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1 Introduction

Stem cells—especially human pluripotent stem cells (hPSCs)—are a promising
inexhaustible source of cellular material for treating ailments such as cardiovascular,
diabetes and Parkinson. Greater understanding of the stem cell niche, which is the
specific microenvironment where stem cells reside and function, is critical for their
study and applications. Mimicking the niche in vitro is essential for the propagation
of stem cells using traditional static dish cultures and scalable bioreactors [1-5].
Signals from the surrounding milieu include soluble factors (salts, steroids,
amino acids, growth factors, etc.), dissolved oxygen, extracellular matrix (ECM) for
cell attachment, cell-cell interactions, mechanical forces and the scaffold or
microenvironment conformation (i.e. two- (2D) or three-dimensional (3D) archi-
tecture) (Fig. 1). In this chapter, these factors are discussed in connection with their
effects on hPSC proliferation and differentiation. Such discussion is particularly
pertinent to processes for the culture of hPSCs intended for clinical uses. Motivated
by the economical production of large quantities of stem cell derivatives, various
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Fig. 1 Schematic representation of the microenvironment encountered by stem cells

platforms have been employed [6—8], for example, stirred suspension bioreactors
[3], roller bottle systems [9] and rotating wall bioreactors [10].

2 Effects of Dissolved Oxygen

Oxygen tension is a critical factor of the physiological profile of the stem cell niche
directly affecting the growth, viability and differentiation propensity of stem cells.
During development, the embryo experiences a hypoxic environment in vivo [11-
13] with the O, tension for human embryonic stem cells (hESCs) falling in the
range of 1-9 % O,, i.e. significantly lower than the ambient air O, fraction (21 %)
[14] designated as the normoxic pO,. Moreover, hESCs cultured under hypoxia (2—
5 %) rather than normoxia exhibit reduced spontaneous differentiation and chro-
mosomal abnormalities [15, 16].

Although sensing of O, tension and its influence on embryonic development and
lineage specification are mediated through various processes, the family of
hypoxia-inducible transcriptional factors (HIFs) is considered central to cellular
responses based on the microenvironmental O, levels. In mouse ESCs (mESCs),
HIF-2alpha (but not HIF-lalpha) binds to the promoter region of pluripotency
marker gene Pou5fl (Oct4) inducing its expression [17]. HIF-lalpha, however,
modulates Wnt/B-catenin signaling in mESCs and mouse embryonic carcinoma P19
cells by activating the expression of B-catenin and its downstream effectors LEF-1
and TCF-1 [18]. It should be noted that the effects of pO, on stem cell pluripotency
or differentiation are species- and context-dependent. For example, hypoxia pro-
motes the undifferentiated state of progenitor cells by blocking neuronal (in mouse
neural stem cells) and myogenic (in mouse C2C12 cells) differentiation programs
depending on the interaction between HIF-lalpha and the Notch-intracellular
domain as shown in P19 cells [19]. Unlike the results in mouse cells, low O,
tension (1-5 %) favors the expression of genes associated with endothelial differ-
entiation and negative regulation of apoptosis in cultured H9 hESCs [20]. Cells
grown at high O, tension (21 %) display more changes in genes related to division
and O,-based ATP production. Combined with media inducing differentiation,
hypoxia (2 % O,) promotes the chondrogenic differentiation of hESCs upregulating
the production of collagens I & II and glucosaminoglycans [21]. Similarly, the
culture of ESCs in 4 % O, yields an increased number of cardiac myocytes
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(CMs) (3.77 £ 0.13 CMS/ESC) compared to normoxic cultures (2.56 + 0.11
CMSs/ESC) in the presence of appropriate differentiation-inducingfactors [22, 23].

Hypoxia also impacts mesenchymal stem cell (MSC) maintenance and differ-
entiation. The self-renewal capacity of MSC populations is enhanced in hypoxic
(rather than normoxic) cultures [24] concomitantly with increases in the expression
of growth factors and their respective receptors. These findings suggest that the
enhanced growth potential and preserved undifferentiated status can be attributed
largely to the O,-dependent gene expression in MSCs. Consequently, a lower pO,
environment may facilitate overcoming issues including poor growth kinetics,
genetic instability and poor engraftment after transplantation of hMSCs.

Thus, effective control of the pO, level in bioreactors becomes critical for stem
cell expansion. When cells are cultured at low concentrations, the transfer of O,
through the liquid surface (termed surface or overlay aeration) is sufficient to match
the total cellular uptake rate of O,. However, aeration through the air-liquid interface
can be enhanced by O, enrichment of the overhead gas phase or headspace pres-
surization. Alternatively, the culture medium can be oxygenated via direct sparging,
i.e. introducing air bubbles directly into the liquid phase. Sparging provides higher
rates of O, mass transfer compared to the overlay aeration but may cause foaming or
cell damage. This issue can be mitigated with microsparging in which a hydrophobic
gas-permeable membrane is employed to provide bubble-free aeration [25]. Overall,
overlay or headspace aeration is the most economical and least intrusive method
generally used for low cell density/low working volume cultures or for cells
exhibiting low O, uptake rates. Direct or open-tube sparging is generally preferable
when stripping of system CO, is desired, whereas microsparging is most effective
for cultivation at high cell densities. A schematic illustration of the aforementioned
methods for supplying O, to cultured cells is shown in Fig. 2.

Different designs of bioreactors, which have been utilized for the culture of stem
cells, offer alternatives for the large-scale culture of hPSC products [6-8]. Stirred
suspension bioreactors are an appealing choice for large-scale cultures due to the
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Fig. 2 Supply of O, to stirred-suspension bioreactors. a Overlay or surface aeration, b direct
sparging or open-tube sparging, and ¢ micro-sparging
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Fig. 3 Comparison of the O, diffusion profile within 3D cultures of hPSCs under different modes:
aggregate, microcarrier and encapsulation in alginate beads. All models were run with the same
volume/number of cells. Color regions represent the O, profile of hPSCs and grey regions
represent different biomaterial positions (microcarriers and alginate capsule). For aggregate
cultures, 150 pm hPSC clustered together to form a spherical model. For cell-loaded microcarriers,
hPSC grew on the surface of microcarrier and two profiles were shown with microcarrier radii of
75 and 200 pm, respectively. For alginate encapsulation, a 200 pm bead of 1 % (w/v) alginate is
shown encapsulating a 150 pm hPSC aggregate. Oxygen diffusion of 1 % alginate and hPSC were
taken from Ref. [148]

homogenous environment and ease of operation and monitoring of culture. These
bioreactors afford multiple culture modes including the cultivation of cells encap-
sulated, on microcarriers or as aggregates.

Using mathematical and computational models, the distribution of O, can be
analyzed and predicted from experimental data. In a recent study, such data were
collected from mouse and human ESC aggregates cultured in spinner flasks under
different agitation rates [26]. At different time points and ultrastructural attributes
(porosity and tortuosity) of aggregates, the effective diffusivity and the specific
consumption rate of O, were calculated using a transient diffusion-reaction model
coupled to a population balance equation (PBE) capturing the dynamics of cell
aggregation. The model facilitated the calculation of the O, distribution in the
medium and within the aggregates in spinner flasks. As a result, not only the
fraction of cells experiencing hypoxia was predicted but also the ‘residence time’,
i.e. the duration the cells experience O, concentrations within a particular range.

The availability of O, and nutrients to stem cells also varies depending on the
culture mode (Fig. 3). Stem cells residing near the center of aggregates may
experience hypoxia directly affecting their viability. The spatial gradient of O, can
impact the proliferation and differentiation propensity of stem cells [27, 28] and
their encapsulation (e.g. in alginate beads) poses an additional barrier to O,
transport [29] reducing proliferation beyond the effect of scaffold rigidity. In con-
trast, cells grown on microcarriers experience O, and nutrient levels close to those
in the medium bulk. Among different size microcarriers [30-32], those with a
diameter of ~200 pm expose cells to higher O, levels compared to those with a
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size of 75 pm according to model prediction [26]. This is because stem cells on the
microcarrier surface are assumed to be configured akin to cells in monolayers. In
practice, cell-laden microcarriers form agglomerates posing additional restrictions
to the exchange with the medium of O,, nutrients and secreted molecules.
Therefore, the culture configuration is a critical factor determining stem cell fate in
addition to the chemical and biological properties of the scaffolds employed.

In conclusion, dissolved O, is a culture parameter affecting both stem cell
growth and fate decision. Insufficient O, transfer can be detrimental by resulting in
delayed growth rate and apoptosis. On the other hand, increased or uncontrolled O,
supply may lead to commitment along undesirable lineages making obvious the
need for fine tuning and monitoring oxygenation throughout the entire culture
process.

