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The potential of stem cells in clinics and as a diagnostic tool s still largely unmet, partially due to a lack of in vitro

models that efficiently mimic the in vivo stem cell microenvironment—or niche—and thus would allow reproduc-

ible propagation of stem cells or their controlled differentiation in vitro. The current methodological challenges in

studying and manipulating stem cells have spurred intense development and application of microfabrication and

micropatterning technologies in stem cell biology. These approaches can be readily used to dissect the complex mo-

lecular interplay of stem cells and their niche and study single-cell behavior in high-throughput. Increased merging of

microfabrication with advanced biomaterials technologies may ultimately result in functional artificial niches capable

of recapitulating extrinsic stem cell regulation in vitro and on a single-cell level.

Introduction

Stem cells are defined by their unique
capability to self-renew and produce
differentiated progeny, which makes
them extremely interesting cellular
sources for clinical tissue engineering
and for in vitro drug discovery applica-
tions. However, the clinical and pharma-
ceutical application of stem cells is still
hampered by alack of tractable stem cell
culture techniques. In particular, many
adult stem cell types cannot easily be
maintained in culture without compro-
mising multipotentiality, and the
directed differentiation of embryonic or
induced pluripotent stem (iPS) cells and
their assembly into functional tissues is
still highly challenging, if not impos-
sible (1).

In vivo, stem cell self-renewal and
differentiation are tightly controlled
by a complex niche that physically hosts
the stem cells in an anatomically well-
defined location within a tissue (Figure
1A). The key function of the niche is
the perpetual maintenance of a pool of
slowly dividing stem cells. Stem cells
in the niche are surrounded by support
(or niche) cells and are exposed to
additional extrinsic signaling cues origi-
nating from interactions with the extra-
cellular matrix (ECM) as well as various
soluble stimuli. The spatially and tempo-
rally controlled presentation of these
stimuli is assumed to instruct stem cell

behavior by balancing the number of
quiescent and cycling stem cells. Cell
divisions can result in two daughter cells
with the same or disparate fates (Figure
1B). Asymmetric self-renewal division
(asymmetric with respect to the function
of the two daughter cells), resulting in
homeostatic conditions, could either be
induced by an asymmetric distribution
of cell-intrinsic, fate-determining
proteins or by exposing the two equal
daughter cells to different local microen-
vironments (2). Symmetric self-renewal
divisions would result in the expansion
of the stem cell pool at the population
level (2-4).

While classical biological methodol-
ogies—ranging from high-throughput
gene expression analyses or fluores-
cence-activated cell sorting (FACS)
to in vivo experiments—have signifi-
cantly increased our understanding of
the phenotypic stem cell makeup and the
genetic mechanisms that control stem
cell behavior, they are not ideally suited
to elucidate the extrinsic mechanisms of
stem cell regulation. In vivo experiments
on stem cell niches are often hindered by
low accessibility (e.g., niches in the bone
marrow, brain, and muscle) and by the
difficulties to specifically manipulate
niches genetically. On the other hand,
commonly used in vitro approaches lack
the means to recapitulate the spatial and
temporal niche signaling, and are built
on materials with biophysical properties

that do not mimic stem cell niches.
Furthermore, many classical in vitro
approaches are based on population-
scale cell analyses, which neglect the
fact that stem cell populations are not
homogeneous, while FACS analyses miss
the dynamics and genealogical relation-
ships in behaviors of large numbers of
single cells.

These shortcomings have spurred
the development and application of
new generations of cell culture platforms
building on microfabrication technol-
ogies as well as advanced biomaterials
approaches. Microfabrication is a generic
term describing the construction of
miniaturized structures—ranging from
a few to hundreds of microns—that can
be fabricated via numerous techniques
such as photolithography, soft lithog-
raphy, and microfluidics (5,6). The use
of these techniques in stem cell biology
is often motivated by the low reagent
consumption, high throughput, and
shorter analysis times (7). These technol-
ogies promise to enable specialized appli-
cations and processes not imaginable on
a larger scale.

In this review, we discuss emerging
applications of such miniaturized
platforms in stem cell biology. Since
the rapidly growing body of literature
on micron-scale systems for cell culture
applications is already too large to be
discussed comprehensively, we will
mainly focus on those methods that



A

Cell-cell interactions

- Cadherins

- Cell adhesion molecules
(CAM)

- Notch ligands

ECM adhesion
- Fibronectin

- Laminin

- Collagens

- GAGs

- Vibronectin, ...

Cc

Identification of factors
regulating stem cell behavior

il

o0 <

0

{62

O

\ 4

=50 §9

8

Metabolic cues
- lons, hormones, ...

Biophysical aspects

- Substrate elasticity

- Physical forces

- Spatial arrangement, ...

Soluble signals
- Growth factors
- Cytokines

- Chemokines

D in vitro models for
stem cell microenviroments

80000 00000 000000
29 = ) = RN
ooceeo ooceee o00000

@_. . S—-

(o] (o] o} (o}
= 2T
| g

()
/N
O v

>0 0-0-

o
/\
PO OO0

E microfabricated platforms for
single cell analysis

v

B )
O w
()

R - Zedod

@/ ) &4

\@/, )
el

Figure 1. Microfabricated platforms to study the interaction of stem cells with their niche. (A) In the niche, stem cells are embedded within a 3-D structure
composed of extracellular matrix proteins, proteoglycans, and other cells that provide a complex mixture of extrinsic cues. (B) The interaction and the
physical distribution of these factors are believed to regulate stem cell fate, such as proliferation, survival, and quiescence. (C) Due to the complexity of
niche signaling, much effort is dedicated to the identification of niche factors using miniaturized screening approaches. (D) Effort is also dedicated to
in vitro models to recapitulate in vitro key aspects of the niche structure [here: adult gonad of Caenorhabditis elegans where the distal tip cells (DTC, in
green) constitute the niche for the germline cells (in red). Adapted with permission from Reference 2. Copyright 2006 Nature Publishing Group]. Micro-
scale artificial niches enable deconstruction of the effects of polar or graded distribution of signaling molecules, the nature of growth factor presentation,
and the biophysical and 3-D architecture on stem cell proliferation and lineage commitment. (E) Because these events are difficult to detect in bulk
culture, an increasing number of microfabricated platforms have been developed to track stem cell behavior at a single cell level in high-throughput.

