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Abstract

Current techniques used in stem cell research only crudely mimic the physiological complexity of
the stem cell niches. Recent advances in the field of micro- and nanoengineering have brought an
array of /n vitro cell culture models enabling development of novel, highly precise and
standardized tools that capture physiological details in a single platform, with greater control,
consistency, and throughput. In this review, we describe the micro- and nanotechnology-driven
modern toolkit for stem cell biologists to design novel experiments in more physiological
microenvironments with increased precision and standardization, while cautioning them against
potential challenges that the modern technologies may present.
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Extending the conventions

The world experienced and sensed by living cells can be utterly complex, consisting of
various soluble and insoluble biochemical cues, including those secreted by adjacent and
remote cells; mechanical inputs, including the local rigidity and topography of the
extracellular matrix (ECM); other biophysical and biochemical components, including
oxygen tension, and pH, influencing various cellular phenotypes [1-3]. Moreover, most of
these interactions are frequently present in a combinatorial fashion, and dynamically change
both in space and time. A cell, in other words, divorced from its microenvironmental
context, can be an altogether different cell.

Often enough, /n vitro (or more appropriately, in culture) experiments with stem cells are
conducted without providing the context in which these cells might reside /n vivo. Some of
this could be attributed to the tendency to simplify a complex world, which scientists and
humans, more generally, are not immune to, but perhaps more to the unavailability of
platforms that can mimic the physiological cell microenvironments. Furthermore, in a state
ominous for making clinical and biological stem cell research and application, the
mainstream methodologies used to perturb the cell microenvironment suffer from the lack of
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reproducibility, expense associated with the use of cells and reagents, imprecise spatial and
temporal control, low throughput, and scalability [4-7].

That, however, is changing rapidly; bringing to the stem cell biologists an array of
engineered tools that can be integrated with the standardized experimental techniques for
cell biology and allow precise control of biochemical, mechanical, and physical
perturbations [4, 5]. Many of these techniques have been standardized for laboratory use,
and many new techniques are in development. Though there are existing limitations that
prohibit performing many conventional assays on these platforms, which biologists would
be wise to be cautioned against, many new techniques allow conducting new kinds of
experiments that might otherwise be close to impossible using the traditional cell biology
techniques. For the stem cell biologists these technologies allow maintaining stem cells in
environment more closely mimicking their natural microenvironment, perform experiments
difficult or impossible to conduct using conventional technologies, and attain much
enhanced temporal and spatial control of perturbation with greater precision and throughput.
Attention to these methodologies is important, as in spite of the many advantages offered
and wide availability, we believe that these tools remain underutilized in basic science
explorative research.

In their own world

We are used to experiments conducted on our own scale — on the scale we can see and touch
what we are dealing with, the scale of liter-sized beakers and centimeter-sized plates.
Physics at the micro-scale in which cells reside, differs significantly from the one observed
in the macro-world, in which conventional experiments are conducted [6]. For example, an
epithelial stem cell residing in its niche is subjected to various microenvironmental
maintenance and perturbation cues. The cell, like other stem cell types, can detect and
respond to gradients of extracellular cues, both soluble and surface-bound [8, 9], responds to
juxtracrine cell-cell communication signals from adjacent cells, and is supported by and
responds to signaling by the extracellular matrix architecture and nanotopographical
features. Cells also interact with extracellular matrix (ECM) molecules present in the niche
either via signaling domains in ECM proteins like fibronectin, or with growth factors that
are presented to the cells by being tethered to the ECM. In addition, the cell also is
influenced by other factors like hypoxia, which together influence its fate, proliferation,
migration and other phenotypes [1, 10, 11].

Since the natural cell environment is tightly controlled on this very small scale, arguably a
lot can be gained from being able to hone the technology for cell manipulation on their
rather than our scales. Most of the above perturbations are difficult to present to stem cells,
even singly, using conventional laboratory techniques in a controlled manner.

