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Abstract Microscale and high throughput technologies are powerful tools for addressing
many of the challenges in the field of tissue engineering. In this chapter, we present an
overview of these technologies and their applications in controlling the cellular micro-
enviroment for tissue engineering applications. We focus on concepts and techniques that
can be used to create two- and three-dimensional tissue engineering substrates and scaf-
folds. Common to these techniques is the ability to control one or more aspects of the
cellular microenvironment, including chemical and mechanical cues, cell–cell, cell–matrix,
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and cell-soluble factor interactions. We also discuss recent developments in high throughput
techniques that are used to explore the vast number of combinations of factors that comprise
the cellular microenvironment.

Keywords Cellular microenvironment l High throughput arrays l Microfabrication l

Stem cells

5.1
Introduction

Cellular behavior and the development of tissues and organs occur in response to precise
sets of environmental cues. These cues can include interactions with neighbouring cells,
ligand binding from molecular signalling, and interactions with the surrounding extracellu-
lar matrix (ECM) [1]. These cues and signalling events occur at the micro- and nanometer
length scales, the sum of which defines the cellular microenvironment. The successful
production of in vitro tissue constructs requires the recapitulation of in vivo microenviron-
mental factors [2]. It is here that the fields of microscale technologies and tissue engineering
intersect [3]. Microscale technologies, some of which have been developed in microelec-
tronics and micro-electro-mechanical systems (MEMS) can control material features from
<1 mm to>1 cm, thus providing unprecedented control over the interface between cells and
substrate and the surrounding environment [4]. In addition, the biological, chemical, and
mechanical properties of biomaterials can also be tuned to further control the cellular
miroenvironment.

The cellular microenvironment is comprised of, cell–cell, cell–ECM, and cell-soluble
factor interactions. Microscale technologies have been used to control each of these
interactions. For example, microengineered wells are used to control cell aggregate size
[5, 6]; microcontact printing of cell adhesion proteins is used to control the shape of adhered
cells [7–9]; soft lithography techniques can be used to pattern co-cultures [10]; photocros-
slinkable hydrogels are used to create cell-laden microgels [11]; microfludic devices are
used to create complex soluble factor gradients [12]; and porous scaffolds are used to
provide a three-dimensional (3D) environment for cells to reorganize [13].

In tissue engineering, creating an environment with the appropriate biological and
mechanical cues in essential. The ideal tissue engineering scaffold must: (1) match the
biological and mechanical requirements of the desired tissue construct; (2) be able to support
the desired cell types; and (3) be manufacturable. Microscale processing and fabrication
impose certain material property criteria on biomaterials, and often the challenge in micro-
scale tissue engineering is balancing the microscale processing criteria with the desired
materials properties with respect to the cell culture.

The experimental challenge that tissue engineers face is not only to develop technologies
to control the cellular microenvironment but also, to investigate the vast number of possible
combinations of different interactions. It is here that technologies such as robotic spotting
have begun to make significant advancements [14, 15]. With these methods, researchers
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have been able to synthesize and screen biomaterials in a combinatorial manner [16] and
investigate combinations of soluble factors and cell–matrix interactions [17, 18].

Over the past decade, the number of fabrication techniques specifically designed for tissue
engineering applications has grown considerably. In a number of cases those techniques
have been adapted, sometimes with considerable modifications, from the microelectronics
industry. Additionally, there has been significant efforts toward the development of micro-
scale fabrication techniques that specifically address challenges in bio- and tissue engineering
applications. Microfabrication techniques can be classified into two main groups: (1) techni-
ques for the fabrication of planar, or two-dimensional (2D), surfaces; and (2) techniques for
the fabrication of 3D scaffolds. Patterning of surfaces with bioactivity or biological function-
alities allows for control over the interface between substrate material and cellular actions, i.e.,
surfaces are modified to interact with cells in a specific and controllable manner.