have been applied in stem cell biology,
as well as a few examples that have not
yet been interfaced with stem cell biology
but appear particularly promising in this
context. We distinguish between three
main types of applications: (i) high-
throughput platforms to screen for
many different niche factors and their
combinations (Figure 1C); (7) artificial
niche models to recapitulate key aspects
of natural niches in vitro, including
spatially heterogeneous substrates,
gradients, and 3-D microenvironments
(Figure 1D); and (iii) high-throughput
single-cell handling techniques to assess
the heterogeneity and dynamics of stem
cells and their progeny (Figure 1E).
Notably, since many types of stem cells
are sensitive to the biophysical charac-

teristics of their niche, we emphasize
approaches that incorporate advanced
biomaterials into micron-scale platforms.
We strongly believe that some of the
discussed approaches will improve the
validity of many in vitro stem cell exper-
iments and will ultimately reveal novel
biological insights not discoverable using
conventional methodologies.

Micropatterning platforms
to identify niche factors

Stem cells are exposed to a range of
molecular cues in vivo, such as soluble
growth factors and crosslinked ECM
components, biophysical cues such as
substrate elasticity, and metabolic cues

(Figure 1A) (8). The complexity of these
signaling networks has motivated the
adaptation of microarray platforms to
screen tens to hundreds of putative stem
cell microenvironments. Such microarrays
consist of robotically spotted combi-
nations of cell adhesion molecules and
growth factors on cell-repellent substrates,
which eliminates the problem of migration
of the seeded cells between spots. Due to
the restricted cell movement, any observed
change in cell behavior could be attributed
to the unique microenvironmental combi-
nation to which cells were initially
exposed (Figure 2). Pioneering work on
protein microarrays was performed by
Flaim et al., who fabricated a microarray
consisting of 32 combinations of collagen
I, II1, and IV; fibronectin; and laminin
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Figure 2. Protein microarrays for the high-throughput identification of niche factors. (A) Microarrays are typically fabricated on substrates such as
poly-dimethylsiloxane (PDMS) or functionalized glass slides (step 1) to physically adsorb or covalently bind mixtures of growth factors and ECM
components that are spotted using a robotic spotter or a printer from conventional multi-titer plate libraries (step 2). After passivation of the array
to avoid nonspecific cell attachment, stem cells are cultured onto the arrays (step 3) and the effect of individual protein mixtures on proliferation
or differentiation can be assessed using fluorescence stainings (step 4). Reprinted with permission from Reference 11. Copyright 2009 Royal
society of Chemistry. (B) An example of primary human neural progenitors cultured on laminin (Ln) spots illustrating the strong influence of differ-
ent growth factors combinations or concentrations on cell proliferation and the expression of neurogenic (TUJ1, in green) and glial (GFAP, in red)

markers. Adapted with permission from Reference 10. Copyright 2005 Nature Publishing Group.

(9). By screening for liver-specific differ-
entiation in embryonic stem (ES) colonies
seceded onto these ECM arrays, they
found a ~140-fold difference between
the least and the most efficient protein
combinations. Other groups extended
the microarray concept from a pure
ECM protein screen to cell adhesion
molecules (CAM) and various growth
factors that were physically adsorbed to
a spin-coated layer of poly-dimethylsi-
loxane (PDMS) or covalently bound to
aldehyde-derivatized glass slides (10,11).
Using this strategy, Soen et al. could,
for example, demonstrate that Notch
ligands only led to an effect on primary
human neural progenitor cell growth
when covalently immobilized onto the
substrate; incubation with soluble protein
did not induce differentiation. They could
also begin to dissect the effects of single
versus combinations of growth factors,
showing that Wnt and Notch co-stimu-
lation maintained a progenitor cell state,
whereas bone morphogenetic protein-4
induced the expression of both gliogenic
and neuronal markers, a previously unchar-
acterized phenotype (10). LaBarge and
colleagues systematically screened pairs

of proteins for the induction of human
mammary gland progenitor cell differen-
tiation (11). Because each constituent was
present in at least five different microen-
vironments, dominant compounds could
be identified based on trends in these
unique, but related substrates. Quiescence
of cells could, for example, be attributed
to laminin-1, and differentiation of
myoepithelial cells (MEP) to P-cadherin.
Notably, microarrays were fabricated
to screen for a variety of cell types and
target signal libraries, including synthetic
polymers and mediators of cell-intrinsic
programs (12,13). More recently, the
integration of microarrays into a 96-well
footprint usinga custom-build gasket and
microarray holder was described to screen
for combinations of ECM molecules
and soluble factors (14). These ground-
breaking studies illustrate the need to
dissect complex niche signaling into its
individual components that can then be
reassembled in a controlled fashion.
Micropatterning technologies can
also be used to dissect spatial or temporal
effects in microenvironmental stem
cell regulation. In several studies, stem
cell colonies of various sizes or shapes