Fortunately, with the advent of soft lithography techniques, many of which were pioneered
by semi-conductor industry, it is now increasingly possible to control cell microenvironment
on the micro- and nano-scopic levels. In particular, microfluidics, a technology involving
nanoliters of fluids perfused through micro-scale devices of various complexities, has
emerged as an important tool to control shear, and delivery of soluble factors to cells on a
microscale, complement existing cell biology techniques. Within microfluidics, fluidic flow
is laminar, i.e., it occurs in a non-turbulent and predictable fashion allowing application of
highly developed electrical circuit theory to design precise networks for the delivery of a
single drug or a combination of drugs at desired spatial locations, correct time points, and
accurate concentrations [6]. Many simple ready-to-use microfluidic tools are available
commercially, and therefore lithography need not be performed in the lab. As discoveries on
the role of various growth factors, cytokines and other soluble cues that are presented to the
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stem cells in their niche have accumulated; there is a greater need to quantitatively analyze
the spatial, temporal, and absolute dose response of these cues in influencing various cellular
phenotypes. Modern technology like micropatterning or protein microarray can be harnessed
to screen many biomaterials and ECM combinations for cell culture, as has been done by
Anderson et al. using high throughput protein micropatterning to investigate stem cell
responses to more than 1000 biomaterials that were used in tissue engineering disciplines
[12], or by Yang et al. by a high throughput optimization of stem cell microenvironment
[13].

Probing with a sharper eye

The advantages of microfluidic technology extend far beyond the increase in experimental
precision. One can now perform experiments that would be hard, or nearly impossible, to do
otherwise. For example, stem cells home to site of injury in response to chemotactic cues,
while continuously being influenced by the mechanical and physical microenvironment
present in their path [14-16]. The conventional assays that probe cell responses to spatially-
graded signals are extremely limited in both experimental control and the ability to yield
interpretable data. For instance, while it is hard to examine many (say dozens) cells, control
both the average concentration and the gradient value at the same time in the micropipette
experiments, it is also impossible to arbitrarily vary the gradient shapes. Boyden chambers
do not permit careful analysis of cell migration trajectories or details of spatiotemporal
dynamics. Microfluidic devices, on the other hand, can generate temporally controlled
highly precise spatial gradients of soluble and insoluble factors [17-19]. For example, Wnt
signaling, an important signaling pathway involved in stem cell renewal was studied using
gradients generated by microfluidics (Fig. 2¢). Recent advances in lab on a chip technology
also allow formation of precise gradients of biophysical factors such as substratum rigidity
[20], shear stress [21], and oxygen tension [22]. Since these devices can be easily
incorporated with high resolution live fluorescence microscopy, they do not require any
addition of expensive equipments to operate, and existing imaging modalities can be easily
applied to acquire the experimental data. These platforms allow conducting stem cell based
experiments in the soluble, physical, and mechanical environment matching the /in vivo
microenvironments, and allow precise dosage control of cytokines, growth factors, ECM,
shear stress, and even hypoxia both temporally and spatially.

On the flip side, experience of many researchers indicate that maintaining long term
gradients in microfluidics has been a significant challenge necessitating a significant amount
of fluid flow, and consequently of usage of large amounts of reagents [4, 23]. Stem cells
tend to be sensitive to shear stress, and continuous fluid flow over days can affect them
adversely [24, 25]. Though novel approaches exist to create “static” or low flow conditions
to contain shear stress, most of the methods still require complex microfluidics circuitry, or
relatively cumbersome standardization procedures [23, 24, 26]. Therefore, unless methods
are optimized and standardized, we opine that microfluidics is suitable for maintenance of
gradients for a few hours to a day. Therefore unless more specific devices and solutions are
used, we suggest short term perturbation to study cell viability, signal transduction
pathways, migration etc. when gradients are required for experiments. Possible solutions to
address these disadvantages are listed in Table 1.