In this chapter, we discuss the concepts and techniques that are currently used to
fabricate 2D and 3D microscale features for in vitro tissue engineering applications. We
focus on those techniques that have been used to control different aspects of the cell
microenvironment, including soft lithography, photolithography, and microfluidics. We
also discuss robotic spotting techniques that have been used to create microarrays of
biomaterials for the combinatorial and high throughput investigation of the cellular micro-
environment. Furthermore, we highlight pertinent examples from the scientific literature
that demonstrate the success of microscale and high throughput technologies in the field of
tissue engineering.

5.2
Microscale Technologies for Engineering Biomaterials
and the Cell Microenvironment

Some of the first applications of microscale technologies in biotechnology and tissue
engineering were based on surface modification techniques [4, 9]. Since these initial
experiments, it has become well established that techniques such as photolithography and
soft lithography are able to produce substrates withmicroscale features that may be useful for
biological applications. A great deal of insight into cell biology, bioengineering and tissue
engineering has come from investigating the interactions between cells and substrates;
however, the complexities of biological systems often extend to a third spatial dimension
[19–21]. Fidelity in mimicking the in vivo microenvironment has been the driving force
behind microengineering and fabrication of microscale systems with 3D structures. Mim-
icking complex microarchitectures of native tissues also poses a significant challange. With
techniques such as photolithography, micromolding and microfluidics, researchers have
begun to study cell biology in ways that were previously not possible. Robotic printing
technologies have also recently been used to synthesize and screen biomaterials [16, 17].

Here, we discuss some of the most common techniques that are used to microengineer
biomaterials and engineer the cell microenvironment, including photolithography, soft lithog-
raphy, and microfluidics. We also describe technologies used to create microscale systems for
the high throughput and combinatorial investigation of the cell microenvironment, such as
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robotic printing, and microfluidics. Many of these techniques are not mutally exclusive, and
often two or more techniques can be used together to produce the desired result.

5.2.1
Photolithography

Initially developed for the microelectronics industry, photolithography is used in biological
applications and tissue engineering to pattern substrates with chemical and biological
functionalities. Photolithography is broadly defined as the selective modification of a
photosensitive surface by illumination through a photomask. The result is selective surface
modifications corresponding to the pattern of exposed and masked areas. Subsequent steps
can be used to selectively modify the patterned suface.

The resulting microscale patterns of chemical functionalities can be used to pattern cells
by selective control of the positioning of adhesion proteins [22]. For example, proteins can
be covalently bound to surfaces modified with monolayers of alkanethiol, alkaneamino, or
other alkane chains with terminal functional groups. Protein patterns can also be created by
selective photoablation of proteins adsorbed on silicon or glass surfaces. It is also possible
to create microscale patterns of encapsulating cells in patterns of photocrosslinkable
materials.

Similarly, arrays of immoblized DNA have also been created [23]. These patterning and
arraying technologies have been used extensively in the early high througput screening
technologies, where protein and DNA arrays were created to explore protein ligand and
DNA hybridization events in a high throughput manner [24]. While photolithography has
been quite successful in biological studies and tissue engineering devices, it is limited to
widespread use due to the need for expensive clean room facilites and high equipment costs.
An alternate strategy is soft lithography.

5.2.2
Soft Lithography

The microscale fabrication techniques that have been borrowed from the microelectronics
industry have been highly successful, but there are several techniques that have been
specifically developed for use in chemistry and biology. The most common, and perhaps
the most successful, is the family of tools described as soft lithography. The soft lithography
techniques stand out as collectively they provide a simple, inexpensive, and reliable option
for researchers to produce substrates with microscale chemical, biological, and topographi-
cal features [4, 25].

Soft lithography involves the use of an elastomeric material to transfer and replicate
patterns of topography and chemical surface modifications with features down to several
hundreds of nanometers to a surface of interest. Patterns are first generated on a silicon
wafer and then replicated onto an elastomeric mold or stamp. Molds can be used to create
microscale topographies or microscale structures made of a moldable biomaterial. Stamps
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can be used to transfer patterns of different solutions or “inks”, and elastomeric structures
can be used to make microfluidic devices.

