions to be explored, additional functionalities
may be required in micropatterned hydrogel systems.

From a biomaterials perspective, there is a relatively small cadre of materials
that have sufficient cytocompatibility, bioactivity, and patternability to be utilized
in these systems. Synthesis of new hydrogels with easily-tailorable degradation
rates, mechanical properties, and especially those including orthogonal chemistries
for the addition or removal of biological molecules (temporal/spatial control of
ligand presentation) during culture is unquestionably needed.

From a micropatterning perspective, since many hydrogels are polymerized in a
bulk reaction, amounts of cells and reagents lost during fabrication remain rela-
tively high. Therefore, additional methods (possibly using microfluidic technolo-
gies) to reduce reagent usage would be a great advantage for use with stem cells,
many of which are difficult to isolate and therefore yield relatively low cell
numbers. Furthermore, fabrication methods should be further optimized to allow
multiple (more than two) cell types to be cultured in the same construct without
cumbersome and complex methods of assembly [13]. In this vein, the development
of a separable co-culture system that would promote analysis of each individual
cell population after the culture period would provide further insight into the
specific effects that various stimuli and interactions have on each cell type.

While there are still areas for improvement, overall, the convergence of
micropatterning techniques with novel hydrogel materials that has occurred over
the past 5 10 years provides an exciting new technology for use in a variety of
biological settings, including further elucidation of means to control stem cell
function. The continued merger of engineering, materials science, and biology,
particularly at the micrometer scale, will enhance our ability to create in vitro
models that can be used for understanding fundamental biological questions or for
fabricating replacement tissues [13]. Such technologies and the biological insights
they generate have great potential to accelerate the translation of stem-cell based
therapies to clinical applications, thereby improving patient care for a wide range
of diseases and injuries.
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Microengineering Approach for Directing
Embryonic Stem Cell Differentiation

Hojae Bae, Jason W. Nichol, Amir Foudeh, Behnam Zamanian,
Cheong Hoon Kwon and Ali Khademhosseini

Abstract The microenvironment plays an integral role in directing the differen-
tiation of stem cells. The ability to control and manipulate systems on the
microscale can be used to control the cellular microenvironment to direct stem cell
behavior. For stem cells, this control greatly improves our ability to study cell
microenvironment interactions in a rapid and precise manner to regulate stem cell
behaviors such as differentiation and proliferation. Combining microscale tech-
nologies with high throughput techniques could also greatly increase the possi-
bility for probing the multivariable complexity of biological systems. In this
chapter, microengineering approaches to control the cellular microenvironment
and to influence embryonic stem cell (ESC) self-renewal and differentiation are
introduced and specific examples of the use of microfabrication technologies for
directing ESC fate decisions are discussed.

1 Introduction

The establishment of embryonic stem cell (ESC) lines derived from both mouse
and human cells has generated the possibility of cell therapies based on an
unlimited and renewable source of cells [1, 2]. However, the use of human
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embryos to generate ESC lines is somewhat controversial [3]. A breakthrough to
this problem was established when Yamanaka and co-workers demonstrated in
vitro reprogramming of murine fibroblasts into induced pluripotent stem (iPS)
cells [4]. These iPS cells were proven to be functionally and molecularly similar to
ESCs [5, 6] offering new opportunities in regenerative cell therapy [7 9].
However, there are still many requirements to fulfill before these cells
can be used clinically. One such challenge is to controllably direct stem cell
differentiation [10].

Stem cells are sensitive to a variety of microenvironmental stimuli that regulate
both self-renewal and differentiation [11]. Therefore stem cells can be character-
ized by their capacity to differentiate into specific cell lineages in response to
temporally and spatially regulated extrinsic and intrinsic signals. Microengineer-
ing enables the regulation of cell microenvironment interactions, such as cell cell,
cell extracellular matrix (ECM), cell soluble factors, and cell mechanical stimuli
interactions [12]. Thus, by utilizing microscale engineering, cell differentiation can
be guided through the controlled interplay between regulatory factors down to the
level of individual cells. Also, microengineering can be used to generate three
dimensional (3D) microenvironments for the development of physiologically
relevant tissue models for tissue engineering [13 15]. This can be achieved through
the merger of microfabrication techniques with biomaterials to create the desired
tissue structures [16]. Advanced biomaterials are being used to study stem cells, the
interactions between cells and biomaterials, and as tissue engineering scaffolds.
The field of tissue engineering is driven by the need to provide functional equiva-
lents of native tissues that can be used for the in vitro study of tissue physiology and
pathology, as well as for implantation where no native or artificial transplantable
materials are currently available in sufficient quantities to repair damaged tissues
[17]. This interdisciplinary field is at the intersection of engineering, biology, and
medicine and aims to develop biological substitutes that restore, maintain, or
improve tissue function.

Recent research has confirmed the existence of stem cells residing in niches,
unique to the tissues and organs in which they reside that contain highly ordered
microarchitectures, cellular compartmentalization, and arrangement [18]. The
merger of microfabrication and advanced biomaterials are useful to recreate many
of these complex features, to create in vitro microenvironments with the ability to
effectively direct ESC behavior. These approaches are becoming powerful tools
for the study of stem cells. The following chapter will highlight the current
techniques for using microscale biomaterials both for investigating and directing
stem cell behavior and for creating engineered tissues using 3D cell-laden scaf-
folds. These two applications of microscale engineering may be of great benefit to
the future of regenerative medicine. The clinical success of regenerative medicine
is highly dependent on successes in both tissue engineering and stem cell differ-
entiation, suggesting that the development of technologies to achieve the desired
outcome will hopefully shorten the time needed to bring these techniques to the
clinic.
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2 Control of the Cellular Microenvironment

The ability to control the cellular microenvironment is key to controlling cell
viability, growth, migration, and differentiation. Microenvironmental control can
be performed at the level of interactions with surrounding cells, substrate
mechanics, biomaterial chemistry, applied physical forces, and the degradation of
surrounding materials [19 21]. For ESCs, self-renewal and differentiation path-
ways appear to be controlled by several interconnected pathways based on cell
cell, cell ECM, and cell soluble factors interactions (Fig. 1). We will discuss
these interactions and subsequently discuss how microengineering techniques
could control these interactions.

2.1 Cell–cell Contacts

Cell cell contacts are a major class of regulatory signals that control cell behavior
[22]. For instance, the differentiation of skeletal muscle cells has been reported to
depend on cell cell contacts that induce cell cycle arrest and subsequent gene
expression [23]. One representative factor that participates in and controls cell cell
adhesions are cadherins. Cadherins are a class of type I transmembrane protein
with extracellular Ca2+-binding domains. There are several classes of cadherin
molecules, and different classes are found in different cell types and tissues. For
instance, E-cadherins are generally found in epithelial tissues, and preferentially
bind to other E-cadherin molecules. This homophilic binding has been attributed to
the NH2-terminal EC1 domain [24]. However, several observations have suggested

Fig. 1 Modifications of various factors (cell cell contacts, mechanics, ligand and materials
chemistry, etc.) can be used to control the stem cell microenvironment
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that cadherins can also interact in a heterophilic fashion [25, 26]. In addition to
E-cadherins, other cell types and tissues express other classes of cadherin:
P-cadherin in the placenta, N-cadherin in neural cells, R-cadherin in renal tissue,
VE-cadherin in vascular endothelial cells, M-cadherin in myotubules, OB-cadherin
in osteoblasts, and K-cadherin in the kidney [27, 28]. Cadherin binding leads to
specific signaling cascades that affect cellular behavior and function. Upon binding
of the extracellular domain of cadherins, the intracellular domain binds p120-catenin
and beta-catenin containing a highly phosphorylated region. Activated catenin
also binds to alpha-catenin, resulting in regulation of actin-containing cytoskeletal
filaments, ultimately leading to specific control of gene transcription [27, 29].

The loss or decrease in E-cadherin expression and function has been reported to
be associated with high cancer cell progression and metastasis in which the
decreased strength of cellular adhesion within a tissue results in an increase in
cellular motility and may allow cancer cells to cross the basement membrane
and invade the surrounding tissues [30 32]. For example, the addition of
anti-E-cadherin antibodies restored cell migratory behavior by blocking cadherin-
dependent adhesion [33]. Another study showed that transfecting fibroblasts
with E-cadherin similarly suppressed cell infiltration of collagen gels in an
E-cadherin-dependent manner [34]. Recently, it has been reported that E-cadherin
regulates cell motility by both adhesion-dependent and adhesion-independent
mechanisms in which E-cadherin-dependent reduction in epithelial cell motility
depends both on the E-cadherin expression level and on the E-cadherin density on
the migratory substratum [35]. These mechanisms are important in wound healing
as cell cell interactions, cell migration, and cell proliferation as it plays key roles
in the tissue’s ability to repair a defect [36]. In addition to its modulation of wound
healing mechanisms, similar cadherin modulated cell cell interactions also play a
key role in ESC differentiation and growth. For example, E-cadherin has been
shown to induce cell to 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 constitutively expressed in early stage embryos, it
is down-regulated as the cells differentiate [37, 38]. Other factors that can simi-
larly modulate stem cell attributes such as aggregation, migration, proliferation, or
differentiation can have a profound impact on the control of stem cell behavior.

2.2 Cell–soluble Factor Interactions

Soluble factors, such as growth factors, play an important role in influencing cell
growth and differentiation. Growth factors are proteins that bind to receptors on
the cell surface, and the binding activates a specific series of cellular mechanisms
leading to events such as cellular proliferation and/or differentiation. These reg-
ulatory molecules are naturally derived, and can either be added to the culture
medium or more specifically delivered to the targeted cells. Many growth factors
are quite versatile, stimulating cellular responses in numerous cell types; while
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others act specifically on a particular cell-type. Based on their ability to control
and direct cell behavior, the use of growth factors has been investigated for
directing the lineage specific differentiation of ESCs. For example, Activin A was
shown to mediate dorsoanterior mesoderm differentiation, while bone morpho-
genetic protein 4 (BMP-4) was shown to mediate the formation of hematopoietic
cells [39 41]. Also, it has been demonstrated that binding of IGF-II, a member of
the insulin-like growth factor (IGF) family, to its signaling receptor, IGF1R, at the
surface of mesoderm precursor cells increased mesoderm formation [42]. In
addition, EGF, BMP-4, and FGF have been shown to induce ectodermal and
mesodermal differentiation [43].

2.3 Cell–extracellular Matrix Interactions

The ECM consists of the structural proteins that surround cells in mammalian
tissues. This serves to provide structural support and anchorage to the cells in
addition to compartmentalizing cells and tissues, regulating intercellular com-
munications, and sequestering growth factors [44, 45]. Cell ECM interactions play
a critical role in cell function and physiology through cell binding to components
of the ECM. Cell ECM adhesion is regulated by specific molecules of the surface
of cells called cellular adhesion molecules (CAM), such as integrins. ECM pro-
vides a template for cell adhesion, proliferation, migration, differentiation, and
tissue formation. The phenotype of originated cells has also been observed to be
sensitive to tissue elasticity and stiffness. For example, to direct the differentiation
of mesenchymal stem cells (MSCs) soft matrices that mimic the brain are found
to be neurogenic, while stiffer matrices that mimic muscle are myogenic, and
comparatively rigid matrices that mimic collagenous bone were found to be
osteogenic [46].

Recently, researchers have designed various biomaterials to provide more
complex and biomimetic environments for ESC expansion and differentiation. For
instance, Lammers and colleagues tested the ability of various biomaterials for
ESC proliferation and differentiation, and reported that scaffolds made of insol-
uble collagenous bone matrix in combination with b-tricalciumphosphate were
more effective in directing ESC differentiation into osteogenic lineage [47]. In
addition, Langer and colleagues have demonstrated that rigid polymeric scaffolds
supported ESC differentiation. When ESCs were surrounded by a soft biomaterial
such as Matrigel, tissue was not formed, however, as Matrigel was combined with
a rigid polymeric scaffold, tissue-like structures were formed [48]. These data
suggested that the mechanical properties of polymeric scaffolds can be used to
direct ESC differentiation and induce tissue formation. In addition, it was also
found that fibronectin (FN) stimulated ESCs to differentiate into endothelial cells
whereas laminin induced ESCs to differentiate into cardiomyocytes [49]. Thus,
showing that the ECM chemistry works alongside mechanics in directing ESC
fates.
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3 Microengineering the Environment

Microengineering techniques can be used to regulate the cell’s interactions with its
microenvironment [50]. For example, by restricting the cellular geometry through
patterned substrates, controlled microenvironments were created to investigate
specific cell behaviors [51 53]. Microengineering approaches have also been
used to control the cellular microenvironment by using microscale channels [54],
microwells [55], and cell-laden hydrogels [50, 56, 57] (Fig. 2). In addition, bioma-
terials have been engineered that are capable of controlling cell behavior [50, 58, 59].
These biomaterials have tunable property such as a controlled degradation rate,
hydrophilicity, and mechanical properties. The ability to use microengineering to
manipulate biomaterials is emerging as a powerful tool in regulating ESC behavior.
These manipulations can involve methods of fabricating microscale units of
biomaterials or spatial control of material properties. Furthermore, microarray
techniques can be used to identify biomaterials that can direct ESC fate responses by
enabling massively parallel synthesis and characterization of cell materials inter-
actions. These studies of cell behavior in response to various natural or synthetic
stimuli have applications in a wide variety of fields ranging from basic biological

Fig. 2 Microengineering techniques (i.e. microfluidics, surface patterning, and high throughput
microarray) can be used to control cell microenvironment interactions, such as cell cell,
cell ECM, and cell soluble factor interactions
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studies to drug discovery. Here, we will review these techniques and where appro-
priate provide examples of their use in directing ESC differentiation.

3.1 Microfluidic Platforms for Controlling Cell–soluble Factor
Interactions

The field of microfluidics involves the manipulation and processing of micro- and
nanoliter volumes of fluids within small channels that are typically in the range of
10 100 lm [60]. Fluid behavior on the micron scale is different from that
occurring on the macroscale [61]. For example, viscosity and molecular diffusion
are of high importance at the microscale, while having less effect at the macro-
scale. This is because the small dimensions of microfluidic systems cause the
Reynolds number to be low, making the flow in the laminar range. The Reynolds
number is determined as Re = q*v*d/l, where q is the fluid density, v is the fluid
velocity, d is the hydraulic diameter of the channel, and l is the fluid viscosity.
Therefore small changes to viscosity is important at the microscale because of
their substantial impact on the Reynolds number and whether the flow remains
laminar. In addition to laminarly flowing fluids, microchannels offer other
advantages compared to conventional systems. These include reduced analysis
times, the need for lower sample/reagent volumes as well as the ability to run
multiple assays on a single device [62, 63].

With the introduction of microfluidic platforms, stem cell research has entered a
new era in which the cell soluble factor interactions can be controlled in a much
more controlled manner. Microfluidic technologies, which often use poly-
dimethylsiloxane (PDMS) [62], have been used in a number of different appli-
cations for studying cells such as fluidic based cell patterning, subcellular
localization of media components, high throughput drug screening, analysis of
fluid shear stress on cells, and creation of soluble factor gradients [64 67].

One of the most valuable applications of microfluidic systems is the ability to
expose cells to laminar flows to control fluid mixing and shear stress. Kim et al.
showed that microfluidic devices can produce a logarithmic scale of flow rates and
logarithmic concentration gradients. It has been shown that cell morphology and
proliferation for ESCs varies based on these gradients [68]. This ability to control
the flow rate and shear stress has been utilized to study ESC self-renewal and
proliferation, to show that high flow rates result in increased proliferation [69].
Since microfluidic systems use low sample/reagent volumes they are useful tools
for the screening of soluble components such as serum components (growth
factors), conditioned media, or different chemical formulations. In addition,
microfluidic systems have been used for making gradients growth factors or
oxygen concentrations to test their effects on cells in an efficient manner [70].

Microfluidic systems have also been used to mechanically stimulate cells. For
example, Park et al. showed that compressive cyclic loading enhanced the
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osteogenic differentiation of human MSCs [71]. In another study, shear stress
gradients were studied on hESC-derived endothelial cells to show that these cells
were capable of responding to shear stress changes through varying gene
expression [72]. The combination of microfluidic systems with controlled flow
rates or concentration gradients have been shown to be important for regulating
cell differentiation [64, 73]. For example, Chung et al. showed a microfluidics
system for neural stem cell differentiation and proliferation, demonstrating that
different growth factor combinations consisting of epidermal growth factor
(EGF), fibroblast growth factor 2 (FGF2) and platelet-derived growth factor
(PDGF) could be used for directing differentiation towards astrocyte lineage.
Microfluidic systems have also been used for analyzing single cell gene
expression profiles with increased sensitivity compared to bulk reactions [74].
Moreover, microfluidic devices can be used to deliver extremely precise
concentrations of signaling molecules to cells [11]. With these systems, there is
an improved ability to generate complex microenvironments with strict control
over spatial and temporal resolution of soluble factors. This high degree of
control on the microscale makes these systems ideal for studying the response of
ESCs. In addition the volumes are much smaller than in traditional culture
systems reducing the use of expensive soluble factors to enable testing in a high
throughput manner.

3.2 Controlled Microbioreactors

In a developing organism, tissues emerge from coordinated sequences of cell
renewal, differentiation, and assembly within a dynamic environment character-
ized by spatial and temporal gradients of multiple factors. Thus, to direct cells
to differentiate at the right time, in the right place, and into the right phenotype,
it is important to recreate the appropriate microenvironment.

One way to accomplish this complicated feat is to characterize the native tissue
environments and attempt to mimic these features in vitro. In tissues, cells are
surrounded by other cells and embedded in an ECM that defines the architecture,
signaling, and biomechanics of the microenvironment [75]. Cells respond to their
immediate microenvironment, via phenotypic or heterotypic interactions with
neighboring cells [76]. This can be difficult to recreate completely in vitro since
much of the complex interplay of mechanical and molecular factors present in vivo
are absent [77]. It has been argued that a new generation of 3D culture systems are
needed that would be ‘‘something between a Petri dish and a mouse’’ to correctly
present a cell’s environment in a living organism and be more predictive of in vivo
systems [78].

For stem cells in particular, to unlock their full potential and obtain biologically
sound and relevant data in vitro, at least some aspects of the dynamic 3D envi-
ronments that are associated with their renewal, differentiation, and assembly into
tissues need to be reconstructed. A fundamental approach to the generation of
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engineered tissues is to direct the 3D organization of cells (via biomaterial
scaffolds) and to establish the conditions necessary for the cells to reconstruct a
functional tissue structure (via bioreactors). This approach is based on a premise
that cells’ responses to environmental factors are predicable, and that the cell
function in vitro can be modulated by the same complex factors known to play a
role during tissue development and remodeling.

ESCs can greatly benefit from being cultured in bioreactors that controllably
recreate cell and tissue specific environmental conditions. Bioreactor systems
may better facilitate the transition from laboratory to clinical scale production
due to their scalability, while providing a means to quantitatively study cell
behavior in response to various stimuli. Some of the important considerations
during bioreactor design are: (1) rapid and controllable expansion of cells,
(2) enhanced cell seeding of 3D scaffolds at a desired cell density, yield, kinetic
rate, and spatial uniformity, (3) efficient exchange of oxygen, nutrients, and
metabolites, and (4) provision of physiological stimuli [11]. Current designs
incorporate cascades of biological and physical stimuli to exert greater influence
over cellular differentiation and development into functional tissue constructs
[79]. Bioreactors are typically custom engineered to account for specific
mechanisms of nutrient transfer and specific physical factors inherent in the
desired tissue. For instance, simple control of the transport rate of oxygen could
monitor the pH of the environment in which stem cells are cultured [80, 81].
These bioreactors are often designed to be modular, mini-scaled, and multi-
parametric, to economize cells and reagents, and to increase the number of
samples that can be analyzed.

3.3 Surface Micropatterning for Controlling Cell–cell Contacts

Microscale surface patterning techniques enable the control of cell cell contacts
on geometrically defined 2D surfaces [12, 82]. A variety of microscale technol-
ogies including microtopography [55, 56], microfabricated stencils [83], micro-
contact printing [84], and layer-by-layer deposition [85] have been developed to
pattern the ESCs on 2D substrates. In one approach, hydrogel microwell arrays
that generate low shear stress regions enabled the docking and positioning of
ESCs. Such microwells could be seeded with feeder cells to maintain human ESCs
in an undifferentiated state [86]. Microwell arrays that were fabricated from
polyethyleneglycol (PEG) hydrogels have been demonstrated as a useful research
tool for uniform cell seeding and EB formation [87] (Fig. 3). Similar microwell
arrays were used to generate spatially and temporally synchronized beating human
EBs [88]. Microwell arrays can also be used to screen and characterize ESCs,
while homogeneous EBs obtained from this microfabricated microwell can direct
EB-mediated differentiation [84]. In another example, a Bio Flip Chip (BFC)
containing thousands of microwells with sizes optimized to trap single murine
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ESCs were fabricated to provide both incremental and independent control of
contact-mediated signaling [89].

Cell cell communications in aggregates play a significant role in controlling
ESC proliferation and differentiation. A microfabricated PDMS stencil can regu-
late the initial size of ESC aggregates, which is a critical factor for controlling ESC
differentiation. By using this technique, it was demonstrated that larger aggregates
resulted in more mesoderm and endoderm differentiation than small aggregates.
Microfabricated parylene-C stencils were also used to micropattern co-cultures in
both static and dynamic conditions by sequentially using several stencils with
differently modified surface properties [90]. In addition to microfabricated par-
ylene-C stencils, microcontact printing was used to study the differentiation of
micropatterned human ESCs [84]. The gene and protein expression analysis of
micropatterned human ESCs demonstrated that the endodermal and neuronal
expression increased inversely with colony size. Moreover, greater mesoderm and
cardiac induction was observed for larger EBs. This analysis demonstrated that
heterogeneity in human ESC colony and aggregate size generated subsets of
appropriate conditions for differentiation.

Fig. 3 (Left) PEG microwell fabrication through UV cross linking. (Right) Localizing cells
within arrays of microwells using a wiping technique. This method produces cell seeding den
sities that vary consistently with microwell geometry and cell concentration. Reprinted with
permission from the Journal of Biomedical Materials Research [87]
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3.4 High-throughput Microarrays for Screening
Microenvironments

ESC differentiation can be directed through different combinations of factors that
influence the microenvironment. To study the combination of various stem cell
differentiation factors is an enormous combinatorial problem that would be
extremely difficult to perform without the facilitation of high-throughput analysis,
screening, and imaging. This goal can be achieved more readily through the
effective use of microarray systems for analysis and screening of multiple factors
individually and in combination. Because of the significant number of possible
combinations, high-throughput approaches can be used to rapidly test and discover
important combinations of parameters in ESC differentiation. Parameters such as
ECM proteins, soluble molecules (e.g. cytokines, growth factors), and biomaterial
interactions can influence the pathway and efficiency of ESC differentiation. To
improve our understanding of ESC differentiation, studying the combined influ-
ence of parameters that may regulate stem cell expansion and specialization in
an efficient and cost effective manner using high-throughput analysis, screening,
and imaging may prove beneficial.

In addition to growth factors and cell-secreted morphogenetic factors, synthetic
small molecules can direct ESC differentiation. Small permeable, naturally occur-
ring molecules such as vitamin C, sodium pyruvate and retinoic acid have been used
to regulate stem cell fate [91]. Similarly, new synthetic, heterocyclic small molecules
that can alter stem cell fate have recently been studied to control stem cell differ-
entiation. Ding et al. reported ESC differentiation into various cell types employing
small molecules [92]. One manner by which synthetic molecules can be used to
selectively control and regulate stem cell differentiation and proliferation is through
adjusting the activities of proteins. Such processes have successfully been employed
to cause controllable neurogenetic and cardiomyogenetic induction in murine ESCs,
osteogenesis induction in MSCs, and skeletal muscle cell differentiation [91, 93].
Further investigation into small molecule discovery could play a substantial role in
furthering the ability to reliably differentiate stem cells down specific pathways.

The interactions between ESCs and the surrounding matrix environment can
profoundly influence stem cell behavior and direct ESC differentiation. A library
of 576 different combinations of acrylate-based polymers was used to determine
the effect on stem cell behavior in a biomaterial array format [94]. Combinations
of the different polymers were mixed in 384-well plates and were robotically
printed on coated glass slides. After printing, the slides were exposed to long wave
UV to initiate polymerization, dried, sterilized with UV, and washed with PBS and
cell culture media. ESCs were then seeded onto the slides and the influence of the
materials on ESC differentiation was analyzed. Based on these observations, it was
concluded that ESC differentiation may be induced toward epithelial cell lineage
through interactions with specific combinations of materials. This study demon-
strated the potential for creating a library of synthetic materials to direct ESC fate
decisions.
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3.5 Three Dimensional Scaffolds for Culturing ESCs

Biocompatible and biodegradable polymer scaffolds can be used to control
growth and differentiation of ESCs [95]. Scaffolds provide structural support and
physical cues for cell attachment, orientation, alignment, and spreading. A fun-
damental approach to the generation of engineered tissues is to direct the 3D
organization of cells (via biodegradable scaffolds) and to establish the conditions
necessary for the cells to reconstruct a functional tissue structure (via bioreactors).
This approach is based on the premise that the cellular response to environmental
factors are predictable, and that the cell function, in vitro can be modulated by the
same complex factors known to play a role during development and remodeling in
vivo.

Various scaffold features, such as physical cues can have an impact on the
differentiation of ESCs. ESCs cultured within 3D scaffolds can be differentiated
into specific tissue lineages based on the scaffold characteristics. For example,
ESC differentiation towards an osteogenic lineage was achieved through seeding
cells onto appropriately designed biodegradable scaffolds as demonstrated by
increased expression of osteo-specific markers and bone nodules [96]. The effect
of the 3D environment on ESC growth and differentiation was further studied by
culturing EBs in different polymer networks [49]. Various compositions and
structures of polymer matrices were evaluated, demonstrating that both material
structure and stiffness of the 3D scaffolds influenced ESC fate. Using analogous
systems, ESC differentiation down a neuronal differentiation pathway, was also
studied [97]. It was shown that the number and maturity of neural-like structures
identified by neuronal marker (i.e. bIII-tubulin) were increased within these 3D
tissue constructs. Therefore, specifically designed 3D scaffolds have the potential
for creating 3D tissue constructs using stem cells differentiated into the desired
tissue type.

3.6 Tissue Engineering Using Assembly of Microengineered
Building Blocks

Similar to their use in controlling the behavior of stem cells, microscale tech-
nologies can be used to control and direct engineered tissue development by
creating microgels with specific microarchitectural features containing stem cells.
Tissue engineering, using a bottom-up approach, creates macroscale tissues with
controlled microarchitectural features through assembly of microscale cell-laden
building blocks. Through control of the microenvironment, the goal is to create
macroscale tissues with specific microarchitectural features, amenable to directing
tissue behavior.

One such technique employed a layer-by-layer approach, where arrays of cells
and ECM/polymer were additively photocrosslinked [98 100]. In one example,
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rat hepatocytes were mixed with RGD functionalized PEG prepolymer and the
resulting mixture was polymerized through exposure to light through one of three
photomasks, the first of which resulted in a three pointed star alignment. Sub-
sequent layers were created using complementary photomasks, creating a honey-
comb enclosure around two-layer cell-laden tissue units, mimicking native hepatic
tissue. Tissue from this technique demonstrated many benchmarks of hepatic
tissue function, such as urea production. The next step would be to recreate this
technique using stem cells to determine whether recreation of the native archi-
tecture using these protocols would lead to functional hepatic tissues with a more
clinically relevant cell source.

A major challenge to overcome in engineered tissues is the creation of func-
tional, integrated microvasculature. Previously, random packing technique was
used to create tissues with perfusable capillary networks. To create these building
blocks, HepG2 cells were mixed with collagen, allowed to gel in specific shapes
and then mixed with HUVEC cells which formed an endothelial monolayer around
the surfaces of the hydrogel blocks [101]. The HepG2-HUVEC modules were
packed into unidirectional perfused tubing with a porous plug to contain and allow
for module aggregation and compaction. The engineered tissues were successfully
perfused with blood to demonstrate cell viability as well as endothelial function, as
the tissues perfused without clotting. One major advantage of this technique was
the ability to create perfusable tissues with functional endothelialized channels,
with the potential to contain any number of cell types in the hydrogel module
cores. Employing stem cells in this system could yield functional tissues designed
primarily for filtration, such as the liver or kidney, while more tissue types could
be possible if the culture conditions are optimized to allow for removal from the
perfused tubing.

Recent work in our laboratory has demonstrated the use of directed assembly to
create tissue structures using cell-laden microgels. This technique harnesses the
surface tension properties of hydrophilic hydrogels to assemble cell-laden
microgels into tissue structures [102]. Cell-laden hydrogels of varying aspect ratios
were placed into hydrophobic mineral oil to induce aggregation of hydrophilic
microgels as they attempt to minimize surface energy. These assemblies were
subsequently crosslinked into macroscale engineered tissues. The tissue shape and
dimensions were controllable based on the building blocks’ aspect ratios, while
even greater control, and the potential for making more complex structures, was
demonstrated by using lock-and-key type geometries. These results introduce
a useful approach to create larger and more complex tissues with controlled
co-culture conditions, using a number of cell types.

These are just a few of the techniques that could be used to create engineered
tissues with microscale features containing stem cells (Fig. 4). With the ability to
not only create specific microarchitectural features to control and direct stem cell
behavior, but also to assemble these microgels into macroscale structures while
retaining control over the microenvironment, the future for creation of stem cell
based engineered tissues for use in vivo appears promising.
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4 Conclusions

Although ESCs have been considered as a potential cell source for tissue engi-
neering, some major challenges still remain in directing stem cell differentiation to
specific cell types to create tissues with specific functions. It is believed that the
merger of microengineering with biomaterials will lead to more precise under-
standing of cell biology and greatly contribute to the therapeutic potential of stem
cells for tissue engineering. The combination of these fields contains great potential

Fig. 4 Creating engineered tissues using directed assembly. Lock (a) and key (b) shaped
hydrogel modules were created through UV exposure through a photomask, then aggregated and
assembled in mineral oil, into single (c, d), double (e, f), triple (g, h) arrangements demonstrating
control of co cultured structures. Scale: 200 lm. Reprinted with permission from the National
Academy of Science [102]
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for the advancement of the field of regenerative medicine. The improvements in the
fields mentioned above may aid in realizing the dream of regenerating diseased or
defective tissues to cure millions of current and future patients.
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Biomaterials as Stem Cell Niche:
Cardiovascular Stem Cells

Ge Zhang and Laura J. Suggs

Abstract A tissue-specific stem cell niche functions to direct either self-renewal
or differentiation. The niche comprises all local cues that can be sensed by the cell
including soluble and insoluble signals, physical forces and cell cell contacts.
Approximating the stem cell niche through the utilization of biomaterials may give
rise to a greater understanding of the biology of the stem cell niche as well as
potential in vitro culture systems and translatable avenues for stem cell therapy,
tissue engineering and regenerative medicine. Stem cell niches within the car-
diovascular system have been described within the heart, the bone marrow com-
partment and in vascular beds within various tissues. Progenitor cell populations
have been characterized which can give rise to all the major cells of the cardio-
vascular system including cardiomyocytes, endothelial cells, mural cells and
fibroblasts. The extent to which these progenitor populations can be identified and
isolated; however, is variable. Biomaterials have an important role in the devel-
opment of artificial stem cell niches for in vitro culture or in vivo therapy. Bio-
materials can be controlled in order to provide insoluble matrix signals, present
soluble signals, control cell cell contacts and transmit or augment physical signals
all of which can contribute towards enhancing cell function or directing cell
phenotype. This chapter focuses specifically on how biomaterials can be used
within the context of a stem cell niche to direct and maintain differentiation
towards cardiovascular cell types.
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1 Introduction

The stem cell niche comprises the local microenvironment of a stem cell residing
in a particular tissue and encompasses all the factors that may direct cell function.
In general, the stem cell niche serves to direct either self-renewal or differentiation
towards relevant daughter cell types. Components of the stem cell niche include
the insoluble matrix components, soluble factors, mechanical and other physical
forces as well as direct cell cell contact. Each of these factors has been manip-
ulated in various ways to try and approximate the stem cell niche either in an
in vitro culture system or in an in vivo system used for therapy. In particular,
biomaterials have been use to control the microenvironment around the stem cell
in order to direct stem cell differentiation and function. Biomaterials of interest
include both natural and synthetic materials and span the spectrum from preformed
hydrophobic materials to in situ polymerizable hydrogels. Biomaterials can not
only be used to provide three-dimensional structure to the artificial niche but also
provide insoluble matrix signals, present soluble signals, control cell cell contacts
and transmit or augment physical signals. Additionally, biomaterials can be used in
combination with a cell therapy strategy to control cell phenotype and function
following implantation. This chapter specifically addresses how biomaterials can
function as a cardiovascular stem cell niche.