A significant advantage of small experimental chamber size in microfluidics chips
increasingly harnessed by cell biologists is experimental miniaturization leading to a much
greater analysis throughput requiring smaller amounts of cells and reagents [13, 27-30].
However, as a note of caution, high throughput screening of stem cells for differentiation
has met only with mixed success. In a particularly memorable feat, Quake and colleagues
have demonstrated a microfluidic device with 2056 valves, and 256 observation chambers
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containing cells stimulated with different stimuli [31], and an automated cell culture system
for long term observation of stem cell differentiation [32]. In a considerably less massive
application example, we have demonstrated an immunostaining based multiplexed device
that allows temporal control of multiple biochemical stimuli to deduce the responses of
various signaling effector molecules in tens of thousands of cells [33]. The device is
completely automated providing consistency in cell seeding, stimulation profiles,
immunostaining, data acquisition and analyses across experiments. Overall, such
microfluidic experiments provide an interesting complement to other high-throughput
assays, such as DNA microarray-based analysis. While microarray experiments normally
allow for testing a very limited number of conditions with a very high number of read-outs
(e.g., genes whose expression is assayed), whereas high-throughput microfluidic
experimentation allows analysis of a very high number of conditions with a relatively small
but still very informative number of read-outs. These platforms can be used for hypothesis
generation, narrowing down conditions, and for drug screening for both research and
industrial purposes. High throughput screening of ECM molecules can be obtained by
micropatterning, and protein microarray technology.

Microfluidics can also be used to create more biomimetic niche-like conditions for stem
cells in a high throughput manner [34, 35] or used for single cell profiling of stem cells in
chemically defined conditions [36]. Similarly, microfluidics can allow a heterogeneous stem
cell population or heterogeneous embryoid bodies [37] to be counted, and sorted [38], while
allowing microscopy at the same time. However, many of the “proof of concept” devices
may be difficult to operate and require skill acquirement limiting large scale use in
conventional biological laboratories.

Building neighborhood with selection

Adult stem cells reside in specialized microenvironments called stem cell niches that allow
both homotypic and heterotypic juxtracrine interactions [1], and paracrine signaling between
stem cells and other somatic cell types (Fig. 1). However, these cell-cell interactions cannot
be replicated in a controlled fashion using conventional co-culture experiments. Paracrine
and autocrine signaling influencing stem cells can be studied using specialized microfluidic
devices [39]. Interestingly, cells accord a higher sensitivity to paracrine signaling in
microculture presenting a more sensitive method to probe the cells [40].

Again, microfabrication-based approaches can come to the rescue in the form of micro-
stamps and micro-stencils [41-44]. These are simple ready-to-use devices that allow
sequential seeding of each cell type, in predefined patterns that can be designed to control
for the extent, and type of cell-cell interactions in a very precise manner (Fig. 2e). Stem cells
are frequently maintained as non adherent sphere cultures (e.g. neurospheres, cardiospheres,
embryoid bodies etc.). Microwells created using photolithography can also allow controlling
the size and uniformity of the sphere cultures (Fig. 2a) [45, 46]. Recently, the laminar flow
in microfluidic devices has also been used to define cell-cell interactions conditions by using
microfabricated “capture-cups” to immobilize cells of one type, and then reversing the flow
to capture cells of another type [47]. Cell-cell interactions and fusion can be effectively
controlled by combination of microfluidics and microfabrication technology (Fig. 2b). Even
temporal control of cell-cell interactions, potentially useful to understand the kinetics of
stem cell-somatic cell interactions [48], has been demonstrated using micro-machined
movable silicon parts [49]. Dielectrophoresis (DEP) can be used to spatially localize live
cells by electrical current. Achieving such precise control of cell-cell interactions both
spatially and temporally is nearly impossible using conventional techniques, presenting stem
cell biologists with an array of tools to ask questions that were difficult to answer
previously. Microstencils are relatively easy to use and handle, and require few
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optimizations (e.g. cell seeding density). In our opinion, these stencils can easily be included
as standard co-culture platforms with defined interacting area between cells of various types.
Many more designs to obtain more precise, novel, and interesting methods to get cells to
interact at the experimentalist’s whim should be in the offing.