were fabricated in high throughput by
micro-contact printing (15-17). For
example, the control over colony size
and separation revealed that cell shape
influences human mesenchymal stem
cell differentiation via a tension-based
mechanism (15), or that embryonic
stem cell (ESC) colony size and distri-
bution influence ESC differentiation
(16), suggesting an underlying colony-
size dependent paracrine signaling
mechanism (17). To investigate these
paracrine signaling effects on a single-cell
level, an inverted micro-contact printing
method termed FlipChip was developed
to precisely pattern single ESCs (18).
With this method, various spatial and
neighboring effects on colony growth
efficiency were tested, demonstrating
that efficiency from single cells was very
low (~40%) and could not be improved
significantly by patterning multiple cells
onone spot. However, when multiple cells
were patterned close to each other but
far enough to prevent cell-cell contact,
colony forming efficiency reached nearly
100%. Thus micro-contact printingisa
useful method for studying niche-related
questions in stem cell biology.
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Figure 3. Micropatterning methods to probe the interaction of stem cells with their niche. (A) Adhesive micro-islands, typically generated by photolithog-
raphy or micro-contact printing, confine colony size or even single cell spreading area to investigate spatial effects of stem cell regulation in a con-
trolled and high-throughput manner. In the example shown, the hMSCs’ spreading area was defined by fibronectin micro-patterns and, interestingly,
regulated the stem cell fate. Reprinted with permission from Reference 33. Copyright 2004 Cell Press. (B) Whereas micropatterning is restricted to
homogeneous patterns, hydrodynamic patterning can recapitulate the polarized niche architecture. Reprinted with permission from Reference 37.
Copyright 2005 Nature Publishing Group. (C) Similar to the hydrodynamic patterning, microfluidics also allows the generation of continuous protein
distributions by controlling the diffusive mixing of two streams. These gradients can then be used as soluble gradients or immobilized to a substrate,
either via adsorption or via specific capturing proteins, such as NeutrAvidin or protein A, covalently incorporated in a hydrogel, allowing the generation
of complex, overlapping gradients as found during development. Adapted with permission from Reference 55. Copyright 2009 John Wiley and Sons.

Microfluidic chips to

identify niche factors

Microfluidic technology may also be
utilized to optimize culture conditions
for difficult-to-grow stem cells (e.g.,
References 19-21). At present, most
research to identify niche factors is based
on constant, static exposure of stem cells
to extrinsic stimuli. Since stem cells can
be regulated in a time-dependent manner
[e.g., the circadian rhythm (22)], micro-
fluidic platforms may be powerful tools to
elucidate such time-dependent processes.
Microfluidic systems, in contrast to static
culture systems, allow rapid medium
exchange and culture condition switching
at desired time points during an exper-
iment. An example of this was demon-
strated by King and colleagues, who
developed a microfluidic chip for the high-
throughput variation of temporal stimuli
(23). An implemented ‘flow-encoded
switch’ enabled the simultancous delivery
of many different temporal profiles of a

cellular stimulus. By controlling the
pressure difference between the buffer
and protein flow, variable pulse train
widths, lengths, and frequencies were
achieved nearly independently. With
this device, the effect of tumor necrosis
factor-alpha (TNFa)-induced apoptosis
of hepatoma cells was investigated. By
varying the recovery time after a heat
shock treatment in a single experiment,
the authors demonstrated that recovery
was maximal after 4-7 h, supporting the
dual role of TNFa in promoting both cell
survival and apoptosis.

Cellular fate changes due to high shear
stresses are potential confounding factors
in microfluidic cultures. Conversely,
perfusion is crucial for the delivery
of fresh nutrients and growth factors.
Consequently, microfluidic chips have
been designed to optimize perfusion
rates in stem cell cultures. Such chips
typically consist of a network of parallel
channels having different hydrodynamic
resistances to vary the perfusion rate in

cach microchannel (24,25). Interestingly,
such chip experiments have indicated
that ESC culture can be improved at
higher perfusion rates (21,25), one study
showing a linear correlation of prolif-
eration with perfusion rate (25). ESC
growth reached a maximum at high flow
rates, exchanging the chip medium in
<5 min, and seemed not to depend on
shear stress but rather limited by medium
or cytokine supply.

Despite the apparent advantages
of microfluidic technology and its
successful application in many areas—
including system biology (26), crystallog-
raphy (27), and bioanalytics (28,29)—the
impact of microfluidic technology in
stem cell research thus far has been
moderate. This may be explained by
some unmet challenges regarding its
use in a standard laboratory. One of
the major limitations of microfluidic
platforms is the so-called ‘world-to-chip’
problem: how to connect the picoliter
microfluidic scale to our microliter
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world. Efforts to facilitate this down-
scaling (or up-scaling) of over six orders
of magnitude has involved automated
on-chip valves and pumps that could
be actuated using pressure and external
solenoid valves (20,21) or via a Braille
display incorporated into a microfluidic
chip (30). Although these external valves
can be controlled digitally and multi-
plexing allows the fabrication of arrays
of thousands of individually addressable
chambers with a limited number of
on-chip valves (31), the reliable delivery
of hundreds or thousands of different
microenvironments to microfluidic
devices remains a bottleneck (32).
Parallelization of inputs can signifi-
cantly increase throughput, as Maerkl
and Quake demonstrated by combining
spotting technology and microfluidics
(26), and can possibly alleviate current
limitations of microfluidic technology
for stem cell applications.
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Figure 4. PEG Microwell arrays for high-throughput study of stem cell heterogeneity and fate. (A) PEG microwell arrays facilitate single-cell obser-
vation by restricting cell migration, thereby allowing the efficient imaging of the clonal growth of single stem cells. In addition, PEG microwell
arrays provide a hydrated and soft substrate for cell culture and can significantly increase cell survival compared with normal tissue culture
plastics. Adapted with permission from Reference 81. Copyright 2008 AlphaMed Press. (B) The physical confinement of cells to a microwell
enables the study of clonal growth in high-throughput, and can reveal population heterogeneity (e.g., as found in hematopoietic stem cells). (C)
This capability can also be used to perform screens on the single-cell level, as shown, revealing unexpected effects on stem cell fate. Adapted
with permission from Reference 83. Copyright 2009 Royal Society of Chemistry.

Mimicking the spatially con-
trolled display of niche signals

The stem cell niche is not a homoge-
neous microenvironment as emulated by
microarrays spotted on rigid cell culture
substrates, but rather a spatially well-
defined 3-D heterogeneous structure
(Figure 1D). Thus, the impact of the
biophysical niche properties on stem cell
fate (including its mechanical properties
and its 3-D architecture) should not be
underappreciated (2-4). Cellular- or
subcellular-scale approaches to simplify
this spatially complex system and to
study structural aspects of the niche can
be implemented using microfabrication or
microfluidics. For example, McBeath et al.
observed that the differentiation of human
mesenchymal stem cells (hMSCs) culcured
on plastic depended on cell shape (33). By
confining single AMSCs to small or large
fibronectin islands under mixed osteogenic