The content within this chapter begins with a discussion of stem cell niches
within the adult organism that can give rise to three main cell types of interest for
the cardiovascular system including cardiomyotyes, endothelial cells, and mural
cells. Special emphasis is placed on identifying markers for these stem cell pop-
ulations. The second section within this chapter addressed the use of biomaterials
to approximate stem cell niches for the purpose of in vitro culture. Biomaterial
systems can be used to either encourage self-renewal or promote differentiation
towards specific lineages in an analogous manner to the native stem cell niche.
This chapter focuses on cell culture systems to enhance differentiation towards
cardiovascular lineages. Finally, the last section addresses how biomaterials can be
used in conjunction with in vivo cell therapies to enhance differentiation, viability
and cell delivery.

2 Adult Cardiovascular Stem Cells and Their Niches

2.1 Cardiac Stem Cells

The heart has traditionally been considered a postmitotic organ because mature
cardiomyocytes cease to proliferate around the time of birth. However, this
longstanding dogma has been challenged by the accumulating contradictory data
that demonstrated the existence of cardiomyocyte proliferation under certain
conditions such as ischemia and hypotension. The evidence subsequently drove the
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discovery of cardiac stem cells. Several types of cells have been found in adult
hearts that possess stem cell characteristics, which include: c-kit+ cardiac cells,
sca-1+ cardiac cells, side population cardiac progenitor cells, and cardiosphere-
derived cells. C-kit is a transmembrane tyrosine kinase receptor for stem cell factor
(SCF) and was initially used to identify hematopoietic stem cells. In 2003, c-kit+

cells were isolated from rat adult hearts and they demonstrated the ability to
replicate and differentiate into cardiomyocytes, endothelial and smooth muscle
cells [1] (Fig. 1). C-kit+ cell transplantation after ischemic injury leads to signif-
icant improvement in ventricular function [2 4]. Studies have also shown that c-kit
has the ability to promote cardiac stem cell differentiation and regulate terminal
cardiomyocyte differentiation [5].

While a variety of studies have focused on the isolation and expansion of cardiac
stem cells based on c-kit expression, another cardiac progenitor cell marker, sca-1
(stem cell antigen-1), has been described by several other groups [6 8]. Upon

Fig. 1 Clusters of primitive
and early committed cells in
the heart. a Cluster of 11
c kitPOS cells with three
expressing c kit only
(arrows), seven expressing
Nkx2.5 (white dots; arrow
heads) in nuclei (propidium
iodide, PI), and one Nkx2.5
and a sarcomeric actin
in the cytoplasm (asterisk,
see inset). b Cluster
of 15 c kitPOS cells with five
c kitPOS cells only (arrows),
eight expressing MEF2C
(arrowheads), and one
expressing MEF2C
and a sarcomeric actin
(asterisk, see inset). Bars,
10 lm (reprinted with
permission [1])
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oxytocin stimulation, murine cardiac sca-1+ cells are able to differentiate into
spontaneously beating cardiomyocytes. Given intravenously, sca-1+ cells were able
to home to injured myocardium and improve cardiac function as well as promote
new blood vessel formation [9]. Another cardiac progenitor cell population, termed
side population (SP) cells, has been identified in various organs including bone
marrow, skeletal muscle and adipose tissue [10]. A resident pool of SP cells has also
been revealed in the heart [11]. It has been suggested that cardiac SP cells are
capable of cardiomyogenic differentiation into mature cardiomyocytes and repre-
sent a distinct cardiac progenitor cell [9]. Most recently, cardiosphere-derived cells
(CDCs) were isolated from cardiac tissues [12]. Isolated from postnatal atrial or
ventricular human biopsy specimens and from murine hearts, CDCs grow as self-
adherent clusters. These cells are clonogenic and express stem and progenitor cell
markers. They are capable of long-term self-renewal and can differentiate to major
specialized cell types of the heart; myocytes and vascular cells.

2.2 Endothelial Progenitor Cells

Vascular progenitor cells including endothelial progenitor cells (EPCs) have been
isolated from peripheral blood and are thought to originate from bone marrow [13].
These progenitor cells share certain cell surface markers with hematopoietic
(blood) stem cells (HSCs) which may include: Flk-1, Tek (Tie-2), c-kit, Sca-1,
CD133, and CD34 [14]. The preponderance of evidence suggests that these two
cell types arise from a common hemangioblastic precursor that exists within the
bone marrow niche. Both EPCs and HSCs have been shown to mobilize from the
bone marrow stroma into peripheral blood in response to certain cytokines
including granulocyte macrophage-colony stimulating factor (GM-CSF) and EPCs
in particular to vascular endothelial growth factor (VEGF) and stromal cell-
derived factor 1 alpha (SDF-1a) [15]. An important mediator of EPC mobilization
in response to ischemic injury is hypoxia inducible factor (HIF-1) [16].

Once mobilized from the bone marrow compartment, EPCs are typically
classified as either ‘‘early’’ or ‘‘late.’’ Early EPCs are characterized by the presence
of markers CD45 and CD14, in addition to CD34, which are markers characteristic
of hematopoietic and monocyte lineages, respectively. Late outgrowth EPCs lose
CD45 and CD14 expression and assume markers that overlap with mature endo-
thelial cells (ECs) including CD31, VE-cadherin, and vWF. EPCs have been
shown to differentiate towards mature endothelial cells in culture both with and
without VEGF [13, 17]. It is clear that EPCs are not a fixed cell phenotype, but
exhibit different characteristics dependent on the local microenvironment and
growth factor signaling.

Data from recent studies suggests that endothelial and vascular smooth muscle
cells may arise developmentally from a common progenitor [18]. Yamashita et al.
demonstrated that embryonic stem cells (ESCs) that are Flk-1 positive can give
rise to both lineages in culture and in adult animals. SP cells from skeletal muscle
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are CD45+ and sca-1+ and have been shown to differentiate towards both endo-
thelial cells and smooth muscle cell lineages in vivo [19 21].

2.3 Mural Cell Progenitors/Mesenchymal Stem Cells

The phenotypic relationship among smooth muscle cells, pericytes and mesen-
chymal stem cells is still poorly understood. Vascular smooth muscle cells and
pericytes may represent variations in phenotype of a mural cell lineage continuum.
Pericytes may give rise to vascular smooth muscle cells given the appropriate
stimulus. There is also evidence for the reverse phenomenon [22, 23]. It has also
been suggested that pericytes provide a cellular niche existing as an intermediate
between vascular smooth muscle cells and fibroblasts [24].

Populations of smooth muscle progenitor cells (SPCs) have been isolated from
peripheral blood. SPCs grown in culture in the presence of PDGF-BB demon-
strated markers specific for smooth muscle cells including: a-smooth muscle actin,
myosin heavy chain, and calponin. However, they were also positive for bone
marrow angioblastic markers such as: CD34, Flk-1, Flt-1, but not Tek(Tie-2),
potentially representing a progenitor cell with both angioblastic and mesenchymal
potential [25]. In related work, smooth muscle cell phenotype has been demon-
strated as a result of transforming growth factor-beta (TGF-b) induction of bone
marrow-derived mesenchymal stem cells (MSCs) [26].

Pericytes are polymorphic, elongated, multibranched cells of the mesodermal
origin, which partially surround the endothelial cells of small vessels (e.g., cap-
illaries, postcapillary venules, etc.) [27]. As pericytes may contain contractile
muscle filaments on their endothelial cell side, they are occasionally regarded as
microvascular counterparts of smooth muscle cells. Pericytes are in direct appo-
sition with endothelial cells whereas vascular smooth muscle cells never directly
contact endothelial cells [24]. Further, unlike smooth muscle cells, pericytes are
covered by the same basement membrane as endothelial cells except where two
mural cells are in contact [27].

The mesenchymal stem cell (MSC) is an adult stem cell with multilineage
potential derived from bone marrow, adipose tissue or peripheral blood. These
cells can differentiate readily into terminal cells of the mesenchyme, and recent
evidence has indicated that MSCs can express phenotypic characteristics of
endothelial cells, neural cells, smooth muscle cells, skeletal myoblasts, and
cardiomyocytes [28 30]. Recent work has described a population of cells that
occupy a perivascular niche with markers of both pericytes and MSCs (CD146,
NG-2 and PDGF-Rb) [31, 32]. Cells that were isolated from this niche could be
clonally differentiated towards osteoblastic, chondrogenic and adipocytic pheno-
types. It has been noted that this result established the overlap in adult tissues of
pericytes and MSCs. Isolated, autologous bone marrow stem cells have been
shown to contribute to tissue repair and formation of blood vessels following tissue
ischemia, based on localized genetic markers.
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Of particular interest is the use of MSCs or bone marrow-derived mononuclear
cells for cell-based therapy [29, 33]. MSCs represent a more clearly defined stem
cell population within a heterogeneous bone marrow cell adherent fraction. The
differentiation potential of MSCs towards endothelial cells, pericytes, smooth
muscle cells, myofibroblasts and cardiomyocytes has been theorized as a possible
therapy for cardiac repair following myocardial infarction (MI), despite the lit-
erature differing widely on this possibility. Early reports directly injecting bone
marrow cells in the margin bordering the infarct area of the murine left ventricle
demonstrated that they were capable of repairing myocardium [34]. Subsequent
clinical trials resulted in significant but modest improvements in cardiac function.
These outcomes may be limited by the lack of sustained cell engraftment as
discussed below. Nevertheless, implanted mesenchymal progenitors have been
shown to express von Willebrand factor (vWF), vascular endothelial growth factor
(VEGF), and enhance vasculogenesis after several weeks in the cardiac environ-
ment [35]. Since myocardial perfusion is critical to restoration of cardiac function
after MI, involvement in vascular repair or regeneration may be an important role
for MSCs in the ischemic heart. Furthermore, the vasculogenic potential of MSCs
could be extended to other clinical settings such as peripheral ischemia or
increasing perfusion in large tissue-engineered constructs.

2.4 Adult Cardiovascular Stem Cell Niches

Stem cells reside in specialized microenvironments created by supporting cells that
promote stem cell maintenance through the production of factors that regulate self-
renewal and differentiation. In adult bone marrow, hematopoietic stem cells are
located in the trabecular endosteum (osteoblastic niche) or sinusoidal perivascular
areas (vascular niche). A function for the vascular niche is to assist hematopoietic
stem cells in transendothelial migration, which is important during both homing
and mobilization.

Growth factor expression and chemokine crosstalk within the vascular niche is
critical in tissue development and regeneration. VEGF is one of the most common
direct angiogenic factors [36] and is likely the most well-characterized. VEGF acts
directly on EPCs to modulate migration, proliferation and differentiation [37].
VEGF has also demonstrated the potential to upregulate phenotypic markers for
ECs from MSCs [38]. Another important growth factor active within the vascular
microenvironment is basic fibroblast growth factor (bFGF) which recruits sup-
porting pericytes [39] and also stimulates EC and EPC proliferation and migration
[40].

Similarly, platelet-derived growth factor-BB (PDGF-BB) recruits pericytes [37],
SMCs, and fibroblasts [41] to facilitate maturation and stabilization of newly
formed capillaries. Additionally, PDGF-BB indirectly acts on the angiogenesis
cascade by stimulating release of VEGF and bFGF from SMCs [41]. PDGF-BB
has also demonstrated the ability to upregulate phenotypic markers of both SMCs
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and ECs from progenitor cells [37]. TGF-b, as noted above, has the potential to
direct SMC differentiation. Additionally, it has an effect on the stabilizing vascular
pericyte population as evidenced by capillary structure stabilization in a co-culture
of embryonic stem cells and ECs formed in vitro within MatrigelTM [42]. TGF-b;
however, is a pleiotropic growth factor that has been shown to upregulate
production of VEGF and bFGF from SMCs [41].

3 Biomaterials as Stem Cell Niches for 3D Cell Culture

3.1 3D Cell Culture Systems for Pluripotent Stem Cells

Pluripotent stem cells including embryonic and induced pluripotent stem cells will
spontaneously differentiate under the appropriate conditions. Cell cell contact in
the absence of leukemia inhibitory factor (LIF) encourages mouse embryonic stem
(ES) cells to differentiate and partition towards the three germ layers: endoderm,
mesoderm, and ectoderm in the resulting cystic EB with endoderm on the outer
layer. Specific induction can be enhanced through the use of soluble chemokines,
co-culture and gene manipulation on the initial cell population. Desired cells can
also be selected following differentiation based on FACS for certain cell markers
of interest. Mouse ES cells have given rise to multiple mesodermally derived cell
types including osteoblasts, chondrocytes, cardiomyocytes, endothelial cells,
smooth muscle cells, and hematopoietic (blood) cells [43 47]. An important
challenge in the development of pluripotent cell culture systems is the ability to
drive specific cell types. Currently pluripotent cell culture is inefficient in both
overall yield and the yield of desired cell populations.

Researchers have used 3D systems to culture ES cells in large aggregates
termed ‘‘embryoid bodies’’ (EBs). A 3D environment serves to increase the space
available for cell proliferation and to prevent agglomeration of EBs. Work from
Zandstra’s group has described low temperature gelling agarose for EB encap-
sulation [48]. In this method, EBs remain encapsulated for 4 days, during which
time cell cell adhesion molecules are expressed. Concurrently with downregula-
tion of these molecules, the agarose gel spontaneously collapses. The freed EBs
can then be cultured in suspension under standard stirred culture conditions.
Stirred suspension culture allows for high efficiency expansion of a cell popula-
tion. In contrast, attached culture is limited by the large media volumes necessary
to cover the culture surface.

Other techniques to increase the surface area to volume ratio of attached culture
include the use of porous polymeric microbeads [49]. Results from Roy’s group
demonstrate the use of porous tantalum constructs for ES cell seeding and sub-
sequent differentiation toward hematopoietic cell populations [50]. Work from
Langer’s group describe the use of porous poly(alpha hydroxyester) scaffolds to
drive differentiation towards neural, chondrocyte and hepatocyte lineages along
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with growth factor supplementation [51]. An example of the matrix itself driving
differentiation is research from Netti’s group where EBs were cultured in collagen
gels that had been loaded with either fibronectin or laminin. They demonstrated
that cellular outgrowths were greater in culture with fibronectin. Immunohisto-
chemical staining against CD31 demonstrated that the outgrowths expressed
characteristic markers of endothelial cells and their progenitors. On gels with
laminin as the supplementary protein, cardiomyocyte differentiation was
enhanced. This result indicated the important role of the extracellular matrix in
directing differentiation [52].

Differentiation of ES cells towards cardiomyocytes has been described spon-
taneously in culture as well as through the use of numerous induction agents
including various growth factors, retinoic acid, DMSO, erythropoietin, nitric oxide
and 5-azacytadine. The bulk of these studies, however, demonstrate low differ-
entiation efficiency, typically less than half of EBs demonstrating beating areas
with spontaneous differentiation resulting in 10 25% of EBs demonstrating
beating areas [53 55]. It has also been proposed that cardiomyocyte differentiation
can be enhanced through the use of mechanical stretch as a signaling tool under
physiologically relevant conditions [56]. In general, the in vitro culture of cardiac
muscle is challenged by the necessity for driving lineage differentiation of mul-
tiple cell types including cardiomyocytes, endothelial cells, smooth muscle cells
and fibroblasts as well as the high metabolic demand of this tissue and the
subsequent need for a well-vascularized tissue bed.

It is important to note that in the developing embryo cardiac cells arise from
mesodermal origin from a population of cells within the cardiac crescent. As with
the hemangioblast, differentiation of cardiac progenitors appears to be controlled
in large part by an adjacent tissue, the anterior endoderm. In the amphibian model,
selective removal of visceral endoderm blocks myocardial differentiation. In the
chick model, mesoderm committed to a hematopoietic lineage can be repro-
grammed towards a cardiac lineage, indicating that the VE serves an instructive
function. As a result, Mummery’s group has developed a co-culture system for
enhancing cardiomyocyte differentiation from ES cells. A starting ES cell popu-
lation has been induced to differentiate towards cardiomyocytes through co-culture
with a visceral endoderm-like cell (END-2) [57, 58].

Endothelial cell differentiation has been demonstrated by Huang et al. where
mouse ES cells were cultured on collagen IV well plates and the level of Flk1
positive cells was increased to 30%. Subsequent culture in polyurethane vascular
grafts under both shear and circumferential strain in the presence of soluble VEGF
demonstrated a cell layer with the morphology of endothelium and positive
staining for CD31, a characteristic marker [59]. Limitations to this work include
the relatively low levels of Flk1 positive cells that serve as the starting population.
This low value may limit the VEGF response. Similarly, Langer’s group used and
immobilized RGD peptide in combination with microencapsulated VEGF in order
to encourage commitment of vascular cell types from human ES cells [60].

Ando’s group demonstrated that both ES cells and endothelial progenitors from
circulating blood were able to differentiate towards mature endothelial cells under
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mechanical conditioning. The ES cell population was selected for Flk1 and upon
exposure to shear in the physiologic range of 1.5 10 dyne/cm2, expression of the
endothelial markers, Flk1, Flt1, VE-cadherin, and CD31 were all increased over
static controls. No change was seen in markers for smooth muscle cells [61]. This
work was primarily focused on reporting the molecular mechanisms that regulate
ES cell differentiation, including mechanical conditioning, and did not seek to
develop robust culture systems.

Preliminary work in our laboratory has described the use of fibrin gels for the
culture of mouse R1 ES cells [62]. The purpose of our work was to increase cell
expansion within a 3D culture environment and potentially mediate cell differ-
entiation. We compared culture in fibrin gels to standard 2D attached culture and
culture in methylcellulose. It was hypothesized that fibrin has specific cell rec-
ognition sites that could participate in cell matrix interactions and subsequently
effect lineage specification. The intent of this study was to address two major
problems within ES cell culture; the inability to culture at maximum yield due to
agglomeration events as well as the inability to efficiency drive differentiation
towards uniform cell populations.

Results from our work concluded that cell yield can be increased in 3D fibrin
gels relative to attached culture or culture in methylcellulose (MC). In comparison,
Zandstra’s group has examined both attached and MC culture with similar results
for cell proliferation after 12 days in culture [63]. In addition, EB culture in fibrin
is similar to culture in agarose gels. Culture in agarose results in a two-fold
expansion at 4 days compared to unencapsulated culture [48]. Similar results have
also been demonstrated in alginate culture systems [64]. Our work demonstrated a
population doubling at day 6 in fibrin relative to attached culture Our study
demonstrated a two-fold expansion 6 days in fibrin and two and a half times
greater cell expansion at day 12 when compared to attached culture.

Our work also demonstrated that differentiation could be enhanced in fibrin
culture. We demonstrated the relative degree of differentiation using FACS and
quantitative RT-PCR. Oct-4 gene expression and protein expression of both
SSEA-1 and Oct-4 were as low as or lower than either attached culture or culture
in methylcellulose. Methylcellulose culture demonstrated high levels of Oct-4
gene expression and high levels of surface expression of SSEA-1 indicating that
differentiation was more limited in the methylcellulose culture. MC culture is
typically employed for hematopoiesis and prior reports from other groups have not
demonstrated differences between MC and attached culture in relative efficiency
of hematopoietic differentiation. It was noted; however, that limited serum
exposure is likely in the MC culture due to the lack of complete medium
replacement. Other research has demonstrated that limited serum exposure can
enhance endodermal differentiation and limit expression of hematopoietic phe-
notype [65].

Additionally, we demonstrated that fibrin culture of EBs resulted in greater
expression of VE-cadherin, a marker of endothelial and hemangioblastic progen-
itors. This result serves as additional evidence that the cell’s ability to form cell
matrix attachments may significantly affect the resulting lineage commitment [66].
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Known cell attachment sites on fibrin include both integrin and cadherins binding
sites including VE-cadherin. The N-terminus of the fibrin beta chain is known to
contain this binding site [67]. Our work demonstrated that the fibrin cultures
maintained the highest level of VE-cadherin expression as a measure of angioblastic
progenitors following the 12-day EB differentiation [68].

3.2 3D Cell Culture Systems for Adult Stem Cells

Evidence suggests that adult mesenchymal stem cells (MSCs) can express
phenotypic characteristics of vascular cell types including endothelial cells,
smooth muscle cells and cardiomyocytes both in vitro and in vivo. While deliv-
ering isolated MSCs or bone marrow-derived cells to the infarcted site has become
a potential therapy for MI and is now being evaluated clinically, the extent of stem
cell differentiation towards cardiomyocytes in the infarcted heart has now been
shown to be quite low [69]. Other groups also demonstrated short term
improvement in cardiac function and resting blood flow in infarcted myocardium
with injection of human bone marrow stem cells; however, the mechanism for this
improvement has not been conclusively demonstrated but the likelihood that
significant cardiomyocyte differentiation occurs is minimal [70, 71].

The differentiation of MSCs towards smooth muscle cells in vitro may be
affected by numerous factors including soluble factors such as PDGF-BB, TGF-b1,
and bFGF; extracellular matrix proteins; as well as mechanical forces such as
cyclic strain or shear. Niklason’s group has explored the effects of various
parameters for the purpose of culturing engineered blood vessel replacements. In
their work, human bone marrow-derived MSCs were cultured in a biomimetic
system consisting of a fibronectin-coated polyglycolic acid scaffold. Their sug-
gested culture protocol consisted of a two-phase timecourse where the first four
weeks enhanced proliferation while the last four weeks optimized differentiation.
The proliferative phase was enhanced by the addition of PDGF-BB and bFGF,
while the differentiation phase consisted of removal of proliferative factors and
media supplementation with 1 ng/ml of TGF-b1. Cyclic strain on the cell-seeded
conduits was also imposed at this time. Markers for smooth muscle cell phenotype
including a-smooth muscle actin and myosin heavy chain increased with these
culture conditions.

In driving the differentiation of MSCs toward endothelial cells, the matrix
microenvironment may play a significant role. MSCs have been shown form tubes
in vitro on ECM matrices (MatrigelTM) under a number of different conditions
including growth factor stimulation and hypoxia [72, 73]. MSCs have also been
shown to stimulate vascular ingrowth into plugs in vivo in the absence of
exogenous stimulation [72]. To date, in vitro studies have not demonstrated
spontaneous tube formation in fibrin gels by MSCs. There is a large body of
literature, however, demonstrating that microvascular endothelial cells are able to
form tubes within 3D fibrin gels, and this process can be augmented through the
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addition of various stimuli [74, 75]. Stimulation may include hypoxia, the addition
of MSCs in co-culture, the addition of angiogenic growth factors, as well as the
alteration of various matrix parameters [76 78].

Work in our laboratory has demonstrated that an adult mesodermal progenitor
cell, specifically porcine mesenchymal stem cells (MSCs), seeded in a PEGylated
fibrin gel within 48 h in vitro began to form vascular tube-like networks, in
contrast to controls of unreactive PEG mixed with fibrinogen or fibrin alone [79].
These tubes stained positive for mature endothelial cell specific markers like CD31
and vWF (Fig. 2a,b). Our RT-PCR data also demonstrated that CD31 and vWF as
well as VEGF mRNA was expressed in MSCs (Fig. 2c). Results from MSC seeded
gel plugs comparing PEGylated fibrin and fibrin alone are shown in Fig. 2d,e.
Gross images demonstrate visible perfused vessels in 1 ml preformed PEGylated
fibrin gels after 7 days in vivo in a subcutaneous implantation site in Lewis rats.
From our previous work and that of other groups, it has been demonstrated that
MSCs by themselves cannot differentiate into cells expressing EC phenotype
without induction by the appropriate cytokines [28, 80]. Even when cultured in
MatrigelTM MSCs do not demonstrate vascular tube formation without the addition
of VEGF. Endothelial cell tubes in MatrigelTM typically disappear rapidly; how-
ever, in our PEGylated fibrin gel, MSCs maintained vascular tube-like networks
until the gel degraded, approximately 7 10 days.

Fig. 2 Immunochemistry against vWF of porcine MSCs seeded in PEGylated fibrin with DAPI
nuclear counterstain a 940, b 960 (48 h, scale bar 10 lm). c Endothelial cell gene expression
by porcine MSCs. PCR demonstrated that entrapped MSCs highly expressed VEGF and vWF
(lanes 2 and 5), expressed CD31 (lane 6), but did not express CD34 (lane 4). Lane 1 was marker
and lane 3 is the negative control (reprinted with permission from [79]). Seven day gel plug
explants from Lewis rats of syngeneic MSCs seeded at 50,000 cells per 1 ml gel in d PEGylated
fibrin and e fibrin only (unpublished data)
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4 Biomaterials as Stem Cell Niches for Cardiac Cell Therapy

4.1 Cardiac Cell Therapy

In recent years, advances in developmental and cellular biology have provided
powerful techniques that have offered hope for future therapeutic modalities for
the treatment of end-stage cardiac failure. One of the most appealing and prom-
ising fields in the therapy for myocardial infarction and heart failure is cardiac cell
therapy [81, 82]. The aim of cardiac cell therapy is to restore at least in part the
functionality of the diseased or injured myocardium by the use of stem/progenitor
cells. Cardiac cell therapy has progressed rapidly in the last decade. The key
elements of cell therapy for myocardial repair are: the choice of donor cell, the
strategy of delivery and the understanding of the mechanisms by which these cells
improve cardiac function.

A variety of cell types have been tested in cardiology and there is emerging
preclinical and clinical data on the feasibility and safety of different cell lines in
the setting of acute myocardial infarction and chronic heart failure. Although
human embryonic stem cells indisputably differentiate into cardiomyocytes they
are not currently prime candidates for cell therapy due to issues with their
immunogenicity, tumorigenesis and ethical challenges. So far, adult bone marrow-
derived stem cells and skeletal-muscle derived myoblasts are the most frequently
used autologous cell sources in cardiac cell therapy. Since the occurrence of
ventricular arrhythmias after skeletal myoblast transplantation has raised a major
safety issue, bone marrow-derived stem cells became the focus of stem cell-based
therapies [83]. Experimental studies have suggested that the infusion of different
subsets of bone marrow-derived progenitor cells, circulating endothelial progenitor
cells, or tissue-residing stem cells improved neovascularization and cardiac
function.

Clinical studies at present predominantly use bone marrow mononuclear cells
(BMNC) isolated from bone marrow aspirates by density gradient centrifugation.
Intracoronary infusion of BMNC significantly increased global or regional ejection
fraction and/or reduced infarct size and end systolic volumes in patients with acute
myocardial infarction as demonstrated in initial pilot trials and in randomized
studies, although there is still opportunity to improve functional outcomes. Bone
marrow-derived stem cells are a desirable cell source for cardiac muscle regen-
eration, as they reside in the bone marrow of patients and can be used for autol-
ogous transplantation, thus eliminating the need for immunosuppression. An
additional capability of bone marrow-derived mesenchymal stem cells is that they
can induce therapeutic vasculogenesis in the remaining viable myocardium,
therefore increasing viability and restoring heart function [15, 84, 85]. Other
sources of stem cells for myocardial regeneration are also currently under inves-
tigation. These include endothelial progenitor cells (EPCs), adipose tissue-derived
stem cells (ASCs) and cardiac stem cells (CSCs).
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4.2 Biomaterial Scaffolds for Cardiac Cell Therapy

It is essential to deliver stem cells to the site of injured hearts to maximize the
therapeutic effects of cell therapy. Delivery strategies widely used in animal studies
or clinical trials include: (1) Intramyocardial injection; Orlic and colleagues isolated
bone marrow stem cells and directly injected them in the margin bordering the
infarct of the left ventricle of mice [34]. This kind of direct intramyocardial injection
may require fewer cells to achieve engraftment compared with intracoronary or
intravenous injection. Also the injection process is simple and can be performed by
direct inspection of the potential target zones [33]. However, this invasive delivery is
associated with intraoperative and postoperative risks. An improved approach for
intramyocardial injection is to implant stem cells through a percutaneous catheter
guided by left ventricular electromechanical mapping with the NOGATM

system [33]. This system allows for injection with high precision into nonviable areas
of the myocardium with an injection-needle catheter, which offers an advantage over
the more invasive surgical approach and its associated risks. (2) Intracoronary
injection; a percutaneous transluminal coronary catheter can be used for intracoro-
nary delivery of bone marrow-derived stem cells after myocardial infarction [86]. It
can deliver the maximum concentration of cells to the site of infarct and peri-infarct
tissue, which is advantageous over intravenous injection. Intracoronary adminis-
tration into the infarct artery allows the stem cells to ‘‘home to’’ and incorporate in the
areas bordering the infarct zone in a homogenous manner. This is in contrast to direct
myocardial injection, which may lead to ‘islands’ of cells in the infarcted myocar-
dium, providing a possibility for electrical instability and ventricular tachyarrhyth-
mias [87]. (3) Intravenous injection; intravenous injection obviates the need for
cardiac surgery or cardiac catheterization [86]. If stem cells have an effective cellular
homing mechanism to localize in the infarcted myocardium, intravenous injection
will be an attractive and practical mode of stem cell delivery. Microenvironmental
factors, expression of matrix and adhesion molecules by injured tissue, homing
receptors and various factors relating to migration are believed to be involved in the
homing process of stem cells [87]. However, because of the long circulation time,
cells could be lost by extraction towards noncardiac organs and fail to home to the
area of infarct. Consequently, a large dose of stem cells may be needed to get enough
cells reach to the heart compared with other delivery routes.