Engineering the mechanics

The physiological microenvironment of the stem cells not only consists of the biochemical
factors, but also the physical properties of the microenvironment in which the cells reside
[50-52]. ECM exists /n vivoin a complex arrangement of fiber and sheet like structures,
with nanoscale features that extend over centimeters [52, 53]. While ECM can interact
biochemically with the cells, the mechanics of the stem cell-ECM interactions is probably
equally, if not more important. For example, human mesenchymal stem cells cultured on
substrata of rigidities mimicking various tissue types /n vivo differentiate into somatic cells
of the respective tissue type [54]. Similarly, stem cells are sensitive to the topography of the
ECM substrata [53], and other mechanical forces [52]. Despite clear evidence supporting
considerable role of the mechanical cell environment, commonly employed culture
conditions involve growing stem cells on flat plates or cover slips with rigidity orders of
magnitude higher than the ones observed in mammalian tissue Such culture conditions can
considerably influence cellular phenotypes, altering cell stemness, differentiation potential,
and migration properties [55]. Even though protocols to “maintain” stem cells on plastic
surfaces have been standardized, we believe that it is essential to contrast the phenotype of
cells when cultured on microenvironment more closely mimicking the physiological one for
the given stem cell type.

Controlling certain mechanical perturbations is straightforward. For example control of
shear stress can be achieved quite simply by microfluidics, either by controlling the input
pressure of fluid flow, or by controlling the resistance in the channels [24, 56-58]. Similarly,
gradients of substrate elasticity can also be created using microfluidics, though more
interesting methods exist for specific perturbations (e.g. temporal and spatial control). To
control substratum elasticity, for instance, in one interesting example, microfabricated post
array made of a polymer polydimethylsiloxane (PDMS) with magnetic control allow
application of precise elastic force to the cell at subcellular localization, and also for sensing
the force applied by cells [59]. In a recent study, muscle stem cells were time lapsed on
pliable hydrogel surfaces in arrays of microwells to study their differentiation into skeletal
muscle cells (Fig. 2d). In contrast, creation of platforms to precisely control substrate
topography remains a difficult process, and protocols to develop them exist only in a few
university environments. Consequently, the role of topography of the ECM in controlling
stem cell functions is still poorly understood, and frequently underestimated. Various
methods have been developed and used for presentation of topographical cues to cultured
cells include colloidal lithography [35], polymer demixing [36], and nanoimprinting [37].
These techniques employ creative means to define features of extremely small sizes (tens to
hundreds of nanometers) on flat or 3-dimensional substrata, but are difficult to establish;
therefore collaboration with laboratories with established setups or commercial procurement
is the norm.

However, most of the platforms to present topographical cues remain expensive, and can be
fabricated in selective engineering labs. Another concern with many of the current
techniques is that owing to their small surface areas, they are not amenable to large
biochemical experiments (e.g. western blot, RT-PCR, immunoprecipitation, microarrays etc)
within reasonable cost constraints. While most of these techniques can be quite expensive,
techniques like electrospinning [60] and capillary force lithography (CFL) [61] are
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becoming popular with stem cell biologists for their lower costs, and capability to produce
large surface area samples with precisely controlled topography.

Recent advances in ECM biology has confirmed that cellular behavior is different on ECM
coated 2D surfaces as compared to the native 3D environment [3]. Though 3D cultures
(collagen gels, Matrigel etc.) have been in use, the role of mechanical cues in a 3D context
(topography, and rigidity) has also come under increasing investigation. Electrospinning
allows formation of nano-threads with ECM proteins, or with other polymers that are coated
with ECM proteins, and provide a more natural 3D microenvironment to the stem cells than
possible through other techniques [60]. Further, the most common platform to grow 3D
cultures, Matrigel, can now be created within microfluidics allowing precise perturbations in
the 3D [43]. Both the cost and the size of experimental platforms to present
nanotopographical cues are coming down in recent years. Most of these platforms are also
relatively easy to use, though they require highly sophisticated protocols to fabricate.
Therefore, it is recommended that the standardized platforms either available commercially,
or through nanoengineering laboratories are used to minimize difficult to attain
optimizations in the desired feature sizes. These developments are quite promising, and in
the near future commercial substrata with defined nanotopographical features that mimic
different tissue ECM may become available.