Poly(dimethyl siloxane) (PDMS) is often the material of choice in soft lithography as it
is soft and flexible, transparent to visible and UV light, permeable to oxygen, inexpensive,
unreactive, suitable for cell cultures, and the prepolymer is easy to handle and prepare.
A solid PDMS mold or stamp is prepared by mixing the prepolymer solution with a curing
agent. The mixture must be well mixed and air bubbles removed before pouring the unset
mixture onto the template, or into the master mold.

Replica molding and microcontact printing are techniques within the soft lithography
family that have become well established in the biological and tissue engineering fields.
Both use an elastomeric mold, usually PDMS, with a topography and shape replicated from
a patterned template. The template is often a silicon wafer, but can also be other templating
materials. The elastomer is peeled away from the template after crosslinking resulting in a
negative replica of the template.

In microcontact printing a solution or “ink” is transfered from an elasomeric mold to a
substrate. The solution is often a mixture of protein(s) or small molecules, and is only
transferred at the interface(s) that make contact [4, 9]. Thus, a replica pattern of the mold of
ink is produced on the target substrate. Microcontact printing has been used to create
microscale patterns of biocompatible polymers including PEG, and cell adhesion proteins
including collagen and fibronection, among others. Replica molding is mainly used for the
fabrication of microcontact printing stamps and the production of microscale structures for
microfluidic devices, but, it can also be used to create structures to impose geometric
constraints in tissue cultures.

5.2.3
Microfluidics

PDMS molds fabricated by replica molding can be used to create microfluidic channels by
placing the mold onto a glass substrate. Such microfluidic devices are used in many
different applications, and are discussed here as they have been used to create microscale
patterns of surface modification in a similar manner as described in the above section on soft
lithography [26, 27]. PDMS microfluidic channels are also used to selectively deliver cells
and small molecules to substrates or to form topographies at the interface between two
reactive fluids [28]. Microfluidic devices can also be used to generate gradients either on
surfaces or with soluble factors [29, 30].

In addition to creating soluble factor gradients and surface patterns, microfluidic systems
have emerged as a useful option to provide controlled fluid flow to microscale cell cultures.
There are a number of examples of microfluidic bioreactors, these types of applications are
reviewed elsewhere [31, 32]. Microfluidic bioreactors have been used to investigate
cell responses to shear stress and pulsitile flows, as well as being used to mimic vasculature
[3, 33]. Generally, these applications are limited to planar systems, as thick 3D structures
with intricate microchannels made from biocompatible materials have proven difficult to
produce.
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5.2.4
Robotic Spotting and Printing

Robotic spotting technologies have been widely used to produce DNA and protein microarrays.
DNA arrays are commonly used for genomic analysis and quantitative gene-expression
measurement [34], and microarrayed proteins are used to screen protein–ligand interactions
in a high throughput manner [35]. Protein and DNA microarrays are reviewed in detail
elsewhere [23, 36–38]. Here, we will describe spotting technologies that have been used to
create biomaterial microarrays, and protein arrays for investigating cell–ECM interactions
[16, 17]. Additionally, there have been attempts to use robotic spotting techniques to create
arrays of 3D cell-laden microgels [39].

Microarray technologies print nano-liter sized spots by dipping pins into the solutions of
interest and spotting the solution onto a suitably modified substrate. To fabricate DNA
microarrays the solutions contain probe DNA, whereas in the case of synthetic biomaterial
microarrays the solutions are prepolymer solutions. Slots in the pins are filled by capillary
action, and spots are printed as the filled pins come in contact with the substrate. Spot size is
dependent on the diameter of the pins as well as the solution viscosity and composition.
With robotic manipulators, microarrays of thousands of individual spots can be produced on
a single glass slide. With pin heads containing as many as 96 pins, tens of thousands of spots
can be generated quickly. The time required to create microarrays is, in part, dependent on
the complexity of microarrayer, with some models capable of printing 60 slides each with
10,000 individual spots in a few hours.