Besides the above-mentioned relatively direct method, another option is
chemotactic mobilization of stem cells from both heart and bone marrow (BM) to
the desired ischemic area to assist repair. The homing of stem cells has been
performed via local delivery of various chemotactic factors. Our group has used a
controlled release strategy based on the stem cell homing factor, stromal derived
factor 1 alpha (SDF-1a) in an injectable biomaterial in order to enhance autolo-
gous stem cell repair [88]. Our results demonstrated enhanced recruitment of
c-kit? stem cells to myocardium in a mouse infarct model. Stem cell recruitment
was correlated with increased ejection fraction and fractional shortening as
determined from echocardiography.
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Unfortunately, regardless of the application method the majority of transplanted
cells die within the first days post-transplantation and the long-term engraftment
rate is very low [89 91]. The main factor contributing to cell death is that the areas
where stem cells are transplanted to are ischemic regions. They are devoid of
blood flow and exhibit the toxic effects of inflammation and tissue death. Con-
sequently, the development of strategies designed to enhance cell survival is a
major research area for optimizing the functional benefits of cardiac cell therapy.
More recently, some groups have used a tissue-engineering approach to achieve
myocardial regeneration by implanting cells into a scaffold onto the surface of the
heart [92, 93]. The scaffold served as a temporary stem cell niche to maintain the
proliferation and differentiation of the transplanted stem cells. Recent results from
the MAGNUM clinical trial used a porous collagen type I matrix upon which
autologous bone marrow mononuclear cells were seeded [94]. This patch was
grafted onto the surface of injured myocardium and cardiac function was assessed
with echocardiography. Feasibility of this strategy was established; however,
direct bone marrow cell injection resulted in a maximum increase in ejection
fraction of 7.4% with no difference between groups receiving a cell-loaded patch
and those that did not.

Our group performed in vivo experiments by applying a fibrin patch with
porcine mesenchymal stem cells to the LV anterior wall of swine LV myocardial
infarction models which were produced by left circumflex coronary occlusion [80].
The results indicated this fibrin-MSC patch may prevent LV wall thinning and
rescue myocardial function. Simultaneously, it was reported by Karen and col-
leagues that either a patch alone or skeletal myoblasts in a fibrin patch is capable of
preserving infarct wall thickness and cardiac function after a myocardial infarction
in rats [90]. These data demonstrate that a fibrin patch can be used as a biomaterial
scaffold for myocardial cell transplantation. The main concern with fibrin patch
application is the trade-off between mechanical properties and cell viability. High
concentrations of fibrinogen and thrombin facilitate fibrin gelation and lead
to a high strength product in a few seconds, which is very suitable to surgical
placement but does not allow for cell viability and growth.

We have developed a novel PEGylated fibrin biomatrix using a difunctional,
amine reactive PEG [79]. This system was designed to realize a combination strategy
which aims to facilitate myocardium regeneration after myocardial infarction by
delivering both stem cells and growth factors to the injured myocardium. The effi-
cacy of our system has been evidenced both in vitro and in vivo [95]. Many other
natural and synthetic biomaterials besides fibrin have been used as scaffolds to repair
ischemic heart as well (see Table 1). A very recent development that aims to bring a
higher degree of control to tissue engineering is called micro-patterning or bio-
printing [96, 97]. Instead of seeding cells into a scaffold with random attachment,
bioprinting can transfer cells to a culture substrate in a precise spatial order and
distribution. In this way, multiple layers of cells and biopolymers can be printed and
theoretically be used to replace the infarcted wall as a cardiac patch. This technique
is still in the early stages of development and will likely require additional optimi-
zation steps before it can be applied to translational research.
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It is reasonable to anticipate that the optimal cell therapy strategies for myocardial
regeneration will need to incorporate a renewable source of proliferating, functional
cardiomyocytes and a network of capillaries and blood vessels for the supply of
oxygen and nutrients to both the ischemic endogenous myocardium and the newly
implanted cells. In addition, the cardiomyocytes lost during myocardial infarction
and subsequent heart failure may be comprised not only of transplanted stem cells
with cardiomyocyte potential but also by endogenous mature cardiomyocytes that
have been stimulated to proliferate, resident cardiac stem cells that have been
induced to differentiate, or resident bone marrow stem cells that have been mobilized
to the site of injury through local treatment with cytokines. A combination of these
strategies may be required for full realization of cardiac repair.

5 Conclusions

Although multiple preclinical and clinical studies have provided evidence that
stem cell therapy is efficacious, the underlying mechanism remains unclear and

Table 1 Scaffolds for cardiac cell therapy

Scaffold Cell type Application
method

Animal
model

Outcome benefits References

Collagen MSC Intramyocardial
injection

Fischer
rat
LAD
model

Reduced the relocation
of transplanted MSCs
to remote organs and
non infarcted
myocardium

[98]

Matrigel Skeletal
muscle
cells

Fixed over the
infarct area

Lewis
rat
LAD
model

Significantly increased
LVFS (41.6 ± 5.8 vs.
31.8 ± 5.2%)

[99]

Hyaluronic
acid based
hydrogel

N/A Intramyocardial
injection

Rat
LAD
model

Increased angiogenesis
and improved heart
function

[100]

Alginate N/A Intramyocardial
injection

Rat
LAD
model

Increased arteriole
density and LVFS

[101]

Decellularized
ECM

N/A Intramyocardial
injection

Normal
rat

Increased arteriole
density

[102]

PGAC BMC Sutured over the
infarct area

Rat
LAD
model

Increased angiogenesis [103]

PU Skeletal
myoblasts

Sutured over the
infarct area

Rat
LAD
model

Increased cell survival
rate after
transplantation

[104]

LAD ligation of the left anterior descending coronary artery, LVFS left ventricle fractional
shortening, ECM extracellular matrix, PGAC polyglycolic acid cloth, BMC bone marrow cells,
PU polyurethane
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there is significant opportunity to improve clinical outcomes. Stem cells may
improve cardiac function by trans-differentiating into endothelial cells or cardiac
myocytes, by promoting angiogenesis and improving myocardial blood flow, or by
paracrine effects. Studies using MSCs for cardiac damage have suggested that the
degree of stem cell contribution through differentiation into the transplanted tissue
has turned out to be generally low [105, 106]. Increasing evidence indicates that
improved ventricular function and enhanced myocardial perfusion are mainly
caused by angiogenesis, which is induced by multiple angiogenic factors secreted
by the transplanted cells [107, 108]. Therefore, lessons learned from stem cell
therapy in the cardiac environment may also be used to treat vascular ischemia,
enhance wound healing and make progress towards the development of prevas-
cularized tissue constructs. It is also likely that the progress in culture and delivery
strategies made during development of cardiac cell therapies will contribute
towards a greater understand of the cardiovascular stem cell niche and the role that
it plays in tissue development and regeneration.

It is clear from the body of work cited here that biomaterials can have a
profound effect on stem cell phenotype and function. The development of in vitro
culture systems to direct both pluripotent and adult stem cell differentiation
employ a host of strategies such as: providing insoluble matrix signals, presenting
soluble signals, controlling cell cell contacts and transmitting or augmenting
physical signals all of which can contribute towards enhancing cell function. As
our understanding of stem cells and their native niches develops, it will be
important to engineer the appropriate interaction between cells and biomaterials.
The ability to control this interaction will lead to culture systems that enhance
cardiovascular differentiation and advances in cell therapy and regenerative
medicine that can be used in the clinical setting to treat a broad range of
cardiovascular diseases.
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The Integrated Role of Biomaterials
and Stem Cells in Vascular Regeneration

Guoming Sun, Sravanti Kusuma and Sharon Gerecht

Abstract A healthy vascular system is essential for maintaining normal blood
supply and circulation in the body, while ischemia can lead to limb amputation or
even death. Vascular regeneration engineering holds the promise of permanent,
effective treatments for many vascular diseases. However, many challenges also
remain to bring the therapy to the clinic, as the formation of blood vessels is a
complicated process. One major challenge facing vascular engineering is devel-
oping the ability to maintain large masses of viable and functional cells during in
vitro culture and following their transfer from in vitro conditions into the patient.
This chapter introduces the cells being studied for vascular differentiation and
regeneration and introduces the biomaterials being investigated for vascular
engineering, including their sources, properties, and different scaffold types. We
then discuss recent approaches to engineering microenvironments, including
proper signaling cues and biodegradable scaffolds that will guide the development
of these cells into vessels suitable for cell-based vascular therapy. These functional
biomaterials may be used as environments to stimulate the generation of blood
vessels, to deliver cells to angiogenic areas of the vasculature, or to promote
differentiation from progenitor cells into mature vascular cells.
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1 Introduction

Because an intact and functioning vasculature is critical to human health, diseases
which affect the integrity of blood vessels lead to serious and often deadly out-
comes. Vascular diseases encompass conditions that cause artery, vein, or lymph
vessel damage and disorders that affect blood circulation, such as peripheral
vascular disease, cardiovascular disease, and carotid artery disease [1]. Vascular
diseases, such as coronary artery diseases, cerebrovascular diseases, and peripheral
vascular diseases, account for more than half of all deaths each year [2]. As adults
over the age of 50 are more susceptible than younger generations to certain vas-
cular diseases such as peripheral vascular disease, which leads to gangrene, heart
attack, stoke, and amputation improved vascular disease therapies are especially
desirable with the growth of the senior population.

Upon injury or trauma, our bodies have limited inherent self-healing capabil-
ities. However, vascular diseases are even more complicated due to their various
causes and localized effects. When blood vessels become injured, for example,
they cannot completely repair the injury without the help of progenitor cells, due to
the low proliferative capacity of vascular cells. Current vascular disease treatments
include both surgical approaches such as heart bypass surgery and arterial
replacement and nonsurgical approaches such as arterial clearance therapy.
Although some of these methods have been well developed, they usually involve
complicated procedures and unpleasant side effects. Furthermore, the current
therapies cannot prevent or reduce damage to target organs and thus cripple many
patients with heart failure, stroke, and limb ischemia syndromes; moreover, some
of these therapies are only temporary. Vascular regeneration offers the hope of
permanent and effective treatments for many vascular diseases [1].

Vascular regenerative engineering is a subfield of regenerative medicine that
involves designing scaffolds, incorporating signaling molecules to the scaffolds,
loading stem cells into the scaffolds, manipulating the encapsulation and release of
growth factors, and transplanting functional vascular structures to the site of interest.

Several types of adult stem cells have been evaluated for their ability to dif-
ferentiate into cells of the vasculature, including endothelial cells (ECs) of the
luminal side of blood vessels and smooth muscle cells (SMCs), which surround
and provide structure to the EC layer [3, 4]. Progenitor cells reside in the bone
marrow and serve to regenerate cells upon trauma or injury. Various endogenous
agents trigger these adult stem cells to differentiate upon injury. The study of these
progenitor cells focuses on external cues and the signaling pathways that alert the
progenitor cells to differentiate into a specific cell type. Exploiting these pro-
genitor cells using functional biomaterials as scaffolds or coatings holds great
promise for vascular regenerative therapies and could enhance the body’s ability to
repair itself.

The vascular extracellular matrix (ECM) is a natural scaffold that provides
critical mechanical properties for the proper function of the adult vascular system
[5]. Physiological and pathological vascular remodeling entails the production,
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degradation, and reorganization of the ECM of the vessel wall [6], which plays a
critical role in the development, growth, and biomechanical properties of blood
vessels. In vitro studies have demonstrated that the spatial presentation of specific
ECM domains direct EC growth behavior, differentiation, and organization into
blood vessels [7 11]. Specifically, ECM proteins, including collagen, fibronectin,
and laminin, have been shown to provide adhesion signals, growth factor binding
sites, and migration signal initiation sites that regulate neovascularization [12].
Therefore, ECM scaffolds could be used to generate in vitro microenvironments to
engineer vascular structures or networks, to provide mechanical support during
vascular or tissue regeneration, or as carriers to deliver cells to desired sites in the
patient’s body to repair damaged tissue or organs. For example, a recent study
indicated that the utility of endothelial progenitor cells (EPCs) depended highly on
the mode of delivery and that scaffold deployment improved the efficacy of these
cells in restoring blood flow to an ischemic limb in mice [13]. The sources of
natural ECMs and opportunities to manipulate their properties are limited, and
scientists thus have turned to biodegradable polymers in order to engineer different
ECM scaffolds.

However, the integration of biodegradable polymeric scaffolds with stem cells
requires a full understanding of how each factor contributes to vasculogenesis, and
many challenges must be overcome before therapies can be translated to the clinic,
since the formation of blood vessels is a complicated process. One major challenge
facing vascular engineering is maintaining large masses of viable and functional
cells during in vitro culture and following their transfer from in vitro conditions
into the patient. Therefore, a key issue is the development of biodegradable
scaffolds that can provide an appropriate microenvironment to support cell
attachment, migration and, ultimately, vascular structure formation and that will
degrade and be replaced by the host’s own tissues as new tissues form. Progress in
developing stem cell culture and functional scaffolds is crucial for advancing
vascular engineering theory from the bench to practical application.

2 Stem Cells for Vascular Regeneration

2.1 Vascular Development of ECs and SMCs from Pluripotent
Stem Cells

The importance of an intact circulation is aptly illustrated by the fact that the
cellular lineages of a rudimentary circulatory system are among the first cell types
to develop during embryogenesis. Vasculogenesis, or the formation of blood
vessels de novo, occurs early in the developing embryo and is facilitated by the
arrangement of blood islands with angioblasts in the yolk sac [14], giving rise to a
capillary network which further develops into an arteriovenous vascular system
made of ECs enclosed by SMCs that protect and control blood flow [15].
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The self-renewal capability of undifferentiated human embryonic stem cells
(hESCs) in vitro makes them attractive for tissue engineering applications. ESCs
are pluripotent cells isolated from the inner cell mass of the blastocyst. In vitro,
these cells can be maintained as undifferentiated cells via culture on mouse
embryonic fibroblasts (MEFs) or via culture in feeder-free conditions with the
medium composition defined to supply essential cytokines and nutrients to pro-
mote the undifferentiated phenotype [16]. Upon removal from these conditions,
hESCs spontaneously aggregate and form differentiated embryoid bodies (EBs)
when cultured in suspension. The EBs contain cells of the ectoderm, endoderm,
and mesoderm. Of particular interest for vascular regenerative therapies, cells of
the mesoderm lineage contain a subpopulation of vascular progenitor cells with the
ability to further differentiate into ECs and SMCs for angiogenesis and vasculo-
genesis [17]. Our previous studies examine the upregulation and localization of
vasculogenic genes, such as CD34, PECAM1, SMA, Ang1, Tie2, VEGFR2, and
VEGFR3, along this pathway (Fig. 1) [18].

ECs are characterized by their cobblestone morphology, capillary-like forma-
tion when cultured on Matrigel, incorporation of DiI-labeled acetylated low-
density lipoprotein (DiI-Ac-LDL), and expression of endothelial-specific markers,
such as platelet endothelial cell adhesion molecule-1 (PECAM1), CD34, vascular
endothelial cadherin (VE-cad), vascular endothelial growth factor receptor 2
(VEGFR2), and von Willebrand factor (vWF) [19].

Fig. 1 Differential vasculogenic protein and gene expression. a Confocal images of differential
CD34 and PECAM1 expression along EB development indicate primitive vascular structures
(arrow heads). b RT PCR analysis of vascular gene expression. Reprinted from [18] with per
mission from Elsevier
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SMCs differ in their characterization; they have a spindle-like morphology,
contract and relax in response to carbachol and atropine, rarely form capillary-like
structures in Matrigel, and express SMC-specific markers, such as a-smooth
muscle actin (a-SMA), smooth muscle myosin heavy chain (SM-MHC), and
calponin [4].

Many studies, using gene knockouts or silencing, have examined important
genes which direct pluripotent cells to the vascular lineage. Mice embryos defi-
cient in Flk1, a tyrosine kinase receptor for VEGF, were unable to form blood
vessels, and thus died in utero [20]. Further studies confirmed the potency of
VEGF in the formation of vascular cells [21].

Vascular regenerative therapies look to the formation of new ECs and SMCs
to repair damaged blood vessels or to vascularize engineered tissue. Current
research has adopted this approach from two angles via the derivation of
vascular cells from stem cells and from adult stem cells, mainly endothelial
progenitor cells, in vitro.

2.2 Stem-cell-derived Vascular Cells

ESCs have been extensively studied for their ability to differentiate into all cell
types of the body. Of particular interest to regenerative medicine is the derivation
and directed differentiation of vascular cells from hESCs. Elucidating these
mechanisms and appropriate differentiation schemes could have immense impli-
cations for vascularizing engineered tissue, rebuilding blood vessels, and repairing
ischemic wounds [19]. Moreover, the recent discovery of induced pluripotent stem
cells (iPSCs) has raised the question of whether vascular cells may also be derived
from this pluripotent cell source under the same conditions. The derivation of
vascular cells from both pluripotent sources has provided insight into key
molecular events involved in angiogenesis and vasculogenesis. This section dis-
cusses some of the key discoveries in the efficient derivation of ECs and SMCs
from pluripotent stem cells as outlined in Table 1.

2.2.1 Stem-cell-derived ECs

Direct isolation of ECs from human tissue raises several issues. ECs from dif-
ferent parts of the vasculature have slight variations in morphology and protein
expression; thus, obtaining a pure population of ECs remains a challenge. Fur-
thermore, these cells are terminally differentiated, and therefore exhibit a low
proliferative capacity. These issues have motivated the search for endogenous
progenitor cells, which may provide an unlimited and self-renewing source of
ECs, and for techniques to derive a pure population of ECs from ESCs and
iPSCs.
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Table 1 Pluripotent cells and their differentiation

References Pluripotent
cell type

Vascular
cell derived

Differentiation scheme

Asahara et al. [3] EPCs ECs Isolation of EPCs from
systemic circulation and
culture on fibronectin

Levenberg et al. [22] hESCs ECs Isolation of PECAM+ cells
from 13 day old EBs

Ferreira et al. [4] hESCs VPC CD34+ cells isolated from
10 day old EBs

ECs VPCs cultured in media
supplemented with 50 ng/ml
VEGF

SMCs VPCs cultured in media
supplemented with 50 ng/ml
PDGF

Marchetti et al. [23] Mouse ESCs ECs Isolation and expansion of EB
cells transfected with tie 1
promoter gene

Cao et al. [24] Mouse ESCs ECs Isolation and expansion of EB
cells transfected with Ve cad
promoter gene

Gerecht et al. [25] hESCs ECs Single ESCs grown on
Collagen IV, filtered through
40 lm strainer, and cultured
in VEGF (for ECs), and
PDGF bb (for SMCs)

Kaufman et al. [26] Monkey ESCs ECs Single ESCs grown in media
supplemented with VEGF,
bFGF, IGF, and EGF

Vodyanik et al. [27] hESCs ECs and
hematopoietic
cells

Co culture on OP9 stromal
cells

Yamashita et al. [28]
and Narazaki et al. [29]

Mouse ESCs,
mouse iPSCs

Mesoderm cells Cultured on Collagen IV and
Flk1+ cells purified for
further differentiation

SMCs and
venous ECs

Flk1+ cells in media
supplemented with VEGF

Arterial ECs Flk1+ cells in media
supplemented with VEGF
and cAMP analog

Lymphatic ECs Flk1+ cells co cultured with
OP9 stroma cells

Cardiomyoctes Flk1+ cells co cultured with
OP9 cells

(continued)
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Endothelial Progenitor Cells

Asahara et al. [3] were the first group to isolate and characterize a vasculogenesis-
contributing endogenous progenitor population, which they defined as endothelial
progenitor cells (EPCs). These bone marrow-derived cells are adult stem cells that
circulate in the bloodstream; when triggered, they form new vascular cells which
contribute to angiogenesis and vasculogenesis. The research group isolated CD34+
Flk1+ cells from human peripheral blood using magnetic microbeads; these two
markers are common to hematopoietic stem cells and ECs but are not present on
differentiated hematopoietic cells. The study showed that these isolated cells can
differentiate into ECs when plated on fibronectin in vitro and can home into sites
of angiogenesis in hind limb ischemia models in vivo, demonstrating their
progenitor-like capabilities and their critical presence in the circulation.

Though vasculogenesis had been well characterized in embryos, vasculogenesis
in an adult was a novel concept, and its mechanism had yet to be elucidated.
Characterization of EPCs by Asahara et al. [1] engendered new insights into
processes involved in postnatal vasculogenesis. In a healthy human, the number of
circulating EPCs remains low. However, the discovery and isolation of EPCs gave
rise to a novel therapeutic strategy to treat vascular disease: by increasing their
number in the circulation, EPCs could target sites of injury and differentiate into
ECs as needed to heal the wound.

As part of the body’s self-healing mechanisms, perturbations to the vessel
wall such as limb ischemia, burn injury, acute myocardial infarction, or coronary
bypass surgery greatly increase the number of EPCs in circulation [37, 38],
further implicating them in endothelium regeneration. Unfortunately, this increase
in circulating EPCs is not sufficient to compensate for all of the damage caused by
these conditions, and certain conditions are associated with decreased EPC levels
in the circulation. For example, patients with diabetes mellitus type II and
Alzheimer’s disease exhibit lower levels of circulating EPCs [39, 40]. Patients at

Table 1 (continued)

References Pluripotent
cell type

Vascular
cell derived

Differentiation scheme

Sone et al. [30]
and Taura et al. [31]

hESCs/iPSCs SMCs Cultured on OP9 feeder layer,
sorted for VE CAD , and
re cultured on Collagen IV
in media supplemented
with 10 ng/ml PDGF bb

Huang et al. [32] hESCs SMCs All trans RA treatment
Xie et al. [33] Mouse ESCs

and iPSCs
SMCs RA treatment

Xiao et al. [34] Mouse ESCs SMCs Transfection of Nox4
Sinha et al. [35] Mouse ESCs SMCs Transfection of a SMA or

SM MHC promoters
Riha et al. [36] MSCs SMCs Cyclic strain
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high risk for ischemic cardiovascular disease also present reduced numbers of
EPCs in the circulation [41, 42].

These conditions could greatly benefit from cell-based therapies that would
allow a sufficient increase in EPCs to promote vessel wall repair. Although the
number of EPCs in the circulation is low and thus more difficult to isolate and
expand for therapeutic use, cord blood possesses higher quantities of EPCs than
are present in the systemic circulation, and several groups have successfully iso-
lated these progenitor cells from cord blood and demonstrated their differentiation
into ECs in vitro and in vivo [43, 44].

ECs Derived from ESC and iPSC Populations

Deriving ECs from ESCs still remains the focus of much research because ESCs
renew rapidly and thus could provide ECs en masse. An early study focused on
determining the sequential expression of vascular genes during development into
ECs, indicating first the presence of Flk1, then PECAM and Tie-2, and finally VE-
cad and Tie-1 [45]. Elucidation of this information aids the derivation of vascular
cells from a pluripotent population.

Levenberg et al. [22] described an efficient derivation method for ECs from
hESCs, determining an appropriate method and time point at which to isolate
primitive ECs via EB formation (the process by which ESCs spontaneously dif-
ferentiate). This study demonstrated that, on day 13 of EB formation, cells positive
for PECAM, a cell surface receptor that mediates cell-to-cell adhesion, expressed
CD34 and VE-cad and formed capillary-like structures on Matrigel after several
passages [22]. Ferreira et al. [4] were the first group to isolate and identify a
common human vascular progenitor cell (VPC) that differentiates into both ECs
and SMCs from hESCs. CD34+ cells were isolated from EBs differentiating for
10 days and were labeled VPCs, because this subpopulation was able to differ-
entiate into multiple vascular cells. Upon culture in media supplemented with
50 ng/ml VEGF or platelet-derived growth factor BB (PDGF-BB), these pro-
genitor cells differentiated into ECs and SMCs, respectively, as characterized by
immunohistochemistry and functionality in in vivo models.

Other derivation methods via EB formation involved transfecting Tie-1 pro-
moter genes, combined with puromycin resistance, into EB cells and expanding
the transfected population in VEGF-supplemented media [23]. These genetically
selected cells were confirmed as ECs by their expression of endothelial markers.
Cao et al. [24] also employed genetic selection by using a VE-cad promoter-driven
system to isolate and expand ECs.

The identification of an induced differentiation procedure also benefits regen-
erative medicine, bypassing EB formation and thus bypassing the heterogeneous
mix of cells that are incorporated into these bodies. We previously determined that
undifferentiated hESCs grown on collagen IV-coated dishes expressed early
endothelial markers, such as CD34, PECAM, and VE-CAD after 6 days [25]. ECs
have also been derived from rhesus monkeys via single cells of ESCs cultured in a

G. Sun et al.



cocktail of growth factors including VEGF, basic fibroblast growth factor
(bFGF), insulin-like growth factor (IGF), and epidermal growth factor (EGF) in
the absence of a feeder layer [26]. Vodyanik and Slukvin characterized a differ-
entiation method for the induction of ECs and hematopoietic cells from hESCs and
iPSCs via coculture on mouse OP9 bone marrow stromal cells [27, 46]. They
compared five hESC lines with seven iPSC lines and found that both populations
generated similar subpopulations of hematopoietic cells and ECs under similar
differentiation conditions.

Yamashita et al. [29] derived various forms of ECs from mouse ESCs (mESCs)
and mouse iPSCs via isolation of Flk1+ cells, identifying this as an early vascular
marker in mouse cells. Their novel differentiation system mimics in vitro what is
expected to occur within the yolk sac: the induced differentiation of ESCs into
mesoderm cells followed by further differentiation into cardiovascular cells, such
as SMCs, ECs, and cardiomyocytes. Purified Flk1+ cells from mESCs and miPSCs
gave rise to SMCs and ECs after culture in VEGF. Arterial ECs were induced by
media supplemented with VEGF and a cAMP analog, whereas venous ECs were
observed in media supplemented with VEGF alone. ECs of the lymphatic system
were also derived from the Flk1+ subpopulation via culture on OP9 stroma cells.
Furthermore, the purified Flk1+ population was able to differentiate into cardio-
myocytes when cocultured with OP9 cells. The differences in these differentiation
schemes highlight the complexities of endogenous signaling within the embryo
microenvironment to produce these various vascular cell types.

2.2.2 Stem-cell-derived SMCs

The SMCs which surround the endothelium are also essential components of
the vasculature, since they provide support, maintain vascular tone, and are
specialized to respond to endogenous stimuli in the body [15]. SMC dysfunction or
abnormal accumulation has been implicated in many life-threatening diseases,
including atherosclerosis [47]. Many research groups have studied the differentia-
tion of pluripotent cells into SMCs specifically, as these are a very specialized cell
type suited to control transport through blood vessels in response to external cues.

Ferreira et al. [4] found that CD34+ cells isolated from day 10 EBs differen-
tiated into SMCs via culture in media supplemented with PDGF. SMCs were also
derived from hESCs and iPSCs via culture on an OP9 feeder layer and subsequent
selection for VE-cad negative cells and culture on collagen IV in 10 ng/ml PDGF-
BB [30, 31].

While most EC, and few SMC, derivation studies seem to focus on EB for-
mation and/or marker-specific purification, a more convenient method exists for
SMC derivation. Treatment with all-trans retinoic acid (RA) has been shown to
induce SMCs from mESCs and hESCs, with up to approximately 93% efficiency
in hESCs [32, 48].

In 2009, Xie et al. [33] used RA treatment to compare SMCs derived from
miPSCs and mESCs. RA treatment successfully induced SMCs from mESCs.
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Two iPSC lines were tested, O9 and TT025, though the differentiation treatment
was not suitable for the latter. The O9 cells, however, differentiated into SMCs
remarkably similar to those derived from ESCs. They expressed a-SMA and SM-
MHC, markers specific to SMCs and contracted in response to treatment with
carbachol, a drug that activates the AchR and stimulates contraction. However,
fine nuances were observed between ESC-derived and iPSC-derived SMCs,
reflecting inherent dissimilarities between the pluripotent cell types. SMC protein
levels were higher in ESC derivatives than in iPSC derivatives, which could have
an effect in vivo, though this effect was not tested in the study. Additionally,
mRNA levels of myocardin and SM-MHC followed different patterns of expres-
sion and expression levels between the two forms of SMCs. A crucial difference,
and a parameter needing critical assessment before clinical translation, is that the
differentiation treatment was lethal to the TT025 line of iPSCs.

Other SMC derivation methods have induced expression of NADPH oxidase
(Nox4) in mESCs via transfection and have shown that increased Nox4 expression
resulted in the SMC phenotype [34]. Transforming growth factor b1 (TFG-b1),
which is autosecreted, activated the Nox4, further driving SMC differentiation.
Functional SMCs were also generated via transgenic ESC lines, with either
a-SMA or SM-MHC promoters, and selected from EBs via puromycin resistance,
generating a relatively pure population of SMCs [35].

Lastly, mesenchymal stem cells (MSCs) are endogenous progenitor cells which
differentiate into SMCs. A large body of research has focused on methods to
induce SMC differentiation from these adult stem cells in vitro. Cyclic strain was
sufficient to differentiate murine embryonic mesenchymal cells into SMCs, as
characterized by SMC protein and mRNA levels [36].

This section has focused on the derivation of vascular cells based on molecular
factors and genes important to vascular development. Insight into these processes
engenders new approaches in tissue engineering that would be conducive to
promoting vascular differentiation. However, the successful transition from the
benchtop to the clinic requires highly functional biomimetic scaffolds. An ideal
scaffold should provide not just ECM support; it should also hold the necessary
stimulation cues and growth factors needed for vascular formation. Next, we will
discuss these biomimetic scaffolds for vascular regeneration.

3 Biomimetic Scaffolds for Vascular Regeneration

3.1 General Requirements for Biomimetic Scaffolds

A biomimetic ECM is pivotal for blood vessel development and growth. Much effort
has been expended to design and develop such scaffolds for vascular regeneration.
However, many challenges remain for designing a practical, feasible scaffold
suitable for implantation. A key requirement is that the construct must not be toxic to
the host. Its cytotoxicity must be thoroughly evaluated prior to clinical use, as any
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toxic components will harm the host. In addition to being nontoxic, the scaffold
should be biocompatible. A biocompatible scaffold will permit cell adhesion, pro-
mote cell growth, and allow cells to maintain a differentiated state. Moreover, the
host ECM should degrade and replace the scaffold; the degradation rate should
match the tissue growth rate, and the byproduct should be nontoxic and capable of
being eliminated from the body by either metabolic processes or kidney filtration.
Such physical properties as porosity, pore size, mechanics, and shapability are also
critical for developing a vascular engineering scaffold. A porous scaffold should
have interconnected channels to make transport of chemicals, nutrients, and meta-
bolic wastes possible. For blood vessel regeneration, the scaffold should support the
presence of several different cell types of the vasculature (e.g., ECs, SMCs, and
fibroblasts) and other cell types (i.e., organ-specific, such as hepatocytes, cardio-
myocytes, etc.). The topography of the scaffold will affect cell attachment, migra-
tion, proliferation, differentiation, and thus will direct blood vessel formation. In
addition, an ideal scaffold could be used as a carrier for loading and releasing growth
factors or other molecules. Furthermore, the scaffold should have enough
mechanical strength to support and protect cell growth and differentiation.

3.2 Polymeric Biomimetic Scaffolds

Naturally occurring ECMs are limited in both availability and manipulation for
further formulation. Thus, synthetic polymeric scaffolds have been developed to
overcome these limitations. Although new polymers are emerging every day, only a
few polymers can meet the above requirements and be used for vascular scaffolds.

Generally, polymeric scaffolds for soft tissue engineering are made from either
natural or synthetic biodegradable polymers. Natural polymers have gained
interest over the past few decades because they regenerate and break down into
small molecules without causing toxic effects and may contain biologically rec-
ognizable groups to support cellular activities [49]. Natural polymers used in
vascular engineering can be roughly divided into two groups: protein/peptide-
based and polysaccharide-based scaffolds.