Avoiding pitfalls

Stem cells present many unique problems for experimentation, including high susceptibility
to shear stress, the need for prolonged experimentation to allow differentiation events to
occur, and dependence on complex liquid and solid microenvironments that mimic the stem
cell niche. These requirements make experimentation with stem cells particularly
challenging, and if one is not careful in understanding potential pitfalls of micro- and nano-
fabricated platforms, the results can be very disappointing. For example, if not carefully
controlled, continuous perfusion can result in the shear stress harmful to some cell types, or
in increased loss of molecules mediating paracrine and autocrine signaling molecules
necessary for cell growth, survival or differentiation [62]. Therefore, it is preferable to use
devices that do not depend on continuous flow over the cells, at least in long term, to
maintain the desired liquid micro-environment, including environments with gradients of
signaling inputs or drugs [23-25, 63, 64]. However, it should be noted that not all stem cell
types are negatively sensitive to shear stress, which may even be required to induce targeted
differentiation. Microfluidics can be useful, therefore, in understanding the role of shear
stress on various stem cell phenotype, including differentiation. For non-adherent or semi-
adherent cell types, e.g. embryonic stem cells and spheroids, one must choose the devices
that do not involve continuous perfusion of media above cells, or minimize shear stress. If
however, cell perfusion is important to maintain, e.g., to define more complex signaling
input distribution over the cell population analyzed, one can modify the device design to
decrease the adverse effects of flow, e.g., the shear stress. A simple method to significantly
reduce shear stress is to increase the chamber height (shear stress reduces 4 times for each 2-
fold increase in height). Another method is to create microwells in the cell substratum that
protect cell by locally reducing the effects of flow shear [25, 63]. Ideally, flow based control
of cell medium should be only used for short term perturbations, for instance, to understand
signaling response to a specific growth factor, cytokine, or a drug. For long term cultures, H-
type devices [65, 66], pulsating flow using a microcontroller [67], or flow dampeners, e.g.,
osmotic pumps [18] or more sophisticated flow controls [23, 24, 64] can be used. An
additional current hurdle is that all these devices require training, more advanced equipment
(especially the fluid control interfacing), and significant optimization relevant to the use of
particular stem cell types. The standardization and convenience provided by
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commercialization of these platforms may ultimately require less time investment, but at
present remain elusive.

As has been mentioned earlier, culture in microfluidics can result in large absorption of
chemicals due to high surface area: volume ratio in the chambers. Further, biologists should
seriously consider the logistics of how cells/explants/large spheroids will be introduced
within the microfluidic platforms. Towards solving these issues, novel devices have been
designed more recently that allow conducting a large portion of experimentation in an open,
unsealed environment, which can be sealed at a desired time point, for more precise cell
stimulation, using magnetic force [26], or vacuum [68]. These devices can be very useful to
conduct experiments with large explants, or for interventional microfluidics experiments. In
spite of less restrictive demands, these platforms still require considerable optimization to
control for cell viability in response to shear stress, loss of paracrine signaling, as well as
depending on more advanced interfacing set-ups.

The requirement for complex fabrication techniques can be partially alleviated by recent
advances in stereolithography based tools allowing one to obviate the need for silicon-based
microlithography [69]. These tools also permit creating of larger and more geometrically
complex microfluidics devices that are easier to use, introduce significantly smaller amount
of shear stress, and also facilitate hydrogel cultures within the device. We envision that these
efforts will be enormously useful in making the microfluidic control less disruptive for stem
cell experimentation. This may also help address the commonly occurring concern with
microfluidic device of the large surface area to volume ratio, that might result in significant
absorption of the active ingredients in the media (e.g. growth factors, drugs, antibodies etc.)
Another minor concern which biologists should consider is the absorption of biochemicals
in microfluidic devices. Regehr et al. detail the absorption rates of various biochemicals in
PDMS devices [70, 71].