3 Soluble Factors and the Stem Cell Niche

Soluble factors including proteins, salts, lipids, vitamins, cytokines and other small
molecules play critical roles in maintaining the undifferentiated state of stem cells as
well as guiding their lineage commitment. Soluble factors trigger cellular responses
through multiple signaling pathways targeting gene networks which regulate the
fate of stem cells [33, 34]. The transforming growth factor-beta (TGF-B) super
family-activated cascades, receptor tyrosine kinase (RTK) signaling, canonical Wnt
signaling [35, 36], and pathways activated by insulin or insulin-like growth factors
(IGFs) [37, 38] participate in directing stem cell fate. Targeted gene networks
include transcriptional factors [35, 39, 40], such as Nanog, Oct4 and Sox2 [39, 41,
42]. There is also a divergence in the cascades maintaining the pluripotency of
mESCs and hESCs. Bone morphogenetic proteins (e.g. BMP4) and the JAK/STAT
signaling activator, leukemia inhibitory factor (LIF), are sufficient to sustain the
pluripotent state of mESCs but not of hESCs in vitro [43-46]. Instead, TGFp
signaling is important for preserving hPSC pluripotency [47-49].

Besides TGFp signaling, basic fibroblast growth factor (bFGF) (RTK-type)
signaling is another important pathway for hESC self-renewal. Basic FGF is a
universal supplement in media for routine maintenance of hPSCs regardless of the
use of feeder cells or serum [50, 51]. For hPSCs cultured on mouse embryonic
fibroblasts (mEFs) [52] or in mEF-conditioned medium [53], the bFGF requirement
(4 ng/ml) is lower than for feeder-free cultures (40-100 ng/ml) [50, 54, 55].

The roles of Wnt/B-catenin and BMP signaling have also been studied in sus-
taining hPSC self-renewal [56, 57]. Recombinant Wnt3a does not appear to suffice
for the maintenance of undifferentiated hESCs without feeder cells [58] although
caution should be exercised about the requirement for Wnt ligand supplementation
given the disparate levels of endogenous canonical Wnt signaling among hPSC
lines. The BMP antagonist noggin on the other hand, supports the uncommitted
hESCs in non-conditioned medium containing 40 ng/ml bFGF but this effect is
abolished when bFGF is supplemented at 100 ng/ml [59].



112 Y. Fan et al.

In the early days of hESC culture, those critical factors were supplemented with
the addition of fetal bovine serum (FBS) or knockout serum replacer (KSR) to the
medium [60]. However, the presence of undefined, non-human components (e.g.
Neu5Ge [61]) in these supplements is not desirable for clinical applications and has
motivated efforts toward the design of xeno-free systems for the culture of hPSCs
and their products. The development of chemically defined media requires scrutiny
of the stem cell niche for the identification of core elements stimulating and
maintaining the propagation of stem cells in vitro [33, 62—-64]. Basal media (e.g.
DMEM or DMEM/F12) serve as sources of glucose, vitamins and salts at appro-
priate osmolarity for cell survival and proliferation. Growth factors specific for stem
cell self-renewal are typically supplemented separately to the basal medium. For
example, defined media consisting of DMEM/F12, 100 ng/ml bFGF and compo-
nents such as TGF-B1, LiCl, insulin, gamma-aminobutyric acid (GABA) and BSA
or human serum albumin (HSA) are routinely used for hPSC maintenance in vitro
both in dishes and scalable stirred-suspension vessels [65, 66].

Despite the significant advances in designing and developing fully defined
xeno-free media for stem cell cultivation, significant issues still remain. Almost all
media for hPSC culture currently in use require daily exchanges which are costly
and labor intensive. Even with frequent replacement, fluctuation of growth factor
levels is unavoidable especially given the half-life of ligands in cultures. For
instance, the human or zebrafish bFGF loses more than 40 % of its activity within
24 h [67]. This introduces variability to the culture impacting adversely stem cell
proliferation and performance. A proposed solution to this problem is the incor-
poration of controlled release vehicles in the culture system facilitating the exten-
sion of growth factor or cytokine availability (and degradation) in the culture. Basic
FGF-loaded PLGA microspheres can be added to the hPSC cultures reducing the
frequency of medium changes from daily to every three days or biweekly [68].
Moreover, to deal with the labile nature of stem cell medium supplements and their
high cost, researchers have turned to small molecules displaying similar bioactivity
to native or recombinant proteins. Trimipramine and ethopropazine are two
examples of small molecules with longer degradation times than bFGF and sup-
porting hESC self-renewal in lieu of exogenously added bFGF [69, 70].

4 Extracellular Matrices for Stem Cell Cultivation

Extracellular matrix (ECM) proteins such as laminin, fibronectin, vitronectin,
entactin, tenascin and collagen are critical for cell adhesion, survival, growth and
differentiation [71]. Distinct domains on these molecules interact with cell surface
receptors (e.g. integrins) mediating adhesion and triggering signaling cascades
linked to cell fate adoption processes [72, 73].

Since first isolated, hESCs have been co-cultured with layers of mEFs which
secrete various (mostly undefined) factors supporting the pluripotency of hESCs.
Those cells include human fetal foreskin fibroblasts [74—77], adult epithelial cells
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[78], bone marrow cells [79, 80] and placenta-derived feeder cells [81, 82].
Matrigel, which is an ECM mixture produced by Engelbreth-Holm-Swarm mouse
sarcoma cells, was introduced and served as an alternative for the feeder-free
maintenance of stem cells. Matrigel contains various ECMs such as laminin, col-
lagen type IV, heparan sulfate, proteoglycans, entactin, and nidogen [45, 83], and
its use in hPSC cultures is straightforward compared to feeders. However, its
composition remains undefined and variable between batches paralleling issues
plaguing the use of mEFs.

Whether particular ECM molecules support cultured stem cells has been the focus
of multiple published studies. The arginine-glycine-aspartic acid (‘RGD’) motif fea-
tured in various ECM proteins (e.g. laminin, vitronectin, fibronectin [84-86]) is a
binding domain for cellular integrins. A mixture of vitronectin, fibronectin laminin and
recombinant human collagen IV was demonstrated to promote the growth of hESCs
over multiple passages [65]. However, the capacity of individual ECM proteins to
support hPSC adhesion and growth is variable and highly dependent on the culture
medium utilized. For instance, laminin binds to at least 8 integrin heterodimers
including alB1, a2B1, a3p1, a6p1, a6p4, a7p1, a9B1, and avPp3 [87]. Among those,
a6P1 is expressed in hESCs and is significant for their adhesion [83]. Indeed, natural
or recombinant laminin maintains the growth and pluripotency of hESCs in
mEF-conditioned medium [83, 88]. However, human placenta-derived laminin does
not support hESC self-renewal beyond 3 passages in medium without serum or serum
replacer [89]. Over a longer term (>10 passages), laminin failed to maintain the
undifferentiated state of hESCs, which displayed reduced proliferation, widespread
spontaneous differentiation and poor adhesion [90]. Similar to laminin, vitronectin and
fibronectin mediate cell adhesion through the binding of integrins such as o,s, asp;
o3Py, asPi, agBy, 0P, 0P, aPs, and a,fe [90-92]. Vitronectin from human plasma
supports the growth and self-renewal of hESCs for over 20 passages without com-
promising their differentiation potential [93]. A chimeric glycoprotein based on vi-
tronectin was shown to support the growth of undifferentiated hESCs in defined
medium [73]. Conversely, hESCs could not be maintained on vitronectin for more
than 7 days in defined medium [94]. Fibronectin isolated from human plasma pro-
motes hESC proliferation and pluripotency in defined medium for more than 10
passages [91, 94] but others were unable to grow hESCs on fibronectin-coated sur-
faces in the absence of mEF-conditioned medium [90]. The discrepancies in the
reported results may be due to the differences in cell lines, culture media and the length
of culture (e.g. number of passages, time between cell splittings etc.). These differ-
ences also highlight the complexity of individual ECM components and their roles in
supporting hPSCs in culture. They further emphasize the importance of considering
multiple aspects of the culture system including the medium used.

Due to the varied performance of natural or recombinant ECM proteins as hPSC
culture matrices and their high cost, efforts have been directed toward the devel-
opment of synthetic ECMs. One strategy is to synthesize substrate peptides fea-
turing known binding domain motifs such as the RGD sequence [95, 96]. Synthetic
peptide sequences derived from natural ECMs like fibronectin, bone sialoprotein
and vitronectin have been covalently attached onto acrylate-coated surfaces for
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stem cell attachment in both feeder cell-conditioned (10 passages) and defined
media (at least 5 day) [97, 98]. Synthetic peptides with binding domains require
additional optimization and testing since not all resulting sequences are suitable for
stem cell culture.

Besides synthetic peptides, synthetic polymers have also been investigated for
hPSC maintenance due to their lower cost and higher availability compared to other
alternatives [99, 100]. For example, poly(methyl vinyl ether-alt-maleic anhydride)
[PMVE-alt-MA] was shown to support the long-term propagation without differ-
entiation of three hPSC lines for five passages. Screening of 91 different poly-
acrylamide polymers yielded 16 candidates supporting hESC proliferation in 5-day
cultures [100]. Polymers with ester ions and cyclic polymer ions were also dem-
onstrated to promote hPSC adhesion [101].

Flat (2D) stem cell cultures afford convenience but 3D configurations mimic
more closely the natural niches of stem/progenitor cells. To that end substrates
which can be used with 3D hPSC culture systems are highly desirable. Hydrogels
are commonly used to create 3D microenvironments in vitro. For example, scaf-
folds of 2.4 % (w/v) alginate and 2.4 % (w/v) chitosan prepared by lyophilization
can be utilized to maintain hESCs over 21 days [102]. Indeed, scaffolds of alginate
and chitin support various ESC lines for more than 10 passages [103] and alginate
alone has been used for creating 3D niches for stem cell differentiation [104, 105].
Additionally, incorporation of poly(y-glutamic acid) [y-PGA] in alginate capsules
promotes neural differentiation [106].