Protein-based polymers are naturally suited for vascular engineering. A blood
vessel scaffold fabricated from collagen demonstrated that ECs seeded onto the
scaffold function much like the endothelium of normal blood vessels [50].
Tubular scaffolds electrospun from blends of proteins (e.g., gelatin and elastin)
and polyglyconate were prepared for use as vascular tissue scaffolds and showed
similar pore structure and porosity [51]. He et al. demonstrated that collagen-
coated random and aligned poly(L-lactic acid)-co-poly(e-caprolactone) [P(LLA-
CL)] nanofiber meshes can maintain the phenotype and functions of human
coronary artery endothelial cells (HCAECs) [52]. Fibrin gels, studied as an
alternative to collagen scaffolds, could achieve high seeding efficiency and
uniform cell distribution and exhibited remarkable remodeling, with considerable
production of collagen and elastin and with a significant increase in mechanical
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strength [53]. Another approach incorporates protein or peptide moieties (e.g.,
fibronectin, RGD) into the scaffolds to guide cells toward vascular development.
For example, Beamish et al. [54] demonstrated that the incorporation of argi-
nine-glycine-aspartic acid (RGD), fibronectin, and laminin into polyethylene
glycol diacrylate hydrogels, though not degradable, supported the redifferentia-
tion of cultured vascular SMCs toward a contractile phenotype.

Polysaccharide-based scaffolds for vascular engineering include alginate,
chitosan, dextran, hyaluronic acid (HA), pullulan, etc. Alginate, a negatively
charged polysaccharide, can form physical hydrogels with the addition of anionic
salts. Alginate hydrogels are very attractive as ECM scaffolds for vascular engi-
neering. Freeman et al. [55] demonstrated that sequential delivery of three
angiogenic factors (VEGF, PDGF-BB and tumor growth factor b1 [TGF-b1]) from
an alginate/alginate-sulfate scaffold could be achieved via their differential affinity
for binding to alginate-sulfate, leading to the formation of stable and mature blood
vessels within the scaffold after implantation in rats. The release of VEGF from
alginate scaffolds was also found to enhance vascularization and engraftment of
hepatocytes transplanted on liver lobes [56]. A subcutaneous study using alginate-
based macroporous hydrogel beads covalently coupled with RGD produced a
vascular bed, minimal inflammation, capsule formation, and good tissue ingrowth
[57]. When undifferentiated hESCs were removed from a feeder layer and seeded
in a porous alginate scaffold, EB formation was observed with a relatively high
degree of cell proliferation and differentiation [58].

Chitosan is a unique polymer that can be used in every field of tissue engi-
neering. Chupa et al. [59] demonstrated that chitosan and chitosan complexes with
glycosaminoglycans and dextran sulfate have significant potential for the design of
new biologically active biomaterials which can modulate the activities of vascular
ECs and SMCs in vitro and in vivo. Meanwhile, dextran has attracted increased
interest because of its biodegradation, its biocompatibility and resistance to protein
adsorption, and its easy modification with cell adhesive ligands [60, 61]. In a
recent study [62], we demonstrated that dextran-based hydrogels are good can-
didates for vascular engineering. Ferreira et al. [17] recently demonstrated that
bioactive dextran-based hydrogels are promising for vascular differentiation of
hESCs. In this study, undifferentiated hESCs were encapsulated in RGD-modified
dextran hydrogels preloaded with VEGF. The study found that the encapsulated
hESCs differentiated within the dextran hydrogels while forming EBs. Upregu-
lation of vascular markers and well-organized vasculature networks were observed
in EBs encapsulated in the dextran hydrogels. Furthermore, when these cells were
released from the dextran hydrogels and cultured on a Petri dish in vascular
differentiating media (endothelial growth media-2 supplemented with VEGF), the
vascular cells proliferated along a vascular lineage. HA-based hydrogels hold
promise as scaffolds for vascular regeneration [63, 64]. HA was reported to
stimulate EC proliferation, migration, and sprouting [65]. We have demonstrated
that HA hydrogels can support long-term self-renewal of hESCs in the presence of
conditioned medium from mouse embryonic fibroblast feeder layers and can direct
cell differentiation [66]. When encapsulated in three-dimensional (3D) HA
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hydrogels (but not within other hydrogels or in monolayer cultures on HA), hESCs
maintained their undifferentiated state, preserved their normal karyotype, and
maintained their full differentiation capacity, as indicated by EB formation. In
addition, pullulan-based hydrogels support SMC adhesion, spreading, and prolif-
eration and hold promise as scaffolds for vascular engineering [67]. Table 2
summarizes the natural polymeric scaffolds.

However, natural polymers have some limitations (e.g., mechanical properties)
that they cannot overcome. To some extent, synthetic polymers can be chemically
manipulated to have those desired properties. As synthetic scaffolds, these polymers
should be biocompatible and biodegradable, and they should allow nutrients and
oxygen to penetrate to nourish cells and tissue (e.g., have a porous structure); most
natural polymers and their derivatives meet these requirements. As Table 3 indi-
cates, polyester-based synthetic polymers are the major synthetic polymers used for
vascular engineering. Polyester-based synthetic polymers, such as poly(ester amide)
(PEA) [78, 79], poly(lactic-co-glycolic acid) (PLGA), poly-L-lactic acid (PLLA)
[80, 81], polycaprolactone [82 85], and their copolymer poly(L-lactide-co-e-cap-
rolactone) [86] have been investigated thoroughly. As PEA can combine the
properties of polyesters and polyamides with tunable properties, they have shown
promising results. Hemmrich et al. [87] demonstrated that PEA prepared from
e-caprolactame, 1,4-butanediol, and adipic acid and its 3D nonwoven scaffolds
support good adherence, proliferation, and differentiation of preadipocytes.

Table 2 Natural polymer scaffolds for vascular regeneration

Polymers Polymer
source

Scaffold type Applications References

Collagen Protein Gel,
electrospun
fibers

Incorporation of VEGF
significantly affects both the
formation of microvessels
and the tissue ingrowth into
the implant

[50, 52, 68 71]

Fibrin Protein Gel Supports vascular and tissue
regeneration

[53, 71]

Silk Protein Electrospun
fibers

These biomaterial matrices are
potentially useful as scaffolds
for tissue engineering

[72 74]

Alginate Polysaccharide Gel, porous
scaffold

Attractive delivery, efficient
hEB formation

[57, 58, 75]

Chitosan Polysaccharide Gel, smart
scaffold

Good growth factor delivery,
promotes neovascularization

[76, 77]

Dextran Polysaccharide Gel Enhances the vascular
differentiation of hESCs

[17, 61]

Hyaluronic
acid

Polysaccharide Gel Stimulates EC proliferation,
migration, and sprouting
support long term self
renewal of hESCs

[17, 63 66]

Pullulan Polysaccharide Gel Supports SMC adhesion,
spreading, and proliferation

[67]
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The newly developed poly(glycerol-co-sebacate) (PGS) and its acrylated deriv-
ative poly(glycerol-co-sebacate) acrylate (PGSA) [88] have been studied for
vascular regeneration because of their biocompatibility, biodegradation, and
mechanical strength for 3D structure. We have demonstrated that porous PGSA
could support the growth and differentiation of encapsulated human ESCs [89],
and our in vivo experiments have also shown that porous PGSA, unlike non-
porous PGSA, promotes tissue ingrowth and vascularization. PLLA- or PLGA-
based polymers are the foremost scaffolds investigated for tissue engineering. A
highly porous PLLA-PLGA scaffold was constructed and implanted into mice to
study the therapeutic properties of ECs derived from hESCs [22]. Subcutaneous
transplantation of PLLA-PLGA scaffolds seeded with hESC-derived ECs
revealed that functional blood-carrying microvessels had formed and anasto-
mosed with the host vasculature amidst fibrous connective tissue after 7 days.
Yang et al. [90] recently synthesized poly(b-amino esters) (PBAEs), and formed
nanoparticles with DNA. In their study, they modified human stem cells to
express an angiogenic gene encoding VEGF and found that the transplantation of
PBAE-/VEGF-modified stem cells significantly enhanced angiogenesis in a
mouse subcutaneous model and in a hind limb ischemia model.

Table 3 Synthetic polymer scaffolds for vascular regeneration

Polymers Polymer
type

Scaffold type Results References

Poly(ester amide) (PEA) Polyester
polyamide

Film,
electrospun
fibers

Supports good
adherence,
proliferation, and
differentiation

[78, 79, 87]

Poly(lactide co
glycolide) (PLGA)

Polyester Porous
scaffold

Release of multiple
growth factors
promotes the
vascular structure
formation

[80, 81, 91, 92]

Poly L lactic acid (PLLA) Polyester Porous
scaffold

Delivers growth
factor, promotes
cell proliferation
and 3D
vascularization

[80, 93]

Polycaprolactone (PCL) Polyester Gel,
electrospun
fibers

Promotes cell
attachment,
improves cell
spreading and
proliferation

[82 85, 93 95]

Poly(glycerolcosebacate)
(PGS), acrylated PGS
(PGSA)

Polyester Porous
elastomer

Promotes tissue
ingrowth and
vascularization

[88, 89]

Poly(b amino
esters(PBAE)

Polyester Nanoparticles Enhances
angiogenesis

[90]
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3.3 Scaffold Types

As discussed above, polymeric scaffolds are mostly fabricated into hydrogels [17,
63], or either 2D mesh or 3D tubular scaffolds by electrospinning [52, 87].
Additionally, other than traditional vascular scaffolds, self-assembling peptide
scaffolds [96], or the hybrid scaffold fabricated from electrospun fibers and
hydrogels [97] have also been synthesized and tested.

3.3.1 Hydrogels

Hydrogels are 3D crosslinked hydrophilic polymeric networks that can imbibe a
large amount of media and keep their structures. Generally, hydrogels have
excellent compatibility and can protect cells or growth factors from being attacked
by the hostile environment. Due to their structural and functional similarities to
natural tissues, hydrogels have numerous pharmaceutical and biomedical appli-
cations [1, 60, 98, 99]. Cell encapsulation within biodegradable hydrogels for
vascular engineering offers many attractive features [100]. Hydrogels provide
structural support for stem or progenitor cells, enabling them to differentiate and
form different vascular structures according to the local microenvironment. Upon
implantation, biodegradable hydrogels can be degraded in vivo, facilitating the
integration of the microvascular construct. Protein-based collagen and fibrin gels
have long been known to support vascular and tissue regeneration [71, 101].
Furthermore, hydrogels are also extraordinary for being able to load and release
different growth factors needed in vascular regeneration [56, 75, 77, 102]. We
demonstrated [62] that VEGF-loaded hydrogels promoted tissue ingrowth and
facilitated hydrogel degradation. Other than release of growth factors, Kra-
ehenbuehl et al. [103] reported that the release of thymosin b4 (Tb4) triggered
matrix metalloproteinase (MMP) secretion by encapsulated human umbilical vein
endothelial cells (HUVECs) and induced vascular-like network formation on the
PEG-hydrogels.

3.3.2 Electrospun Fibers

The electrospinning of nanofibers can be dated back to the early 1930s, but it
received too little attention until 30 years ago [104]. Electrospun fibers, nonwoven
fibers that can be fabricated into 2D mesh or 3D tubular scaffolds, have been
intensively studied for tissue engineering [87, 92, 94, 105, 106]. Electrospun fibers
have been made from a wide range of materials, such as silk [72 74], collagen [69,
70], PLGA [92], PCL [94, 95], etc. Recently, the electrospinning of tubular
structures as scaffolds for vascular regeneration has drawn more attention [49, 51,
73, 107, 108]. Unlike hydrogel scaffolds, in which the stem cells differentiate and
form different vascular structures according to the local microenvironment, cell
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differentiation usually occurs on the tubule surfaces, and vessel formation is thus
based on the scaffold structures. Therefore, the development of blood vessels from
electrospun fibers depends largely on the scaffold dimensions. To achieve desir-
able characteristics, polymer blends are used to improve the mechanical properties
of the tubular fibers [109]. Multilayered structures are also often investigated as
means to change the properties of these tubular structures [110, 111]. However, the
application of tubular electrospun fibers is still restricted due to their size limita-
tions as they cannot be fabricated with diameters below the micron scale. Zhang
et al. developed a unique static collecting method with combinatorial electric fields
that could fabricate nanofibrous tubes with different microscopic architectures and
macroscopic 3D tubular structures [112].

3.3.3 Other Scaffolds

In addition to the above scaffolds, some polymeric scaffolds that can respond to
external stimuli, such as pH [113], temperature [114], and glucose [115], are known
as intelligent or smart scaffolds [116]. Those responses can induce changes in
release and swelling behaviors, greatly improving the formation of new vessels.
Under some circumstances, injectable hydrogels, soft scaffolds, membranes, solid-
load-bearing scaffolds, or immunoprotective microencapsulation are more desir-
able [117]. For example, novel thermally-sensitive neutral solutions based on
chitosan/polyol salt combinations were reported to encapsulate living cells and
therapeutic proteins at room temperatures but formed monolithic gels at body
temperature [74]. When injected in vivo, the liquid formulations turn into gel
implants in situ, and this system was used successfully to deliver biologically active
growth factors in vivo, as well as serving as an encapsulating matrix for living
chondrocytes for tissue engineering applications. The development of smart scaf-
folds, because of their intelligent properties and easy, less invasive handling, could
expedite the transition of vascular engineering scaffolds from bench to clinic.

3.4 Vascular Engineering Scaffold Properties

3.4.1 Degradation Properties

Degradation is critical in designing scaffolds for vascular engineering. Cell
encapsulation may prevent their spreading and differentiation within the scaffolds,
while degradation could break this limitation and facilitate cell spreading within
the scaffolds. Kloxin et al. [118] demonstrated that the photodegradation of a
hydrogel promoted cell spreading. Burdick et al. [119] indirectly supported the
importance of structure breakdown by the sequential crosslinking of HA-based
hydrogel. In their research, further crosslinking could retard cell spreading in the
hydrogel. Furthermore, degradation is also one of the major release mechanisms,
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i.e., diffusion and degradation. For vascular engineering, scaffolds provide more
than support for cell growth and differentiation they also act as carriers for
various growth factors. An appropriate degradation rate is essential for continuous
growth factor release, which is indispensable for angiogenesis. Thus, the degra-
dation property of scaffolds is crucial in vascular engineering.

3.4.2 Substrate Topography

Surface topography significantly affects cell attachment and orientation [120].
ECM proteins, both in vitro and in vivo, provide mammalian cells with biophysical
cues, including specific surface chemistry and rich 3D surface topography [121]
with features on the nanometer length scale [122]. ECM substrates provide
chemical and physical external cues that dictate a variety of cell responses.
Therefore, not only the milieu of soluble, diffusible factors, but also the adhesive,
mechanical interactions with scaffolding materials, both natural and synthetic,
control select cell functions, including cell attachment, migration, proliferation,
differentiation, and regulation of genes [123, 124]. Xu et al. [91] showed that
SMCs attached and migrated along the axis of aligned nanofibers, and the adhesion
and proliferation rate of SMCs on the aligned nanofibrous scaffold were signifi-
cantly improved than on the plane polymer films. Cellular responses to synthetic
micro- and nanofabricated substrates via contact guidance have been shown in
both ECs and SMCs, including morphology, motility, and proliferation [125 127].
We have also shown that nanotopography enhanced capillary tube formation and
also facilitated the creation of organized vascular structures [128].

3.4.3 Mechanical Stimulation

Body movement can cause significant deformation, such as stretch, compression, or
torsion, and these deformations will cause a wide change in mechanical properties.
When applied to scaffolds, these mechanical forces can affect the release profile
from the scaffold and further improve tissue development. Kim et al. [129] dem-
onstrated that short-term application of strain increased the proliferation of SMCs
adherent to scaffolds and the expression of collagen and elastin, while long-term
application of cyclic strain upregulated elastin and collagen gene expression and led
to increased organization in tissues. After vascular structures form, blood flow can
induce a series of mechanical changes. These mechanical forces can further affect
the cell phenotype, proliferation, and differentiation; mechanical factors (e.g., shear
stress and cyclic strain) thus play a vital role in vascular regeneration. The role of
shear stress on vascular remodeling has been extensively investigated [130 134].
During embryonic development, hydrodynamic shear was found to induce differ-
entiation of ESCs into ECs or vascular wall cells, and even to induce cardiovascular
commitment through epigenetic histone modification [135 138]. Recently, ECs
derived from human ESCs were shown to respond functionally to changes in fluid
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shear stress by modulating gene expression and cell morphology [139]. Ye et al.
[140] demonstrated that shear stress, as well as vascular SMCs, promotes endo-
thelial differentiation of EPCs via activation of Akt, which may provide new insight
into vascular regeneration. Not only can mechanical cues regulate cell differenti-
ation, they can also modulate the response of cells to their microenvironment; a
recent study indicates that mechanical stimulation of MSCs creates an angiogenesis-
promoting environment [141]. In vitro engineering of vessel walls has been
achieved by cyclic strain, which induced MSCs to differentiate toward SMCs;
promoted secretion of ECM proteins, such as collagen I and fibronectin; and enabled
the engineered production of a complete vessel from hMSCs and luminal ECs [142].

4 Inclusion of Vascular Stem and Somatic Cells into
Biomaterials

Though the derivation of individual vascular cell types and the development of
compatible biomaterials have played pivotal roles in vascular regeneration, the
picture is not complete without the integration of ECs and SMCs into host vas-
culatures. To this end, functional biomaterials have been exploited to harness
cells’ abilities to repair damaged vasculatures or to vascularize engineered tissue.
These biomaterials serve as scaffolds to guide cells into a specific arrangement or
to provide environments conducive to directed differentiation. The creation of
these functional composite systems allows for the localized presence of regulatory
factors and physical constraints to promote differentiation or to serve as a scaffold
in a controlled manner. The impact of biomaterials on vascular stem cells and
ESC-derived vascular cells has already received attention, as indicated by the
incorporation of several biomaterials into standard phenotype-analysis assays,
such as Matrigel and collagen, reflecting the importance of the ECM in cell fate
and differentiation. Confining these cells within biomaterials provides precise
control over their 3D environment, and thus control over their fate. The studies
described here exemplify the advances in vascular tissue engineering that have
arisen from integration of cells within biomaterials.

4.1 Biomaterials to Engineer Blood Vessels

One of the earliest studies to seed cells into biomaterials to model the blood vessel
was conducted by Weinberg and Bell [50]; they incorporated bovine SMCs,
fibroblasts, and ECs sequentially into a hydrated collagen gel supported by a
Dacron mesh. The researchers found that their construct had a functional endo-
thelium and could support physiologic pressures without bursting. Drawbacks of
their construct rested on the longitudinal, rather than radial, orientation of SMCs
and collagen and the thinner linings of SMCs and collagen than is observed in the
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human body. Despite these drawbacks, Weinberg and Bell’s construct still offered
important information about the interaction between cell types and set the stage for
future blood vessel engineering endeavors.

Wu et al. [143] also demonstrated the formation of microvessels within scaf-
folds. In this study, Wu et al. aimed to engineer microvessels by seeding EPC-
derived ECs and SMCs onto PGA-PLLA-based scaffolds. They isolated EPCs
from adult peripheral blood using CD34+ CD133+ cells and expanded and dif-
ferentiated them into ECs. These EPC-derived ECs were then seeded with SMCs
onto biodegradable scaffolds and appeared to form layered tissue embedded with
microvessels. Histological sections of the scaffolds seeded with ECs revealed
microvessels lined with CD31+; though a-SMA was noticed throughout the
scaffold, it was not evident that microvessels were lined with an inner lining of
ECs surrounded by a layer of SMCs.

4.2 Biomaterials to Deliver Cells to Host Vasculature

Kraehenbuehl et al. [103] developed a novel hydrogel that responds to cellular
behavior. Making use of the fact that ECs secrete MMPs to degrade basement
membrane and allow angiogenesis, the researchers crosslinked MMP-sensitive
peptides to form their PEG-based hydrogel. Thus, hydrogel degradation was a
direct result of cell-secreted MMP and its interaction with the hydrogel. The
researchers demonstrated that incorporation of Tb4, a peptide known to enhance
vascular cell survival, promoted HUVEC survival and MMP-2 and MMP-9
secretion. Therefore, it could support cell ingrowth such that this hydrogel could
promote incorporation of ECs and Tb4 into the host’s vasculature. Though the
study focuses on in vitro characterization, application of this hydrogel in vivo
could deliver Tb4 and HUVECs, which have been shown to upregulate MMP
[144], to ischemic tissue; thus, the encapsulated growth factors and cells would be
released in a controlled manner.

Cao et al. [145] looked into promoting angiogenesis by delivering VEGF and
DAPT, a gamma secretase inhibitor, via an injectable alginate hydrogel. This
composite system restored blood flow in ischemic hind limbs faster than either
factor alone. Interestingly, direct injection of DAPT without the hydrogel did not
improve blood flow, highlighting the fact that the delivery vehicle indeed makes a
difference in the incorporation of this molecule.

4.3 Biomaterials to Induce Differentiation

A recent study by Ferreira et al. [17]. explored the possibility of utilizing dextran-
based hydrogels as a means of differentiating hESCs into vascular cells. They
created a novel bioactive scaffold by tethering the RGD peptide and incorporating
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VEGF to allow in vivo transplantation of the cell and gel composite for direct
implantation. Fibronectin, abundant during embryonic vascular development, is
the glycoprotein to which cells adhere via the RGD peptide. Encapsulation of
hESCs in this scaffold actually decreased differentiation into the endoderm and
ectoderm lineages. Incorporating these soluble factors into the structure of the
hydrogel permitted directed differentiation into cells of mesoderm origin
specifically, vascular cells.

In an earlier study, we identified a novel porous alginate scaffold capable of
supporting efficient formation of EBs from hESCs and of inducing vasculogenesis
within its confined environment [58]. The hydrophilic alginate scaffold, which is
made of naturally occurring polysaccharides found in brown sea algae, can impose
physical and chemical constraints in the immediate vicinity of the undifferentiated
hESCs, guiding their differentiation and the formation of EBs. SEM images of
cell-seeded scaffolds after 30 days showed that EBs were formed mainly within
the pores (Fig. 2).

Interestingly, the scaffolds appeared to induce vessel formation, indicated by
the presence of CD34+ cells lining voids (Fig. 2). Taken together, the findings of
this study highlight the potency of the microenvironment in directing differenti-
ation of hESCs and implicate alginate scaffolds as effective platforms for engi-
neering complex vascular arrangements.

5 Future Perspectives

Vascular regeneration offers permanent solutions for vascular diseases and reduces
the need for invasive surgeries; however, many challenges must be overcome
before it becomes useful in clinical practice. It will require multidisciplinary
collaboration among biologists, materials scientists, engineers and physicians. The
reconstruction of vascular microenvironments that present an instructive 3D
environment for vascular formation is highly desirable, but many issues remain to
be solved. The newly developed technologies can always facilitate the progress of

Fig. 2 SEM images of alginate scafford porous structure (a), alginate scaffold with EBs formed
within the pores (b), and histological section of CD34+ cells lining the voids (c). Adapted from
[58] with permission from Elsevier
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vascular engineering, but in vivo studies and clinical practice will determine
whether current technologies can actually treat vascular diseases.

Future technologies must focus on further elucidating the differentiation pathway
from ESCs into vascular cells, as this can help to develop highly efficient derivation
schemes from pluripotent cells. Furthermore, the translation from these cells to
induced pluripotent stem cells must also be explored and verified in order to bring
patient-specific therapies to the clinic, eliminating much of the risk of immune
system rejection by the host. Another important issue that EC derivation faces is that
the cells of the arteries, veins, and capillaries differ from one another. Characterizing
the ECs derived from hECS must be thoroughly investigated to ensure that the
proper EC population is transplanted into the correct portion of the vasculature.

From the point of view of clinical practice, the dream of a functional and
transplantable organ remains out of reach and cannot be realized without the
inclusion of cells into biomimetic scaffolds. The successful understanding and
manipulation of vascular cells within the scaffolds will definitely expedite this
transition to eliminating vascular diseases or at least making them as treatable as
other routine diseases.

6 Conclusion

Vascular diseases are responsible for more than half of all deaths in western
countries. Most traditional approaches to treating vascular diseases are either
invasive or have effects that are just temporary. However, many challenges remain
prior to bringing the therapy to the clinic, as the formation of blood vessels is a
complicated process. Recent progress has been made in engineering microenvi-
ronments comprised of biodegradable scaffolds that include proper signaling cues
to guide the development of stem cells or mature cells into vessels suitable for cell-
based vascular therapy. These functional biomaterials which can be used as
environments to stimulate the generation of blood vessels, to deliver cells to
angiogenic areas of the vasculature, or to promote differentiation of cells are
critical, while the successful integration of biomaterial scaffolds with cells
promises a bright future for patients afflicted with vascular diseases.
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Synthetic Niches for Stem Cell
Differentiation into T cells

Ankur Singh and Krishnendu Roy

Abstract T cell development from hematopoietic stem cells takes place in the
thymus under precisely controlled intercellular signaling between the stem cells
and thymic stromal and epithelial cells. In vitro or ex vivo development of mature
T cells from stem cells faces two primary hurdles; one being the inability of
culture conditions to provide a three dimensional thymic niche with lineage-
specific signaling like notch, and the second being the need for efficient positive or
negative selection processes to achieve antigen-specific, functional T cells. Recent
research has focused on development of 2D and 3D niches mimicking the thymic
microenvironment by first identifying soluble or immobilized factors essential for
T cell differentiation followed by presenting them efficiently to stem and pro-
genitor cells. This chapter discusses how T cells are generated in the thymus and
current approaches, including biomaterial-based strategies, towards ex vivo or
in vitro differentiation of stem cells into T cells using signaling molecules.
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CCL21 Chemokine (C C motif) ligand 21
CCR CC chemokine receptors
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DP Double positive
FTOC Fetal thymic organ cultures
GMCSF Granulocyte macrophage colony-stimulating factor
HSC Hematopoietic stem cell
HPC Hematopoietic progenitor cell
HES Hairy enhancer of split
ICAM Intercellular adhesion molecule
ICC 3D inverted colloidal crystal
I-Delta Immobilized Delta ligand
IL-7 Interleukin-7
LCMV Lymphocytic choriomeningitis virus
MART Melanoma antigen recognized by T-cells
MHC Major histocompatibility complex
NI-Delta Non-immobilized Delta ligand
NY-ESO-1 Cancer-testis antigen
RAG Recombination activating genes
RTOC Reaggregate thymic organ cultures
SCA Stem cell antigen
SCF Stem cell factor
SHH Sonic hedgehog proteins
TCR T cell receptor
VCAM Vascular cell adhesion molecule

1 Introduction

Generation, maintenance or replacement of a healthy, functional T cell population
remains a critical aspect of immunocompetence in patients with AIDS, bone
marrow transplants, immunodeficiency disorders like Di George’s Syndrome, as
well as cancer patients suffering T cell depletion with repetitive exposure to tumor
suppressive therapies [1 3]. Transfusion of T lymphocytes, referred to as adoptive
T cell therapy, has been extensively studied for immunotherapy against cancer and
infectious diseases. However, even after several decades of research, T lineage
development and functional priming has remained one of the most obscure and
difficult tasks to accomplish. High throughput generation of functional T cells
outside human or animal body has not been achieved yet. This is primarily because
we have not been able to completely disentangle the complex network of
molecular signals, cues and niche requirements for stepwise T cell regeneration
from stem and progenitor cells. Progenitors in the thymus are inefficient in
maintaining long term T cell development. They need replacements from the bone
marrow and several preclinical studies have showed that intrathymic or intrave-
nous transfusion of thymocytes do not result in desired long term self renewal of
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T cells. It is only when bone marrow is transferred intravenously (and not intra-
thymically) that long term self renewal is observed [4]. Understanding the com-
plete T cell reconstitution and the biomolecular phenomenon directly in the body
is intricate and can only be accomplished through killing the embryo [5], thus
designing comparatively simpler in vitro system mimicking thymic microenvi-
ronments may help in understanding the underlying biology and identifying factors
necessary for controlled, on-demand, therapeutic T cell regeneration.

Advances in cell transplantation strategies have enabled ex vivo generation and
expansion of tumor antigen specific cytotoxic T lymphocytes (CTL) from patient-
derived blood cells [6]. Although manipulation of ex vivo conditions to completely
mimic in vivo environment may not be practical, ex vivo manipulation can offer
superior specificity, magnitude, and phenotypic alterations than conventional
in vivo targeted therapy. Such ex vivo generation of patient-specific T lymphocytes
followed by transplantation, a process known as adoptive T cell therapy, has its own
constrains like limited availability of donor cells suitable for collection, efficiency
and time lag involved with cell expansion, manipulation and transfer, etc. [7].
Thus, there exists a need to develop in vitro systems that can efficiently generate
functional T cells, starting from a potentially unlimited cell source, stem cells.

In recent years, considerable efforts have been made to understand and direct
the differentiation of T cells from stem and progenitor cells, using in vitro or
ex vivo systems. The self renewal ability of stem cells and their controlled dif-
ferentiation into a specific lineage, in vivo, is governed by the tissue specific stem
cell niche [8]. Explicit understanding of how the progenitors expand and differ-
entiate in T cell niches can greatly facilitate the design and development of
strategies to generate T cells with desired characteristics, in vitro. Recent studies
have identified a series of complex molecular interactions taking place in the three
dimensional thymic microarchitecture during T cell development. This chapter
focuses on discussing the T cell development niche and use of signaling
biomolecules, with or without biomaterials for generation of T Lymphocytes.

2 The T Cell Niche

Mammalian T cell development primarily happens in the thymus through differ-
entiation of bone marrow hematopoietic stem cell (HSC)-derived progenitors.
Relatively few molecular cues have been identified that facilitates rapid prolifer-
ation and sequential differentiation of these HSC-derived T cell progenitors.
Although there could be several progenitor cell types that have the ability to enter
T cell lymphopoiesis, classically T cell precursors are distinguished by their
expression of thymic chemokine receptors, thymic growth factor receptors, the
stem cell markers c-Kit, and stem-cell antigen 1 (Sca1) [9]. c-Kit binds to stem-
cell factor (SCF), a cytokine that contributes to the self renewal and maintenance
of HSCs in vivo, and also promote adhesion of progenitors with stromal cells to
keep the differentiating cells in the niche [10].
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The thymic microarchitecture is compartmentalized into medullary and cortical
sections (Fig. 1), each having stromal cells that secrete specific cytokines, growth
factors and provide inter-cellular signaling. The most notable among these stromal
cell-stem cell signal is the Notch Delta-like ligand interaction [11]. Lymphoid
precursors migrate from the bone marrow, enter the cortico-medullary junction of
the thymus through blood vessels and then migrate into the cortex and other
distinct subdivisions of the thymic architecture. These cells then undergo T-cell
lineage commitment and finally get converted into CD4+ single positive (SP) and
CD8+ SP cells in the thymic medulla [9, 11]. Rearrangement at the T cell receptor
(TCR) gene locus is a hallmark of T cell lineage commitment however the pro-
gression through ‘‘pro T cell stages’’ i.e. CD4-CD8- double negative (DN) stages
(1 through 3) is independent of TCR rearrangement (Fig. 1). The different DN
stages can further be marked by expression of CD25 and CD44 surface markers, as
summarized in Table 1 and Fig. 1. The proliferation of T cell progenitors occur
rapidly through DN1 to DN3 stages setting the T lineage identity, thereafter
pausing between DN3a and DN3b for extensive TCR rearrangement. The prolif-
eration continues thereafter till double positive (CD4+ CD8+, DP) cells are gen-
erated. It should however be noted that at the early ‘‘pro-T cell stages’’, DN1 and
DN2 stage cells can also differentiate into dendritic cells, macrophages and natural
killer cells under appropriate environment [9] (Fig. 1).