Cell substratum nanopatterning techniques have now been progressively optimized and
characterized for stem cell based experiments. However, their limitations should be
considered before using the corresponding technologies. For example, electrospinning can
produce 3D gels presenting nanocues to the cultured cells, but their anisotropy is less
controllable than that obtained using other techniques. In contrast, CFL can allow designing
arbitrary nanocues, and is relatively inexpensive to use, allowing however cells to obtain
topographical cues only from the 2D substratum. Another useful technique that can be
employed to present nanocues to cultured cells without requiring expensive equipment is
self-assembly based co-polymer patterning. This method can be used to create a wide
variety of nanopatterns, but one should be careful to use only those chemicals that have been
demonstrated to self-assemble in the desired topographical structures [72].

Overall, as in other new and rapidly developing area of analysis, one should exercise
sufficient care in recognizing the inherent limitations of the novel techniques. Their novelty
might also be a barrier in itself, based on the illusion of arduous learning curves required. In
the end, the new micro- and nano-fabrication techniques can be invaluable for all the reasons
listed above, if the cells and stimuli of interests are carefully tested and optimized, and the
appropriate controls performed. These axioms of experimental science will remain true
during this and other revolutionary changes in the techniques and methods used. The stem
cell biologists therefore must be aware of the limitations of each new experimental platform
before designing specific experiments.

Why should the stem cell biologists pay attention?

Recent advances in stem cell biology have underlined the importance of the role of
microenvironment in influencing nearly all cellular behaviors, including morphology,
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migration, and fate. Cells are exposed to a combination of cues including biochemical
growth factors and cytokines, ECM matrix proteins, substratum rigidity, oxygen tension,
shear stress, and tissue nanotopography in a spatially and temporally varying fashion.
Presentation of these cues to the cells in a consistent, precise, and combinatorial manner is
one of the most significant challenges facing stem cell biologists. Stem cells also offer many
unique challenges to the biologists. For example, precise and consistent characterization
techniques for stem cells that are also inexpensive to use for cross laboratory comparison of
stem cells is still a challenge. Methods are required to study very small subpopulation of
primary stem cells. Microfluidics and microfabricated devices have provided a solution to
these challenges, and are embraced by an increasing number of research laboratories
working in the area of stem cells and other cell biology disciplines. The microfabrication
techniques have been perfected in the microelectronic industry over decades, presenting to
the biologists a highly consistent design paradigm that can be readily used to develop stem
cell-specific platforms. These novel tools bring many biochemical techniques to a single
chip, allowing sequential integration of otherwise independent experimental steps on a
single platform. With the advantage of multiplexing that pneumatic valves provide, and
parallelization offered by the miniaturized experimental systems, experiments can now be
performed on cells with a dramatically increased precision, reliability, and consistency,
while reducing cost and experimental errors to a significant extent.

Consequently, screening of stem cells with a combination of factors has become simpler,
less expensive, and many folds faster. However, challenges remain. Stem cells are
frequently finicky, and concerns regarding their high sensitivity to shear, viability in
microfluidic devices during long term cultures, and high absorption of proteins by the walls
continue to remain. Microfluidic devices can quickly become unmanageable with increasing
complexity of design, requiring advanced skill and optimization. In addition, the
nanofabricated platforms tend to be expensive and small in surface area prohibiting
biochemical experiments. Many of these problems are now being addressed by simpler
designs, and stem-cell specific changes in design of devices (e.g. low perfusion, deeper
chambers, large input/output reservoirs to avoid handling of tubes), but it would be prudent
to wait for such optimizations to be completed before large scale experiments can be
brought completely to these devices. However, we opine, that for experiments involving
short time frame (hours to a day), and for few conditions, microfluidics offers many
advantages that can be employed to perform more careful and precise experimentations. A
good rule of thumb may be to always test the viability of cells in the device for the length of
experiments against a conventional tissue-culture dish. Arguably, these smart Petri dishes
can and should revolutionize the modern biology further, making it truly quantitative,
systems science, as well as much approximating the conditions present in live organisms.
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Figure 1.