5.2.5
Other Microscale Techniques

There are several other microscale technologies that have been used to fabricate tissue
engineering constructs and to create tools for investigating the cellular microenvironment.
For example, bioprinting, the freeform fabrication of synthetic and natural polymers with
incorporated growth factors, proteins, and living cells, has been used to create 3D scaffolds
with complex architectures [40, 41]. There has also been much effort focused on the develop-
ment of microfibrous and microporous scaffolds [42, 43]. Additionally, advancements to the
basic set of soft lithography techniques has led to the development of newmicroscale patterning
techniques such as simultaneous chemical and topography transfer [44, 45]. Finally, control of
chemical and physical properties and features is possible with layer-by-layer assembly [46].

5.3
Microscale Engineering of the Cell Microenvironment

Microscale technologies are potentially powerful tools in solving a number of challenges
in the field of tissue engineering. This section highlights some recent advances in micro-
scale technologies for creating and controlling the cellular microenvironment, and for
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investigating and directing cellular behavior. Many of the examples discussed here use a
combination of the microscale fabrication concepts and technologies described in Sect. 5.2.
In doing so, these studies produce new cell-materials composites, as well as techniques to
control cell-microenvironment interactions.

5.3.1
Cell Patterning and Controlling Cell–Cell Contacts

Surface patterning of cell adhesion molecules is a highly successful means of investigating
cell patterns and controlling cell–ECM interactions, cell shape, and cell–cell contacts.
Often, cell adhesion molecules are patterned by microcontact printing and photolithogra-
phy. These patterns are used to control the spatial organization and positioning of a single or
multiple cell types.

Cells adhere onto micropatterned substrates and align to the shape of the underlying
adhesive region. For example, Chen et al. demonstrated that the change of cell shapes
influences proliferation and apoptosis [47]. It has also been demonstrated that cell shape can
control stem cell differentiation. In one example, mesenchymal stem cells were shown to
differentiate into osteoblasts when cultured on large adhesive islands and adipocytes when
cultured on small islands [48]. In another example, micropatterns of fibronectin and laminin
were used to pattern cardiovascular smooth and striated muscle cells, and measure the
contractility of the engineered tissue-like constructs [49]. By using specific micropatterns and
statistical analysis of cell compartment positions, Thery et al. demonstrated that ECMgeometry
determines the orientation of cell polarity axes [50]. For more examples of micropatterning
technologies for regulating cell behavior the reader is directed to other reviews [51–53].

Microscale technologies have also been used to create micropatterned co-cultures. For
example, micropatterning and layer-by-layer techniques have been combined to create co-cul-
tures of hepatocytes and fibroblasts with ECM proteins [54, 55]. Chien et al. created co-
cultures on multilayer micropatterned films of poly(acrylic acid) (PAA) conjugated with
4-azidoaniline and PAA/polyacrylamide (PAM)multilayerfilms [56].Microfabricated stencils
have also been used to control cell–cell interactions. To this end, Jinno et al. used microscale
stencilsmade fromparalyene-C to create dynamic co-cultures [10]. This techniquewas used to
investigate temporal changes in co-cultures of murine embryonic cells with other cell types.

Microwell arrays are also emerging as important tools for controlling cell microenvir-
onments in vitro. Microwell arrays have been fabricated from many types of materials
including glass, polymers or silicon and have been shown to be useful for various cell
culture applications. Microwell arrays have also been used to investigate the dynamics of
individual stem cell fate decisions in a high-throughput manner. In one study, an automated
microscope was used to track the proliferation and death of individual neural progenitor
cells cultured within microwells over several days, to generate clonally-derived information
of cellular kinetics and cell fate decisions [57].