X111

and adipogenic culture conditions, they
proved that restriction of cell spreading
area induced adipogenesis whereas cells
that could spread widely preferentially
differentiated into osteoblasts (Figure 3A).
This fate switch was mediated by RhoA,
a small GTPase involved in regulation of
the actin cytoskeleton, and its downstream
effector ROCK. The role of RhoA in
lineage commitment was so central that
cells transfected with constitutively active
or dominant negative RhoA differentiated
into osteoblasts or adipocytes, respectively,
independent of soluble factors.
Individual stem cells in the niche may
be exposed to different local microenvi-
ronments. Spatially controlled patterning
of microenvironments in vitro at the
subcellular scale may be achieved using
hydrodynamic patterning, whereby
cells or multicellular aggregates can be
asymmetrically stimulated by flowing
two different fluid streams over the cell
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Figure 5. Tracking the genealogies of single stem cells. (A) Due to the lack of software algorithms that can reliably track cell divisions in time-lapse movies,
the state-of-the-art in the construction of single-cell genealogies is manual cell tracking. The dynamics of certain stem cells can require the continuous
observation of cells, therefore requiring continuous imaging of the cells in the bright-field spanning over multiple days at intervals of several minutes (top
left panel). Manual tracking (top right panel) and the use of fluorescence markers allow the generation of pedigree trees, revealing important facets of
single-cell behavior. Adapted with permission from Reference 96. Copyright 2009 AAAS. (B) Microfluidics devices, typically consisting of hydrodynamic
traps to handle single cells, have recently been introduced to simplify single-cell fate analyses and dissect genealogical relationships of dividing stem
cells. Adapted with permission from Reference 102. Copyright 2010 Royal Society of Chemistry.

in a microfluidic chip (34). The possibil-
ities of this method have been explored to
stimulate single cells (34), stimulate entire
ESC colonies (35), produce asymmetri-
cally patterned co-cultures (36), or even
stimulate entire organisms. For example,
Lucchetta et al. utilized hydrodynamic
patterning to stimulate single Drosophila
embryos with different temperatures (37).
The temperature step across the embryo
affected the local proliferation of nuclei,
resulting in a density step of nuclei across
the entire embryo (Figure 3B). Interest-
ingly, a normal expression profile of the

omeobox transcription factor ‘even-

skipped’ established independently of

Vol. 48 | No. 4 | 2010

the temperature step. ES colonies placed
at the interface of two different streams
(normal versus differentiation-inducing
media) were observed to asymmetri-
cally respond to the medium compo-
sition (35). Others have used a similar
technique to asymmetrically pattern
co-cultures of mouse ESCs and HepG2
cells, a hepatocarcinoma cell line. The
latter seemed to induce an asymmetric
differentiation pattern in stem cells (36),
indicating the potential of hydrodynamic
focusing to study mechanisms of stem cell
regulation.

The above examples demonstrate
some of the exciting possibilities of

X1V

hydrodynamic patterning. However,
this technique may not be well suited
to asymmetrically pattern microenvi-
ronments of individual cells. Notably,
Théry and colleagues showed that the
geometry of micropatterns on a substrate
can define the orientation of the mitotic
spindle (38). Asymmetric micropatterns
of immobilized ECM molecules and
proteins mimicking cell-cell interactions
such as cadherins or Notch ligands would
therefore provide an excellent niche model
system to study these phenomena in vitro
with sufficient spatial resolution. Fabri-
cation of asymmetric micropatterns can
be achieved using microfluidics-controlled
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deposition (39-41) or, with higher spatial
resolution, using photolithographic
techniques. For example, Derda et al.
described the high-throughput photo-
lithographic patterning of adhesion
peptides for the cultivation of ESC
colonies (42). The accurate alignment of
photo-lithographical masks may enable
the multi-step generation of well-aligned
patterns of different proteins. Such an
approach, possibly in combination with
photo-patterning of capture molecules,
such as NeutrAvidin (43), should enable
the precise patterning of surfaces with
asymmetrically distributed proteins
to assess extrinsic mechanisms of cell
divisions.

Gradients to assess stem
cell behavior

Above we discussed the opportunities
and potential limitations of microfluidic
technology to fabricate biomolecule
patterns with discrete, step-wise concen-
tration profiles. However, microfluidics
also allows the generation of continuous
concentration gradients of biomolecules.
Such gradients play a key role in many
biological processes, including embryonic
development, tissue regeneration, or
tumor metastasis. During development,
a multitude of overlapping gradients of
signaling molecules, termed morphogens,
govern the transformation of an initially
homogencous cell mass into an ‘organized’
arrangement of differentiated cells that,
when fully developed, make up a tissue
or an organ (44,45). In vivo, the estab-
lishment of morphogen gradients is tightly
regulated by their binding to ECM compo-
nents, including heparan sulfates. ECM
binding not only limits the diffusion of
morphogens, but can also increase signaling
activity by clustering morphogens such as
fibroblast growth factors (FGFs) or bone
morphogenic proteins (BMPs) at the cell
surface (46).

Classical methods to generate gradients
in vitro, such as micropipets or the ‘Boyden
chamber,” afford a limited control over
gradient formation or do not allow direct
visualization of the single-cell response
to a gradient. Microfluidically generated
gradients can overcome these limitations
(47,48). Since turbulent mixingis normally
absent in microfluidics devices, the degree
of mixing between two fluid streams can
be manipulated by controlling diffusion
between the streams to generate virtually
any gradient shape. Li Jeon’s group used a
microfluidic gradient generator based on
a pyramidal network of interconnected
microchannels (47) to study the effect

of a cocktail of three growth factors on
the differentiation of neural stem cells.
They could demonstrate a concentration-
dependent proliferation and differentiation
response (49). However, the combination of
growth factors made it difficult to attribute
these effects to individual growth factors.
To overcome these effects, an osmosis-
driven, long-term culture, and gradient-
generating system was developed and
utilized to assess the differentiation of
ESC-derived neuronal progenitors (50).
Park and colleagues produced overlapping
anti-parallel gradients of Sonic Hedgehog
(Shh) and BMP4 (or FGF8), morphogens
described to specify neuronal identities
during early development of the vertebrate
nervous system. Increased proliferation
in antagonistic Shh-FGF8 gradients and
increased neurite outgrowth in Shh-BMP4
gradients was observed, exemplifying that
microfluidic gradients can serve as powerful
tools to deconstruct some of the complexity
of in vivo morphogen interactions.
Arguably, some limitations of existing
biomolecule gradient systems lay in the
nonphysiological makeup of the substrate
on which the gradient-exposed cells are
cultured, as well as the fact that many
gradients are soluble rather than substrate-
tethered. Improvements of the physio-