Hydrogels based on poly(N-isopropylacrylamide-co-acrylic acid) [p(NIPAA-co-
AAc)] and Gln-Pro-GIn-Gly-Leu-Ala-Lys also support hESC growth [107]. This
polymer can be degraded by collagenase facilitating downstream separation of the
cells from the matrix. Hyaluronic acid, which is present during early embryo devel-
opment, is used to prepare hydrogels for hESC proliferation and differentiation [108].

In addition to the composition, scaffold ultrastructure affects stem cell prolifer-
ation and differentiation. Beside gel matrices, fibrous scaffolds have also been
reported to support the proliferation of stem cells. A fibrous scaffolds made from
poly(desaminotyrosyl tyrosine ethyl ester carbonate) [pDTEc] and coated with
poly-D-lysine was suitable for maintaining cultured hESCs for 14 days [109]. Poly
(methacrylic acid)-coated carbon nanotubes, which are similar in scale to collagen
and laminin moieties, also reportedly promote hESC proliferation and neuronal
differentiation [110, 111].

5 Mechanotransduction and Stem Cells

Cells in the human body are constantly exposed and respond to mechanical forces
and during development mechanotransduction influences differentiation and tissue
morphogenesis. Similar observations are noted in vitro with external mechanical
and electrical stimuli modulating the morphology, proliferation and specification of
stem cells [112—114]. For example, cyclic strain not only inhibits the proliferation



Bioreactors and the Design of the Stem Cell Niche 115

of bone-marrow derived progenitor cells but induces the alignment of the F-actin
cytoskeleton perpendicularly to the strain direction [113]. Under 10 % continuous
cyclic strain (0.5 Hz) for 7 and 14 days, human intraoral mesenchymal stem and
progenitor cells undergo osteogenic differentiation expressing markers such as
type-I collagen (CollAl), osteonectin (SPARC), bone morphogenetic protein 2
(BMP2), osteopontin (SPP1), and osteocalcin (BGLAP). Furthermore, significantly
higher amounts of calcium and alkaline phosphatase (ALP) are observed in
mechanically stimulated groups of cultured cells [115]. In contrast, commitment of
MSCs under mechanical compressive force toward adipose cells is inhibited [116].

Apparently, the pattern of exerted mechanical forces is also important for stem
cell differentiation as demonstrated by Park and co-workers [117]. The differentia-
tion of MSCs toward vascular smooth muscle cells (SMCs) was reportedly promoted
by cyclic uniaxial strain but inhibited by equiaxial strain based on the expression
level of smooth muscle alpha-actin (SM a-actin) and SM 22a (a calponin-related
protein). Moreover, transient expression of collagen I increased under uniaxial but
not equiaxial strain. Cyclic strain also induces vascular smooth muscle cell differ-
entiation of mESCs with the resulting cells orienting perpendicularly to the direction
of strain. The authors attributed the differentiation to the activation by cyclic strain of
the beta-type PDGF receptor (PDGFRB) in a ligand-independent manner. In hESCs,
the tendon-specific transcription factor scleraxis (SCXA and SCXB) and mechanical
stimulation synergistically promote commitment to tenocytes. This is achieved by
inhibition of the osteogenic differentiation of hESC-derived MSCs through the
antagonizing BMP signaling pathway [118].

The above reports illustrate that the effects of mechanical stimulation on the
differentiation and proliferation of stem cells are not universal but depend on the
lineage, environment, duration and magnitude of the strain and even the direction of
the causative force(s). For example, in a bioreactorsystem, which was customized to
study cell responses upon cyclic compressive strain in a hydrogel scaffold [119],
bone marrow hMSCs expressed chondrocytic genes within 3 weeks of culture.
However, under the same conditions, chondrocytic gene expression of
hESC-derived cells in EBs was significantly down-regulated. After initiation of the
chondrogenic differentiation, this reduction in gene expression was reversed with
the addition of TGF-B1.

Moreover, Nanog in mouse ESCs is significantly downregulated while endo-
derm markers emerge after 2 days of exposure to cyclic stretch [120]. Unlike for
mESCs however, cyclic strain appears to support the pluripotent state of hESCs.
The percentage of SSEA-4* cells at 10 % strain of 30 cycles per minute (0.5 Hz) is
reduced from 85 to 36 % with the reduction of strain to 8 % at 0.167 Hz [121].
Similarly, the fraction of Oct4™ cells went from 21 % without strain to 67 % after
almost 2 weeks of strain [122]. More recently, iPSCs subjected to cyclic strain
showed enhanced formation of stress fibers and downregulation of Nanog, Oct4 and
Sox2 [123]. These findings support the notion that hPSC self-renewal and differ-
entiation are influenced by both mechanical forces and chemical signals. From a
signal transduction viewpoint, the Rho/ROCK is a primary transducer of the effects
of mechanical forces in pluripotent stem cells and acts as an upstream regulator in
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pluripotency-related signaling pathways as suggested by the activation of small
GTPase Rho and decreased AKT phosphorylation. The pluripotency of stem cells
seems to be maintained by extended cyclic strain and this effect is reversed with the
short application of higher-magnitude strain.

Application of mechanical forces to induce stem cells differentiation, for
example to cardiovascular cells, has been reported. When sheep bone-marrow
derived MSCs seeded onto a novel flex-stretch-flow (FSF) bioreactor, more
extensive heart valve tissue formation was observed under flex-flow conditions
(combined cyclic flexure and laminar flow) compared to cells subjected to cyclic
flexure, laminar flow or typical static culture [124]. Others also showed that human
MSCs in biaxial rotating bioreactors (BXR) have higher cellularity, confluence and
more robust osteogenic differentiation than cells in spinner flasks, perfusion or
rotating wall bioreactors [125].

Mechanical stimulation is caused by fluid shear stress due to agitation in stirred
tank bioreactors and can potentially affect stem cell fate decisions. Although agi-
tation is critical for ensuring a homogenous environment, a high stirring rate may
result in greater shear stress to the cells. A window of acceptable agitation speeds
for an operating bioreactor can be calculated based on the specific energy dissi-
pation rate:

P
== (1)
where v is the average shear rate (s”!) and 7 is the shear stress (Pa), P is the power
input (W) and V is the volume of the fluid in the vessel (m?). The power input P is
the amount of energy provided to the impeller for the rotational mixing.

By introducing the fluid’s viscosity, p (:g; Pas), the above equation yields

)

Theoretically, the average shear rate depends on the working volume in biore-
actors, the viscosity of the fluid, and the power input. Several empirical equations to
calculate the shear rate y and its maximum, Y,,.x, in the impeller zone of stirred tank
bioreactors are summarized by Sanchez Pérez et al. [126]. The average shear rate in
Newtonian and non-Newtonian media in a stirred tank is proportional to the
impeller speed N for laminar flow or N*? for turbulent flow.

For bioreactor scale-up, the power input per volume (P/V) is kept fixed and
calculated as:

P
= aPN'D’/V (3)

where q represents the power number. This is a property of the impeller and is
generally supplied by the manufacturer. The density p of the fluid and the diameter
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D of the impeller are also utilized in the calculations. The agitation rate after scaling
up the volume of a bioreactorcan be calculated while keeping P/V constant. For
example, when the working volume within one bioreactor is increased from V; to
V,, then agitation rate can be increased from N; to Ny:

Ny = N3V V) (4)

Even if bioreactors with different impeller designs are used within a particular
process, the media within both vessels can experience the same P/V. As long as the
power numbers q of both bioreactors are known, the agitation rates can be deter-
mined based on Eq. 3.

In a fluid flow bioreactor, Wolfe et al. [127] demonstrated the application of
steady laminar shear force in the range of 1.5-15 dynes/cm? to mESCs. Specification
to ectodermal and mesodermal lineages depended on the magnitude of the applied
force. The upregulated expression of Brachyury (T) and corresponding reduction of
alpha-fetoprotein (AFP) corresponded to the increase of shear stress for 1-4 days.
These changes transpired concurrently with the activation of Wnt and estrogen
signaling pathways. The same group later reported that during early mESC differ-
entiation fluid shear similarly promotes endothelial and hematopoietic differentiation
for cells seeded on collagen-, fibronectin- or laminin-coated surfaces. The induction
of endothelial differentiation was apparent by increasing the duration of culture
under stress but hematopoiesis was less efficient at later stages. It was suggested that
the membrane protein FLK1 (a VEGF receptor) is a critical regulator of fluid shear
stress-induced differentiation to endothelial and hematopoietic linages [128].

6 Effects of Electrical Stimulation on Differentiating
Stem Cells

Electrical stimulation has been shown to have beneficial effects for progenitor cells
differentiating toward electrically active cell types including neurons and heart
cells. To that end, culture (mainly 2D) of human cardiomyocyte progenitor cells has
been combined with electrical stimulation leading to a significant increase in the
expression of markers such as GATA4, MEF2A, structural protein genes and those
related to Ca*? handling [129]. Electrically stimulated adult neural stem progenitor
cells give rise to neurites which are five times longer (up to 600 pm) compared to
those from non-stimulated cells. Moreover, the cells display mature neuronal
morphologies, expression of B-III tubulin, NeuN, organized filamentous actin
(F-actin) and intracellular Ca** signaling akin to native cells [130].