Microwell arrays can also be readily used to produce cell aggregates, such as embryonic
bodies (EBs), of controlled sizes and shapes. These cultures have shown that the size of EBs
influences stem cell self-renewal and differentiation (Fig. 5.1). For instance, it has been
demonstrated that larger EBs preferentially undergo cardiac differentiation, whereas smaller
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ones result in endothelial-like cells [58]. In addition, microwell cell culture provides quasi-
3D single cell microenvironments that mimic essential features of the native 3D extra-
cellular milieu by functionalizing the inner surface of microwells with ECM molecules
[59, 60]. These studies will help to understand differences in cell behavior between 2- and
3D cultures.

5.3.2
Controlling Tissue Microarchitecture

The fabrication of biomimetic tissue microarchitecture may be an important factor for
engineering functionalized tissues, and scaffolds and hydrogels that provide structural
support and biochemical cues for cell attachment, spreading, proliferation, and differen-
tiation are essential to the success of these technologies. A promising technique for the
construction of 3D engineered tissues is the encapsulation of cells in hydrogels. In

Fig. 5.1 Soft lithography approach to creating hydrogel microstructures for culturing cell aggregates of
controlled sizes. (a) Schematic representation of the micromolding process to generate a PEG micro-
well array from a photocrosslinkable PEG-DA prepolymer solution. PEG was molded using a PDMS
stamp followed by UV photocrosslinking. The cross-sectional image shows a microwell array loaded
with ES cells. (b) Phase contrast images show a 50 mm microwell before and after seeding. Higher
magnification of a 175 mm microwell that was cut vertically shows that the entire microwell surface
was made of PEG. Embryonic stem cell aggregates grew until constrained by the size of the well,
yielding a culture of homogeneously size aggregates. Reproduced with permission [5]
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comparison to prefabricated scaffolds, cells can be entrapped or encapsulated inside a
hydrogel scaffold during fabrication. Hydrogels are ideal for encapsulating cells as they
are highly hydrated and can provide an environment similar to that of native tissues.

In combination with soft lithography or photolithography techniques, it is possible to
create microscale hydrogels with controlled shapes and sizes. Control of the size and shape
of hydrogels and cell-laden hydrogels opens many possible applications for the construction
of tissue-like structures with controlled tissue architecture and control over the cell-micro-
environment interactions.

Fig. 5.2 Assemblies of cell-laden microgel structures. Microgels are produced by photolithography
and assembled at an air-liquid interface. Schematic representations of co-culture microgels (a) and
assemblies of microgels (d). Phase contrast (b) and fluorescence (c) images of assemblies of
microgels. Phase contrast (e) and fluorescence (f ) images of lock-and-key complex microgel
building blocks with controlled co-culture conditions. The scale bar is 1 mm. The interface between
microgels of containing 3T3 fibroblasts (green) and HepG2 cells (red) after 1 day (g) and 7 days
(h). The scale bar in (g), (h) is 100 mm. and fluorescence (b) images of the microgel assemblies with
the red-labeled cells (encapsulated in microgels) and green-labeled cells (encapsulated in bulk
hydrogel). Morphology and viability staining of the cell-laden microgel before assembly (c, d)
and after assembly in patterned bulk hydrogel (e, f ). Scale bars for (b, c, e, f ) are 400 mm.
Reproduced with permission [65]
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A number of studies have demonstrated microgels made from various types of synthetic
polymers, such as poly(ethylene glycol) (PEG), and their applicability for cell encapsula-
tion [61–63]. Shape controlled cell-laden microgels can be created by various means such as
micromolding and photolithography to mimic tissue units. These tissue units may be
assembled in an emerging technique called “bottom-up” tissue assembly and may be a pro-
mising approach for creating tissues from smaller building blocks [64–66]. These microgels,
that are on the order of the few tens to hundreds of micrometers, can be assembled to form
large surfaces and 3D structures with high precision in the geometry and the position of the
sub-units (Fig. 5.2).