At the DN3 stage, complete V(D)J rearrangement takes place followed by b- or
cd-TCR selection thus generating DN3b stage cells. Cells at DN3 stage prior to
TCR selection are referred to as DN3a cells. The TCRb+ cells, if successful,

Fig. 1 Thymic microacrchitecture and developmental stages for T cells (modified with
permission from [9, 11, 12])
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express TCRa chain and the pre TCR complex followed by expression of CD4 and
CD8 surface markers, as the progenitors essentially progress from DN thymocytes
to the DP stage [9, 11, 12].

At the next stage, the DP thymocytes undergo positive selection through their
interactions with self-peptide loaded major histocompatibility complex (MHC)
molecules on cortical epithelial cells [9]. Autoreactive thymocytes expressing
TCR with high affinity for self antigens undergo negative selection and are
destroyed at this stage while the surviving cells undergo positive selection based
on their recognition ability towards MHC I and MHC II expressed on dendritic or
medullary epithelial cells thereby differentiating into CD8+ and CD4+ mature SP
T cells, respectively (Fig. 1).

2.1 T Cell Receptor Gene Rearrangement

The antigen specificity of T cells is determined solely by the phenotypic charac-
teristics of the heterodimeric TCR ab complex. Both a and b chains of the TCR are
comprised of a variable (V) and a constant (C) region. The T cell receptor a chain
consists of variable (Va) and junctional gene (Ja), while b chain is composed of Vb,
Jb, and diversity (D) gene segments (Fig. 2) [13]. The b chain rearrangement takes
place first with rearrangement of D gene segments into Jb, and subsequent rear-
rangement of Vb to DJb. Thymocytes that fail to develop b chains successfully, can
either die or make rearrangements at c and d loci. After successful rearrangement
of b chain, it combines with a surrogate a chain, pTa, and forms a b:pTa
heterodimer followed by a complexation with CD3 molecules [14, 15].

The b gene rearrangement stops at this stage by deactivation of recombination
activating gene (RAG)-2 proteins present at the end of VDJ genes [14, 15]. The
cells then differentiate into DN4 stage and resume rapid proliferation that was
halted at the DN3 stage. Consequently, a large numbers CD4 and CD8 expressing
cells are generated and rearrangement of a genes occurs for successful develop-
ment of a chains leading to DP TCR+ cells.

2.2 T Cell Microenvironment

The thymic microenvironment is a complex milieu of progenitors, supportive
stromal cells, signaling interactions like Delta and Notch, cells undergoing clonal

Table 1 Phenotypic markers
of murine early T cell lineage
precursors (Adapted with
permission from [9])

ETP DN2 DN3a DN3b DN4

c Kit High High mid Low Low Low
CD44 High High Low Low Low
CD25 Neg High High High mid Low
Proliferation + + + +
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selection through MHC TCR interactions, as well as abundant adhesion, expan-
sion and homing molecules present as extracellular matrix. The entry of lymphoid
precursors into the cortico-medullary junction of the thymus is facilitated by
chemokines likes Chemokine (C C motif) ligand-21 (referred as CCL21) and
adhesion molecules like laminin and P-selectin. During the developmental stages
DN1 and 2, cytokines like IL-7 promote survival and rapid proliferation, while the
RAG gene helps in TCR rearrangements. Important signaling components include
Notch (through the stromal cell ligands Delta-1 or 4) [16 18], bone morphogenic
protein family (BMP2/4) [19, 20], Kit ligand [21] and the hedgehog protein family
[22]. The sonic hedgehog proteins (SHH) produced by thymic epithelial cells is an
essential morphogen and signals the proliferation and maturation through all DNs
and DP stages as well as plays role in TCR-repertoire selection at the DP to SP
stage [22]. Hedgehog signaling is still in its exploratory stage and not much work

Fig. 2 T cell receptor (TCR) gene rearrangement. Functional TCRs are heterodimers consisting
of an a chain and a b chain that are generated by somatic gene recombination of variable (V),
diversity (D) and junctional (J) gene segments for the b chain, and V and J gene segments for the
a chain. In the human TCR loci, there are 42Vb, 2Db, 12Jb, 43Va and 58Ja functional gene
segments. In the mouse TCR loci, there are 35Vb, 2Db, 12Jb, 71Va and 51Ja functional gene
segments. During T cell development, gene segments recombine and are spliced together with the
constant region (c) to form the functional abTCR, with each T cell expressing only one type of
recombined receptor complex (adapted with permission from [13])
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has been performed in using these for in vitro generation of T cells. Notch sig-
naling on the other hand, has been extensively studied and is discussed in the
following sections of this chapter.

Chemotactic migration of early, immature T cells during DN2 and DN3 stages
is provided with the help of chemokines like CXCL12, CCL25 and adhesion
molecules like Vascular cell adhesion molecule (VCAM) and laminin. Following
the DN to DP differentiation, DP thymocytes undergo positive selection by MHCs
[23] and self peptide recognition through their interaction with cortical epithelial
cells. This is further mediated by intercellular adhesion molecule (ICAM-1) and
IL-7 and T cell co-stimulatory molecules. Finally the migration from cortex to the
medullary region of thymus is facilitated by chemotactic signals, CCL19 and
CCL21, which bind to the chemokine receptor CCR7.

The notch pathway has attracted great research interest over the past decade and
is one of the most extensively characterized signaling pathways for understanding
T cell development as well as for in vitro differentiation of progenitors into early
T cells. Active notch is involved in several developmental lineage decisions, e.g.
during hematopoiesis and lymphopoiesis, in self renewal of stem cells as well as in
fetal and postnatal development [24 26]. Notch signaling consists of an interplay
of four Notch receptors, namely Notch 1 4 and their ligands Delta-1, 2, 3, 4 and
Jagged 1, 2 [24]. Notch signaling results in activation of several genes including
Hairy enhancer of split (Hes) family (Hes1 and Hes5) [24, 27, 28]. As discussed
later in the chapter, exposure to notch ligands Jagged and Delta can promote HSC
maintenance, differentiation and self renewal. However, a comparative study with
stromal cells transfected to express Jagged and delta showed that T cell devel-
opment and maturation was dependant on Delta ligands and not Jagged [29].

Notch receptors and ligands are present both in bone marrow and thymus.
However cells committed to the B cell lineage have notch signaling inactivated by
the B lineage commitment factor Pax5. On the other hand, for T cell development
it is essential to have notch in the ‘‘ON’’ state. Of all the Notch ligands, Delta 1 has
been characterized extensively and thymic stromal cells expressing these ligands
have been able to induce ex vivo and in vitro T cell differentiation [24].

3 T Cell Differentiation Through Co-culture

Early studies for ex vivo generation of T cells heavily relied on using fetal thymic
organ cultures (FTOCs) and re-aggregated thymic organ cultures (RTOCs) [23, 30,
31]. FTOCs, initially developed by Owen and Jenkinson, were essentially fetal
thymic lobes devoid of thymocytes thus serving as a native microarchitecture and
niche for T cell precursor differentiation [30]. These systems have been exten-
sively studied for generating CD4 and CD8 SP cells from human bone marrow and
cord blood cells [32]. These studies provided useful insight into T cell differen-
tiation mechanisms and capabilities of various progenitors to undergo differenti-
ation under the influence of cytokines and other factors [33, 34]. Despite initial
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success these thymic systems suffer from disadvantages including inefficient
differentiation, complicated isolation process and maintenance of distinct signals
[30]. Nevertheless, FTOC and RTOC are still in use for direct cell differentiation
or for adoptive transfer of ex vivo/in vitro differentiated T cell progenitors (dis-
cussed later in the chapter). Recent advancements have focused on obtaining
T cells or progenitors from differentiation of embryonic stem cells (ESC or ES),
hematopoietic Stem cells (HSCs), and cord blood cells using stromal cell
co-culture; cytokine cocktails of stem cell factors, interleukins (IL-6, IL-7, IL-11),
c-kit ligand, flt3 ligand and direct influence of thymic niche components like
Notch ligands.

In absence of molecular cues, embryonic stem cells (ESC or ES) differentiate
in vitro into clusters of cells called embryoid bodies [35, 36]. These cystic
structures are composed of germ layer-derived hematopoietic progenitors that have
the potential to differentiate into erythromyeloid and blood cell lineages in vitro,
but have failed in in vivo translation [37 39]. Further, it has been extremely
difficult to generate functional T cells from ES cells in vitro. There is emerging
evidence that hematopoietic stem cell precursors derived from bone marrow can
only commit to T cells lineage once they are in the thymus under the influence of
Notch signals [36, 40]. One of the earliest reports of Notch signaling mediated
HSC differentiation was through retroviral-mediated expression of intracellular
domain of Notch-1 (N1Ic) in lin-sca-1+c-kit+ mouse progenitors was from the
work of Varnum-Finney et al. [41], as discussed later in the chapter.

Honjo et al. [42] employed an in vitro ES cell differentiation system that
utilizes the macrophage colony-stimulating factor (M-CSF)-deficient stromal cell
line, OP9, to specifically induce lymphopoiesis and early erythro-myeloid lin-
eages. Adult hematopoiesis occurs within the bone marrow and marrow stromal
cells secrete soluble factors necessary for hematopoiesis. However, the OP9
coculture system is only able to generate B cells, and not T cells [37, 42]. Other
researchers demonstrated in vitro T-cell differentiation from ES cells but only
from early stages of ES cell differentiation (developmental prehematopoietic
precursors, Flk1+CD45– subset) and required transfer of this prehematopoietic
subset into reaggregate thymic organ cultures (RTOCs) [43]. A three-dimensional
microarchitecture of the thymus is essential for such lineage differentiation since
thymic stromal cell monolayer cultures (TSMC) have failed to support differen-
tiation of T cells [44]. However this complete thymus niche may not be an absolute
necessity for differentiation of ES cells into T cell lineage and there is a need for a
simpler system to overcome the cumbersome arrangements involving fresh thymus
isolation and mixed coculture methods.

Recent advancements have shown the ability to induce T cell differentiation
from HSC progenitors and ESCs using the Notch-OP9 based system, where OP9
cells are retrovirally transfected with Notch ligand Delta-1 at the 50 of the internal
ribosomal entry site [36, 45]. Zúñiga-Pflücker et al. showed that co-culture of
ESCs on OP9-DL1 cells efficiently direct the differentiation of ESCs towards
T cell lineage, in vitro. ESC line R1, which are expanded on murine embryonic
fibroblasts (MEFs), when co-cultured with OP9-DL1 cells (Fig. 3a), engage the
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Notch ligand Delta-1 on OP9-DL1 cells through notch receptor and start differ-
entiating into early T cell precursors marked with CD25 and/or CD44 antigens as
early as day 14 (Fig. 3b). Control cells (cultured on OP9 cells without notch

Fig. 3 T cell development in vitro and in vivo: a ESCs expanded on MEFs were induced to
differentiate by culture on OP9 control or OP9 DL1 cells. Nonadherent hematopoietic cells were
collected on days 8, 14 and 20 of culture and analyzed by flow cytometry (Day 8 data not included
in this figure, see Schmitt et al. [36]). b Myeloid progenitors were characterized by CD11b
expression; B cell progenitors were identified by CD19 expression (from OP9 control cultures);
early CD4 CD8 DN T cell progenitors were distinguished by high CD25 (IL 2Ra) expression
(from OP9 DL1 cultures) and at later time points, CD4 CD8 DP T cells were evident. Data are
representative of three independent experiments. Numbers in quadrants indicate percentages of
each population. c ESC derived T cell progenitors can reconstitute FTOC. CD45.2+ CD25+ ESC
derived T cell progenitors (1 9 1E5) were seeded into CD45.1 congenic, deoxyguanosine treated
fetal thymic lobes and were cultured for 10 days. Only T cells of donor origin (CD45.2) are found.
Numbers in quadrants indicate percentages of each population. d ESC derived T cell progenitors
can reconstitute an immune deficient host. e ESC derived T cell progenitors were seeded into fetal
thymic lobes from day 14 from CD45 congenic B6 mice and were cultured in FTOC. After 5 days,
the reconstituted fetal thymic lobes or nondepleted fetal thymic lobes were implanted under the
skin of RAG2 deficient mice. After 3 weeks, the spleens and lymph nodes of recipient mice
(center and right) as well as those of an unmanipulated Rag2-/- mouse (left) were analyzed by
flow cytometry for TCR+ donor derived T cells. Numbers in quadrants and near outlined areas
indicate percentages of each population (quantitative data in b, c, e adapted with permission from
Schmitt et al. [36], pictorial schematics reconstructed from description from Schmitt et al. [36])
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ligands) failed to show CD25 and/or CD44 antigens, markers of conventional T cell
(Fig. 3b). Interestingly, the ESC-OP9-DL1 coculture resulted in high CD4+

CD8+ (double positive, DP) cells indicating the efficacy of OP9 presented notch
signaling for T cell differentiation (Fig. 3b, c). Further, TCR rearrangement was
observed in ESC derived T cells. These ESC derived T cell precursors were capable
of differentiating into mature T cells when seeded into FTOCs as CD25+ DN T cell
precursors reconstituted into CD4+ CD8+ DP cells (Fig. 3c). Finally when
implanted under the skin of Rag2–/– mice, these DP cell reconstituted thymic lobes
resulted in TCRb+ donor-derived T cells as indicated by TCRb population in ESC
derived T cells at levels comparable to fetal thymus derived T cells (Fig. 3d, e).

Significant developments have been reported in differentiation of T cells from
human embryonic stem cells (hESCs). Genetically manipulated hESCs were used
to generate T cells by first coculturing on OP9 cells, in vitro, and then transferring
these cells into human thymic tissues of immunodeficient mice, in vivo, thus
resulting in functional T cells [46]. Earlier reports have also shown generation of
DP ab T cells within 35 days from human bone marrow CD34+ progenitor cells
cocultured with OP9-DL1 [28]. This study did not include thymic organ culture.
Other studies include retroviral transduction of hHSCs with TCR gene and co-
culturing hHSCs with OP9-DL1 for extrathymic differentiation into T cells with
tumor antigen-specific TCR [47].

Despite these advancements the far reaching impact of OP9-DL1 system has
been limited by (a) inability of OP9 cells to express MHCII on the surface and thus
participate in positive selection of CD4 SP T cells and (b) non-specific genetic
manipulation and proto-oncogene activation while retrovirally transfecting stromal
cells for notch expression cannot be ruled out. In addition, the effectiveness of
such stromal cell co-culture using human stroma and stem cells are yet to be
validated.

4 T Cell Differentiation Through Immobilization
of Notch Ligands

The rate of T cell reconstitution in vivo, following stem cell transplantation, is
directly dependent on the number of infused stem cells and their degree of pre-
differentiation. T cell committed progenitors result in faster reconstitution as
compared to non-committed lymphoid progenitors [48 50]. Therefore, methods to
differentiate stem cells into early T-lineage committed cells or matured, functional
T cells prior to transplantation could significantly improve patient care, both for
stem cell therapy as well as for adoptive immunotherapy.

Notch signaling plays a significant physiological role in T cell versus B cell fate
during lymphoid differentiation [51]. While presentation of notch through
co-culture with transduced stromal cells result in differentiation of HSCs and ESCs
into T cell lineage, the possibility of interference of factors secreted by notch
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presenting cells and contamination of retrovirally transfected cells in the final
population, cannot be ruled out. Thus cell-free notch ligand presentation has been
explored as an alternative strategy. One of the earliest attempts to develop a
stromal cell-free system for Notch signaling mediated cellular differentiation was
by Varnum-Finney et al. [52] Monomeric and dimeric forms of Notch ligand
Delta-1 resulted in inhibition of C2C12 myoblast differentiation and HES-1
transactivation in U20S cells only when the Delta-1 was immobilized on plastic
surface as compared to soluble forms.

4.1 T Cell Differentiation Through Plate Immobilization

Cocultures of hematopoietic precursor cells with immobilized, engineered Notch
ligands have been shown to generate a multilog increase in T-cell precursors as
compared to modest improvement with Notch ligand presented in solution or on
cell surfaces [50, 51]. Further, density of Notch ligand plays important role too as
low densities of Delta-1 can result in differentiation of lin–Sca-1+c-kit+ (LSK)
hematopoietic progenitors into Sca-1+c-kit+ cells, positive for both early T cell
progenitors (Thy1+CD25+) and B cell precursors (B220+CD43–/lo). On the other
hand, high densities of Delta-1 primarily promote differentiation into T lymphoid
precursors [53]. Varnum-Finney et al. showed that by using an immobilized Notch
ligand Delta1ext-IgG, where the Delta1 extracellular domain was fused to the Fc
domain of human immunoglobulin G1, a multi-log increase in the number of T cell
progenitors can be obtained [51] (Fig. 4a, b). These precursors were efficient at
inducing short-term and long-term T-cell reconstitution in nonobese diabetic/
severe combined immunodeficiency (NOD/SCID) mice [51].

In these studies, immobilization of Notch ligand was necessary for T cell
generation. Interestingly, inclusion of interleukin-7 (IL-7) in regular growth factor
cocktail (SCF, IL-6, IL-11, and Flt-3l; collectively referred as 4GF) used with
immobilized Delta1ext-IgG resulted in higher number of cells committed to the
lymphoid lineage [51].

As indicated in Fig. 4c, after 14 days of culture, Lin-Sca-1+c-kit+ hemato-
poietic cells incubated with immobilized ligands (I-Delta1ext-IgG) appeared as blast
cells with high expression levels of Sca-1+c-kit+, and low levels of the granulo-
cyte-associated antigen GR-1, a myeloid lineage marker (Fig. 4c). Early T cell
differentiation was confirmed after 28 days of culture with up regulation of CD25
antigen in cells exposed to I-Delta1ext-IgG [51], 4GF and IL-7 as compared to
negative controls. I-Delta1ext-IgG with only 4GF resulted in lower levels of CD25.
Immobilized ligands offer the ability to quantitatively control the amount of Notch
signaling, an advantage the OP9-DL1 system does not provide. Similarly using
exogenous cytokines such as stem cell factor, several interleukins, flt-3 ligand, and
thrombopoietin and immobilization of Delta ligands at different concentrations,
Deanley et al. [54] demonstrated the ex vivo differentiation and in vivo recon-
stitution of T cells from cord blood cells in a dose dependent manner.
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Although such systems have demonstrated potential in T cell commitment
ex vivo in a cell-free manner, the expense and stability of the plate-adsorbed ligand
are legitimate concerns for long-term culture. Ligand immobilization and OP9-
DL1 systems are essentially a 2D, plate-based culture method with significant

Fig. 4 Culture of Lin-Sca 1+c kit+ hematopoietic cells with immobilized Notch ligand, Del
ta1ext IgG, and hematopoietic growth factors. a Schematic diagram of engineered Notch ligand
consisting of the extracellular domain of Delta1 fused to the Fc portion of human IgG1 (Del
ta1ext IgG). Delta1ext IgG includes the Delta Serrate Lag1 (DSL) domain and epidermal growth
factor (EGF) repeats. The control molecule consists of a signal peptide fused to the Fc portion of
human IgG1 (ControlIgG). b Total number of cells generated over time was determined during
culture with 4GF and I Delta1ext IgG (filled diamond); 4GF, IL 7, and I Delta1ext IgG (filled
circle); 4GF and I ControlIgG (filled square); 4GF and NI Delta1ext IgG (filled triangle). c e)
Morphology and phenotype of cultured cells. Wright Giemsa stained cytospin preparations (far
left and fluorescence histograms right panels) of cells cultured for 14 days with 4GF and I
Delta1ext IgG (c), I ControlIgG (d), or NI Delta1ext IgG (e). Cells were stained with mono
clonal antibodies that recognize Sca 1, c Kit, GR 1, or CD25 epitopes. Original magnification,
9400. X axis, log fluorescence intensity; y axis, cell number; solid line staining with test anti
body; dotted line staining with isotype matched control antibody (adapted with permission from
[51]). I Immobilized; NI non immobilized; GR 1 Myeloid lineage marker
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limitations to scale up processing. There is a need to evaluate bioreactor or 3D
scaffold-based systems that might enhance the T-lineage differentiation of non-
adherent cells like HSCs and lymphocytes and would allow easy scale up.

4.2 T Cell Differentiation Through Notch–Ligand Presenting
Microbeads

Presentation of signaling molecules like Notch through microbeads can overcome
drawbacks associated with OP9-DL1 and plate coating approaches. First, this
could allow large-scale, bioreactor-based suspension culture of ESCs and HSCs as
well as the differentiating T cells. Second, it enables the analysis of ligand density
along with exposure time (since the beads could be added or removed during
culture) on T cell differentiation. Taqvi et al. [55] demonstrated that by conju-
gating the notch ligand DLL4 on the surface of magnetic polystyrene microbeads
acting as artificial stromal cells, it is possible to signal bone marrow derived HSCs
(BMHSCs) into T cell lineage.

In this work, biotinylated anti-Histidine antibodies against recombinant DLL4
(tagged with Histiding, HIS) was attached to streptavidin functionalized micro-
beads. DLL4 notch signaling using the bead system was first demonstrated by
inhibition of myotube formation in C2C12 myoblast cells. Lin-cKit+Sca1+

BMHSCs were studied for differentiation into early T cell progenitors (Thy1.2+)
by incubation with DLL4 functionalized microbeads, co-cultured with OP9 cells
directly or in-directly using TranswellTM inserts. The study demonstrated that
HSC-stromal cell contact is not essential for T cell development and soluble
growth factors secreted by stromal cells that are not in direct contact might support
differentiation. While co-incubation with non-functionalized microbeads resulted
in generation of mostly CD19+ B cells, those incubated with DLL4 functionalized
beads differentiated into both Thy1.2+ and CD19+ cells from BMHSCs [55].

5 Generation of Antigen-specific T Cells from Stem Cells

One of the major limitations of adoptive immunotherapy is that patients with
malignant tumors already have pre-existing tumor specific T cells thus making the
isolation difficult [47]. Other complications include, morbidity associated with
patient cells isolation, long culture-time and inefficiency of in vitro ‘‘training’’ of
autologous T cells, limited availability of Ag-specific T cells and the ultimate risk
of graft-versus-host disease. While antigen specific T cells can be effectively
generated using the OP9-DL1 coculture system followed by culture in fetal thymic
lobes and adoptive transfer into mouse, the system however requires implantation
to reconstitute the T cell compartment, in vivo, and cannot be used as a phar-
maceutical entity. Direct generation of antigen-specific cytotoxic T cells or
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effector T cells in vitro, that can then be used as therapeutic, transplantable cells,
could offer a more efficient system for disease specific, on-demand adoptive
immunotherapy.

5.1 Retroviral Transduction of T Cell Receptors

It has been long argued that a clinically relevant T cell immunotherapy would
preferably require the adoptive transfer of autologous T cells expressing antigen-
specific T-cell receptor (TCR). The antigen specificity of T cells is dependent on
expression of TCR ab complexes that binds to MHCs on stromal cells or dendritic
cells during positive selection process in the thymus. Although it is possible to
introduce TCR a and b genes in T cells through retroviral transduction, the off-
shelf availability and risk of expressing additional endogenous TCRs remain
potential drawbacks [56]. An alternative could be retroviral TCR gene transfer into
mouse or human stem cells (ESCs and HSCs) followed by T cell differentiation
[56]. In this strategy, HSCs from bone marrow can be transfected with retroviral
carriers of TCR a and b chain encoding genes [57]. This process prevents
expression of any endogenous TCR thus improving the specificity by reducing
TCR mismatching as well as less competition for thymic expression under influ-
ence from CD3. It should be noted that such transfection of stem cells does not
result in TCR expression unless transferred into a thymic niche from bone marrow
environment (Fig. 5). This can be solely attributed to expression of CD3 by pro-
genitors in thymus and not in bone marrow [56]. CD3 expression in early T cell
progenitors leads to surface expression of TCR complexes.

Yang and Baltimore performed one of the initial studies to pre-program HSCs to
differentiate into T cells with desired antigen specificity in a mouse tumor model for

Fig. 5 T cell receptor (TCR) gene transfer into bone marrow derived hematopoietic stem cells
(HSC). The TCR remains intracellular post infection until it is transferred into a thymic micro
environment; co culture with OP9 DL1 or transfer into mouse. In the thymic microenvironment,
HSCs express CD3 that promotes surface expression of TCR chains. Thymic differentiation of
TCR gene transducted HSC results into antigen specific T cells
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chicken ovalbumin [58]. HSCs isolated from wild type B6 and RAG1-/- mouse
were transduced with MOT1 or MOT2 viruses (vectors expressing OT1 or OT2
TCR). The retrovirally infected HSCs when transferred into wild type or RAG1-/-

resulted in development of Sca-1+c-kit+, CD8+ CD4+ DP cells, as well as later
conversion into either CD8 or CD4 single-positive T cells. The system further
exhibited significant tumor suppression in E.G7 mouse tumor model. Legrand et al.
[59] performed retroviral transduction of TCRab genes into human CD34+CD1a-

HSCs followed by coculture with OP9-DL1 cells which resulted in in vitro
production of large populations of antigen specific T cells against melanoma
(MART-1), viral (CMV), and minor histocompatibility (HA-2).

Similarly, Morgan et al. [47] generated human p53-TCR or ESO expressing
T cells from p53 to TCR or NY-ESO-1 transduced human umbilical cord blood
derived HSCs. NY-ESO-1 is a germ cell antigen abnormally expressed by various
tumor cells. T cell differentiation was achieved by coculture with OP9-DL1. In this
study co-culture resulted in differentiation of HSCs into T cells expressing T cell
lineage markers CD1a, CD7, CD25, CD27, CD44, CD3, CD4, and
CD4+ CD8+ DP cells, irrespective of transduction (Fig. 6a). TCR mediated anti-
gen specificity of the in vitro generated T cells was confirmed by recognizing
specific tumor antigen epitopes on p53 or ESO (control) peptide pulsed antigen
presenting cells (T2), with production of GMCSF and IL-2 (Fig. 6b). Similarly,
p53 TCR transduced HSCs derived T cells resulted in specific lysis of p53
peptide pulsed target cells (Fig. 6c).

In tumor immunotherapy there is growing evidence that CD4+ T cells play
helping role in further stimulating CD8+ T cells and thus in vitro generation of
antigen specific CD4+ T cells might be beneficial towards adoptive immunother-
apy. Dai et al. [60] recently reported in vitro generation of such CD4 T cells by
coculturing OT2 CD4 TCR expressing retrovirally transduced adult bone marrow
cells with OP9-DL1 cells. Lack of expression of MHC II molecules on OP9 cells
makes it challenging to generate antigen specific CD4 T cells, Dai et al. ectopically
expressed I-Ab in OP9-DL1 cells. Polyclonal anti-CD3/CD28 stimulation of CD4
T cells resulted in proliferated and expression of activated T cell markers. These
cells also secreted CD4 T cell specific cytokines IFN-c and IL-2 further estab-
lishing the functional maturity. In comparison to OP9-DL1 coculture, MHCII
expressing OP9-DL1-IAb resulted in markedly higher production of IFN-c and
IL-2 suggesting that ectopic expression of MHCII can further enhance the antigen
specific generation of CD4 T cells.

Despite the numerous advantages discussed with the TRC gene transfer there
exist several disadvantages. While this system has high specificity for viral anti-
gens, it may impose several problems with tumor self-antigens. The self antigen-
specific T cells can either get deleted in the thymus itself or can result in tolerance
if these T cells reach the peripheral tissues [56]. Further, retroviral transduction
may result in viral mutagenesis in the stem cells making it a risky system in long
term clinical studies [57]. Thus it may be desirable to design a system that can be
as efficient as viral transduction but does not involve use of such potentially
pathogenic carriers.
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5.2 T Cell Differentiation in a Three-dimensional Matrix

Biomaterials based 3D scaffolds promote cultures through cell cell and cell
material interactions, maintenance of physiological cellular morphologies and
provide mechanical support [61]. 3D scaffolds for ES cell differentiation have
been developed from natural polymers such as fibrin [62] and hyaluronic acid [63],
as well as synthetic materials like poly (lactic-co-glycolic acid) and poly(ethylene
glycol) (PEG) [64]. However, fabrication of 3D scaffolds has focused mainly on
chondrogenesis, osteogenesis, and vascularization [63]. Bone marrow and thymic
co-culture on 3D scaffolds have resulted in significant T and B cell differentiation
of stem cells as compared to monolayered co-cultures [65, 66]. Direct

Fig. 6 T cells committed from genetically engendered HSCs and antigen specific functional
responses of the T cells in vitro developed from tumor antigen TCR transduced HSCs. a Flow
cytometry analysis for T cell markers for MSGV p53 AIB transduced HSCs (p53 TCR) or
nontransduced HSCs (NV) cocultured with OP9 DL1 cell line for 29 days. Representative of four
experiments. b T cells generated by coculturing MSGV p53 AIB (p53 TCR) transduced HSCs
with OP9 DL1 for 42 days [nontransduced HSCs (NV) were used as control] were cocultured
with p53 peptide pulsed T2 cell line (T2 p53); NY ESO 1 p156 165V peptide pulsed T2 cells
(T2 ESO) were used as a control. Production of IL 2 and GM CSF was determined by ELISA.
Representative of three experiments. d T cells generated by coculturing MSGV p53 AIB
transduced HSCs (p53 TCR) or nontransduced HSCs (NV) with OP9 DL1 for 44 days were
cocultured with 51Cr labeled, p53 peptide pulsed T2 (T2 p53) or NY ESO 1 peptide pulsed
T2 (T2 ESO) for 4 h, and 51Cr release was measured. Representative of two experiments.
Adapted with permission from [47]]
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hematopoietic differentiation of embryonic stem cells in 3D scaffold-based cul-
tures and their subsequent differentiation into antigen-specific, functional T cells,
have only been recently reported [67]. Kotov et al. have generated B cells by
culturing human HSCs in a porous polyacrylamide scaffold of a similar archi-
tecture [65, 66], and have also shown possibility of early, immature T cell dif-
ferentiation from human HSCs on DLL1-coated 3D inverted colloidal crystal
(ICC) scaffolds [67].

Current design rationale behind these 3D scaffolds for T cell differentiation
from stem cells is based on the mechanically soft nature of the thymic microen-
vironment and the presence of key cell signaling molecules, e.g. notch ligands and
MHCs. Scaffolds, whether natural or polymeric, should provide 3D mechanical
support for stem cell differentiation and specific ligands to create an artificial
thymic niche that supports differentiation of ES cells or HSCs into mature, ther-
apeutic T cells. The scaffolds should also provide cell cell contacts and it would
be advantageous to have a porous network with-in the scaffolds to provide nutrient
and waste transport, as well as predict the diffusion and migration characteristics
of the cells cultured on these scaffolds [68, 69]. A schematic representation of an
artificial 3D microenvironment mimicking thymic micro-environment is shown in
Fig. 7a. The inner surface of the scaffolds can be modified with chemical moieties
like clay or with specific biomolecules like ligands and receptors [67]. The
polymer architecture for high-throughput generation of T cells should be easily
modifiable to incorporate factors that need to be immobilized or sequestered for
cell signaling.