Electrical stimulation in bioreactors combined with nutrient perfusion and
unconstrained tissue contraction was also reported [131]. In this study, neonatal rat
cardiac cells were seeded in a scaffold placed in a bioreactor with the simultaneous
application of electrical stimulation and perfusion. The stimulated culture showed
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improved function, expression of cardiac proteins, cell distribution and overall
tissue organization over control (unstimulated) groups. Similar improvement
through electrical and mechanical stimulations was also reported by Miklas et al.
[132] using a microfluidic bioreactor with neonatal rat cardiomyocytes. These
results indicate that elevated amplitude of contraction and improved sarcomere
structure are observed in cells exposed to electrical and mechanical stimulations
concurrently versus cells subjected to electrical or mechanical stimulation alone.

7 Microfluidic Technologies for Studying the Stem Cell
Niche

The emergence of microfluidic technologies has opened new avenues for studying
the stem cell niche. Microfluidic devices featuring patterns of tens to hundreds of
micro-scale channels on customizable substrates and accessible for observation, for
example, by fluorescence microscopy, allow the culture and real-time monitoring of
stem cells as they proliferate and differentiate. Moreover, laminar flow profiles with
well-defined and controlled dynamics can be achieved in conjunction with diffusive
mixing for studying stem cell interactions in the niche [133, 134].

The miniaturized size and minute amounts of reagents required have made
microfluidic platforms the tool of choice for high-throughput assays, including
those for investigation of the stem cell microenvironment. Beyond screening a wide
range of conditions, microfluidic devices afford greater flexibility versus traditional
dish cultures as perfusion and 3D culture conditions can be incorporated [135-140].
A high-throughput microfluidic device featuring 1600 culture chambers of 4.1 nL
each, was utilized for investigating the heterogeneity exhibited by hematopoietic
stem cell (HSC) populations. For this purpose, proliferation was tracked at a
single-cell level with dynamic medium exchange [141]. Furthermore, Steel factor
(SF) was shown to regulate the survival of cytokine-activated HSCs within 16 and
24 h of being placed in vitro without an effect on the early division kinetics of the
surviving cells. These results point to a regulatory role of SF when HSCs exit the
Gy phase to enter G;. Beyond its suitability for high-throughput experimentation,
the system allows medium replacement without disturbing cultured cells and makes
possible the rapid and accurate generation of colony growth curves. Similarly, a
microfluidic system with 96 chambers was engineered to study the effects of var-
ious combinations of cell seeding density, medium composition and feeding
schedule on hMSC proliferation and osteogenic differentiation [142]. Cells treated
with differentiation medium for 18 h or longer displayed significantly different
motility compared to nonstimulated cells. In fact, cells stimulated for less than 96 h
progressively adopted the same level of motility after stimulation ended as control
cells indicating that the effects of exposure to osteogenic medium were reversible.
Such studies would have been impractical to carry out in dishes or regular-scale
bioreactors.
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Microfluidic environments can also mimic aspects of the complex microenvi-
ronment of stem cells. Based on an Y-channel geometry, two streams of different
media were combined directed toward single mouse embryoid bodies (EBs) located
at the point of convergence of the channels. Cells on the EB side facing the
combined streams were coaxed to neural fates but the other half of the EB remained
undifferentiated [143] demonstrating that cell commitment may be controlled by
simple changes in the flow of media containing differentiation cues.

In fact, microfluidic devices can be used for generating flows with a high Péclet
number at low Reynolds regimes forming continuous gradients of soluble factors by
diffusive mixing [144]. For example, human neural stem cell (hNSC) differentiation
was studied in a microfluidic device in which concentration gradients were pro-
duced of three growth factors: epidermal growth factor (EGF), bFGF and PDGF.
Cells were exposed to these gradients under continuous flow for more than 1 week.
Astrocyte differentiation of the hNSCs was proportional to growth factor gradients
without any threshold effects. The setup can be used to quantify the graded
responses of cells to multiple concentration gradients of differentiation cues within
a single chamber [145].

Given their small scale and high degree of control, microfluidic platforms are
important tools for detailed studies of the stem cellniche. Outcomes from these
studies can contribute to the development of strategies for the economical and
effective culture of large quantities of stem cells. However, translation of findings
from nano- or micro-liter scale systems to bioreactors with at least 6 orders of
magnitude greater working volumes should be done with caution.

8 Conclusions

The stem cell niche comprises a complex assortment of cues driving proliferation
and fate selection processes. Mimicking this microenvironment in different culture
systems is a challenging task hampered not only by the large variety of growth
factors and cytokines involved (with multiple remaining still elusive) but also by the
combinatorial effects of their synergistic activities. Moreover, there are fewer stem
cell cultivation platforms affording dynamic (as opposed to static) environments akin
to those which the cells experience during embryonic development. To that end,
continuous flow microbioreactor arrays may be a promising candidate system as
these afford the application of statistical factorial multiplexing of multiple input
factors involved in stem cell signaling hierarchies through high throughput culture
chambers [146, 147]. The design and optimization of a relatively complex 3D
culture system will require the systematic synthesis of the parameters and factors
many of which have been summarized here. The progress noted to date in this area is
deemed very promising for the development of fully automated, robust and scalable
processes for the production either in the laboratory or commercially of stem cell
products for regenerative medicine, tissue engineering, and drug discovery.



120

Y. Fan et al.

Acknowledgments Funding support has been provided by the National Institutes of Health
(NHLBI, RO1HL103709) to EST.

References

10.

11.

12.

13.

14.

15.

16.

. Lebkowski JS, Gold J, Xu C, Funk W, Chiu CP, Carpenter MK. Human embryonic stem

cells: culture, differentiation, and genetic modification for regenerative medicine applications.
Cancer J. 2001;7(Suppl 2):S83-93. PubMed PMID: 11777269.

. Kehoe DE, Jing D, Lock LT, Tzanakakis EM. Scalable stirred-suspension bioreactor culture

of human pluripotent stem cells. Tissue Eng Part A. 2010;16(2):405-21. PubMed PMID:
19739936.

. Fan Y, Hsiung M, Cheng C, Tzanakakis ES. Facile engineering of xeno-free microcarriers

for the scalable cultivation of human pluripotent stem cells in stirred suspension. Tissue Eng
Part A. 2013. PubMed PMID: 24098972.

. Dang SM, Gerecht-Nir S, Chen J, Itskovitz-Eldor J, Zandstra PW. Controlled, scalable

embryonic stem cell differentiation culture. Stem Cells. 2004;22(3):275-82.

. Nie Y, Bergendahl V, Hei DJ, Jones JM, Palecek SP. Scalable culture and cryopreservation

of human embryonic stem cells on microcarriers. Biotechnol Prog. 2009;25(1):20-31.
PubMed PMID: 19197994.

. Gerecht-Nir S, Cohen S, Itskovitz-Eldor J. Bioreactor cultivation enhances the efficiency of

human embryoid body (hEB) formation and differentiation. Biotechnol Bioeng. 2004;86
(5):493-502. PubMed PMID: 15129432.

. Wang X, Wei G, Yu W, Zhao Y, Yu X, Ma X. Scalable producing embryoid bodies by rotary

cell culture system and constructing engineered cardiac tissue with ES-derived
cardiomyocytes in vitro. Biotechnol Prog. 2006;22(3):811-8. PubMed PMID: 16739965.

. Placzek MR, Chung IM, Macedo HM, Ismail S, Mortera Blanco T, Lim M, et al. Stem cell

bioprocessing: fundamentals and principles. J R Soc Interface. 2009;6(32):209-32. PubMed
PMID: 19033137. Pubmed Central PMCID: 2659585.

. Andrade-Zaldivar H, Kalixto-Sanchez MA, de la Rosa APB, De Leon-Rodriguez A.

Expansion of human hematopoietic cells from umbilical cord blood using roller bottles in
CO, and CO,-free atmosphere. Stem Cells Dev. 2011;20(4):593-8.

Wang YJ, Zhang YP, Zhang SC, Peng GY, Liu T, Li YX, et al. Rotating
microgravity-bioreactor cultivation enhances the hepatic differentiation of mouse
embryonic stem cells on biodegradable polymer scaffolds. Tissue Eng Part A. 2012;18
(21-22):2376-85.

Harvey AJ. The role of oxygen in ruminant preimplantation embryo development and
metabolism. Anim Reprod Sci. 2007;98(1-2):113-28. PubMed PMID: 17158002.
Genbacev O, Zhou Y, Ludlow JW, Fisher SJ. Regulation of human placental development by
oxygen tension. Science. 1997;277(5332):1669-72. PubMed PMID: 9287221.

Pabon JE Jr, Findley WE, Gibbons WE. The toxic effect of short exposures to the
atmospheric oxygen concentration on early mouse embryonic development. Fertil Steril.
1989:51(5):896-900. PubMed PMID: 2707466.