Multi-layered photolithography can also be used to create 3D tissue-like structures [62, 67].
An interesting example of this technique is the fabrication of an artificial 3D network of
hepatocytes encapsulated in PEG. Hepatocytes in these structures remain metabolically active
cells for days, demonstrating the possibility of long term applications of the encapsulated cells.

5.3.3
Cell-Soluble Factor Interactions

Microfluidic technologies have been used in a number of different applications for studying
different aspects of cell biology such as the effects of shear flow and concentration gradients
on cells, as well as high throughput screening. Microfluidic systems have also been used to
control the spatial and temporal presentation of soluble factors to cellular and subcellular
structures, thus allowing for the investigation of activated biochemical signalling pathways
in response to soluble stimuli [68, 69]. An active area for using microfluidics in regenerative
medicine is to direct the differentiation of stem cells. For example, microfluidic systems can
be used to study embryonic stem (ES) cells within microbioreactors [70]. Microreactors
enable biological processes to be carried out under tightly controlled (oxygen, nutrients, or
other molecular and physical regulatory factors) conditions and minimize batch to batch
variability [71].

Gradients of soluble factors play important roles in a number of physiological processes,
and a number of microfluidic designs have been developed to create stable gradients to
study these processes. In one example, microfluidic devices were used to create and
dynamically control chemical gradients to investigate the biological mechanisms responsi-
ble for the recruitent of neutrophils to injured, and infected areas [72]. Oxygen gradients
have been created for the study of oxygen-induced migration of olfactory sensing in
Caenorhabditis elegans [73]. Microfludic systems have also been used to create in vitro
models of hepatic zones. In this example, a perfusable microfluidic bioreactor was used to
create physiological oxygen gradients in hepatocyte and non-parenchymal cell co-cultures
to study drug induced hepatotocity [74].

Multilayer soft lithography, an extension of the soft lithography paradigm, has been used
to fabricate 3D microfluidic structures. These structures are fabricated by assembling
separate layers of PDMS membranes produced by replica molding [75]. The chips fabricated
by multilayer soft lithography can be used to fabricate micromechanical valves that prevent
cross contamination or leakage between steps of the processes [76] and has been used
for protein crystallization [77], nanoliter-volume PCR [78], microfabricated fluorescence
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activated cell sorting (mFACS) [79] and single-cell enzyme screening [80]. Moreover, multi-
layer soft lithographic methods can also be used to fabricate microfluidic channels and
scaffolds for tissue engineering in a convenient, rapid and inexpensive manner [4, 81].

5.4
High Thoughput and Combinatorial Investigations of the Cell Microenvironment

Microscale technologies can also be used to miniaturize traditional experimentation and
enable high throughput microarrays and microfluidic systems. These techniques can be
used to perform thousands of tests in parallel and have become important tools in drug
discovery and other relevant fields [82, 83]. Microarray technologies can also be used to
investigate combinatorial microenvironments, and the high throuphput screening of cell–
ECM, cell–cell, and cell-soluble factor interactions. In this section, we review examples of
microscale technologies used to investigate combinatorial microenvironments, and the high
throughput synthesis and screening of biomaterials for tissue engineering applications.

5.4.1
High Throughput Synthesis and Screening of Cell Microenvironments

High throughput arrays are promising tools to test the effect of large combinatorial libraries
of biomaterials, environmental stimuli and chemicals on cell behavior. A broad range of
different molecules including small molecules, polymers, antibodies and other proteins can
be arrayed using robotic spotting technology or soft lithography [84]. In general, to perform
an assay, cells are seeded uniformly across the entire array and analyzed collectively using
appropriate detection methods. For example, a microarray-based gene expression system in
which cells are cultured on a glass slide with different DNAs printed in defined locations
has been developed [85]. This work demonstrates that thousands of different nucleic acid
sequences can be transfected into cells in parallel, and that the outcomes of these transfec-
tions can be analyzed in a high throughput manner. The platform has also been extended to
RNA-mediated interference (RNAi) [86].