logical relevance of micron-scale gradient
systems have resulted in approaches to
tether gradients, for example via micro-
contact printing of discrete cell-guidance
patches (51), photo-polymerization of
hydrogels containing a microfluidically
generated gradient (52,53), or adsorption
of laminin gradients onto cell culture
plastic (54). However, the generation
of in vitro model systems composed
of independent overlapping gradients
has been challenging. To address
this technology gap, we have recently
developed a versatile poly(ethylene glycol)
(PEG) hydrogel system to capture from
solution microfluidically generated
gradients of biotinylated and/or Fc-tagged
fusion proteins via NeutrAvidin or
protein A, respectively, displayed on the
gel surface (Figure 3C). The selectivity
and orthogonality of the chosen protein
binding schemes enabled the independent
formation of parallel and orthogonal
overlapping gradients of multiple proteins
(55). The presentation of overlapping
gradients on biomimetic substrates should
expand the possibilities for studying a
wealth of in vitro biological questions,
and potentially enable high-throughput
investigation of combinatorial effects of
biomolecules on cell fate.
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Patterned 3-D niche

models

So far, we have focused on 2-D stem cell
culture systems. Most stem cell niches,
however, are 3-D microenvironments
composed of hydrated, crosslinked
networks of ECM proteins and sugars
(Figure 1A). The three-dimensionality can
change cell behaviors and induce striking
differences in cell shape, proliferation,
migration, and differentiation (4,56,57).
In typical 3-D cultures, cells are randomly
embedded in scaffolds either formed from
naturally derived ECM components such as
collagen I, Matrigel [i.c., a gel formed from
acomplex mixture of laminin, collagen IV,
heparan sulfate proteoglycans, and growth
factors (58)], or synthetic polymers.
However, efforts are underway to recapit-
ulate the heterogeneous 3-D architecture
of stem cell niches using microfluidics
and micromolding approaches. Micro-
molding typically involves the replication
of gel surfaces against a ‘positive’ micro-
structured stamp, and the subsequent
layer-by-layer assembly of hydrogels and
cells (59,60). Whereas this method can be
used to create well-defined but not inter-
connected cellular structures in one focal
plane, compared with microfluidics it is
less versatile to generate spatially modular
microenvironments. Gillette et al. fabri-
cated microfluidic scaffolds from interpen-
etrating networks (IPN) of collagen Tand
cither alginate, Matrigel, or fibronectin
to pattern cells and collagen I matrices in
3-D (61). ‘Doping’ the IPN with collagen
induced the nucleation of the micro-
fluidic collagen I phase at the interface
to the IPN, which ensured the proper
crosslinking of the two ECM phases and
eliminated the risk that contractile forces
of seeded cells could destroy the intended
geometry. Others have fabricated multi-
layered hydrogel structures in an array
of hexagonal posts that provide support
and contain the gels during the injection
process by balancing capillary forces and
surface tension (62) or using microfluidic
devices (63). Notably, microfluidically
generated or micromolded 3-D gel struc-
tures enable the fabrication of multicel-
lular, tissue-like structures exhibiting
important physiological behaviors such
as epithelial-to-mesenchymal transitions
(60,61) and can be combined with micro-
fluidic devices to generate 3-D gradients
(64,65). These are impressive advances,
but the spatial resolution of micro-
fluidic patterning is currently limited
and this technique does not allow the
dynamic modification of the 3-D matrix
properties.

Coded Library
Generation

Library and Cell Combination

4
Uy Coded library

Assay dyes

Figure 6. High-throughput screening using microdroplets. The monodisperse fabrication of mi-
crodroplets is an emerging application of microfluidics. Advances in on-chip microdroplet han-
dling open the door for elegant screening methods at picoliter volumes and at a single-cell resolu-
tion. Stable surfactants enable the fabrication and storage of coded droplet libraries (panel A) that
can be merged on chip with cell-containing droplets (panel B). The linearity of microfluidic devices
thereby ensures a strict 1:1 ratio of sample and cell droplets, yielding droplets with well-defined
and coded compositions. Microdroplets can be removed from the chip to incubate (panel C) and
reintroduced into an analysis chip where they can be stained and analyzed (panel D). Reprinted
with permission from Reference 107. Copyright 2009 National Academy of Sciences.

An alternative approach addressed
these limitations by incorporating
photolabile building blocks into a PEG
hydrogel (66). The resulting hydrogel
could be cleaved partially or completely
by exposure to UV light, allowing the rapid
prototyping of 3-D patterns at micron
resolution using a two-photon laser-
scanning microscope. hMSCs responded
to locally induced changes in stiffness and
availability of photolabile cell adhesion
ligands. Natively, h(MSCs produce the
adhesion protein fibronectin and corre-
spondingintegrins. In differentiating cells,
the secreted ECM is extensively remodeled
by a gradual upregulation of collagen II
and glycosaminoglycan (GAG) synthesis.
By removing the photolabile fibronectin-

derived peptide RGDS after 10 days of
culture, this dynamic change in ECM
composition could be efficiently mimicked
and led to asignificant increase of chondro-
genic differentiation.

The approaches discussed above
represent important advances in the
fabrication of patterned 3-D cell culture
systems. In combination with advanced,
cell-instructive biomaterials (58), these
technologies are anticipated to make
exciting contributions to the field of
stem cell biology. However, 3-D cell
culture remains challenging because
the sparse and homogencous distri-
bution of cells within a gel matrix may
involve demanding imaging require-
ments. Another drawback of current



3-D patterning methods is the ineffi-
cient alignment of micropatterned
protein structures to cells at a single-
cell level. Several groups have explored
dielectrophoresis (DEP) to handle and
pattern cells in 3-D (67-69). DEP relies
on the migration of cells in an externally
applied heterogeneous electrical field
and hence allows immobilizing cells
into a hydrogel after cell patterning.
However, the toxicity of some buffers
and heat generation remain challenges
of DEP for 3-D cell patterning (18,70).
Other techniques such as acoustic traps
or optical tweezers (71), in combination
with appropriate microfluidic systems
and biomaterials may be used alterna-
tively to align cells and protein patterns

in 3-D.