The nesting cell: A stem cell is exposed to multivariate cues including cell-cell interactions,
cell-ECM interaction, soluble factors and biophysical factors like substratum rigidity,
topography, shear stress, oxygen, and pH (A); Novel techniques like microfluidics, and
micro-nanoengineering can allow mimicking the microenvironmental condition a cell
experiences in vivo, and allow more precisely control of experimental parameters like shear
stress, biochemical gradients, substrate rigidity and nanotopography, and cell positioning

(B).
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Figure2.

Examples illustrating the diverse capabilities of micro- and nanoengineered platforms used
for control and analysis of stem cells. (a) Microwell-mediated control of embryoid body size
in 3D. Oct4, ES cell pluripotency markers, SSEA1 and E-cadherin in Ebs within microwells
are shown. (b) Microfluidic control of cell pairing and stem cell fusion. Red and green
fluorescence image overlay image of CellTracker-labeled 3T3s loaded into the 2 mm 2 mm
device. Scale bar: 200 um. (c) Case study: activation of the canonical Wnt3a/p-catenin
pathway in cells cultured in microbioreactors. Panel A: cells were exposed for 12 h either to
uniform Wnt3a concentration (control, top row) or to a microfluidic-generated gradient of
Whnt3a concentration (microfluidic gradient, bottom row). Bright field images (left column),
fluorescent images of the activated Venus-expressing cells (middle column) and merged
images of Venus and bright field (right column) are shown. Images were taken in the mid
sections of the culture channel [73]. (d) Culture on pliant hydrogel promotes muscle stem
cell self-renewal. Hydrogel arrays with hundreds of microwells containing single MSCs
were followed by time-lapse microscopy for 3 days. Videos were automatically processed
and analyzed [74]. e) Microfabricated co-culture systems to pattern multiple cells types.
Parylene-C stencils are pretreated with hyaluronic acid (HA) to reduce non-specific binding
and then ES cells are allowed to attach to the substrate through the holes. Thereafter the
entire area is treated with collagen to now encourage cell attachment and seeded with a
second cell type, followed by a repetition of the process to co-culture a third cell type8!
(reprinted with permission from the Royal Chemical Society).
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Table 1
List of advantages and potential pitfalls of various micro- and nanoengineered tools, and possible solutions to
avoid them.
Potential
Pitfalls and Solutionsfor the
Tools Advantages Limitations Specific Pitfalls Complexity of Solutions
Microfluidics Gradient Generators . Arbitrary shape of Pneumatic Keep number of ++
gradients [17, 25] valve controls conditions limited
. . can quickly
. Combinatorial become Automate pneumatic e+t
gradients of unmanageable | valve control [34]
multiple species with increasing
[30] complexity
. Gradients of soluble
[25], insoluble [75],
gaseous [22], and
mechanical [43, 58]
factors
. Temporal control of
the shape of
gradients [34]
Absorption of Check for ++++
biochemicals absorption profile of
due to high biochemical factor
surface area to in pdms [71]
volume ratio
Long term differentiation assays . Combinatorial Shear stress Use H-chip designs ++
with perfusion combinations of to avoid direct flow
various factors [13] of fluid over cells
. High throughput Dampen flow by +++
perturbations and specialized
observations perfusion[24, 26]
+  Screening over Culture cells in ++
large dose responses protected etched
[19,32] channels or
. Precise temporal microwells[25, 63]
control of dosage
and combinations
[34]
. Combination of
mechanical,
physical and
biochemical factors
[30]
Loss of Maintain pulsatile ++++
autocrine flow with long
paracrine periods (5-6 hours)
signaling[62] with no flow [24]
Use no flow +++
conditions, and
culture cells in high
throughput
microwells with
media replenishment
every 6-12 hours
[46, 76]
Co-culture . 2 or more cell types | Sophisticated +++++

can be cultured with
arbitrary interaction
profiles

requirements
for temporal
control[49]
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experimentations