In another example, a microarray composed of different synthetic polymers was devel-
oped to investigate the response of ES cells to various extracellular signals [16]. In this
approach, thousands of synthesized polymeric materials were printed on a slide and the
effect on the differentiation of human ES cells was evaluated (Fig. 5.3).

Microarrays have also been used to investigate the effects of ECM components on stem
cell differentiation. In one approach, arrays of micropatterned combinations of ECM
proteins were used to investigate ES cell differentiation and to study the maintenance of
primary rat hepatocytes during in vitro cell culture [17, 18]. Using a similar method, arrays
of ECM proteins andWnt signalling molecules were created to study the role of modulating
the ECM environment on hepatic stellate cells [87]. Technologies for investigating 3D cell
cultures in microarray format have also been developed. Arrays of murine ES cells
encapsulated in alginate hydrogels have been created to study stem cell-soluble factor
interactions in a 3D environment [88].
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Elucidation of the mechanisms responsible for the observed cellular behavior in combina-
torial ECM and biomaterials arrays requires rigorous characterization of the arrayed systems.
To this end, there have been many efforts in creating high throughput chemical and physical
analyses including, high throughput chemical surface characterizations, and nanomechani-
cal measurements. In one example, Tweedie et al. developed a nanomechanical-profiling
approach to analyze biomaterial arrays. An array of 1,700 individual photopolymerizable
polymers was synthesized and the mechanical properties of each polymer was investigated
by an automated nanomechanical screening system [89]. A similar library of photocrosslink-
able polymer was characterized by time-of-flight secondary ion mass spectrometry, X-ray
photoelectron spectroscopy, and water contact angle in a high throughput manner [90].

5.4.2
Microfluidics for High Throughput Investigations
of the Cell Microenvironment

Microfluidics is a versatile technology that has been used to precisely control spatiotemporal
aspects of the soluble cellular microenvironment.With simplemicrofluidic devices researchers
have been able to create chemical gradients, control transient stimuli, and create changes in the
soluble environment over time. Cell arrays are powerful platforms for high throughput
screening of cell–matrix and cell–cell interactions, and in combination with microfluidics,
cell arrays can also be used to investigate cell-soluble interactions in a high throughputmanner.

Microfluidics can also be used to create cell arrays by manipulating cell location with
controlled fluid flows. For example, high-density arrays of single cells isolated in a purely

Fig. 5.3 Human mesenchymal stem cells (hMSCs) grown on polymer microarrays. (a–c) hMSCs
were cultured on a polymer microarray and stained for actin (green; 500 mm scale bar). (d) High
magnification images of a polymer spot with hMSC cells, stained with actin (green) and DNA/
nucleus (blue; 100 mm scale bar). Reproduced with permission [103]
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hydrodynamic fashion have been developed [91], and multiple cell types have been selec-
tively docked in microwells within microchannels [28]. In the latter approach, reversible
sealing of a PDMS mold was used to immobilize a series of microchannel patterns on the
microwells to enable sequential delivery of fluids to each microwell.

Gradient-generating microfluidic devices have been used for real time monitoring of cell
behavior including migration, proliferation, differentiation and apoptosis [92]. For example, a
cell array, with an integrated concentration gradient generator has been developed for long term
monitoring of cell growth and proliferation [93]. In another example, amicrofluidic device with
a gradient generation component was developed for pharmacological gradient profiling [94].
Using this device, drug streams were held at different concentrations and voltage-gate K+ ion
channels were screened using scanning probe measurements. Gradient generation permits
many soluble factor conditions to be analyzed in a combinatorial fashion and is well suited
for high throughput assays inwhich a large number of conditions need to be screened in parallel.