Simon MC, Keith B. The role of oxygen availability in embryonic development and stem cell
function. Nat Rev Mol Cell Biol. 2008;9(4):285-96. PubMed PMID: 18285802. Pubmed
Central PMCID: 2876333.

Ezashi T, Das P, Roberts RM. Low O2 tensions and the prevention of differentiation of hES
cells. Proc Natl Acad Sci USA. 2005;102(13):4783-8. PubMed PMID: 15772165.

Forsyth NR, Musio A, Vezzoni P, Simpson AH, Noble BS, McWhir J. Physiologic oxygen
enhances human embryonic stem cell clonal recovery and reduces chromosomal
abnormalities. Cloning Stem Cells. 2006;8(1):16-23. PubMed PMID: 16571074.



Bioreactors and the Design of the Stem Cell Niche 121

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Covello KL, Kehler J, Yu H, Gordan JD, Arsham AM, Hu CJ, et al. HIF-2alpha regulates
Oct-4: effects of hypoxia on stem cell function, embryonic development, and tumor growth.
Genes Dev. 2006;20(5):557-70. PubMed PMID: 16510872.

Mazumdar J, O’Brien WT, Johnson RS, LaManna JC, Chavez JC, Klein PS, et al. O2
regulates stem cells through Wnt/beta-catenin signalling. Nat Cell Biol. 2010;12(10):1007-
13. PubMed PMID: 20852629.

Gustafsson MV, Zheng X, Pereira T, Gradin K, Jin S, Lundkvist J, et al. Hypoxia requires
notch signaling to maintain the undifferentiated cell state. Dev Cell. 2005;9(5):617-28.
PubMed PMID: 16256737.

Prado-Lopez S, Conesa A, Arminan A, Martinez-Losa M, Escobedo-Lucea C, Gandia C,
et al. Hypoxia promotes efficient differentiation of human embryonic stem cells to functional
endothelium. Stem Cells. 2010;28(3):407-18. PubMed PMID: 20049902.

Koay EJ, Athanasiou KA. Hypoxic chondrogenic differentiation of human embryonic stem
cells enhances cartilage protein synthesis and biomechanical functionality. Osteoarthritis
Cartilage/OARS, Osteoarthritis Research Society. 2008;16(12):1450-6. PubMed PMID:
18541445.

Niebruegge S, Bauwens CL, Peerani R, Thavandiran N, Masse S, Sevaptisidis E, et al.
Generation of human embryonic stem cell-derived mesoderm and cardiac cells using
size-specified aggregates in an oxygen-controlled bioreactor. Biotechnol Bioeng. 2009;102
(2):493-507. PubMed PMID: 18767184.

Bauwens C, Yin T, Dang S, Peerani R, Zandstra PW. Development of a perfusion fed
bioreactor for embryonic stem cell-derived cardiomyocyte generation: oxygen-mediated
enhancement of cardiomyocyte output. Biotechnol Bioeng. 2005;90(4):452-61. PubMed
PMID: 15778986.

Lonne M, Lavrentieva A, Walter JG, Kasper C. Analysis of oxygen-dependent cytokine
expression in human mesenchymal stem cells derived from umbilical cord. Cell Tissue Res.
2013;353(1):117-22. PubMed PMID: 23579552.

Nehring D, Czermak P, Vorlop J, Lubben H. Experimental study of a ceramic microsparging
aeration system in a pilot-scale animal cell culture. Biotechnol Prog. 2004;20(6):1710-7.
PubMed PMID: 15575703.

Wu JC, Rostami MR, Olaya DPC, Tzanakakis ES. Oxygen transport and stem cell
aggregation in stirred-suspension bioreactor cultures. Plos One. 2014;9(7):¢102486. PubMed
PMID: 25032842.

Bauwens C, Yin T, Dang S, Peerani R, Zandstra PW. Development of a perfusion fed
bioreactor for embryonic stem cell-derived cardiomyocyte generation: Oxygen-mediated
enhancement of cardiomyocyte output. Biotechnol Bioeng. 2005;90(4):452-61. PubMed
PMID: WOS:000228891100007. English.

Powers DE, Millman JR, Huang RB, Colton CK. Effects of oxygen on mouse embryonic
stem cell growth, phenotype retention, and cellular energetics. Biotechnol Bioeng. 2008;101
(2):241-54. PubMed PMID: ISI:000259512900003. English.

Hulst AC, Hens HJH, Buitelaar RM, Tramper J. Determination of the effective diffusion
coefficient of oxygen in gel materials in relation to gel concentration. Biotechnol Tech.
1989;3(3):199-204.

Lock LT, Tzanakakis ES. Expansion and differentiation of human embryonic stem cells to
endoderm progeny in a microcarrier stirred-suspension culture. Tissue Eng Part A. 2009;15
(8):2051-63. PubMed PMID: 19196140.

Carpenedo RL, Seaman SA, McDevitt TC. Microsphere size effects on embryoid body
incorporation and embryonic stem cell differentiation. J Biomed Mater Res A. 2010;94A
(2):466-75. PubMed PMID: ISI1:000279482600015.

Newman KD, McBurmey MW. Poly(D,L lactic-co-glycolic acid) microspheres as
biodegradable microcarriers for pluripotent stem cells. Biomaterials. 2004;25(26):5763-71.
PubMed PMID: IS1:000222064600008.



122

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Y. Fan et al.

. Chase LG, Firpo MT. Development of serum-free culture systems for human embryonic stem
cells. Curr Opin Chem Biol. 2007;11(4):367-72. PubMed PMID: 17692558. Epub 2007/08/19.
Eng.

Unger C, Skottman H, Blomberg P, Dilber MS, Hovatta O. Good manufacturing practice and
clinical-grade human embryonic stem cell lines. Hum Mol Genet. 2008;17(R1):R48-53.
PubMed PMID: 18632697.

Pera MF, Tam PP. Extrinsic regulation of pluripotent stem cells. Nature. 2010;465
(7299):713-20. PubMed PMID: 20535200. Epub 2010/06/11. Eng.

Boiani M, Scholer HR. Regulatory networks in embryo-derived pluripotent stem cells. Nat
Rev Mol Cell Biol. 2005;6(11):872—-84. PubMed PMID: 16227977.

Wang L, Schulz TC, Sherrer ES, Dauphin DS, Shin S, Nelson AM, et al. Self-renewal of
human embryonic stem cells requires insulin-like growth factor-1 receptor and ERBB2
receptor signaling. Blood. 2007;110(12):4111-9. PubMed PMID: 17761519. Pubmed
Central PMCID: 2190616.

Bendall SC, Stewart MH, Menendez P, George D, Vijayaragavan K, Werbowetski-Ogilvie T,
et al. IGF and FGF cooperatively establish the regulatory stem cell niche of pluripotent
human cells in vitro. Nature. 2007;448(7157):1015-21. PubMed PMID: 17625568.
Chambers I, Tomlinson SR. The transcriptional foundation of pluripotency. Development.
2009;136(14):2311-22. PubMed PMID: 19542351. Pubmed Central PMCID: 2729344.
Bibikova M, Laurent LC, Ren B, Loring JF, Fan JB. Unraveling epigenetic regulation in
embryonic stem cells. Cell Stem Cell. 2008;2(2):123-34. PubMed PMID: 18371433.
Rodda DJ, Chew JL, Lim LH, Loh YH, Wang B, Ng HH, et al. Transcriptional regulation of
nanog by OCT4 and SOX2. J Biol Chem. 2005;280(26):24731-7. PubMed PMID:
15860457.

Boyer LA, Lee TI, Cole MF, Johnstone SE, Levine SS, Zucker JP, et al. Core transcriptional
regulatory circuitry in human embryonic stem cells. Cell. 2005;122(6):947-56. PubMed
PMID: 16153702.

Welling M, Geijsen N. Uncovering the true identity of naive pluripotent stem cells. Trends
Cell Biol. 2013;23(9):442-8. PubMed PMID: 23685019.

Ying QL, Nichols J, Chambers I, Smith A. BMP induction of Id proteins suppresses
differentiation and sustains embryonic stem cell self-renewal in collaboration with STAT3.
Cell. 2003;115(3):281-92. PubMed PMID: 14636556.

Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, Marshall VS, et al.
Embryonic stem cell lines derived from human blastocysts. Science. 1998;282(5391):1145—
7. PubMed PMID: ISI:000076887700056.

Xu RH, Chen X, Li DS, Li R, Addicks GC, Glennon C, et al. BMP4 initiates human
embryonic stem cell differentiation to trophoblast. Nat Biotechnol. 2002;20(12):1261-4.
PubMed PMID: 12426580.

Ginis I, Luo YQ, Miura T, Thies S, Brandenberger R, Gerecht-Nir S, et al. Differences
between human and mouse embryonic stem cells. Dev Biol. 2004;269(2):360-80. PubMed
PMID: WOS:000221158300004.

Xu RH, Sampsell-Barron TL, Gu F, Root S, Peck RM, Pan G, et al. NANOG is a direct
target of TGFbeta/activin-mediated SMAD signaling in human ESCs. Cell Stem Cell. 2008;3
(2):196-206. PubMed PMID: 18682241. Pubmed Central PMCID: 2758041.