Microwell arrays as

pseudo-3-D niche models

Because of the above challenges in
precisely controlling cell and protein
distribution in 3-D matrices, as well
as the laborious imaging of cells in
3-D, the use of microwell arrays as
engineered pseudo-3-D microenviron-
ments has emerged as an alternative
strategy to study single stem cells or
multicellular colonies (72). Microwell
arrays are topographically structured
surfaces with hundreds to thousands of
miniature cavities, arrayed into a regular
grid. A wealth of methodologies has been
developed to fabricate microwell arrays
with microwell diameters ranging from
tens to hundreds of micrometers. Cells
are trapped by gravitational sedimen-
tation and hence the number of cells per
microwell can be controlled by the cell
seeding density and microwell diameter.
Due to the stochastic capturing process,
the number of single cells per trap follows
a Poisson distribution. The maximal
frequency of microwells containing only
one single cell is ~30-40%. However,
microwells containing more than one
cell at the onset of an experiment can
be efficiently eliminated by retrospective
image analysis.

Just as micropatterned ECM adhesion
sites allow the control over cell spreading
in 2-D (33), the capture of single cells in
sufficiently small microwells can allow
a quasi-3-D control over cell shape and
spreading (73). For example, Kurth et al.
recently probed the influence of microwell
size on human hematopoietic stem cell
(HSC) fate (74). Single HSCs were seeded
on fibronectin-coated microwell arrays.
Small microwells that nearly encircled
single cells led to decreased proliferation

and differentiation, quantified by the
expression of the HSC marker CD34.
Increasing the microwell diameter
resulted in faster proliferation and lower
expression of CD34, indicating that the
adhesive cell-matrix contact area—and
consequently the number of engaged
integrins—could be involved in regulation
of HSC quiescence.

Production of homogencous
stem cell colonies
Microwell arrays also allow the clonal
growth of stem cells (such as ESCs)
into larger 3-D cell colonies, termed
embryoid bodies (EBs). These multi-
cellular spheroids mimic some of the
early stages of embryonic development,
includingan initial formation of the three
germ layers. The traditional production of
EBs by scrapping ESC monolayer culture
results in heterogeneous mixtures of
different shapes and diameters of EBs,
which negatively affects experimental data
and reproducibility (75). The alternative
technique, the hanging drop culture, is
based on the aggregation of cells at the
tip of a single drop hanging on a lid of
a Petri dish. Due to a tight control over
the initial cell number per drop, this
technique produces very homogeneous
EBs. However, hanging drop cultures
are laborious and practically preclude
automation and high-throughput
handling. Microwell arrays, due to their
defined diameter, allow a simple choice
over the initial cell number in a single
spheroid and hence afford control over
EB size. Microwell arrays fabricated
from non-adhesive culture substrates—
such as those made of PEG (76,77),
agarose (78), or poly-dimethylsiloxane
(PDMS) (73,75)—completely restrict
cell migration, eliminating merging of
multiple spheroids. These reproducibly
fabricated and size-controlled EBs exhibit
a more homogeneous differentiation
pattern than ESC aggregates produced
by traditional methods (75). Indeed,
the size-controlled EB formation in
microwell arrays led to insights on how
EB diameter can affect differentiation.
For example, it was found that cardiac—
but not endothelial —differentiation
was primarily induced in larger EBs. In
contrast, small EBs resulted in signifi-
cantly higher endothelial cell differenti-
ation with reduced cardiogenesis (79).
The need to homogenize cell spheroid
size is not only crucial in ESC biology,
but also for various other stem cells
such as neural or mesenchymal stem
cells (80,81), as well as in cancer cells

(82). Multicellular tumor spheroids,

for example, reflect some of the physi-
ological properties of metastasis and can
acquire radio- and chemoresistance to
apoptosis-inducing drugs, mimicking
the resistance found in solid tumors. The
ongoing integration of microwell arrays
into classical cell culture platforms [such
as multi-titer plates (83-85)] should
make microwell arrays a useful tool for
many fundamental studies in stem cell
biology as well as applications in drug
screening.

Analyses of single stem cell fates

Stem cells are inherently heterogeneous
cell populations. For example, although
HSCs can be isolated with relatively high
purity, they show distinct reconstitution
patterns in single-cell transplantation
assays (86), the gold standard to prove
stem cell function. A similar heteroge-
neity can be found in ESCs with regard to
the expression levels of the pluripotency
marker Nanog. Five to twenty percent
of cells in a typical ESC population
express low levels of Nanog even under
self-renewing, leukemia inhibitory factor
(LIF)-containing conditions (87). Recent
experiments indicate that this heteroge-
neity is caused by an oscillating expression
of a set of synergistically and antagonis-
tically acting genes and could therefore
be considered an integral part of pluri-
and multipotency for both embryonic and
adult stem cells (87-89).

To investigate these often low-
frequency events, single stem cell fates
have been traditionally analyzed in
standard multititer cell culture plates,
such as the 96-well plate (90). These
unicellular cultures allow cells to be
analyzed at the single-cell level and
followed over time as single cell-derived
clones, but they require disproportion-
ately high amounts of cell medium and
are highly inefficient. Microwell arrays are
well-suited to analyze large populations
of single cells at the single-cell level. Of
course, similar single-cell analyses can also
be conducted on micro-contact printed
substrates (11) but the topography of
microwells extends single-cell analyses to
non-adherent cells with clinical relevance
such as neurospheres or hematopoetic
stem cells (81,84).