High throughput microfluidic systems can significantly increase the efficiency of drug
target selection, lead compound generation and identification by offering parallel experi-
mentation and reduced reagent consumption. For example, Thorsen et al. developed a high
throughput microfluidic chip which integrated 1,000 valves with 256 individual chambers
[80]. Using a similar device, different cell types were screened against a number of different
toxins in parallel [95].

The merging of cell microarrays and microfluidics has led to the creation of screening
methods that can systematically vary one or more parameters, temporally and spatially, across
the cell microarray. In one example, the activation of transcription factor NF-kappab across a
microarray ofHeLa S3 cells wasmonitored in real-time in response to varying concentrations of
the cytokine TNFa [96]. In another example, a strategywas developed to simultaneously create
different dynamic soluble microenvironments across a cell array [97]. Microfluidic channels
upstreamof the cell arraywere used to generate different temporal profiles of soluble factors, the
effects of which were monitored by fluorescence in cell lines with specific gene reporters.

Microfluidic strategies have also proven useful in optimizing stem cell culture condi-
tions. In a fully automated cell culture screening system, 96 independent culture chambers
were provided unique culture media compositions and feeding schedules (Fig. 5.4) [98].
The device was used to quantify effects of transient stimulation schedules on the osteogenic
differentiation of human mesenchymal stem cells. A similar strategy has been developed for
studying stem cell cultures in 3D microenvironments [99]. In this approach, individually
addressable cultures of murine embryonic fibroblasts embedded in 3D Matrigel were
subject to dynamic soluble microenvironments. This system also allows for the study of
culture-to-culture communication of diffusable factors.

5.5
Future Directions

The development of new microscale techniques has led to dramatic enhancements in the
ability to study biological systems at the micrometer length scale. In particular, there has been
much success in using microscale technologies to control the cellular microenvironment,
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and to investigate cellular responses to changes in the cellular microenvironment. However,
there is still much work to be accomplished at the intersection of microfabrication and
cell biology. The field of tissue engineering will benefit from new microscale technologies
that can control different aspects of 3D microenviroments. The main challenge that micro-
scale technologies can help address is the recapitulation of the in vivo microenvironment,
in vitro.

One of the major experimental challenges in investigating the cell microenvironment is
the vast number of possible combinations of different factors and interactions. Many cues
and biological signalling events during development are context dependent [100, 101], and
basic cell behaviors, such as migration, are drastically different under 2- and 3D environ-
ments [102]. Thorough investigation of cell behaviors in vitro, and the ability to determine
mechanisms for the observed cell behaviors requires microscale technologies with fine
control over the engineered cellular microenvironment.
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Techniques to create microarrays of 3D microgels for the investigation of cell–materials
interactions will be of great utility in tissue engineering. Such techniques face a number of
technical challenges including the creation of combinatorial experiments with cell-laden
scaffolds and the high throughput screening of outcomes in 3D. Additionally, the high
throughput analysis of arrays of cell aggregates, and the analysis of combinatorial material
arrays with cell aggregates will be of great use in studying cell-microenvironment interac-
tions in 3D environments. We also envision that further merging of microfluidics with
biomaterials arrays will produce new technologies to investigate combinatorial materials
and soluble factor experiments.

ES cells and induced pluripotent stem cells have enormous potential in regenerative
medicine and tissue engineering. One of the major limitations to the widespread use of stem
cells as a cell source in tissue engineering is the lack of the ability to precisely direct their
differentiation. We envision many new microscale technologies to address this challenge.
For example, it might be possible to direct cell fate with patterns of signaling molecules.
Patterning of cues and developmental signals could direct stem cell cultures to differentia-
tion in a spatially organized manner. In this way, mimics of native tissue structures could be
produced.

In the past decade there have been many successes in the development of microscale
technologies for controlling the cellular microenvironment. These successes have led to the
advancement of tissue engineering, and have helped push the field of tissue engineering
closer to clinical therapies. The future holds great promise for the continuing success of the
existing and as-of-yet developed microscale technologies.
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