Kotov et al. designed notch functionalized 3D inverted colloidal crystal (ICC)
scaffolds for ex vivo T-cell development of human HSCs [67]. The microarchi-
tecture of this artificial thymic microenvironment is a highly organized spherical
pores that are interconnected with adjacent pores (Fig. 7b, i). These polyacryl-
amide hydrogel ICC scaffolds are formed using layer-by-layer (LBL) molecular
assembly technique and have 110 lm uniform pore size with *30 lm large
interconnecting channels [67]. The 3D scaffold addresses most of the ideal design
characteristics mentioned earlier for mimicking thymic architecture [69, 70]
except that it lacks any T cell positive selection mechanism. The ICC hydrogels
have LBL coating of clay and poly(diallyl dimethylammonium chloride) (PDDA)
that promotes stromal cell adhesion and immobilization of Notch ligands through
electrostatic interactions [67]. Figure 7b, ii represents DLL1 coated well on the
surface of the ICC scaffold [67] and the intricate design resulted in dynamic
culture with pore surfaces densely covered with cells (Fig. 7b, iii). The repeated
proliferation and notch induction resulted in differentiation of HSCs into T-cell
lineage as these cells started expressing CD3, TCRa, and CD117 (Fig. 7b, iv).
Finally after 28 days of continuous culture, these HSCs differentiated into CD4+

T cells (Fig. 7b, v, vi).
The study shows the possibility of generating a 3D system for high throughput

regeneration of T cells from stem cells, ex vivo, however several aspects of the
T cell development like positive selection, antigen specificity, graft versus host
(GVH) rejection upon transplantation needs to be addressed.
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Fig. 7 a General schematic representing an artificial 3D scaffold mimicking thymic microen
vironment and architecture. The pre fabricated scaffolds can be seeded with stem cells or thymic
progenitors and under the influence of signaling molecules like Notch and growthfactors like IL 7
and SCF, precursor cells can differentiate into matured T cells. b Representative 3D inverted
colloidal crystal (ICC) hydrogel scaffolds. i Scanning electron micrograph (SEM) of hydrogel
ICC scaffold with interconnecting pores, ii confocal image of a DL 1 notch ligand coated
hydrogel ICC scaffold. For imaging purposes, DL 1 notch ligands were bound to antibodies
conjugated to FITC., iii the Delta 1 notch ligand immobilized pore surface is densely covered
with CD34+ HSCs. Restricted cellular population mimicked the thymic microenvironment,
iv CD117 and TCRa after 22 days of culture. (Scale bar 40 mm, see online version [67]) v, vi
CD4 surface marker analysis after 28 days of culture in presence of notch and in absence of notch
(Scale bar 80 mm) (Figure B adapted with permission from [67])
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Understanding Hypoxic Environments:
Biomaterials Approaches to Neural
Stabilization and Regeneration after
Ischemia

Jennie B. Leach and Elizabeth M. Powell

Abstract Hypoxic/ischemic brain damage results in permanent neurological
dysfunction. Though currently there are no effective treatments for this condition,
exciting advances in neural stem/progenitor cell (NSPC) biology promise cellular
based therapeutics. Major strategies seek to transplant exogenous NSPCs or recruit
endogenous NSPCs in order to protect injured neurons or replace the function of
lost neurons, but current methods are hindered by poor regulation of NSPC sur-
vival, proliferation, migration and integration into the existing environment. This
chapter provides a review of the biology including response to hypoxia and current
methods to manipulate NSPCs in vitro. We highlight recent applications of utilizing
biomaterials to control NSPC response. Despite advanced technologies to synthe-
size and probe biomaterial systems, many efforts provide incremental improvement
compared to transplants of simply NSPCs alone. We challenge the biomaterials
community to view the NSPC as a component of the biomaterial and define the
biological response of the NSPC within the environment, whether natural, man-
made, or a hybrid of each. Accordingly, interactive collaboration among engineers,
neurobiologists and clinical neurologists will lead to breakthroughs in basic science
and advance biomaterials technology to achieve commercial and therapeutic
solutions for human disease.
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1 Ischemic Brain Damage in Adult and Neonatal Humans

Several types of injury can cause hypoxic/ischemic damage in the central nervous
system [1]. Events such as heart attack and asphyxia (e.g., carbon monoxide
inhalation and drowning) can result in near complete cessation of oxygenated
blood flow to the brain. This type of injury predominately results in the death of
particularly susceptible neurons, such as the pyramidal neurons of the hippo-
campus. Stroke, which occurs due to rupture or occlusion of the cerebral artery, is
more common and causes focal ischemia. This injury causes neuronal death in a
focused area that is surrounded by a region of damage that is partially reversible
depending on the severity and location of injury. In infants, perinatal asphyxia
during birth causes hypoxic/ischemic brain injury and is the most common cause
of neurological disability in children [2]. The major outcome of the cessation of
blood flow in the brain is cell death due to reduced supplies of oxygen and
metabolites. Cell death can also be caused during reperfusion injury, wherein
blood flow resumes to the damaged tissue. Due to vessel damage and a disrupted
blood brain barrier, the already compromised tissue is flooded with ions, hemo-
globin, inflammatory factors and blood cells. The long-term outcome of the most
extreme degree of ischemic brain damage is the formation of a permanent cystic
cavity surrounded by impenetrable glial scar tissue; neurological function of this
tissue is thus permanently lost.

Despite recent advances in critical care of adult and infant patients with hypoxic/
ischemic brain damage, effective treatments that prevent permanent disability are
not available. Fortunately, neurological studies in the past several decades have
culminated to a very exciting point in which multidisciplinary work combining
advances in neurobiology, stem cell biology, clinical medicine and biomaterials are
poised to make significant advances towards treating hypoxic/ischemic brain
injuries. For example, recent Phase I and II clinical trials of new stroke therapies
indicate that human cell transplants remain postmitotic up to 2 years after trans-
plantation, supporting safety and feasibility [3 6]. Unfortunately, functional
improvement resulting from cell transplants was not significant. This review
focuses on the effect of hypoxic/ischemic injury on the brain and its populations of
neural stem/progenitor cells (NSPCs), endeavors by biomaterials scientists to
improve the success of NSPC transplants, and suggestions for promising avenues of
future research to design biomaterials for NSPC implants in patients afflicted by
stroke and asphyxia.

2 Response of NSPCs to Ischemic Brain Damage

Ischemia and hypoxia induces neurogenesis in the brain. Interestingly, this
response occurs even in the older populations (ages 60 78), wherein the incidence
of stroke is higher [7 10]. After fetal development, neurogenesis in the human
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brain is most commonly observed in two regions: in the subventricular zone of the
cerebral cortex and the hippocampal dentate gyrus. In the resting, uninjured brain,
the neuroglial precursors simultaneously divide and migrate along the rostral
migratory stream on the way to the olfactory bulb, where they will become
interneurons [11 13]. Normal hippocampal neurogenesis is dependent on multiple
on environmental influences, including exercise, learning cognitive tasks and anti-
depressant use [14 18]. Current stem cell therapies have focused on harnessing the
potential of these endogenous NSPCs.

In the injured brain, the niches of NSPCs may be activated. The cells are
induced to proliferate, migrate towards the injury site, differentiate into neurons,
and function to support the survival of injured cells or re-establish functional
connectivity [19 28] (Fig. 1). Despite the non-permissive environment generated
during stroke and reperfusion, NSPCs are relatively resistant to hypoxia/ischemia
[29] (discussed in ‘‘Physiological Hypoxia’’ and Hypoxic/Ischemic Injury section
in more detail) and potentially damaging inflammatory molecules and metabolites,
such as reactive oxygen species [30]. Moreover, hypoxia promotes NSPC prolif-
eration directly [25, 31 36] and indirectly via chemotactic gradients of growth
factors such as vascular endothelial growth factor (VEGF), fibroblast growth factor 2
(FGF2) and epithelial growth factor (EGF) that are established by neurons and glia
during hypoxia [13, 37, 38]. However, the details of the neural stem cell response
are not completely clear and may impact the various cell types or neuronal
phenotypes differently [32]. The underlying signaling processes are difficult to
elucidate due to the complexity, variability and dynamics inherent to in vivo
studies of hypoxic brain injury as well as the fact that in vitro studies typically
investigate individual factors that are added exogenously to a culture carried out
on a non-physiological and two-dimensional (2D) substrate.

Another key factor involved in hypoxic/ischemic injury that influences NSPC
response is angiogenesis. The growth of new blood vessels may be a key factor

Fig. 1 Schematic of post
stroke neurogenesis. The
shaded area indicates global
ischemia in the cortex and
striatum (as is induced in
rodent models by middle
cerebral artery occlusion)
wherein NSPCs (circles)
migrate from the subventric
ular zone towards the injury
area. Figure adapted from
[19, 43]
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towards the success of stroke therapies for direct effects on re-establishing per-
fusion and the blood brain barrier as well as indirect effects on NSPC response.
Development and stroke studies have elucidated remarkable synergy between the
processes of angiogenesis and neurogenesis [39 44]. For example, after hypoxic/
ischemic injury, angiogenesis-related genes encoding VEGF, FGF2 and EGF are
upregulated [45] and produce factors which also promote neurogenesis [46 49].
Moreover, the vasculature is a key structural component of the NSPC niche [48,
50, 51] and provides a pathway to guide NSPC migration during development and
in adults [52].

Despite the promise suggested by these endogenous repair mechanisms in the
brain, most NSPCs that migrate into sites of damage die before they differentiate
and provide functional benefit. Indeed, NSPCs only successfully replace as few as
0.2% of the original neuronal population [23], which does not provide for adequate
replacement of function. Increased plasticity of neurons in the tissue local to the
injury has been hypothesized to provide some benefit, but the loss of neuronal
connectivity and architecture in the cystic cavity provides a significant barrier
towards re-establishment of the original tissue functionality [53]. Thus, a more
complete understanding of how to influence NSPC response will likely result in
improved therapeutic strategies for treating hypoxic/ischemic injury.

3 NSPC Implants to Treat Ischemic Brain Damage

Mammalian NSPCs can differentiate into neurons [54 56], astrocytes [57 59],
oligodendrocytes [60, 61] and possibly even endothelial cells [62]. Therefore, it is
plausible that repair by NSPCs could result in fully restored tissue following
hypoxic/ischemic brain injury. As mentioned above, the full potential of NSPC
transplants has not yet been achieved in humans, and numerous studies in animal
models have not succeeded in providing reproducible functional restoration (for a
recent comprehensive review, see [63]). Nonetheless, promising results have been
realized: NSPCs are capable of surviving transplantation, can migrate into the area
of injury, differentiate into mature neurons, and form functional connections with
surrounding cells [54, 63 65]. Also, transplanted NSPCs may help promote the
survival and function of cells in the injury site [60, 66 68], which may alone
provide significant benefit [53]. Thus, two major outcomes have been targeted by
the therapeutic application of NSPC implants: (1) treat neuronal death and possible
loss of circuitry by achieving long-term NSPC survival and functional integration
or (2) treat neuronal injury by more short-term NSPC survival that allows for
neuroprotection and recruitment of endogenous NSPCs (Fig. 2).

Unfortunately, the majority of transplanted NSPCs often dies [69 71] or
differentiates into glia [57 59]. Furthermore, the age of the NSPC source may play
an underappreciated role in their ability to augment repair: a recent study by
Takahashi et al. indicates that NSPCs derived from embryonic animals respond
very differently from those derived from adults when transplanted into stroke
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models in rats [72]. Whereas both populations of NSPCs were associated with
reduced infarct volumes, embryonic NSPCs had better survival and lower immune
response in the injury site than adult NSPCs. Yet, in animal studies, embryonic
NSPCs more often yield teratomas or other tumors at the site of implantation [73
75]. Despite their few numbers, however, adult NSPCs were associated with
greater therapeutic benefit, perhaps due to the production of more environmentally
appropriate trophic factors that support the survival of impaired host cells. Thus,
significant questions remain to be answered regarding the most effective means to
promote NSPC survival, direct fate and identify the most appropriate source and
age of cells to implant.

4 NSPC Isolation and Culture: State-of-the-Art

NSPCs can be isolated from mammals of all ages, from embryo to adult. NSPC is a
general term that includes progenitor cells with varying expansion and differen-
tiation potential. Developmental biologists are defining the multiple types of
progenitors, including initial neuroepithelium of the neural tube, radial glial
neuroprogenitors of the embryonic brain, transiently amplifying cells of the rostral
migratory stream and the adult stem cells of the dentate gyrus of the hippocampus.
The molecular mechanisms of cell proliferation and fate determination are largely
unknown. Most in vitro studies favor embryonic or fetal rodents and use standard

Fig. 2 Roles of NSPCs to treat neural injury. Transplanted or endogenous NSPCs may serve to
promote survival of injured neurons by secreting trophic factors or modulating inflammation. If
the neuron has already died but suitable scaffolding cues remain in the injury site, NSPCs may
have the potential to replace lost circuitry. In the presence of a cystic cavity or excessive glial
scarring, NSPCs may even aid in the formation of new circuitry. Schematic adapted from [53]
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procedures for isolating particular regions of brain tissue. NSPCs are typically
propagated as neurospheres (non-adherent cell aggregates) in serum-free medium
containing supplements such as N2 or B27 as well as FGF2 and EGF [76, 77].
Upon manipulation of growth factor content, addition of serum, or plating on an
adherent substrate, the cells differentiate within days in the in vitro environment
into neurons, astrocytes and oligodendrocytes [76, 78]. NSPCs can also be prop-
agated on adherent substrates as neurospheres or dissociated cells [79, 80].

The details of these methods can significantly influence NSPC survival and
differentiation [81, 82]. Perhaps for this reason then, methods have favored one of
the two formats for some cell types: NSPCs isolated from the hippocampus are
usually grown as dissociated cells on laminin-coated substrates [83], whereas those
derived from the subventricular zone destined for the rostral migratory stream are
usually cultured as neurospheres [84]. Cells from these sources also vary in terms
of growth factor supplementation during culture: hippocampal NSPCs are typi-
cally expanded in medium containing EGF and FGF2, and differentiated in
medium without growth factors, but brain-derived growth factor (BDNF) can also
be used to promote neuronal survival and differentiation [66]. Subventricular zone
NSPCs may be differentiated into glial cells in the presence of EGF and specifi-
cally astrocytes with bone morphogenic proteins [85 87]. These culture conditions
reflect the current knowledge of mechanisms of stem cell biology. The biological
response to a single growth factor is dependent upon origin and age of the NSPCs
and the composition of the environment: i.e., extracellular matrix molecules and
configuration [88]. Adherent substrates coated with laminin have also proven to
promote NSPC survival, proliferation and differentiation into neurons from human
embryonic stem cells [89, 90] as well as postnatal humans [91] and embryonic
mouse [92]. In vivo, multiple growth factors act simultaneously. A few studies
have addressed responses to multiple growth factors and show synergistic and
sometimes opposing effects. For hippocampal stem cells, EGF in culture promotes
proliferation, whereas in the presence of BDNF, cell survival and differentiation
are increased, but some degree of proliferation is maintained [93]. The sequence of
the addition of either EGF, BDNF or NGF altered proliferation, differentiation,
neurosphere size and individual cell morphology of embryonic heterogeneous
striatal NSPCs [94]. These culture techniques consequently reflect a combination
of established cell and tissue culture techniques and limited knowledge of
molecular mechanisms that regulate cell proliferation, fate determination and
survival.

Other non-neural sources of NSPCs are being explored, including the possi-
bility of deriving neurons from skin and blood. Bone marrow mesenchymal cells
may have the potential to differentiate into a variety of cell types, including
NSPCs, but the results have been unclear as to whether this is a promising source
of neural progenitors for therapeutic use [66, 95 98]. Human umbilical cord
derived NSPCs also show promise in delaying the progression of neurological
disease and degeneration [99]. Lastly, induced progenitor cells (iPCs) provide
mechanisms to possibly elicit the neural cell phenotype from nearly any adult
cell [100 102].
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Despite their widespread use, culture of NSPCs as floating neurospheres or on
adherent substrates share the general disadvantage of being highly artificial
environments. While neurospheres offer the advantage of potentially providing a
sphere of many cells that were propagated clonally from a single cell [103], most
NSPC protocols describe the use of dissociated cells that coalesce into chimeric
spheres. Regardless, the internal microenvironment in these systems is heteroge-
neous across a population of neurospheres as well as within a single neurosphere.
Therefore, cell fate is greatly influenced by factors that are not controllable nor
easily measured or interpreted [104 106]. For example, gradients of soluble mol-
ecules, differential cell cell contacts and extracellular matrix deposition form
heterogeneities or cellular subdomains. Moreover, cell viability may be compro-
mised in neurosphere culture [66], particularly when the core of larger neurospheres
becomes hypoxic and necrotic [107]. Finally, neurosphere cell populations change
over time in culture and become enriched in glial cells [59, 108], thus providing an
additional source of experimental variability. One may argue that adherent culture
of dissociated cells provides a more uniform and controllable microenvironment
[84], however, the stiff and two-dimensional nature of commonly used culture
substrates forces the cells into yet a different non-physiological environment that
may produce misleading results [109 112]. Indeed, the effects of suspension versus
adherent culture on cell proliferation and fate are not well understood and few
studies have been undertaken to elucidate specific differences [113, 114].

5 Biomaterials Use in NSPC Applications: State-of-the-Art

Biomaterials have a recognized role in their ability to mimic the physiological
milieu in terms of structure and biochemistry and present the additional advantage
of providing a reproducible scaffold to support in vitro culture and transplants.
With advances in biomaterials synthesis, processing, and analysis in the past few
decades, new technologies for controlling biomaterial physical properties [115
118], processing into relevant three-dimensional architectures [119, 120], as well
as sophisticated methods to pattern cells [121 123] and present and release bio-
active compounds [124 132], including soluble and immobilized gradients [125,
133 136] are now possible.

Given these recent advances, there have been a number of studies investigating
the interactions between NSPCs and biomaterials (Tables 1, 2, 3). In general, work
in this area has focused on the effect of the biomaterial microenvironment on
NSPC differentiation. A variety of biomaterials have been investigated, including
naturally-derived biopolymers [129, 131, 137 148], self-assembled peptides [149
151], and synthetic polymers [115 117, 125, 152 158]. Each of these classes of
biomaterials include specific examples that are degradable [116, 117, 137, 154
156] and non-degradable [118, 125, 137].

Nearly all biomaterials studies evaluate cell viability, either with known stan-
dard cell lines, such as mouse fibroblasts, or with primary NSPCs and neuronal cell
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Table 1 NSPC responses investigated using 2D biomaterial substrates

Cell
response

Biomaterial Source of NSPC References

Viability

Greater survival on stiff versus soft substrates

Crosslinked RGD- heparin-PEG gels
(G’ 0.2 5 kPa) that release FGF2

Embryonic rodent
mesencephalon

[115]

Greater cell numbers on substrates with adhesive/bioactive molecules versus without

Chimeric protein of keratin and adhesive domain
of laminin

Embryonic rodent striatum [211]

Poly(sialic acid) hydrogel modified
with poly-ornithine/laminin, PLL, collagen

Fetal rodent mesencephalon [140]

Substrates with immobilized EGF Embryonic rodent striatum [135]

Proliferation

Greater proliferation on substrates with adhesive peptides versus without

Self-assembled peptides containing RGD Adult rodent hippocampus [149]

Interpenetrating network of various polymers
modified with RGD or IKVAV

Adult rodent hippocampus [158]

Neuronal fate

Greater neuronal marker expression and neurite growth on soft versus stiff substrates

PDMS coated with poly-ornithine
(YM \ 12 750 kPa)

Embryonic rodent cerebral
cortex

[118]

PEG-PLL-laminin gels (EM 1 15 kPa)
with varying chemical properties

Perinatal rodent brain [116]

Greater neuronal differentiation on substrates modified with specific biological molecules or chemical groups

Glass modified with chemical groups
(e.g. amino, carboxyl)

Embryonic rodent cerebral
cortex

[145]

Crosslinked chitosan modified with
IFN-c, BDNF, EP

Adult rodent SVZ/SEZ [212]

Poly(sialic acid) hydrogel modified with
poly-ornithine/laminin, PLL, collagen

Fetal rodent mesencephalon [145]

Interpenetrating network of various polymers
modified with RGD or IKVAV

Adult rodent hippocampus [158]

Greater neurite growth on micropatterned substrates and co-culture with astrocytes

Micropatterned polymer for non-contact co-culture Adult rodent hippocampus [123, 213]

Migration

Greater migration on substrates modified with specific biological molecules or chemical groups

PEG-PLL gels coated with laminin with varying
chemical, mechanical properties

Perinatal rodent whole brain [116]

Glass modified with chemical groups
(e.g., amino, carboxyl)

Embryonic rodent cerebral
cortex

[145]

Function

Greater expression of synaptic markers on soft versus stiff substrates

PDMS coated with poly-ornithine
(YM \ 12 750 kPa)

Embryonic rodent cerebral
cortex

[118]

BDNF brain derived neurotrophic factor, EM elastic modulus, EP erythropoietin, FGF2 fibroblast growth
factor-2, IFN-c interferon-c, IKVAV Ile-Lys-Val-Ala-Val laminin-derived adhesive peptide, PDMS poly
(dimethyl siloxane), PEG poly(ethylene glycol), PLL poly(L-lysine), RGD Arg-Gly-Asp fibronectin-derived
adhesive peptide, SEZ subependymal zone, SVZ subventricular zone, YM Young’s modulus
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lines. Further characterizations of the materials include expression analysis of
neuronal and glial markers and general description of morphology, namely neurite
outgrowth. In some advanced stages, neuronal function is measured using

Table 2 NSPC responses investigated using 3D biomaterial scaffolds

Cell
response

Biomaterial Source of NSPC References

Viability
Maximal viability at moderate cell density

Type I collagen seeded with
1e4 1e8 cells/ml

Embryonic rodent striatum [147]

Maximal viability at low gel density
Type I collagen (0.3 3 mg/ml) Embryonic rodent striatum [147]

Greater viability in scaffolds containing specific biological molecules
Type I collagen, agarose Embryonic rodent cortex [143, 144]
PEG PLA gel containing FGF2

and collagen
Embryonic rodent forebrain [117, 156]

Porous PLGA scaffold coated
with Matrigel or fibronectin

Human embryonic cell line [154, 155]

Greater viability in degradable versus non degradable gels
Alginate Adult rodent hippocampus [137]

Proliferation
Greater proliferation on stiff versus soft scaffolds

Alginate gels (EM 0.2 20 kPa) Adult rodent hippocampus [138]
Greater proliferation in scaffolds containing specific biological molecules

Porous PLGA scaffold coated with
Matrigel or fibronectin

Human embryonic cell line [154, 155]

Neuronal fate
Greater neuronal differentiation in scaffolds containing specific biological molecules

HA/collagen sponge Adult rodent SVZ/SEZ [146]
Type 1 collagen, agarose Embryonic rodent cortex [143, 144]
Self assembled peptides containing

IKVAV
Embryonic rodent cortex [150]

Greater neuronal differentiation on soft versus stiff scaffolds
Alginate gels (EM 0.2 20 kPa) Adult rodent hippocampus [138]

Migration
Maximal migration at low gel density

Type 1 collagen (0.3 3 mg/ml) Embryonic rodent striatum [147]
Function
Greater polarization and/or excitability in adhesive gels

Type I collagen, agarose Embryonic rodent cortex [141, 143,
144]

PEG PLA gel containing FGF2
and collagen

Embryonic rodent forebrain [117, 156]

EM elastic modulus, FGF2 fibroblast growth factor 2, HA hyaluronic acid, IKVAV lle Lys
Val Ala Val laminin derived adhesive peptide, PEG poly(ethylene glycol), PLA poly(lactic acid),
PLGA poly(lactic co glycolic acid), SEZ subependymal zone, SVZ subventricular zone
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electrophysiology techniques or photosensing dyes (sensitive to voltage or the
presence of calcium).

6 Current Challenges in Biomaterials for NSPC Applications

Whereas some success has been noted in the use of biomaterial implants to reduce
inflammation and glial scar in the brain [65, 115, 159], most investigations of
biomaterials for NSPC applications have been implemented in vitro and the few
transplant studies undertaken have not improved upon the level of success
described above for NSPC transplants alone. We and others [114, 160] view the
primary challenge towards the successful application of biomaterials for NSPC
culture and transplantation as not a lack of engineering tools, but rather an
insufficiency of biological inspiration. This result could stem from NSPC biology
being a rather recent and currently unfolding field in combination with an inherent
communication barrier between the fields of neurobiology and biomaterials
engineering.

Studies of NSPC biomaterials interactions seem to be largely driven by bio-
materials innovations and result in the characterization of induced differentiation
by the biomaterials environment or controlled release of factors well-recognized to
influence NSPC proliferation and differentiation. In other words, biomaterials
design in general is not being driven by the need to answer challenging biological
questions, which the field is certainly well-poised to tackle in collaboration with
neurobiologists and clinicians. For example, it is not clear why many studies focus
on the characterization NSPC differentiation at the exclusion of promoting cell
survival and expansion. Indeed, it is likely that successful therapeutic strategies
will require large numbers of cells and in general original sources of NSPCs only
provide limited numbers of viable cells. Perhaps the focus on promoting cell
adhesion, a popular strategy for terminally differentiated cells, has distracted

Table 3 NSPC responses investigated using controlled release of bioactive factors

Cell response Biomaterial Source of NSPC References

Viability
Greater cell numbers with controlled release versus soluble factor

Retinoic acid releasing PLGA
microspheres coated with PLL

Embryonic rodent cell line [132]

Neuronal fate
Greater neuronal differentiation with controlled release versus soluble factor

Retinoic acid releasing PLGA
microspheres coated with PLL

Embryonic rodent cell line [132]

NT 3 releasing chitosan carriers Perinatal rodent spinal cord [131]
Greater neurite growth with controlled release versus soluble factor

NT 3 releasing chitosan carriers Perinatal rodent spinal cord [131]

PLGA poly(lactic co glycolic acid), PLL poly(L lysine), NT 3 neurotrophin 3
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researchers away from exploring the possibility that adhesion promotes cell dif-
ferentiation and thus studies have overlooked strategies to promote earlier stages in
neurogenesis. A final but significant challenge towards implementing biomaterials
for NSPC therapies is that there is a lack of side-by-side comparisons between
multiple materials (exceptions being [116, 161, 162]) and standardization of cell
sources, culture methods, target outcomes and assessment tools.

7 Potential of Biomaterials for Reverse-engineering NSPC
Microenvironments

Despite the great recent advances in our understanding of NSPC biology, this
exciting field has the possibility of stagnating because of the limitations of current
culture platforms and transplantation methods. Given the technological sophisti-
cation of biomaterials science, it is highly plausible that in collaboration with
neurobiologists and clinical neurologists, biomaterials engineers can provide the
tools and analytical methods to make groundbreaking discoveries in NSPC biology
and therapeutic application. We suggest here several potential avenues where
biomaterials engineers may make specific contributions in the near future.

7.1 Neurosphere Culture

One area that biomaterials engineers could make an immediate impact is to
consider neurospheres as a type of biomaterial. Several lines of reasoning support
this proposition. First, neurosphere culture is one of the few methods of propa-
gating stem cells in the undifferentiated state. What makes this possible? As
mentioned above, side-by-side comparison of the signaling events that occur in the
neurosphere versus dissociated cells may make this possible. However, due to the
heterogeneity of the neurosphere microenvironment, this approach poses signifi-
cant challenges to the application of current biological tools. Yet by reverse-
engineering the neurosphere environment, biomaterials engineers may be able to
identify specific and perhaps unique physical and biochemical cues presented
within the neurosphere by mimicking this microenvironment within tunable three-
dimensional synthetic scaffolds. Specific questions include:

1. What are the dominant factors that NSPCs use to communicate with other cells
in neurosphere culture? Presumably, cell cell contacts and soluble elements are
important, but which specific pathways are involved? Is extracellular matrix
secreted and does it initiate integrin-mediated signaling events? Does lack of
substrate adhesion contribute to maintenance of the undifferentiated state or is
it an artifact of culture in a compliant three-dimensional microenvironment?
How does the undifferentiated cell, which is largely connected to its neighbors
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through cell cell contacts, remodel its environment during and after differen-
tiation? Can this process be controlled with clever new materials that are
hybrids of classical biopolymers and natural molecules?

2. Gradients of soluble molecules, including nutrients, waste, growth factors and
oxygen, persist within neurosphere culture. At what critical size or cell number
do these factors begin to present dominant effects? Could these gradients be
beneficial? For example, NSPCs are relatively resistant to hypoxia/ischemia as
compared to differentiated cells; could this effect be at play in neurosphere
culture to promote the undifferentiated state? Under what conditions does the
necrotic core form? How does it influence the state of the cells in the immediate
environment of the core? Can the biochemical environment be mimicked in a
different geometry that is more suitable for large scale production?

3. What specific properties of the neurosphere should be mimicked in biomaterial
scaffolds? Is this the preferred environment or is it a ‘stray path’ to try to
understand an already artificial environment [163]? Or, perhaps neurosphere
culture provides a point of inspiration towards developing a new strategy to
afford dynamic cell adhesion to biomaterials wherein the scaffold is initially
non-adhesive to promote NSPC expansion and then adhesive towards cells to
promote differentiation (analogous to the temperature sensitive polymer poly-N-
isopropylacrylamide, which has typically been implemented to promote cell
adhesion first and then detachment [164, 165]). Similar methods could be
developed for dynamic growth factor delivery (as already demonstrated to be
feasible for promoting angiogenesis [166]) or controllable hypoxia gradients
[134, 167].

7.2 The Stem Cell Niche

After fetal development, a small fraction of NSPCs remain in the brain within the
unique microenvironment of the neural stem cell niche [168, 169] (Fig. 3).
Because neural stem cells are multipotent and have the potential for unlimited
proliferation, strict control over their behavior is critical during development and
maintenance of the stem cell population throughout the lifespan of the adult.
However, stem cells are known to become activated and migrate towards sites of
injury, necessitating regulation of signals that control stem cell quiescence as well as
activation within the niche microenvironment. While the details behind these
processes have not yet been made clear, it is likely that cell cell signaling, growth
factors and extracellular matrix contribute to this highly regulated process [170 172].
Specific mediators may include growth factors, such as FGF2, ciliary neurotrophic
factor (CNTF) and transforming growth factor a (TGFa), neurotransmitters,
hormones and integrin-mediated cell matrix interactions. Comprehensive reviews of
these factors are found in [168, 170, 173, 174]. Moreover, clinical studies have
identified potential life experiences such as seizure [175], exercise [16], stress [176],
injury [25] and medication use [15] to mediate neurogenesis in adults.
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Biomaterials scientists have begun to address these topics [91, 92, 177], yet
even as a number of specific individual molecules have been suggested to regulate
the neural stem cell niche, questions remain. For example, what dynamics and
spatial gradients underplay stem cell quiescence and activation? Do synergistic
interactions mediate this response? How does the stem cell niche balance cell
survival versus differentiation? Are all niches the same? Can stem cells from one
niche populate another?

7.3 ‘‘Physiological Hypoxia’’ and Hypoxic/Ischemic Injury

Oxygen is a key regulator of neural development, NSPC regulation and normal
brain physiology [30]. Due to high levels of metabolic activity, oxygen transport is
strictly regulated within the brain [178] and global oxygen concentrations are
conserved among mammals, but vary by the specific region of the brain [30].
Reports have listed oxygen concentrations in the human brain to range from 0.6 to
8% in the midbrain (internal core) and pia (external surface), respectively [30], and
0.1 5% in various regions of the rat brain depending on proximity to major vas-
culature and metabolic load [179] (Table 4). In the developing mammalian
embryo, when the NSPCs are expanding to form the brain, the oxygen concen-
trations are even lower. Air, however, contains 21% oxygen; this large discrepancy
between the oxygen levels in the brain and in the air that we breath and expose
cells during culture has inspired some to term normal low levels of oxygen in the
brain as ‘‘physiological hypoxia’’ [180 182].