available in all
topographical
features

Potential
Pitfallsand Solutionsfor the
Tools Advantages Limitations Specific Pitfalls Complexity of Solutions
. Consistent culture
of spheroid cultures
Control of shear and rigidity . Precise spatial and Difficult to Ex-chip control ++
temporal control of ascertain effect | always suggested
shear on cell with comparable cell
. viability by density and media
. Integration of shear alone
biochemical [60]
gradients and shear
gradients
. Combination of Temporal +H+++
spatial mechanical control of
rigidity gradient rigidity
with biochemical difficult and
gradients require
sophisticated
set ups[59]
Control of topography . Highly precise Expensive to CFL [80] and +++++
mimicking of fabricate [77- electrospinning[60]
substrate 79] are cheaper but
topography difficult to fabricate
. Biodegradable and Small surface Use CFL substrata +
biocompatible area from commercial or
polymers prohibiting expert laboratories
. . biochemical to minimize
+ Spatial gradients of | gyperiments optimizations
topography [70]
: Ease of culture and 3D control not | Electrospinning ++

allows 3D control.
CFL allows 2.5D
control
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A few important and relevant parameters for choosing (or to avoid choosing) the appropriate micro-
nanofabricated platform for specific stem cell based experiments.

Platform Techniques Some Useful Numbers Notes

Microfluidics Photolithography Chamber height!: 10-500um Minimum feature 1. High chamber height
sizeZ: 5-10um Length of culture: 2 days 3D culture: ~ reduces shear.2. Small feature
difficult Ease of handling: moderate High size allow efficient packing of
throughput: yes device.

Stereolithography Chamber height®: 100-1000pm Minimum feature

size%: 25pum Length of culture: 7-10 days 3D
culture: easy Ease of handling: easy High
throughput: difficult

Microstencils Ease of handling®: very easy Size of “holes”: 5— 1. Small size of holes present

500pm Cell types: 2—-3 Shape of cell-cell interface:
arbitrary Incorporation in microfluidics: difficult

difficulty in introducing cells.

Nanofabrication

Capillary force lithography

Feature sizel: >10nm Sample sizeZ: 5cm Shape of
features: arbitrary Material compatibility: UV
assisted polymerization Length of culture: 1-21
days Ease of handling: very easy Cost: low
Microscopy: any Incorporation in microfluidics:
easy

1. Possibility to obtain smaller
feature size allow a higher
flexibility to create a more
biomimetic ECM
microenvironment.2. Large
sample size allow biochemical
experiments.

Electrospinning

Feature size: 10-100nm Sample size®: >1cm3 Shape
of features: grooves Material compatibility: limited
Length of culture: 1-15 days Ease of handling:
moderately easy Cost: moderate Microscopy:
confocal

1. Electrospinning allows only
3D samples.

Nanoimprinting

Feature size: 10-100nm Sample sizel: >1cm? Shape
of features: grooves, pillars Material compatibility:
UV or thermal curable materials Microscopy: any
Cost: moderate Incorporation in microfluidics: easy

Nanoimprinting equipment is
required.

Mechanical
Gradientsin
Microfluidics

Polyethylene glycol (PEG)
gradients

FDA approved: yes Range of rigidity®86: 50~
500kPa Mode of polymerization: UV/chemical Ease
of preparation: moderately difficult Ease of ECM
coating: moderately easy

1. Range of rigidity achieved
by change in cross-linker
concentration.

Polyacrylamide gradients

FDA approved: no Range of rigidity-86: 0.01—
100kPa Mode of polymerization: UV/chemical Ease
of preparation: moderately easy Ease of ECM
coating®: difficult

1. ECM coating on PAAM
presents complications.

PDMS gradients

FDA approved: no Range of rigidity®®: 10-1000kPa
Mode of polymerization: UV/chemical Ease of
ECM coating: easy Ease of preparation: moderately
difficult Ease of gradients: difficult

Nanofabrication of polymers

Ease of preparation?: difficult Ease of handling:
easy Gradient shape: arbitrary Ease of ECM
coating: easy

1. Unlike microfluidics based
gradient generation,
nanofabricated samples require
complex fabrication
procedures.
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