A pioneering high-throughput single-
cell microwell study was conducted by
Chin et al. on rat adult hypocampal
progenitor. Using time—lapse microscopy,
a large number of quiescent or slowly
dividing cells were identified alongside
asmall fraction (3-4%) of highly prolif-
erating cells. As a consequence of differ-
ences in proliferation capacities, 62%



of all the cells at day 4 of culture were
derived from only 23% of the initial
population (91). Our group expanded
on these studies to investigate the clonal
growth of single mouse neural stem
cells into multicellular neurospheres on
microwell arrays fabricated from PEG
hydrogels. The hydrogel proved to be a
superior cell culture substrate in terms
of cell survival compared with tissue
culture plastic, presumably due to its
biomimetic properties. The microwell-
confined culture revealed a subpopu-
lation of slowly dividing cells that would
be masked by the merging of spheroids in
conventional cultures (81) (Figure 4A).

Another stem cell population increas-
ingly investigated using microwell
arrays are HSCs (Figure 4B) (74,83).
Confirming work by others (92), Lutolf
and Blau et al. demonstrated that cell
cycle times of individual long-term
repopulating stem cells were signifi-
cantly prolonged and showed a wider
distribution compared with multi-
potent progenitor cells. Expectedly, the
cultured cells did not show any repop-
ulation potential when transplanted
into irradiated mice (83). To further
elucidate if the addition of exogenous
factors can induce self-renewal divisions
in culture, 14 putative niche factors—
cither provided as soluble proteins or
tethered to the bottom of individual
microwells—were screened for their
effect on single-cell proliferation in vitro
using microwell arrays cast in 96-well
plates. To probe gel-immobilized stem
cell regulatory proteins, micro-molding
and micro-contact printing were
combined and specific protein immobi-
lization was achieved by functional-
izing the regulatory proteins with a
heterofunctional PEG linker covalently
bound to the hydrogel. Site-specific
immobilization of protein A extended
the method to pattern any Fe-tagged
transmembrane proteins. Strikingly,
40% of the tested 14 growth factors
yielded significant changes in single-
cell proliferation kinetics compared
with the basal medium. For example,
Wnt3a significantly slowed down prolif-
eration, whereas some factors, such as
thrombopoietin, led to accelerated cell
division rates. A third class of growth
factors, including Shh or immobi-
lized N-cadherin, yielded a signifi-
cantly higher frequency of single cells
producing only three progeny within a
week, suggesting that the founder cell
had undergone an asymmetric division
(Figure 4C). Importantly, the slow or
asynchronous in vitro proliferation

behavior correlated with the in vivo
blood repopulation capacity (83).
Microwell arrays provide a powerful
tool for the culture of cell spheroids,
to assess the spatial and dimensional
effects of geometric patterns at a single-
cell level, as well as the tracking of
clonal growth of populations of single
cells. However, it should be mentioned
that microwell arrays are passive struc-
tures, which restricts the possibilities
to manipulate trapped cells. Therefore,
integration of microwell arrays into
microfluidic devices (93) or the devel-
opment of releasable microwells (94) may
provide new opportunities to handle and
analyze cells cultured in microwells.

Microfluidic approaches
to track single stem cell
development in vitro

Results of time-lapse experiments on
single stem cells cultured in microwells
(e.g., Reference 83) suggest that HSCs
can undergo self-renewal divisions in
vitro, and that cell fate choices are under
the control of niche factors. However,
the distinction between symmetric
and asymmetric divisions (Figure 1B)
cannot be made a priori using microwell
cultures alone. The understanding of
these particular fates in stem cells is of
utmost importance for clinical appli-
cations of many stem cell types (e.g.,
HSC expansion for transplantations to
treat blood cancers). Indeed, in many
mammalian tissues it is not yet known
whether homeostasis is maintained by
asymmetric divisions or by a ‘population-
based’ strategy that uses symmetric
divisions to balance stem cells and differ-
entiated progeny (2). Because rare adult
stem cell divisions can hardly be imaged
in vivo (95) (e.g., HSCs that are buried
in a poorly accessible bone marrow),
there is a considerable demand for in
vitro platforms to address this question
in live cells.

State-of-the-art in vitro approaches
to assess single-cell fate changes—in
particular, the symmetry of division—
include the manual tracking and analyses
of dividing cells in conventional cultures.
Although this approach is technically
highly demanding, Schroeder and
colleagues succeeded in visualizing blood
generation from hemogenic epithelium
and in tracking the progeny of single
hematopoietic progenitor cells (Figure
SA) (96,97). To achieve this goal, these
researchers imaged single cells seeded in
standard culture plates at a frequency

of 2-3 min and developed an advanced
cell tracking software to cope with the
tremendous data volumes. Although
it should be possible to increase the
efficiency of data acquisition in these
studies using, for example, microwell
arrays, the rate-limiting step of this
approach is the downstream semi-
manual image analysis. Notably, there
are a few ongoing efforts addressing the
image analysis challenge in microwells.
For example, Kachouie et al. developed
an algorithm to detect cells and PEG
microwells in fluorescence images, taking
advantage of the autofluorescence of the
PEG hydrogel (98). A software that can
recognize PDMS microwells in bright-
field images, and that detects and clusters
cells based on fluorescence images was
also reported (99). However, because
both algorithms depend on fluorescent
images for cell recognition, and because
frequent fluorescent imaging can lead to
phototoxic effects in the imaged cells,
fluorescence-based cell recognition
may be problematic to reliably track
cell divisions requiring continuous,
long-term observation of primary stem
cells (96).

Rowat et al. reported on a micro-
fluidic device overcoming the diffi-
culties associated with continuous
imaging. Their chip allowed the tracking
of multiple yeast lineages in parallel by
trapping single cells and constraining
them to grow in channels for as many
as seven generations (100). Aligning all
of the single-cell progeny in lines facili-
tates image analysis because it reduces
the complexity of cell recognition from
a3-D to a 1-D problem. Whereas cell
tracking on normal culture substrates
requires findinga cell in both space and
time, cell recognition in microfluidic
devices can be reduced to detecting
the time-dependent occupancy of
predefined microfluidic traps; it should
therefore be more amenable to complete
automation.