Vallier L, Mendjan S, Brown S, Chng Z, Teo A, Smithers LE, et al. Activin/Nodal signalling
maintains pluripotency by controlling Nanog expression. Development. 2009;136(8):1339—
49. PubMed PMID: 19279133. Pubmed Central PMCID: 2687465.

Xu RH, Peck RM, Li DS, Feng X, Ludwig T, Thomson JA. Basic FGF and suppression of
BMP signaling sustain undifferentiated proliferation of human ES cells. Nat Methods. 2005;2
(3):185-90. PubMed PMID: 15782187.

Vallier L, Alexander M, Pedersen RA. Activin/Nodal and FGF pathways cooperate to
maintain pluripotency of human embryonic stem cells. J Cell Sci. 2005;118(Pt 19):4495-
509. PubMed PMID: 16179608. Eng.



Bioreactors and the Design of the Stem Cell Niche 123

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Amit M, Carpenter MK, Inokuma MS, Chiu CP, Harris CP, Waknitz MA, et al. Clonally
derived human embryonic stem cell lines maintain pluripotency and proliferative potential
for prolonged periods of culture. Dev Biol. 2000;227(2):271-8. PubMed PMID: 11071754.
Xu C, Inokuma MS, Denham J, Golds K, Kundu P, Gold JD, et al. Feeder-free growth of
undifferentiated human embryonic stem cells. Nat Biotechnol. 2001;19(10):971-4. PubMed
PMID: 11581665.

Wang L, Li L, Menendez P, Cerdan C, Bhatia M. Human embryonic stem cells maintained in
the absence of mouse embryonic fibroblasts or conditioned media are capable of
hematopoietic development. Blood. 2005;105(12):4598-603. PubMed PMID: 15718421.
Xu C, Rosler E, Jiang J, Lebkowski JS, Gold JD, O’Sullivan C, et al. Basic fibroblast growth
factor supports undifferentiated human embryonic stem cell growth without conditioned
medium. Stem Cells. 2005;23(3):315-23. PubMed PMID: 15749926.

Sato N, Meijer L, Skaltsounis L, Greengard P, Brivanlou AH. Maintenance of pluripotency
in human and mouse embryonic stem cells through activation of Wnt signaling by a
pharmacological GSK-3-specific inhibitor. Nat Med. 2004;10(1):55-63. PubMed PMID:
WOS:000187743600039.

Fernandez A, Huggins 1J, Perna L, Brafman D, Lu DS, Yao SY, et al. The WNT receptor
FZD?7 is required for maintenance of the pluripotent state in human embryonic stem cells.
Proc Natl Acad Sci USA. 2014;111(4):1409-14. PubMed PMID: WOS:000330231100051.
Dravid G, Ye Z, Hammond H, Chen G, Pyle A, Donovan P, et al. Defining the role of
Wht/beta-catenin signaling in the survival, proliferation, and self-renewal of human
embryonic stem cells. Stem Cells. 2005;23(10):1489-501. PubMed PMID: 16002782.
Levenstein ME, Ludwig TE, Xu RH, Llanas RA, VanDenHeuvel-Kramer K, Manning D,
et al. Basic fibroblast growth factor support of human embryonic stem cell self-renewal. Stem
Cells. 2006;24(3):568-74. PubMed PMID: 16282444.

Garcia-Gonzalo FR, Izpisua Belmonte JC. Albumin-associated lipids regulate human
embryonic stem cell self-renewal. PLoS One. 2008;3(1):e1384. PubMed PMID: 18167543.
Martin MJ, Muotri A, Gage F, Varki A. Human embryonic stem cells express an
immunogenic nonhuman sialic acid. Nat Med. 2005;11(2):228-32. PubMed PMID:
15685172.

Akopian V, Andrews PW, Beil S, Benvenisty N, Brehm J, Christie M, et al. Comparison of
defined culture systems for feeder cell free propagation of human embryonic stem cells. In
Vitro Cell Dev Biol Anim. 2010;46(3—4):247-58. PubMed PMID: 20186512.

Mallon BS, Park KY, Chen KG, Hamilton RS, McKay RD. Toward xeno-free culture of
human embryonic stem cells. Int J Biochem Cell Biol. 2006;38(7):1063-75. PubMed PMID:
16469522.

Valamehr B, Tsutsui H, Ho CM, Wu H. Developing defined culture systems for human
pluripotent stem cells. Regen Med. 2011;6(5):623-34. PubMed PMID: 21916597.

Ludwig TE, Levenstein ME, Jones JM, Berggren WT, Mitchen ER, Frane JL, et al.
Derivation of human embryonic stem cells in defined conditions. Nat Biotechnol. 2006;24
(2):185-7. PubMed PMID: ISI1:000235232300034.

Ludwig TE, Bergendahl V, Levenstein ME, Yu JY, Probasco MD, Thomson JA.
Feeder-independent culture of human embryonic stem cells. Nat Methods. 2006;3(8):637—
46. PubMed PMID: ISI:000239598600016.

Chen G, Gulbranson DR, Yu P, Hou Z, Thomson JA. Thermal stability of fibroblast growth
factor protein is a determinant factor in regulating self-renewal, differentiation, and
reprogramming in human pluripotent stem cells. Stem Cells. 2012;30(4):623-30. PubMed
PMID: 22213113.

Lotz S, Goderie S, Tokas N, Hirsch SE, Ahmad F, Corneo B, et al. Sustained levels of FGF2
maintain undifferentiated stem cell cultures with biweekly feeding. PLoS One. 2013;8(2):
€56289. PubMed PMID: 23437109.

Kumagai H, Suemori H, Uesugi M, Nakatsuji N, Kawase E. Identification of small molecules
that promote human embryonic stem cell self-renewal. Biochem Bioph Res Commun.
2013;434(4):710-6. PubMed PMID: WOS:000320213200003.



124

70

71.

72.

73.

74.

75.

76.

7.

78

79.

80.

81.

82.

83.

84.

85.

86.

Y. Fan et al.

. Desbordes SC, Placantonakis DG, Ciro A, Socci ND, Lee G, Djaballah H, et al.
High-throughput screening assay for the identification of compounds regulating self-renewal
and differentiation in human embryonic stem cells. Cell Stem Cell. 2008;2(6):602—12.
PubMed PMID: WOS:000256870000018.

Prowse ABJ, Chong F, Gray PP, Munro TP. Stem cell integrins: implications for ex-vivo
culture and cellular therapies. Stem Cell Res. 2011;6(1):1-12. PubMed PMID:
WOS:000286865400001.

Braam SR, Zeinstra L, Litjens S, Ward-van Oostwaard D, van den Brink S, van Laake L,
et al. Recombinant vitronectin is a functionally defined substrate that supports human
embryonic stem cell self-renewal via alphavbeta$ integrin. Stem Cells. 2008;26(9):2257-65.
PubMed PMID: 18599809.

Manton KIJ, Richards S, Van Lonkhuyzen D, Cormack L, Leavesley D, Upton Z. A chimeric
vitronectin: IGF-I protein supports feeder-cell-free and serum-free culture of human
embryonic stem cells. Stem Cells Dev. 2010;19(9):1297-305. PubMed PMID: 20128657.
Meng G, Liu S, Li X, Krawetz R, Rancourt DE. Extracellular matrix isolated from foreskin
fibroblasts supports long-term xeno-free human embryonic stem cell culture. Stem Cells Dev.
2010;19(4):547-56. PubMed PMID: 19883201.

Choo AB, Padmanabhan J, Chin AC, Oh SK. Expansion of pluripotent human embryonic
stem cells on human feeders. Biotechnol Bioeng. 2004;88(3):321-31. PubMed PMID:
15486939.

Hovatta O, Mikkola M, Gertow K, Stromberg AM, Inzunza J, Hreinsson J, et al. A culture
system using human foreskin fibroblasts as feeder cells allows production of human
embryonic stem cells. Hum Reprod. 2003;18(7):1404-9. PubMed PMID:
IS1:000184144900007.

Amit M, Margulets V, Segev H, Shariki K, Laevsky I, Coleman R, et al. Human feeder layers
for human embryonic stem cells. Biol Reprod. 2003;68(6):2150-6. PubMed PMID:
12606388.

. Richards M, Fong CY, Chan WK, Wong PC, Bongso A. Human feeders support prolonged
undifferentiated growth of human inner cell masses and embryonic stem cells. Nat
Biotechnol. 2002;20(9):933—-6. PubMed PMID: 12161760.

Cheng LZ, Hammond H, Ye ZH, Zhan XC, Dravid G. Human adult marrow cells support
prolonged expansion of human embryonic stem cells in culture. Stem Cells. 2003;21(2):131-
42. PubMed PMID: ISI:000181601300002.

Zhang K, Cai Z, Li Y, Shu J, Pan L, Wan F, et al. Utilization of human amniotic
mesenchymal cells as feeder layers to sustain propagation of human embryonic stem cells in
the undifferentiated state. Cellular reprogramming. 2011;13(4):281-8. PubMed PMID:
21718108.

Kim SJ, Song CH, Sung HJ, Yoo YD, Geum DH, Park SH, et al. Human placenta-derived
feeders support prolonged undifferentiated propagation of a human embryonic stem cell line,
SNUKES3: comparison with human bone marrow-derived feeders. Stem Cells Dev. 2007;16
(3):421-8. PubMed PMID: 17610372.