Fig. 3 The neural stem cell
niche in the subventricular
zone of the postnatal brain.
Neural stem cells differenti
ate first into an intermediate
cell type, transit amplifying
cells, which rapidly prolifer
ate, and then into neural
progenitor cells. Stem cells
remain in the niche in contact
with ependymal cells as well
as the endothelial cells and
basal lamina of nearby
capillaries. Figure adapted
from [30]
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Because cells within the brain vary in their differentiation state and the phys-
iological levels of oxygen in their microenvironment, injuries such as stroke and
asphyxia result in a non-homogeneous susceptibility to hypoxia in various sub-
populations of the brain. For example, projection neurons in the neocortex and
cerebellum are particularly sensitive to hypoxia and quickly die without sufficient
oxygen. Interestingly, cells in neighboring regions of the brain can vary quite
distinctly in their sensitivity to hypoxia: projection neurons in the CA2 and CA3
fields of the hippocampus are relatively resistant to hypoxia and survive through
insults that cause nearby projection neurons in the CA1 area to die [183]. Focal
areas of hypoxia are also linked to tumors in the brain and other tissues [184],
suggesting that cancer cells are well adapted to tolerate hypoxic conditions. The
mechanisms that give rise to this hierarchy in sensitivity to hypoxia are not well
understood.

Culture studies have elucidated some key differences in how NSPCs respond to
hypoxia (Fig. 4). The fundamental work in this area was initiated in the early
2000s, when several key studies demonstrated that low but physiologic levels of
hypoxia promoted proliferation and inhibited differentiation of NSPCs derived
from rat or human midbrain [39, 180 182]. However, as mentioned above, the
relative susceptibility of NSPCs to hypoxia depends on the region of the brain. In
culture carried out in air (20% oxygen), rat cortical and human postnatal NSPCs
differentiate into neurons [10, 185], whereas mouse fetal cortical NSPCs undergo
apoptosis [186]. Others have postulated that culture in air may also promote NSPC
differentiation to astrocytes; an effect that is exacerbated at high cell densities
[10]. Indeed, a consensus understanding about the effect of hypoxia on NSPCs has
not been established [32, 36, 139, 187, 188], possibly due to varying cell type
(region of brain, animal age) and culture methods (e.g., oxygen concentration,
culture duration, presence or absence of growth factors, suspension or adherent
culture) [36].

These relationships between oxygen concentration, culture models and NSPC
biology have important implications for understanding hypoxic injury and
developing more effective therapeutic strategies. For example, hypoxia is likely a
trigger to quiescent NSPCs to break away from their niche and reactivate the low
oxygen embryonic environment, inducing them to proliferate, migrate and dif-
ferentiate [32]. Thus, it is plausible that a more detailed understanding of how
hypoxia mediates NSPC biology could be implemented to produce large numbers
of NSPCs for therapeutic use [10, 30, 36].

Table 4 Oxygen
concentrations in the
rat brain as measured
by microelectrode [179]

Brain region Oxygen
concentration (%)

Gray cortex 2.5 5.3
White cortex 0.8 2.1
Hippocampus 2.6 3.9
Hypothalamus 1.4 2.1
Pons/fornix 0.1 0.4
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While several oxygen-sensitive signaling pathways have been identified, one
clear mediator of cell response to hypoxia is the transcription factor hypoxia
inducible factor 1 (HIF-1) [30]. When activated, HIF-1 binds to hypoxia response
elements and initiates the transcription of genes that allow cells to survive in low
levels of oxygen [189, 190]. At low oxygen concentrations, HIF-1 initiates sig-
naling pathways that promote proliferation and generally inhibit differentiation in
NSPCs; conversely, higher levels of oxygen promote NSPC differentiation and
apoptosis. HIF-1 also mediates angiogenesis and initiates transcription of factors
such as VEGF and erythropoietin that play roles in both angiogenesis and neu-
rogenesis [39, 188, 191 193]. HIF-1 is upregulated after hypoxia/ischemia brain
injury in adults [194] as well as neonatal humans [189].

Despite these advances, many mechanistic questions remain as to the details of
how hypoxia directly and indirectly affects NSPC response. It is likely that bio-
materials can play a significant role in elucidating this problem; for example:

1. In addition to hypoxia, other factors could also be altered in ischemic tissues
that regulate NSPC response. For example, factors recognized to affect NSPC
migration include architectures provided by astrocytes and blood vessels [30,
170], matrix molecules and their degradation by matrix metalloproteinases

Fig. 4 Influence of oxygen
concentration on NSPC acti
vation and differentiation.
Hypoxia can promote NSPC
proliferation, differentiation
and migration to areas where
oxygen concentration is
higher. Figure adapted
from [30]
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[195 197] and pathfinding molecules such as slit/robo and ephrin B [168, 198,
199]. NSPC survival and proliferation are also key processes for healing
hypoxic tissue; a large number of growth factors are known to be expressed in
ischemic tissues [200 203] and may initiate signaling events directly or cause
upregulated expression of cell-surface receptors [204, 205] resulting in
increases sensitivity to cues from the cellular microenvironment. Thus, in vitro
models of ischemic disease with tunable presentation of soluble and matrix
cues could be useful to elucidate interactions in the neural stem cell niche.

2. Diatomic oxygen (as opposed to oxygen free radicals) is not produced in the
body. It is difficult to disrupt oxygen-mediated pathways and there are few
methods to directly quantify oxygen levels in three-dimensional systems with
high resolution [184]. Nonetheless, recent advances in biomaterials engineering
may provide adequate tools towards controlling oxygen gradients in culture
[134, 167] and measuring oxygen concentration in complex in vitro culture
scaffolds [206].

3. Reperfusion to hypoxic/ischemic injury returns vital oxygen and nutrients to
weak tissue; however, the effects of reperfusion are not all positive. Oxidative
stress is one major contributor towards tissue damage during reperfusion injury
[207]. Moreover, rapid proliferation and migration of NSPCs are metabolically
demanding and the high respiratory rates exacerbate local levels of reactive
oxygen species in the injury site [208]. Interestingly, more oxidized states lead
to NSPC differentiation whereas reduced states promote NSPC proliferation
[208, 209]. Biomaterials technologies may provide new mechanisms to control
concentrations of reactive oxygen species via quenching, adsorption or con-
trolled release of factors to influence redox reactions in the extracellular envi-
ronment (e.g., lactic acid; [210]). Similar approaches may target other aspects of
reperfusion injury, such as hemoglobin and harmful inflammatory cues.

8 Conclusions

The stem cell field is rich with potential for therapies for previously intractable
disorders, such as those related to hypoxic brain injury. Stem cells represent a
unique biological material, one that is directly suitable for therapeutic use and can
be expanded and tailored into specific cell types and therapies. Biologists have
started to reveal the molecules and pathways necessary for supporting cell viability
and driving cell behavior. However, many of the major scientific and clinical
challenges in developing and implementing stem cell based therapies are engi-
neering problems related to mass transfer of biological components and the
dynamics of multi-component interactions. Biomedical and biochemical engineers
are equipped with multiple tools for quantifying biological responses and provide
better material environments to achieve specific cellular products. Clinicians have
the expertise to define the health care problem and suggest tissue replacement
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strategies. Thus, collaborations between biologists, engineers and clinicians will
define the goals, refine and advance the technology, and eventually provide
commercial and therapeutic products for advancing human health.
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Biomaterial Applications in the Adult
Skeletal Muscle Satellite Cell Niche:
Deliberate Control of Muscle Stem Cells
and Muscle Regeneration
in the Aged Niche

Eric Jabart and Irina Conboy

Abstract Skeletal muscle stem cells known as satellite cells are responsible for
muscle regeneration. Upon muscle injury, previously quiescent satellite cells
become activated as proliferating myogenic precursors, differentiate into myo-
blasts, and ultimately fuse into new, multinucleated myofibers. Unfortunately, this
paradigm breaks down with aging and instead of becoming activated upon injury,
satellite cells remain quiescent. Recent work, however, has shed light on the
mechanisms behind this impaired regeneration and these findings suggest several
therapeutic avenues. Skeletal muscle tissue engineering aims to create functional
muscle in vitro followed by engraftment in vivo for the replacement or repair of
missing or pathological tissue in various dystrophies or myopathies. Biomaterials
have rapidly become central to these regeneration efforts and numerous repair
strategies already exist. However, optimization of these biomaterial platforms in
order to more fully mimic the in vivo adult skeletal muscle niche is still necessary.
More importantly perhaps, the effects of aged or pathological environments on
skeletal muscle engraftment has yet to be fully characterized. Furthermore, debate
still remains over whether or not all satellite cells (considered to be heterogeneous
in genetic markers and functional properties) are in fact stem cells, and what
implications this could have on in vitro regeneration strategies. Novel uses and
advances in biomaterials show promise in tackling these problems. Therefore, after
a discussion of muscle regeneration in both the ‘young’ and ‘aged’ niches, this
chapter will examine the most up-to-date strategies for in vitro skeletal muscle
regeneration and will discuss how current efforts in biomaterial technologies might
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be used to accurately determine the significance of satellite cells as muscle stem
cells, and control robust production of myofibers in vitro by mimicking the in vivo
niche.

Abbreviations

TGF-b1 Transforming growth factor beta 1
BMP Bone morphogenetic protein
ECM Extracellular matrix
DMD Duchenne’s muscular dystrophy
PGA Poly(glycolic acid)
PLA Poly(lactic acid)
PLGA Poly(lactic-co-glycolic acid)
PDMS Poly(dimethylsiloxane)
MBCPs Multi-block copolymers

1 Introduction

After exercise or upon injury our muscles regenerate, restoring functionality and
maintaining our structural integrity [1]. Adult skeletal muscle stem cells, known as
satellite cells are responsible for this regeneration. Discovered in frog tibialis
anticus muscle fibers in 1961 [1, 2], satellite cells were named based on their
physiological location, between the basement membrane and the plasma mem-
brane of the muscle fiber (Fig. 1). Their purpose was already hinted at back then,
but it was not until ten years later that their role as myogenic precursors was

Fig. 1 The skeletal muscle fiber. Skeletal muscle satellite cells reside between the plasma
membrane of myofibers and the basal lamina. Mature muscle nuclei are located towards the
periphery of the fiber

E. Jabart and I. Conboy



definitely established [3]. Satellite cells with thymidine-labeled nuclei were
observed to undergo cell division and contribute to elongation of muscle fibers. A
few years later, proof that satellite cells generate fusion-competent myoblasts was
determined through isolated muscle fiber analysis [4 6]. Furthermore, not only did
these satellite cells differentiate into myoblasts, they also replenished the satellite
cell population [7, 8] identifying them as adult skeletal muscle stem cells.

The skeletal muscle regeneration process is now reasonably understood. Upon
muscle injury, quiescent satellite cells are activated by Notch/Delta signaling [9]
and proliferate. Subsequent signaling through the Wnt pathway induces their
differentiation and fusion into new myofibers [10] (Fig. 2). Importantly, recent
studies have shown that in the ‘aged’ skeletal muscle niche, this signaling cascade
is interrupted by increased TGF-b1 signaling and satellite cells remain quiescent
upon injury [11]. Promising studies designed to combat the effects of aging on
muscle regeneration have been recently conducted [11, 12].

Tissue engineering methods and biomaterial approaches would thus benefit
from considering the effects of the ‘aged’ and pathological niches on muscle
regeneration when developing applications for enhanced health and performance
of skeletal muscle. By the same token, however, highly tunable, modular

Fig. 2 Regeneration timeline and signaling in normal skeletal muscle repair. Upon muscle
injury, quiescent satellite cells become activated and proliferate in response to Delta/Notch
signaling. Downregulation of Delta/Notch signaling via Numb inhibition leads to increased Wnt
signaling and differentiation of myogenic precursors. Fusion of myoblasts into myotubes is
followed by maturation into myofibers with centrally located nuclei

Biomaterial Applications in the Adult Skeletal Muscle Satellite Cell Niche



biomaterial systems are uniquely positioned to tackle the problem of physiological
down-regulation of muscle regenerative capacity with advancing age. Therefore,
after a detailed description of ‘young’ and ‘aged’ skeletal muscle regeneration, this
chapter will discuss previous and current efforts to combat the effects of aging on
regeneration, and look at how the arsenal of novel biomaterials can provide
effective solutions to the problem of decline in muscle regeneration in aged or
pathological muscle niches.

2 Skeletal Muscle is Regenerated and Maintained
by Muscle Stem Cells

2.1 Delta/Notch Signaling Leads to Activation
and Proliferation of Satellite Cells

As many stem cell regenerative pathways including muscle regeneration are
known to recapitulate embryonic organogenesis [13] and Notch signaling was
known to affect cell proliferation and differentiation during embryogenesis as well
as tissue repair [14 17], Notch was a logical target of study in skeletal muscle
regeneration [9]. While Notch signaling can be involved in differentiation [18 20]
or cell proliferation, Notch signaling in murine C2C12 myoblasts was shown to
lengthen the time myoblasts remained undifferentiated, observed through lack of
expression of differentiation markers MyoD and myogenin [14, 21]. After initial
studies to induce satellite cell activation ex vivo [22] further work demonstrated
that during satellite cell proliferation and activation Notch is active, and that the
Notch antagonist Numb may play an important role in signaling for myogenic
precursor differentiation [9]. Activated Notch levels were elevated during the first
few days after injury, when satellite cells are highly proliferative, whereas Numb
levels initially decreased. As Numb levels increased again, loss of the satellite cell
marker CD34 and higher expression of the myoblast markers desmin and M-
cadherin were observed. This work thus showed that Notch signaling is important
in the early days of skeletal muscle regeneration by contributing to the rapidly
increasing population of myogenic progenitors.

2.2 Wnt Signaling Cues Myogenic Progenitor Cells to
Differentiate

The Notch pathway interacts with many other signaling pathways [e.g., transforming
growth factor (TGF)/bone morphogenetic protein (BMP), Wnt] that are implicated in
tissue regeneration [14, 23 26]. For skeletal muscle regeneration specifically, the
balance between the Notch and Wnt signaling networks defines the transition from
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proliferation of myogenic precursors to the differentiation into fusion-competent
myoblasts and de novo multinucleated muscle fiber formation [10].

In the same way it was known that Notch signaling was implicated in myogenesis
and postnatal repair mechanisms, previous studies had shown that Wnt signaling also
played a major part in muscle formation and myogenesis [10, 27 30].
Mononucleated muscle cells from regenerating muscle fibers isolated from
TOPGAL mice, which express beta-galactosidase based on LEF/TCF or beta-cate-
nin activity [31], demonstrated Wnt signaling activity through beta-galactosidase
expression at days 2 and 5 of regeneration [10]. More convincingly, a study of the
downstream Wnt regulator GSK3b and its phosphorylation profile at tyrosine 216
revealed a dynamic regulation that works in concert with Notch signaling. A
dephosphorylated tyrosine 216 allows GSK3b to phosphorylate b-catenin, a hall-
mark of canonical Wnt signaling [32, 33]. Tyrosine 216 phosphorylation was high
early on in muscle regeneration (when Notch signaling was high [9]), but decreased
at later times, indicative of activation by Wnt. qRT-PCR studies on 4-day-cultured
myofiber explants showed increased transcription of the Wnt3a ligand, and the Wnt
receptors Frizzled-1 and Frizzled-2, in addition to the downstream target Axin-2.

In order to study the role of Wnt signaling in muscle regeneration, mononu-
cleated cells isolated from single muscle fibers were treated with recombinant
Wnt3a or a GSK3b inhibitor. Upon treatment of myogenic progenitors, increased
b-catenin activation and nuclear localization was observed, in addition to a close to
70% increase in the number of myogenic precursors expressing desmin after
2 days in culture over untreated cells [10].

In vivo work using recombinant Wnt3a treatment on regenerating muscle led to
premature differentiation of myogenic precursors into de novo myofibers. This was
accompanied by an increase in the size of the regenerated myotubes in addition to
an increased number of nascent myotubes early on in regeneration (days 2 3).
However by days 4 5, the number of nascent myotubes in untreated samples was
still increasing, whereas Wnt3a-treated samples showed no new myotube forma-
tion, and remaining injured areas of muscle, due to a depletion in myogenic
progenitors [10].

Conversely, inhibition of Wnt signaling during the differentiation phase, both
in vitro and in vivo, resulted in decreased number and size of de novo myotubes,
confirming the importance of Wnt signaling in cell fate commitment of myogenic
progenitors.

A deeper analysis of the crosstalk between the Notch and Wnt pathways
showed that inhibition of Notch led to an earlier progression towards terminal
myogenic differentiation, evidenced by an early increase in Wnt signaling. Inhi-
bition of Notch during the differentiation phase had little effect. However, if Notch
was exogenously activated during the differentiation phase, a decrease in nuclear
b-catenin was observed, indicating inhibition of Wnt signaling. The intimacy of
the Notch/Wnt crosstalk was then confirmed to occur via GSK3b, which is
maintained in an active form by Notch but is inhibited by Wnt.

Skeletal muscle regeneration therefore depends on an intricately regulated
crosstalk between the Notch and Wnt signaling pathways. Myogenic precursors
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rapidly proliferate in response to a perceived injury under the effects of Notch
signaling, and then undergo differentiation and fusion into de novo myofibers due
to both an activation of Wnt signaling and an inhibition of Notch signaling (itself
mediated through Wnt activation).

3 The Aged Skeletal Muscle Niche Impairs Normal
Regeneration: TGF-b1 Signaling Maintains Satellite
Cell Quiescence and Leads to Scar Tissue Formation

There is some evidence that the number of skeletal muscle satellite cells in
different muscles and species decreases with aging [34 39]. However, the
regenerative potential of ‘aged’ satellite cells in vitro is robustly maintained [1, 11,
12, 40]. Nevertheless, in an aged niche, satellite cells fail to regenerate upon
muscle injury and scar tissue is formed in the place of new myofibers [37, 41].
Transforming growth factor beta 1 (TGF-b1), a cytokine involved in many cell
functions such as growth, proliferation, differentiation, and apoptosis, disrupts the
dynamic Notch/Wnt crosstalk essential to myogenic proliferation and differenti-
ation and leads to this decline in muscle regeneration in aging [11, 42 44]
(Fig. 3a).

The regenerative potential of skeletal muscle satellite cells is very robust. Early
on, Studitsky showed that functional, new muscle could be formed from minced,
explanted muscle [45]. Cycles of degeneration and regeneration of muscle using
toxins further showed that satellite cells are able to heartily contribute to the
formation of new muscle even after 50 sets of induced injury-regeneration cycles
[46, 47].

Although it is debated whether the satellite cell population may decline with
aging [41, 48 52], the lack of muscle regeneration with aging is likely not due to
exhaustion of the satellite cell population [1]. The balance of Notch/Wnt signaling
is central to muscle regeneration and shifting the balance via Notch/Wnt inhibition
or activation has been shown to have significant impacts on the efficacy of
regeneration [9, 10, 30, 49]. Slight variations in the skeletal muscle niche that
affect these pathways and their crosstalk can have a major effect on regeneration.

We saw earlier that Notch activation after injury was essential for proliferation
of myogenic precursors [49] and that inhibition of Notch led to fewer nascent
myotubes and overall poorer regeneration. In the aged environment it was shown
that satellite cell proliferation was reduced, but that exogenous Notch activation
re-established the satellite cells’ proliferative capacity (similar to a young envi-
ronment). In recent work, Notch activation was shown to be important for the
regenerative capacity of human satellite cells and to decline in old human muscle
[53]. Notably, activation of Notch by its ligand Delta is likely to be positively
regulated through MAPK and interestingly, both MAPK and active Notch become
diminished with age in the human muscle compartment [53]. In addition to
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Fig. 3 a Increased TGF b1 signaling inhibits proper muscle regeneration in the aged niche.
Upon injury to muscle in the ‘aged’ niche, increased active TGF b1 levels inhibit activation of
quiescent satellite cells. Proliferation and differentiation steps of normal muscle regeneration are
inhibited and few new myotubes are formed, leading to scar tissue formation in lieu of new
muscle formation. b Notch and TGF b1 signaling cross talk in the aged niche. In young muscle,
interaction of Delta with Notch receptor leads to release of Notch Intracellular Domain (NICD)
which enters the nucleus and promotes satellite cell proliferation. TGF b1 signaling through Type
II and Type I TGF b receptor heterotetramer leads to phosphorylation of Smad2/3 (pSmad3) and
subsequent complex formation with Smad4 (2 Smad2/3s per each Smad4). This complex enters
the nucleus to affect transcription of various genes. In the aged muscle niche, increased active
levels of TGF b1 (and decreased levels of active Notch) lead to increased pSmad3 signaling and
expression of cyclin dependent kinase inhibitors p15, p16, p21, and p27 which maintain satellite
cell quiescence (b). In the young niche TGF b1 levels are low and Delta levels are high, so
satellite cell activation is not maintained. However, forced activation of Notch in the aged niche
(high active TGF b1 levels) restores skeletal muscle regeneration after injury through antagonism
of TGF b1/pSmad3 signaling (a)

Biomaterial Applications in the Adult Skeletal Muscle Satellite Cell Niche



assessing that in this case satellite cell numbers remained constant during a
lifetime, the report demonstrated that the Notch ligand Delta failed to become
upregulated in aged satellite cells, thus leading to the observed decrease in
proliferation. But was this due to an intrinsic aging of satellite cells? Or was it
caused by other extrinsic effects?

Earlier publications had shown that transplantation of young muscle into an
aged niche impaired regeneration, but that transplantation of aged muscle into a
young niche allowed regeneration [54, 55]. It was therefore clear that the muscle
stem cells present in the aged niche were still capable of regeneration, but that the
niche itself was somehow preventing their activation. This led researchers to
question what elements of the aged niche were contributing to impairment of
muscle regeneration.

Using a method called heterochronic parabiosis [56], where the circulatory
systems of young and aged rats are surgically linked, it was further confirmed that
the aged niche caused the decline in satellite cell regeneration and that exposure of
‘old’ satellite cells to a young circulatory system can restore their regenerative
capacity [54]. Delta signaling of Notch in old satellite cells was upregulated, leading
to upregulation of Notch signaling, and enhanced proliferation in vitro. The cause of
muscle regeneration impairment was thus narrowed down to either activating factors
in the young circulation, inhibiting factors in the aged circulation, or both. Fur-
thermore, this work supported the idea that ‘aged’ satellite cells may be able to
maintain muscle homeostasis if the niche can be properly regulated [57].

In order to determine whether positive or negative regulation of muscle stem
cell growth was occurring, further work demonstrated that the inhibition of
young satellite cell activation or the activation of ‘aged’ satellite cells could be
achieved in vitro with old and young serum alone, respectively [40]. More
importantly, the study showed that culture of young satellite cells in old sera led
to inhibition of regeneration, pointing towards the existence of a negative
regulator of muscle regeneration in aged sera. A year later transcription growth
factor beta 1 (TGF-b1) was identified as the inhibitory culprit [11]. Specifically,
TGF-b1 levels were shown to be higher in the aged niche, leading to increased
signaling via pSmad3, and antagonizing of Notch signaling. Increased pSmad3
signaling upregulated expression of the cyclin-dependent kinase inhibitors p15,
p16, p21, and p27, thus preventing satellite cell activation and proliferation
(Fig. 3b). Inhibition of TGF-b1 activity via antibody directed to its receptor
allowed satellite cells in an ‘aged’ niche to regenerate muscle similarly to
‘young’ satellite cells. A subsequent paper dug deeper into the TGF-b1 signaling
pathway and established its evolutionary conserved role (between mouse and
human) in the inhibition of muscle repair [12].

In sera, TGF-b1 is present in both active and inactive forms [12, 58, 59]
while in plasma only the inactive form is present. Total and active TGF-b1 on
the other hand is secreted by platelets and CD4+ T lymphocytes [58]. According
to a recent study [12] in vitro inhibition of muscle regeneration is likely caused
by TGF-b1 released from platelet activation during sera collection. However,
neither systemically administered TGF-b neutralizing antibodies nor TGF-b
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decoys were able to restore muscle regeneration to aged mice. Both TGF-b
levels and TGF-b receptor expression (3 4 fold) are increased in aged satellite
cells [11], but it is unlikely that TGF-b1 acts as an endocrine inhibitor of
satellite cells. Aged satellite cells expressing a dominant-negative TGF-b
receptor [60, 61] were activated, proliferated, and differentiated in the presence
of old serum. In vivo, systemic TGF-b receptor I kinase inhibitor [62, 63] was
able to promote muscle regeneration in the aged niche, whereas TGF-b
neutralizing antibody or the extracellular component of TGF-b receptor II proved
ineffective [12].

In summary, skeletal muscle regeneration is an intricately regulated process that
depends on the crosstalk between several essential signaling pathways (Notch/
Wnt/TGF-b1). In the ‘young’ niche, muscle stem (satellite) cells, respond rapidly
to injury and proliferate in response to Notch signaling, before differentiating and
fusing into new myotubes under Wnt signaling. In the ‘aged’ niche, TGF-b1
signaling antagonizes Notch signaling and inhibits satellite cell activation, leading
to scar tissue creation in lieu of de novo myofiber formation. Restoring youthful
regeneration capacity to ‘aged’ satellite cells is an attractive prospect for myogenic
therapies. While many advances have been made in in vitro skeletal muscle
regeneration strategies, very few have yet to take into account the effects of aging
on the satellite cell niche in vivo. The next two sections will thus analyze what has
been accomplished so far in this regard, analyzing either purely biological or
biomaterial methods to promote efficient regeneration of skeletal muscle satellite
cells under adverse extrinsic conditions.

4 Toolbox to Combat TGF-b1-induced Aging
of Satellite Cell Niche

Now that some of the signaling pathways behind muscle regeneration have been
elucidated, including the inhibitory regulation, it is possible to deconstruct and
modify these regulatory pathways in order to enhance muscle tissue engineering
constructs and combat the effects of aging and pathology on the satellite cell niche.
As described previously, forced activation of Notch [49] or inhibition of TGF-b1
signaling either through blocking the interaction of TGF-b1 with its receptor,
inhibiting the receptor itself, or through siRNA against Smad3 [11, 12, 64] can
lead to ‘young’ regeneration of satellite cells in an aged niche. However, TGF-
b-neutralizing antibody or siRNA against Smad3 might require multiple daily
injections, raising concerns with efficiency and safety if these techniques were
ever to be considered in clinical applications.

Alternative methods to regulate TGF-b1 levels in the aged niche are currently
being pursued in the hopes of improving efficiency (fewer injections) and tuning
the TGF-b1 levels precisely. Not only will changes in TGF-b1 levels affect other
signaling pathways, but overly long-term downregulation or complete elimination
of TGF-b1 has been recently shown to negatively affect regeneration [12]. In fact,
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there is a defined window of active TGF-b1 levels that are necessary for proper
regeneration before hitting a threshold above which active TGF-b1 levels become
inhibitory.

The calibration of TGF-b signaling to young levels has broader implications
in tissue engineering and regenerative medicine and raises an issue that has still
been poorly addressed although we may eventually be able to engineer tissues
or organs in vitro, they will someday be engrafted into humans. However, the
aged or elderly population, which will most likely have greater need for these
tissues and organs, are unfortunately hosts to ‘aged’ tissue and organ niches. Few
in vitro and in vivo tissue engineering constructs take the implications of an
‘aged’ niche into consideration and this could undermine performance of
methods that have worked well in the non-aged environments. As has been
observed in the adult muscle stem cell niche, the potential of the stem cells to
regenerate does not decrease over the lifetime of the organism, but the niche
conditions of the aged host prevent the satellite cells from proper function
[40, 54, 57, 65, 66]. Therefore it is necessary not only to succeed in creating
tissues and organs, but to also deal with the issues inherent in aged niches that
may prevent proper stem cell regeneration.

When referring to the aged muscle stem cell niche, it was shown that TGF-b1
sera levels are increased over young [11, 12], indicating a possible first location to
target TGF-b1 inhibition. However, systemic TGF-b1 is mostly confined to
platelets and exists mainly in its latent form [12, 67 69]. Furthermore, a recent
study has shown that endocrine TGF-b1 likely has no anti-myogenic activity in
vivo [12]. Systemic targeting of TGF-b1 for inhibition may not therefore be a
viable application. It is possible that endogenous TGF-b1 secretion by the aged
tissue (such as myofibers) is responsible for the impaired regeneration [12].

In the adult skeletal muscle niche, activation of TGF-b1 occurs in the extra-
cellular matrix (ECM) around muscle fibers [11, 70] and TGF-b1 co-localizes
specifically with the laminin component of the ECM [71]. This is therefore an area
in which TGF-b1 can be targeted for inhibition. Specifically, it is possible to
inhibit the signaling of active TGF-b1 in the muscle niche through local addition
of anti-TGF-b1 neutralizing antibody, TGF-b receptor I kinase inhibitor (sys-
temically or locally administrated), or through a decoy [11, 12].

However, it is likely that greater efficiency in TGF-b1 regulation can be
achieved and long-term therapies would be required to tackle chronic ‘conditions’
such as those imposed by aging of the muscle stem cell niche. Therefore, future
work may consider methods to target TGF-b1 inhibition either systemically or in
the local muscle niche (or both), in order to improve adult muscle stem cell
regeneration in the aged niche. Several purely biological methods have already
shown that downregulating TGF-b1 levels below a certain threshold (*1 5 ng/
mL, [12]) has significant effects on regeneration in vitro. The use of biomaterials
may facilitate the development of more effective methods to rejuvenate the muscle
niche. We will analyze some of the current biomaterial methods being used to
modify the adult skeletal muscle niche and will suggest a few directions which
may benefit muscle regeneration further.
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5 Biomaterials to the Rescue: Proposed Strategies for Adult
Skeletal Muscle Regeneration

Autologous muscle transplants result in donor site morbidity and often lack proper
functionality at the site of engraftment [72]. We have already suggested that
biomaterials may be uniquely suited to addressing some of the issues with adult
skeletal muscle regeneration due to various myopathies or to the effects of aging.
In this section we will outline three different areas of application of biomaterials to
the muscle stem cell niche. First we will discuss the advancement of biomaterial
scaffolds for the in vitro growth of muscle and how these could be further
developed to combat muscle dystrophies or aging. Next we will look at biomaterial
methods to specifically remedy the inhibitory effects of TGF-b1 in the aged niche,
starting with gene and drug delivery methods, followed by some novel molecular
targeting strategies. Finally, we will discuss a novel biomaterial method to better
define satellite cell heterogeneity and optimize selection of muscle stem cells to be
used in tissue-regenerative therapies.

5.1 Engineering an In Vitro Niche for Robust
Skeletal Muscle Regeneration

Effectively mimicking in vivo niches for in vitro tissue engineering is an important
research tool to create possible regenerative therapies. Much in vitro work is done
in two dimensions however and thus does not adequately reflect the in vivo
environment of the skeletal muscle niche. Subsequently, culture systems that
utilize in vitro three-dimensional niches for proliferation, differentiation, and
fusion of muscle fiber progenitor cells are more likely to generate more suitable
tissues for in vivo muscle repair therapies [73 75].