Despite these exciting advances, the
question of divisional symmetry remains
poorly addressed. We believe that micro-
fluidic technology has the potential to
aid in revealing the molecular mecha-
nisms that govern the fate of individual
stem cells—in particular, the symmetry
of stem cell divisions. Importantly, any
imaging-based analysis of single-cell
behaviors would need to be complemented
by further assays to characterize cell fate,
such as by differential phenotype or gene
expression pattern. This could be done
by physically separating daughter cells in
apredictable manner and removing them



from their microfluidic environment
after separation. Along those lines, Faley
et al. designed a microfluidic device to
study the behavior of human HSCs and
chronic myeloid leukemia cells (101).
Their microfluidic device consisted of
an array of hydrodynamic traps that
allowed the anecdotal observation of cell
divisions using stained mitochondria.
However, the parallel arrangement
and the size of the hydrodynamic trap
were not designed to reliably separate
stem cells upon division. To accom-
plish this more effectively, we adapted
a microfluidic perfusion chip having a
consecutive number of serial hydrody-
namic traps (102,103), small enough to
host only one cell and reliable enough
to capture daughter cells after division
(102) (Figure 5B). By optimizing the
hydrodynamic conditions of this trap
and the perfusion of the chip, we reached
a trapping efficiency of up to 97% and
showed viability of nearly 95% of the
trapped cells in long-term in vitro experi-
ments. These prerequisites enabled us to
visualize cell divisions of non-adherent
leukemia cells under perfusion. Because
each single cell trap was small enough
to host only one single cell, one of the
daughter cells generated upon division
remained in the trap whereas the other
one was transported into the next free trap
by perfusion (Figure SC). The automated
physical separation of daughter cells via
microfluidics, combined with additional
(on-chip) fate analyses including PCR
(28), could provide the foundation to
rationally assess the regulatory mecha-
nisms that govern single stem cell prolif-
eration and lineage commitment.

Enhancing existing stem
cell culture platforms

To date, microscale technologies for stem
cell biology have primarily been based
on classical cell culture substrates, in
particular, tissue culture plastic and
glass. However, it has been increasingly
acknowledged that the biophysical
characteristics of a cell culture substrate
can significantly influence stem cell
behavior. A seminal study by Engler
et al. demonstrated the influence of
substrate stiffness on mesenchymal stem
cell differentiation (104). Soft hydrogels
mimicking the elastic properties of the
brain led to the preferred differenti-
ation of hMSCs into neurons; stiffer
matrices were myogenic and relatively
rigid substrates (as found in the collag-
enous bone) induced osteogenesis. We

expect that the awareness of cell sensi-
tivity to biophysical factors will result
in the increased use of soft biomate-
rials as cell culture substrates in micro-
fabricated platforms (9,81,83), and will
also initiate the increased development
of approaches to micropattern such
materials using micro-contact printing
(83), photolithography (66) or micro-
fluidics (53,55). This convergence of
existing technologies could generate
truly unique microenvironments for
cell fate manipulation. To this end, the
integration of advanced hydrogel chemis-
tries, micromolding, and micro-contact
printing into a single platform has been
demonstrated (83). This engineering
approach yielded PEG microwell arrays
displaying tethered proteins on a soft,
tissue-like substrate. This enabled the
effect of tethered factors on single
non-adherent hematopoietic stem cells
to be investigated, which would not have
been possible on unstructured substrates
due to the extensive migration of HSCs
on flat substrates.

The same properties that allow
microwells to extend the application
of protein patterns to non-adherent
cell types may also be used for testing
the effect of protein combinations
on stem cell differentiation. Combi-
natorial growth factor and ECM
microarrays typically bear the risk of
differential adhesion preferences of
cells to different substrates, potentially
affecting the outcome of an exper-
iment (11). A micro-contact printing
technology that combines microarrays
and microwell fabrication with soft
materials possessing tunable biophysical
properties should enable the screening of
different substrate properties and protein
combinations with well-controlled cell
numbers and thereby open up new possi-
bilities to define functional components
of stem cell niches.

Recent efforts to develop 3-D
microarrays—where cells and test
compounds are embedded into a
hydrogel—indicate the need to expand
screening possibilities to the third
dimension (105). Apart from robotic
spotting, other techniques might be well-
suited for this purpose. Because the encap-
sulation of cells into a hydrogel eliminates
the need to fix the hydrogel samples stati-
cally onto a substrate, encapsulated cells
could also be cultured in suspension.
One powerful approach could be the
microfluidic fabrication of hydrogel
microbeads containing cells and test
compounds. Microfluidic-based droplet

generation is based on the injection of

an aqueous solution (the discontinuous
phase) into an immiscible carrier fluid
(the continuous phase), typically oil,
inside a microfluidic chip. The immis-
cibility of the two phases leads to the
well-controlled emulsification where
the two phases meet and to the gener-
ation of up to 10,000 microdroplets per
second with a very low size distribution
(<2% variation) (106). Due to the very
high throughput of microdroplet gener-
ation and the engineering of sophisti-
cated on-chip droplet handling methods,
microdroplets in combination with a
bar-coding system represent a powerful
alternative to conventional screening
platforms. They were already successfully
used in crystallization or cytotoxicity
screenings (27,107) (Figure 6). However,
microdroplet-based systems are currently
limited to nonadherent cells because they
lack a substrate for cells to adhere. The
in-droplet gelation of a hydrogel would
therefore not only extend the possibil-
ities of microdroplets-based screenings
to adherent cells, but also open the door
for the high-throughput and consistent
fabrication of microtissues (108).

In conclusion, the above stem cell
culture systems, built at the interface
of microfabrication and biomaterials
technology, could greatly contribute
in identifying the role of specific
niche components and the niche archi-
tecture in regulating stem cell fate,
including (symmetry of) cell division,
self-renewal, and differentiation. These
approaches currently represent highly
simplified models of the in vivo niche,
but they allow deconstructing the in
vivo complexity and reconstructing it
in a well-defined fashion (i.e., from the
bottom up). By analyzing the dynamic
responses of stem cells to these artificial
niches, we should expect advances in
the generation of adequate numbers
of stem cells and the ability to control
their directed differentiation in order
to maximize their utility for cell-based
therapeutics, as well as drug screening
applications.
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