Miyamoto K, Hayashi K, Suzuki T, Ichihara S, Yamada T, Kano Y, et al. Human placenta
feeder layers support undifferentiated growth of primate embryonic stem cells. Stem Cells.
2004;22(4):433—-40. PubMed PMID: 15277690.

Xu CH, Inokuma MS, Denham J, Golds K, Kundu P, Gold JD, et al. Feeder-free growth of
undifferentiated human embryonic stem cells. Nat Biotechnol. 2001;19(10):971-4. PubMed
PMID: ISI:000171417600027.

Ruoslahti E. The RGD story: a personal account. Matrix biology. J Int Soc Matrix Biol.
2003;22(6):459-65. PubMed PMID: 14667838.

Ruoslahti E, Pierschbacher MD. New perspectives in cell adhesion: RGD and integrins.
Science. 1987;238(4826):491-7. PubMed PMID: 2821619.

Obara M, Kang MS, Yamada KM. Site-directed mutagenesis of the cell-binding domain of
human fibronectin: separable, synergistic sites mediate adhesive function. Cell. 1988;53
(4):649-57. PubMed PMID: 3286012.



Bioreactors and the Design of the Stem Cell Niche 125

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Nishiuchi R, Takagi J, Hayashi M, Ido H, Yagi Y, Sanzen N, et al. Ligand-binding
specificities of laminin-binding integrins: a comprehensive survey of laminin-integrin
interactions using recombinant alpha3betal, alpha6betal, alpha7betal and alpha6beta4
integrins. Matrix biology: journal of the International Society for Matrix Biology. 2006;25
(3):189-97. PubMed PMID: 16413178.

Humphrey RK, Beattie GM, Lopez AD, Bucay N, King CC, Firpo MT, et al. Maintenance of
pluripotency in human embryonic stem cells is STAT3 independent. Stem Cells. 2004;22
(4):522-30. PubMed PMID: WOS:000223066800009.

Baxter MA, Camarasa MV, Bates N, Small F, Murray P, Edgar D, et al. Analysis of the
distinct functions of growth factors and tissue culture substrates necessary for the long-term
self-renewal of human embryonic stem cell lines. Stem Cell Res. 2009;3(1):28-38. PubMed
PMID: 19428319.

Braam SR, Zeinstra L, Litjens S, Ward-van Oostwaard D, van den Brink S, van Laake L,
et al. Recombinant vitronectin is a functionally defined substrate that supports human
embryonic stem cell self-renewal via alpha V beta 5 integrin. Stem Cells. 2008;26(9):2257—
65. PubMed PMID: WOS:000259364800007.

Humphries JD, Byron A, Humphries MJ. Integrin ligands at a glance. J Cell Sci. 2006;119
(19):3901-3. PubMed PMID: WOS:000240630300001.

Leiss M, Beckmann K, Giros A, Costell M, Fassler R. The role of integrin binding sites in
fibronectin matrix assembly in vivo. Curr Opin Cell Biol. 2008;20(5):502—7. PubMed PMID:
WO0S:000259940100003.

Yap LY, LiJ, Phang IY, Ong LT, Ow JZ, Goh JC, et al. Defining a threshold surface density
of vitronectin for the stable expansion of human embryonic stem cells. Tissue Eng Part C
Methods. 2011;17(2):193-207. PubMed PMID: 20726687.

Liu 'Y, Song Z, Zhao Y, Qin H, Cai J, Zhang H, et al. A novel chemical-defined medium with
bFGF and N2B27 supplements supports undifferentiated growth in human embryonic stem
cells. Biochem Biophys Res Commun. 2006;346(1):131-9. PubMed PMID: 16753134.
Doran MR, Frith JE, Prowse AB, Fitzpatrick J, Wolvetang EJ, Munro TP, et al. Defined high
protein content surfaces for stem cell culture. Biomaterials. 2010;31(19):5137-42. PubMed
PMID: 20378164.

Melkoumian Z, Weber JL, Weber DM, Fadeev AG, Zhou Y, Dolley-Sonneville P, et al.
Synthetic peptide-acrylate surfaces for long-term self-renewal and cardiomyocyte
differentiation of human embryonic stem cells. Nat Biotechnol. 2010;28(6):606-10.
PubMed PMID: 20512120.

Melkoumian Z, Weber JL, Weber DM, Fadeev AG, Zhou YE, Dolley-Sonneville P, et al.
Synthetic peptide-acrylate surfaces for long-term self-renewal and cardiomyocyte
differentiation of human embryonic stem cells. Nat Biotechnol. 2010;28(6):606-U95.
PubMed PMID: IS1:000278820200025.

Kolhar P, Kotamraju VR, Hikita ST, Clegg DO, Ruoslahti E. Synthetic surfaces for human
embryonic stem cell culture. J Biotechnol. 2010;146(3):143—-6. PubMed PMID: 20132848.
Villa-Diaz LG, Nandivada H, Ding J, Nogueira-de-Souza NC, Krebsbach PH, O’Shea KS,
et al. Synthetic polymer coatings for long-term growth of human embryonic stem cells. Nat
Biotechnol. 2010;28(6):581-3. PubMed PMID: 20512122.

Brafman DA, Chang CW, Fernandez A, Willert K, Varghese S, Chien S. Long-term human
pluripotent stem cell self-renewal on synthetic polymer surfaces. Biomaterials.
2010;31:9135-44.

Mei Y, Saha K, Bogatyrev SR, Yang J, Hook AL, Kalcioglu ZI, et al. Combinatorial
development of biomaterials for clonal growth of human pluripotent stem cells. Nat Mater.
2010;9:768-78.

Li Z, Leung M, Hopper R, Ellenbogen R, Zhang M. Feeder-free self-renewal of human
embryonic stem cells in 3D porous natural polymer scaffolds. Biomaterials. 2010;31:404—12.
Lu HF, Narayanan K, Lim S-X, Gao S, Leong MF, Wan ACA. A 3D microfibrous scaffold
for long-term human pluripotent stem cell self-renewal under chemically defined conditions.
Biomaterials. 2012;33:2419-30.



126

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Y. Fan et al.

Siti-Ismail N, Bishop AE, Polak JM, Mantalaris A. The benefit of human embryonic stem
cell encapsulation for prolonged feeder-free maintenance. Biomaterials. 2008;29:3946-52.
Kim J, Sachdev P, Sidhu K. Alginate microcapsule as a 3D platform for the efficient
differentiation of human embryonic stem cells to dopamine neurons. Stem Cell Res. 2013;11
(3):978-89. PubMed PMID: W0OS:000327905300002.

Kuo YC, Chang YH. Differentiation of induced pluripotent stem cells toward neurons in
hydrogel biomaterials. Colloids Surf, B. 2013;1(102):405-11. PubMed PMID: 23010124.
Li YJ, Chung EH, Rodriguez RT, Firpo MT, Healy KE. Hydrogels as artificial matrices for
human embryonic stem cell self-renewal. J] Biomed Mater Res, Part A. 2006;79A:1-5.
Gerecht S, Burdick JA, Ferreira LS, Townsend SA, Langer R, Vunjak-Novakovic G.
Hyaluronic acid hydrogel for controlled self-renewal and differentiation of human embryonic
stem cells. Proc Natl Acad Sci USA. 2007;104(27):11298-303. PubMed PMID: 17581871.
Carlson AL, Florek CA, Kim JJ, Neubauer T, Moore JC, Cohen RI, et al. Microfibrous
substrate geometry as a critical trigger for organization, self-renewal, and differentiation of
human embryonic stem cells within synthetic 3-dimensional microenvironments. FASEB.
2012;26:3240-51.

Chao TI, Xiang S, Lipstate JF, Wang C, Lu J. Poly(methacrylic acid)-grafted carbon
nanotube scaffolds enhance differentiation of hESCs into neuronal cells. Adv Mater. 2010;22
(32):3542-7. PubMed PMID: 20652898.

Chao TI, Xiang S, Chen CS, Chin WC, Nelson AJ, Wang C, et al. Carbon nanotubes
promote neuron differentiation from human embryonic stem cells. Biochem Biophys Res
Commun. 2009;384(4):426-30. PubMed PMID: 19426708.

Markwald RR, Fitzharris TP, Manasek FJ. Structural development of endocardial cushions.
Am J Anat. 1977;148(1):85-119. PubMed PMID: 842477.

Hamilton DW, Maul TM, Vorp DA. Characterization of the response of bone marrow-derived
progenitor cells to cyclic strain: implications for vascular tissue-engineering applications.
Tissue Eng. 2004;10(3—4):361-9. PubMed PMID: 15165453.

Wang YK, Chen CS. Cell adhesion and mechanical stimulation in the regulation of
mesenchymal stem cell differentiation. J Cell Mol Med. 2013;17(7):823-32. PubMed PMID:
23672518.

Lohberger B, Kaltenegger H, Stuendl N, Payer M, Rinner B, Leithner A. Effect of cyclic
mechanical stimulation on the expression of osteogenesis genes in human intraoral
mesenchymal stromal and progenitor cells. BioMed Res Int. 2014;2014:189516. PubMed
PMID: 24804200.