Indeed, it is clearly not an easy thing to mimic the native satellite cell niche ex
vivo. First of all, the satellite cell is intimately associated with a muscle fiber
which allows for better regeneration if implanted with intact satellite cells [8, 76].
In vitro satellite cell culture leads to a loss in proliferative activity of satellite cells
as well, in addition to loss of self-renewal, as they rapidly differentiate into
myoblasts; this loss in regenerative capacity is likely due to the removal of satellite
cells from their in vivo niche [77]. The satellite cell niche supplies mechanical
(adhesion/stiffness), structural, and chemical (small molecules) signals to the
satellite cells [77, 78]. The basement membrane, below which satellite cells reside,
is composed of entactin-linked networks of laminin and collagen type IV with a
high number of integrin and proteoglycan binding sites [76, 77] and provides a
physiological elasticity of around 21 kPa [79]. Changes in mechanical or chemical
cues due to pathology or aging can significantly affect the regeneration potential of
satellite cells [78]; for example young, healthy skeletal muscle tissue has been
reported to have a stiffness of around 12 kPa [79, 80] that increases to over 18 kPa
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in some disease [80, 81] or aged states [82, 83]. Altered signaling through focal
adhesion complexes can then lead to changes in cell fate [84, 85]. For example,
polyacrylamide gels that are softer or stiffer than the optimal in vitro C2C12
stiffness or in vivo primary myoblast niche stiffness have been shown to impair
cell proliferation [76, 80].

Biomaterial scaffolds have long been used to create three-dimensional niches
for tissue regeneration ex vivo [86, 87]. For skeletal muscle regeneration, the
scaffold should allow muscle progenitor adherence, growth, and proliferation,
followed by fusion of myoblasts into multinucleated muscle fibers. Not only that,
muscle fibers that are large, strong, aligned, and properly oxygenated and
nourished will be more likely to be viable after engraftment. Generating func-
tional, contracting muscle is one of the most important goals of regenerative
medicine [72].

Choice of the appropriate cell type to use also has to be determined, but is often
limited to myoblasts, since satellite cells cannot be maintained in culture [88 90].
Furthermore, myoblasts themselves may not be adequate for human transplanta-
tion as they have shown poor migration abilities after engraftment into non-human
primates [72, 91]. A recent review provides a comprehensive list of cell lines
(muscle-derived or other) used in skeletal muscle tissue engineering [92]. Once
adequately tested, functional in vitro regeneration systems may then be applied to
in vivo models of genetic myopathies [e.g., Duchenne’s muscular dystrophy
(DMD)] where muscle repair is inefficient due to the functional exhaustion of
resident satellite cells [93 95]. The success of in vivo muscle regeneration systems
to date has been low, due to cell death and immune rejection of the transplanted
cell types (most often myoblasts) [96 98] and is a topic of intense research.

The first biomaterial scaffolds for in vitro skeletal muscle regeneration aimed
only to create functional myotubes from seeded myoblasts; over time, numerous
substrates, both artificial (biodegradable or non-biodegradable) and natural (or
combinations of both) have been used to test muscle regeneration [98 110]:
polymers such as poly(glycolic acid) (PGA) [111], poly(lactic acid) (PLA) [104],
the PLGA co-polymer of the two [112, 113], poly(dimethylsiloxane) (PDMS)
[114], poly(ethylene glycol) (PEG) [115], self-assembling peptide nanofibers
[116], and many more [106, 108, 117, 118]. Biological substrates made up of
various tissue extracellular matrix proteins such as collagen, hyaluronic acid [100,
101, 119 123], or other biologically active molecules [124, 125], and micropat-
terned surfaces including various ECM proteins or signaling molecules [126 131]
have also garnered significant interest. However, many of these scaffold systems
had drawbacks such as difficulty of fabrication [114] or high elastic modulus
which did not adequately mimic the in vivo muscle niche [106] (Fig. 4a).

Therefore, to more efficiently and accurately tissue engineer skeletal muscle in
vitro, the focus has shifted to more closely mimicking the in vivo niche in
biomaterial scaffolds. Specifically, researchers have moved towards simpler
scaffolding systems with controllable stiffnesses that are able to promote gener-
ation of aligned myofibers into densely packed parallel bundles and mechanically
and electrically stimulate myofiber contraction [132, 133]. We will look at some of

E. Jabart and I. Conboy



the more recent work done to optimize these scaffolds and then focus on some of
the most advanced systems to date and suggest what the future may hold.

5.1.1 Alignment of In Vitro Skeletal Muscle Fibers

Randomly oriented fibers generated in vitro would not be useful for in vivo muscle
transplantation therapies as aligned fibers are required for proper force generation
[72]. Therefore, the initial work done in in vitro skeletal muscle regeneration
which focused only on myofiber formation is now focused on scaffolds to generate
parallel arrays of aligned fibers that could then be easily engrafted.

Previous work has looked at arranged muscle fibers in vitro from rat satellite
cells grown on an aligned collagen gel system [110, 134] which could then be
transplanted in vivo. Collagen sponges consisting of collagen-I with parallel pores
were also successfully used to culture and fuse C2C12 myoblasts [100]. A more
recent study has proposed the use of a cell/hydrogel system cast inside poly-
dimethylsiloxane (PDMS) molds decorated with elongated posts that were able to
organize the regeneration of both mouse and rat skeletal muscle tissue in such a
fashion [132]. Their method, in which the post size and dimensions could be
varied, allowed control of muscle fiber size, thickness, alignment, and porosity
(which is important for oxygen transport). Another group using PDMS created
laminin-coated microtopographically patterned wavy PDMS substrates [127]. This
allows one to first align the growing myotubes on the substrate, and then organize
them spatially in three-dimensions by transferring them to a degradable hydrogel.
This method circumvents the issue of using rigid scaffolds alone, which promote
myofiber alignment, but inhibit mechanical function of the generated fiber.

Fig. 4 Biomaterial scaffolds for skeletal muscle tissue engineering. Engineered biomaterials aim
to recreate the skeletal muscle niche in vitro. Substrate stiffness can be varied to promote
adhesion, spreading, proliferation, or differentiation (e.g. varying polymer scaffold crosslinking).
Natural extracellular matrix protein coatings (e.g., collagen, elastin) or peptides can be displayed
to promote cell adhesion and signaling. Soluble growth and differentiation factors can also be
incorporated to affect cell fate
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5.1.2 Effects of Synthetic Niche Stiffness on Skeletal Muscle Regeneration

Alignment of tissue-engineered myofibers is essential to generating functional
skeletal muscle for subsequent engraftment. However as noted previously, rigid
scaffolds may be used to promote alignment, but also inhibit myofiber contractility.
The stiffness of the biomaterial scaffold is thus intricately related to the allowable
contractility of the nascent myofibers. Substrate stiffness has been known to influ-
ence cell survival, adhesion, spreading, growth, proliferation, and differentiation
[76, 135, 136]. For skeletal muscle, substrate stiffness affects myogenic precursor
proliferation, while differentiation is controlled by both stiffness and adhesion site
type and number [76]. In one study, an optimal stiffness of 21 kPa was determined
for proliferation which not surprisingly corresponds to the in vivo elasticity of
skeletal muscle [76, 79]. Other studies have shown that increasing substrate stiffness
leads to increased proliferation of myoblasts [136] though the time-course of
experiments must be taken into account [76]. Additionally important in skeletal
muscle regeneration is allowing myotubes to spontaneously contract. On laminin-
and poly-D-lysine-coated substrates, spontaneous contraction of myotubes was often
observed, but not on collagen type IV-, Matrigel-, or entactin-collagen-laminin-
coated substrates [76]. As such, two- and three-dimensional peptide-modified
alginate scaffolds [102, 136] demonstrated that mouse myoblasts in non-degradable,
stiff gels proliferated more, but fused less than cells seeded onto degradable gels
[137]. This work is important in determining the characteristics of future scaffolds to
be used for in vivo muscle regeneration.

5.1.3 Electrical Stimulation of Tissue-engineered Skeletal Muscle

While mechanical stimulation of myotubes can allow for contraction, external
electrical stimulation has also been looked into as a means of inducing myotube
contraction. Skeletal myoblasts cultured on aligned electrospun polyurethane
fibers and subjected to external electric stimuli formed more aligned, contractile
myotubes, than those cultured on unaligned fibers without stimulation [138]
(Fig. 5). A quantitative study of the effects of electrical pulse frequency on
myotube formation was recently completed and determined the proper frequency
for synchronous contractility of myotubes [139]. Another study showed that it is
possible to also locally stimulated myoblasts using a microporous alumina
membrane on a PDMS substrate [140]. Finally, a recent study has shown that
electrical stimulation can even encourage myofiber alignment [141]. Previous
studies had shown that myoblasts could be coaxed to fuse into aligned myofibers
based on the growth substrate itself, such as elastic membranes or micropatterned
scaffolds [142, 143], or if subjected to external mechanical stimuli such as
stretching [144]. The latter method recapitulates the in vivo passive stretching of
muscle [145] and is a reminder that closely mimicking in vivo regenerative
processes in vitro by manipulating synthetic biomaterial systems can lead to
effective myofiber synthesis methods for therapeutic purposes [146].
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Some of the most advanced biomaterial niches seek to optimize substrate
stiffness, myofiber alignment, and electrical stimulation all at once. Electrospin-
ning of poly(caprolactone)/collagen nanofibers was recently used to create a
scaffold for generating human skeletal muscle in vitro with controlled orientation
[147]. Unlike randomly oriented nanofibers, parallel electrospun nanofibers were
able to induce aligned myotube formation and generated longer, more native-like
myofibers. A subsequent, more pointed study [148] electrospun fibers of
poly(L-lactide-co-3-caprolactone) blended with conductive polyaniline [149] in
order to generate myotubes through electrical stimulation of C2C12 myoblasts.

5.1.4 Vascularization of Tissue-engineered Skeletal Muscle

Tissue-engineered constructs require proper oxygenation and nutrient delivery to
survive and integrate with the host tissue upon engraftment. In order for that to be
possible, no tissue can be located at more than approximately 150 lm from supply
sources [142]. This issue has been considered as well for tissue-engineered skeletal
muscle. The foreign body reaction that occurs upon transplantation of tissue leads
to some viable vascularization [92, 150 152]. Other methods involve prevascu-
larizing the tissue engineering construct [105, 153] before implantation; the
method by Levenberg et al. co-cultures endothelial cells and embryonic fibroblasts
with the myoblasts leading to improved integration with the host vasculature upon
transplantation. However, few vascularization methods have been developed to
date and none was applied in humans.

To conclude this section on synthetic biomaterial niches, we have seen that they
are highly modifiable, adaptable systems and are currently being optimized to more
effectively mimic the in vivo skeletal muscle niche. The initial steps of generating
myofibers, aligning them, and stimulating their contraction electromechanically are
fairly well understood and developed. However, the issue of providing proper

Fig. 5 Electrospun nanofi
bers for generation of aligned
myotubes. Parallel bundles of
electrospun polymeric nanof
ibers can generate groups of
aligned myotubes. Conduc
tive polymers can be used to
generate contracting fibers
through electrical stimulation
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vascularization once engrafted has yet to be fully addressed, especially for human
transplantation. A summary of the in vitro biomaterial strategies for skeletal muscle
regeneration can be found in Table 1. In addition, issues of biocompatibility and
immune response to foreign constructs and the likelihood of inflammation upon
engrafting still remain. In attempts to circumvent some of these issues, attention for
skeletal muscle tissue engineering has been shifting to in vitro niches that are more
biologically natural in composition, and are the subject of our next section.

5.1.5 Natural Skeletal Muscle Niches: Mimicking the In Vivo Environment

While synthetic materials used for three-dimensional skeletal muscle scaffolds may
be very versatile and tunable, they may not recapitulate the in vivo muscle niche as
well as natural biomaterials already present in the niche. Specifically the extracel-
lular matrix, composed of collagen, laminin, fibronectin, among other components
[154], provides both three-dimensional structure and cell-adhesion sites for orga-
nizing muscle precursors into functional tissue. Natural biomaterials, including such

Table 1 Biomaterial strategies for skeletal muscle regeneration

Strategy Method Materials References

Myofiber
alignment

Aligned collagen gel Collagen [103, 126]
Collagen sponge Collagen [93]
Hydrogel/mold with

elongated posts
PDMS [124]

Micropatterned surface Laminin on wavy PDMS
substrate

[119]

Micropatterned hydrogel Micro contact printing of
ECM proteins

[148]

Electrospinning of
parallel fibers

Poly(caprolactone)/collagen
or poly(caprolactone)/
polyaniline

[139, 141]

Electrical stimulation Micropatterned poly (L

lactic acid) membranes
[133]

Substrate
stiffness

Selection of appropriate
stiffness substrate that
allows myofiber
contraction and mimics
in vivo stiffness

Laminin [76]
Poly D lysine [76]
2 and 3D peptide modified

alginate scaffolds
[95, 128, 129]

Electrical
stimulation

External electric stimuli Electrospun polyurethane
fibers

[130, 131]

Microporous alumina
membrane on PDMS
substrate

[132]

ECM coated conductive
polypyrrole substrate

[92]

Vascularization Prevascularization of tissue
engineering construct

Co culture system within
highly porous,
biodegradable polymer
scaffold

[98, 145]
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ECM proteins, are also being heavily researched for in vitro muscle regeneration.
A recent study used collagen in combination with Matrigel, an ECM extract from an
Engelbreth Holm-Swarm murine sarcoma, to form rat skeletal muscle fibers from
myoblasts in vitro before injecting the gel-like cell/matrix structure in vivo [155].
Other work with 3D collagen matrices used a co-culture system of human myoblasts
and fibroblasts to determine that the non-myogenic cells were essential for differ-
entiation, matrix remodeling, and force generation [73]. This study also confirms
that the in vivo niche provides not only adhesion and organization of cells into 3D
tissues, but also provides soluble factors to the cells that influence growth, prolif-
eration, and differentiation. Another group studied the proliferation and fusion of
myogenic precursors from wild type and MDX mice (a model for DMD) on
hydrogels micro-contact-printed with various ECM proteins for selective adhesion
of satellite cells [156]. Using their micropatterning technique to mimic ECM
adhesion sites, they generated nicely aligned muscle fibers from seeded satellite
cells. A more recent study went further by using both a conductive polymer substrate
in combination with the coating of ECM proteins (in this case hyaluronic acid and
chondroitin sulfate) for adhesion, proliferation, and differentiation of both murine
C2C12s and mouse primary myoblasts [99].

In a very interesting study ECM was extracted from rats and used as an in vitro
substrate for skeletal muscle growth and differentiation [157]. This novel substrate
allowed greater proliferation and differentiation of myoblasts than uncoated sur-
faces or collagen-coated surfaces. Importantly, this study also showed that colla-
gen is the major component of the in vivo skeletal muscle niche, and that the
extracted ECM must also contain additional components, as treatment with col-
lagenase did not obviate adhesion and proliferation of myogenic cells. This study
thus provided an important step in deconstructing the in vivo skeletal muscle niche
in order to create enhanced in vitro niches.

The Conboy lab has also done work in this area of natural three-dimensional
matrices for skeletal muscle regeneration, specifically focusing on reconstructing
an in vitro skeletal muscle niche that highly mimics the in vivo niche [126]. In a
first series of experiments, myogenic cell fate was intricately controlled using a
combination of known myogenic growth and differentiation factors embedded in
Matrigel [9, 70, 158 160]. A related delivery mechanism has just been developed
that is used to pattern nanoliter amounts of reagents (e.g., growth/differentiation
factors) that will stay in a defined space, even in the presence of a second aqueous
phase (e.g., cell culture medium) [161]. In the system developed by de Juan-Pardo
et al., delivery of the factors was manipulated spatially so as to locally promote
growth or differentiation of myoblasts even in the presence of differentiation or
growth medium, respectively. By having the power to control cell fate regardless
of the external medium, this artificial niche could be a great tool in promoting
muscle regeneration in various myopathic conditions caused by changes in the in
vivo niche. This was enabled by the unique method of incorporating growth and
differentiation factors into the ECM gel, and allowing both proliferation and
differentiation to occur simultaneously in the same dish. As expected, cells in
growth medium alone proliferated, while cells in differentiation medium alone
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fused into myotubes. However cells in growth medium exposed to embedded
differentiation factors preferentially differentiated, while cells in differentiation
medium exposed to growth factors preferentially proliferated. In addition, cells
cultured in neutral medium (which promotes neither proliferation nor differenti-
ation) could be spatially directed to proliferate or differentiate if locally exposed to
growth or differentiation factors respectively.

In the future, a completely reverse-engineering in vivo skeletal muscle niche,
reconstructed from defined components and factors may provide an optimal
solution as an in vitro skeletal muscle regeneration platform.

Section 5.1 looked at the current state of biomaterial niches for generating func-
tional muscle in vitro for in vivo transplantation. The use of biomaterials has rapidly
advanced the work by moving to recapitulate the in vivo skeletal muscle niche ex vivo
(e.g., conductive polymers for electrical stimulation or the use of extracellular matrix
components for adhesion). In addition, biomaterials have provided the tools to gen-
erate large, aligned, and strong muscle fibers which are more suitable for transplan-
tation. And although synthetic biomaterials are highly modular and modifiable, the
move now seems to be towards simpler niches, which more greatly mimic the in vivo
niche through use of extracellular matrix components and signaling factors. Natural
niches (e.g., collagen, Matrigel) provide more numerous and higher affinity binding
sites for skeletal muscle and better mimic the in vivo niche.

What comes next? While there are therefore countless possible scaffolds and
methods for preparation of muscle progenitors or myotubes ex vivo, which could
then be used for muscle regeneration or replacement for various myopathies or
dystrophies, no one has yet to address the task of muscle regeneration where the in
vivo niche inhibits or prevents regeneration. Specifically, skeletal muscle regener-
ation in an aged niche is inhibited by increased TGF-b1 signaling and may therefore
impede proper functioning of any of these systems upon implantation. Future work
in this area may look at the incorporation of TGF-b1 inhibitors into such scaffolds or
of the Notch ligand Delta to promote proliferation of implanted cells. However, as
we have seen previously, satellite cells in an aged niche are still very capable of
regeneration, and ‘‘rejuvenating’’ the niche itself may be the only necessity to
restoring youthful muscle regeneration. The next section will analyze the use of
biomaterial methods to address this issue of regeneration of skeletal muscle in aging.

5.2 Biomaterial Strategies to Combat Aging
of the Muscle Stem Cell Niche

5.2.1 Gene and Drug Delivery Methods to Promote
Skeletal Muscle Regeneration

Biomaterials have long been used in drug and gene delivery methods in order to
protect cargo, target specific cells or tissues, and provide controlled, sustained
release for treatment [162]. Gene delivery methods to skeletal muscle could
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provide possible treatment for degenerative myopathies such as Duchenne’s
muscular dystrophy, in which the protein dystrophin, which is essential in main-
taining interactions between the extracellular matrix and the muscle fiber cyto-
skeleton, is not expressed [163]. Typical gene delivery methods include naked
plasmid DNA, plasmid DNA delivered in polymeric particles [164], or through
viruses [165]. However, naked DNA transfection is very inefficient and viral
transfection, although very efficient, raises several concerns about oncogenicity,
immune response, and safety [165]. Polymeric vehicles which release DNA based
on diffusion and polymer degradation [164], allow long-term controlled and sus-
tained release of DNA [166]. Therefore, in past years research focused on opti-
mizing polymeric delivery vehicles in order to enhance gene delivery without the
viral side effects. Various polymeric vehicles have been developed [167 170] and
‘smart’ polymers that are pH or temperature-sensitive have become popular [171
176]. Temperature-sensitive polymers, which are liquid at room temperature, but
gel in the body at 37�C provide ease of use and injectability, in addition to the
controlled, sustained release of a drug or gene payload [177]. Recent work has
been done to enhance these methods of delivery to skeletal muscle cells [178] and
is thus promising for possible therapies. Specifically, in vitro and in vivo delivery
of plasmid DNA was mediated via multi-block copolymers (MBCPs) of pluronic�

and di-(ethylene glycol) divinyl ether [179]. Importantly, the MBCPs were much
more effective at in vivo (although not in vitro) transfection than both naked DNA
or polymeric/DNA complexes that incorporated poly(ethylenimine), a standard
cationic polymer used in drug delivery applications that had been previously
shown ineffective as a gene delivery vehicle in muscle [180, 181].

As explained above, gene delivery systems could be useful in delivering plasmid
DNA to skeletal muscle cells. This could obviously apply in cases of genetic dis-
orders, many of which lead to muscular dystrophies such as DMD, facioscapu-
lohumeral dystrophy, Limb-Girdle muscular dystrophy, etc. where replacing deleted
or mutated genes with healthy ones could be used to restore proper muscle physi-
ology. In terms of promoting muscle regeneration in the aged niche, gene delivery of
the Notch ligand Delta or the TGF-b1 receptor kinase inhibitor could be considered
as possible therapeutics for restoring ‘youthful’ skeletal muscle regeneration, either
through activation of the Notch pathway or through inhibition of TGF-b1 signaling,
respectively. The next section will discuss novel biomaterial applications to the
regulation of TGF-b1 signaling in the aged niche.

5.2.2 Novel Targeting Strategies for TGF-b1 Inhibition

A biomaterial platform for regulating TGF-b1 levels to ‘young’ levels in the aged
niche

As described previously [11], attenuation of TGF-b1 signaling in the aged muscle
niche promotes restoration of skeletal muscle regeneration. However, inhibition of
TGF-b1 signaling required twice-a-day injection of TGF-b1 receptor I kinase
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inhibitor or Notch, or lentiviral transfection of shRNA against pSmad3, a down-
stream effector of TGF-b1 signaling. Complete silencing of signaling using viral
transfection would be harmful as TGF-b1 is involved in many other signaling
pathways [42], and non-viral transfection methods, which are less efficient than
viral methods, would need to be optimized. In addition, were these strategies to be
considered for clinical use, fewer injections, and a more efficient delivery system
would be desired.

As such, novel biomaterials constructs may pave the way for some solutions.
Future work will generate a wide array of biodegradable, biocompatible, nanop-
articulate platform technologies that allow the display of a wide array of peptides
or proteins at the particle surface through site-selective conjugation. These parti-
cles can be engineered to both encapsulate drugs or proteins of interest, and target
specifically based on what molecule is used to decorate them. Unlike most drug
delivery particles however, the site-specific conjugation technique provides con-
trolled and consistent orientation of the displayed molecule of choice. This allows
the display of the desired portion of surface molecule (i.e. actively targeting
portion), and a significant increase in efficiency, as none of the displayed mole-
cules will be randomly oriented. Such particles could be used in a variety of ways
to combat the effects of aging in the muscle niche. Specifically, activation of
Notch signaling through long-term sustained delivery of Delta [49] encapsulated in
nanoparticles may promote youthful muscle regeneration and effectively reduce
the amount of injections. Tailoring protein release rate, particle degradation rate,
and amount of protein loaded will all be important in determining the efficacy of
such a treatment. In addition, determining which possible targeting molecules to
use or generating targeting peptides will have to be done. However, a systemic
delivery of Delta may not be the most efficient. Nanoparticles will not exit blood
vessels into tissues and may be rapidly cleared from circulation [182] (although the
delivery time would greatly exceed that of Delta alone). Delta is also involved in
many other signaling pathways so a non-localized delivery of Delta could generate
unwanted effects. Nevertheless, a localized, controlled, and sustained release of
Delta would be beneficial in enhancing muscle repair, but intramuscular injections
would be difficult and injections would need to be timed to moments of injury (or
before going to exercise). A more precise targeting strategy would therefore need
to be established in order to consider this a viable therapy.

Similarly to these targeted Delta delivery strategies, delivery of TGF-b1
receptor kinase inhibitor, which was also effectively used to regulate TGF-b1
signaling in the aged muscle niche could be used [11, 12] In this case, however, as
aged mice treated with systemically injected TGF-b1 receptor kinase inhibitor
showed a marked improvement in muscle regeneration, a circulating particle
loaded with TGF-b1 receptor kinase inhibitor may be suitable [12].

As a parallel strategy, the same nanoparticulate platforms could be used to
directly inhibit the action of TGF-b1. Specifically, the nanoparticles could be
decorated with TGF-b1-binding molecules such as antibodies, antibody fragments,
etc. Unlike in the Delta or TGF-b1 receptor kinase inhibitor cases, the decorated
nanoparticles will not be delivering a payload, but will instead serve as TGF-b1

E. Jabart and I. Conboy



scavengers that will bind and inhibit the action of TGF-b1 in the aged niche. These
multivalent TGF-b1 ‘sponges’ could collect TGF-b1 molecules and could greatly
improve efficiency of TGF-b1 inhibition (over free antibody injections). Regu-
lating ‘aged’ TGF-b1 levels to the precise ‘young’ levels will require manipulation
of the number of TGF-b1-binding sites on the particles and the number of particles
to be used; too few particles will have little or no effect on the TGF-b1 inhibition
of muscle regeneration; too many particles will also have deleterious effects, as a
certain level of TGF-b1 signaling must be maintained [12, 42]. As in the previous
case with delivery of Delta, the immune clearance of nanoparticles will occur.
However, in this case, this removal of TGF-b1-decorated particles by immune
cells will be beneficial as it will decrease active TGF-b1 signaling levels, thus
lowering the block on muscle regeneration. The remaining issue is that of TGF-b1
localization. It is known that TGF-b1 can be internal to circulating platelets or
secreted by various cell types [12, 42] (though some TGF-b1 has been observed
systemically in diseased states [183]); upon platelet activation, TGF-b1 is released,
crosses into tissue, and becomes active in the local extracellular matrix [12, 42].
Therefore the issue of targeting TGF-b1 locally (in the muscle niche) arises, and
consequently the same concerns as in the Delta delivery situation. In any case, this
multivalent nanoparticulate platform can provide greater local regulation of TGF-
b1 levels than a simple free antibody-driven system and may at least be very useful
as a model for in vitro studies, where niche targeting is not an issue.

5.3 Satellite Cells and Muscle Stem Cells: Biomaterials
to Help Determine Who is Who

Skeletal muscle satellite cells make up a small portion of the cells on muscle fibers
[184]. Correctly identifying adult muscle stem cells in order to generate new
muscle is therefore essential for therapeutic purposes. However, whether or not
satellite cells are the only myogenic precursor cells, and whether all satellite cells
are in fact muscle stem cells is still a topic of debate [7, 38, 78]. Several other cell
lines, including hematopoietic cells [185 188], mesoangioblasts [189], and peri-
cytes [190] have shown myogenic potential [78]. Satellite cells may even differ
between muscle types [1, 191]. In fact disagreement still remains over which
markers define satellite cells and which characterize actual muscle stem cells [7].
Finally there is the disputed place of reserve cells which arise during myoblast
differentiation in vitro and may contribute to replenishing the satellite cell pool
[38, 48, 192 194]. These problems are exacerbated by the fact that there are so
few satellite cells per fiber, which makes identifying surface markers with
conventional methods such as flow cytometry or immunostaining less reliable.
Novel uses of biomaterials may provide the answers to some of these questions
and after discussing the current satellite cell classification, we will suggest one
such method.
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Originally, satellite cells were identified solely based on their biological loca-
tion beneath the basal lamina of skeletal muscle fibers [2]. The most often cited
current satellite cell marker (and muscle stem cell marker) is the paired box
transcription factor Pax7 [1, 7, 38, 40, 48, 57, 90, 192, 194, 195]. However, a
recent publication suggests that this Pax7 may not be a unique identifier and that it
is only a subpopulation of the Pax7-positive satellite cell population (i.e., satellite
cells that are Pax7+/Myf5+) that actually contributes to muscle regeneration. The
Pax7+/Myf5- population was found to serve as a muscle stem cell reservoir to
replenish satellite cells after a cycle of regeneration [7].

Current satellite cell isolation and sorting strategies are mostly limited to
FACSs sorting based on specific markers [7]. One such example defines CD34+,
a7-integrin+, CD31-, CD45-, CD11b-, Sca1- as satellite cells [7] ([95% satellite
cells) while another includes CD45-, Sca-1-, Mac-1-, CXCR4+, b1-integrin+ as
part of the satellite cell pool [196]. Overall, surface markers that have been con-
sidered as identifying of quiescent satellite cells include: CXCR4+ (fusin), CD34+

(not specific, but useful for sorting from heterogeneous populations of cells) [1, 38,
57, 191, 197], a7-integrin+, CD31- (PECAM-1), CD45- (PTPRC), CD11b-

(integrin aM, Mac-1,CR3A), Sca1- (ATX1, D6S504E), Syndecan-3+ [38, 198],
Syndecan-4+ [7, 38, 48, 57, 191, 195, 197 200], cMet+ [hepatocyte growth factor
receptor (HGFR)] [38, 201, 202], caveolin1+ [202], Fzd7+ [7], M-cadherin
(CDH15) [38, 57, 201, 203], b1 integrin (CD29) [57, 204], VCAM-1+ [38, 205],
NCAM+ (CD56, leu-19) [38, 206, 207], ABGC2 [78, 208], and the antigen for the
SM/C-2.6 monoclonal antibody [78, 209], while internal markers include: MyoD
[48, 199], Myf5 [38, 57, 67, 191, 195, 197, 201] (though this is now debated by Le
Grand’s work), MNF (myocyte nuclear factor) [38, 210], myostatin (growth dif-
ferentiation factor 8) [38, 198, 211, 212], IRF-2 (interferon regulatory factor-2)
[38, 205], Msx1 (hox7, hyd1) [38, 198].

However there is still a lack of agreement on which markers completely
define satellite cells, but maybe more importantly, which define the muscle stem
cell population. In order to work on isolating these markers from such minute
populations of cells, novel biomaterial-based microfluidic devices could be used
to effectively sort small numbers of cells based on their surface markers (based
on past work, [213]). These devices could be used both identify the type and
number of surface markers on a cell. Furthermore, unlike flow cytometry or
immunostaining, these devices employ a label-free technique which allows
subsequent collection and culture of the cells that pass through. Myogenicity of
these small populations of purified cells can then be determined and identifica-
tion of muscle stem cell populations. Finally incorporation of other microfluidic
technologies such as single-cell protein analysis techniques could push this work
further by allowing determination of gene expression at the single cell level
[214]. This will allow detection of differences between these small populations
of cells and identification of subpopulations of cells within the satellite cell
niche. Together, this work has promise in shedding light on the characteristics of
skeletal muscle satellite cells, and the determination of the subpopulation of
muscle stem cells.
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5.4 Use of Biomaterials in Tissue Engineering Applications

As we have seen, biomaterials have many applications in tissue regenerative
therapies for adult skeletal muscle. However, the possible negative impact of
biomaterials must still be kept in mind. Biocompatibility of materials, the effects
of biomaterial degradation and degradation products on the niche, the host
response to non-degrading implants or materials, and the inflammatory and
immune response will all need to be considered once biomaterial platforms are
optimized and ready for clinical trials. Nevertheless, the potential to treat myo-
pathic conditions or the effects of aging on the adult skeletal muscle niche with
biomaterials is real and perhaps not that distant.

6 Conclusion

Adult skeletal muscle regeneration is orchestrated by a complex network of sig-
naling molecules that are still being uncovered. The onset of aging impedes the
regenerative potential of muscle stem cells and much work is being done to reverse
these effects. However, there are still some doubts as to whether all satellite cells
are muscle stem cells and how to most efficiently enhance muscle regeneration in
the old and in individuals afflicted by genetic muscle wasting. The use of bio-
materials as 3D muscle satellite cell niches, delivery vehicles for genes, drugs, or
pro-regenerative factors, and for further definition of the heterogeneous skeletal
muscle stem cell pool will likely lead to efficient, robust, and clinically feasible
enhancements to muscle regeneration strategies.
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