Li G, Fu N, Yang X, Li M, Ba K, Wei X, et al. Mechanical compressive force inhibits
adipogenesis of adipose stem cells. Cell Prolif. 2013;46(5):586-94. PubMed PMID:
24033415.

Park JS, Chu JS, Cheng C, Chen F, Chen D, Li S. Differential effects of equiaxial and
uniaxial strain on mesenchymal stem cells. Biotechnol Bioeng. 2004;88(3):359-68. PubMed
PMID: 15486942.

Chen X, Yin Z, Chen JL, Shen WL, Liu HH, Tang QM, et al. Force and scleraxis
synergistically promote the commitment of human ES cells derived MSCs to tenocytes. Sci
Rep. 2012;2:977. PubMed PMID: 23243495.

Terraciano V, Hwang N, Moroni L, Park HB, Zhang Z, Mizrahi J, et al. Differential response
of adult and embryonic mesenchymal progenitor cells to mechanical compression in
hydrogels. Stem Cells. 2007;25(11):2730-8. PubMed PMID: 17702983.

Horiuchi R, Akimoto T, Hong Z, Ushida T. Cyclic mechanical strain maintains Nanog
expression through PI3K/Akt signaling in mouse embryonic stem cells. Exp Cell Res.
2012;318(14):1726-32. PubMed PMID: 22683858.

Saha S, Ji L, de Pablo JJ, Palecek SP. Inhibition of human embryonic stem cell differentiation
by mechanical strain. J Cell Physiol. 2006;206(1):126-37. PubMed PMID: 15965964.
Saha S, Ji L, de Pablo JJ, Palecek SP. TGFbeta/Activin/Nodal pathway in inhibition of
human embryonic stem cell differentiation by mechanical strain. Biophys J. 2008;94
(10):4123-33. PubMed PMID: 18234825.



Bioreactors and the Design of the Stem Cell Niche 127

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Teramura T, Takehara T, Onodera Y, Nakagawa K, Hamanishi C, Fukuda K. Mechanical
stimulation of cyclic tensile strain induces reduction of pluripotent related gene expressions
via activation of Rho/ROCK and subsequent decreasing of AKT phosphorylation in human
induced pluripotent stem cells. Biochem Biophys Res Commun. 2012;417(2):836—41.
PubMed PMID: 22206673.

Engelmayr GC Jr, Sales VL, Mayer JE Jr, Sacks MS. Cyclic flexure and laminar flow
synergistically accelerate mesenchymal stem cell-mediated engineered tissue formation:
Implications for engineered heart valve tissues. Biomaterials. 2006;27(36):6083-95. PubMed
PMID: 16930686.

Zhang ZY, Teoh SH, Teo EY, Khoon Chong MS, Shin CW, Tien FT, et al. A comparison of
bioreactors for culture of fetal mesenchymal stem cells for bone tissue engineering.
Biomaterials. 2010;31(33):8684-95. PubMed PMID: 20739062.

Sanchez Pérez JA, Rodriguez Porcel EM, Casas Lopez JL, Fernandez Sevilla JM, Chisti Y.
Shear rate in stirred tank and bubble column bioreactors. Chem Eng J. 2006;124(1-3):1-5.
Wolfe RP, Leleux J, Nerem RM, Ahsan T. Effects of shear stress on germ lineage
specification of embryonic stem cells. Integrative biology : quantitative biosciences from
nano to macro. 2012;4(10):1263-73. PubMed PMID: 22968330.

Wolfe RP, Ahsan T. Shear stress during early embryonic stem cell differentiation promotes
hematopoietic and endothelial phenotypes. Biotechnol Bioeng. 2013;110(4):1231-42.
PubMed PMID: 23138937.

Llucia-Valldeperas A, Sanchez B, Soler-Botija C, Galvez-Monton C, Roura S, Prat-Vidal C,
et al. Physiological conditioning by electric field stimulation promotes cardiomyogenic gene
expression in human cardiomyocyte progenitor cells. Stem cell research & therapy. 2014;5
(4):93. PubMed PMID: 25092238.

Kobelt LJ, Wilkinson AE, McCormick AM, Willits RK, Leipzig ND. Short duration
electrical stimulation to enhance neurite outgrowth and maturation of adult neural stem
progenitor cells. Ann Biomed Eng. 2014;42(10):2164—76. PubMed PMID: 24957636.

Jin G, Yang GH, Kim G. Tissue engineering bioreactor systems for applying physical and
electrical stimulations to cells. J] Biomed Mater Res Part B, Appl Biomater. 2014. PubMed
PMID: 25171208.

Miklas JW, Nunes SS, Sofla A, Reis LA, Pahnke A, Xiao Y, et al. Bioreactor for modulation
of cardiac microtissue phenotype by combined static stretch and electrical stimulation.
Biofabrication. 2014;6(2):024113. PubMed PMID: 24876342.

Whitesides GM. The origins and the future of microfluidics. Nature. 2006;442(7101):368—
73. PubMed PMID: 16871203.

El-Ali J, Sorger PK, Jensen KF. Cells on chips. Nature. 2006;442(7101):403—11. PubMed
PMID: 16871208.

Gu M, Nguyen PK, Lee AS, Xu D, Hu S, Plews JR, et al. Microfluidic single-cell analysis
shows that porcine induced pluripotent stem cell-derived endothelial cells improve
myocardial function by paracrine activation. Circ Res. 2012;111(7):882-93. PubMed
PMID: 22821929.

Lee JM, Kim JE, Kang E, Lee SH, Chung BG. An integrated microfluidic culture device to
regulate endothelial cell differentiation from embryonic stem cells. Electrophoresis. 2011;32
(22):3133-7. PubMed PMID: 22102496.

Villa-Diaz LG, Torisawa YS, Uchida T, Ding J, Nogueira-de-Souza NC, O’Shea KS, et al.
Microfluidic culture of single human embryonic stem cell colonies. Lab Chip. 2009;9
(12):1749-55. PubMed PMID: 19495459.

Zhong JF, Feng Y, Taylor CR. Microfluidic devices for investigating stem cell gene
regulation via single-cell analysis. Curr Med Chem. 2008;15(28):2897-900. PubMed PMID:
19075642.

Kim L, Vahey MD, Lee HY, Voldman J. Microfluidic arrays for logarithmically perfused
embryonic stem cell culture. Lab Chip. 2006;6(3):394-406. PubMed PMID: 16511623.
Zhang Q, Austin RH. Applications of microfluidics in stem cell biology. BioNanoScience.
2012;2(4):277-86. PubMed PMID: 23336098.



128

141.

142.

143.

144.

145.

146.

147.

148.

Y. Fan et al.

Lecault V, Vaninsberghe M, Sekulovic S, Knapp DJ, Wohrer S, Bowden W, et al.
High-throughput analysis of single hematopoietic stem cell proliferation in microfluidic cell
culture arrays. Nat Methods. 2011;8(7):581-6. PubMed PMID: 21602799.

Gomez-Sjoberg R, Leyrat AA, Pirone DM, Chen CS, Quake SR. Versatile, fully automated,
microfluidic cell culture system. Anal Chem. 2007;79(22):8557-63. PubMed PMID:
17953452.

Fung WT, Beyzavi A, Abgrall P, Nguyen NT, Li HY. Microfluidic platform for controlling
the differentiation of embryoid bodies. Lab Chip. 2009;9(17):2591-5. PubMed PMID:
19680583.

Kim S, Kim HJ, Jeon NL. Biological applications of microfluidic gradient devices. Integr
Biol (Camb). 2010;2(11-12):584-603. PubMed PMID: 20957276.

Chung BG, Flanagan LA, Rhee SW, Schwartz PH, Lee AP, Monuki ES, et al. Human neural
stem cell growth and differentiation in a gradient-generating microfluidic device. Lab
Chip. 2005;5(4):401-6. PubMed PMID: 15791337.

Titmarsh DM, Hudson JE, Hidalgo A, Elefanty AG, Stanley EG, Wolvetang EJ, et al.
Microbioreactor arrays for full factorial screening of exogenous and paracrine factors in
human embryonic stem cell differentiation. PLoS One. 2012;7(12):e52405. PubMed PMID:
23300662.

Titmarsh DM, Ovchinnikov DA, Wolvetang EJ, Cooper-White JJ. Full factorial screening of
human embryonic stem cell maintenance with multiplexed microbioreactor arrays.
Biotechnol J. 2013;8(7):822-34. PubMed PMID: 23813764.

Hulst AC, Meyer MMT, Breteler H, Tramper J. Effect of aggregate size in cell-cultures of
Tagetes-patula on thiophene production and cell-growth. Appl Microbiol Biot. 1989;30
(1):18-25. PubMed PMID: WOS:A1989R882800004.



	4 Bioreactors and the Design of the Stem Cell Niche
	1 Introduction
	2 Effects of Dissolved Oxygen
	3 Soluble Factors and the Stem Cell Niche
	4 Extracellular Matrices for Stem Cell Cultivation
	5 Mechanotransduction and Stem Cells
	6 Effects of Electrical Stimulation on Differentiating Stem Cells
	7 Microfluidic Technologies for Studying the Stem Cell Niche
	8 Conclusions
	Acknowledgments
	References


