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4 Guiding Stem Cell Fate 
through Microfabricated 
Environments

Lisa R. Trump, Gregory Timp, 
and Lawrence B. Schook

4.1  INTRODUCTION

The multipotent nature of stem cells provides enormous potential for clinical applica-
tions for treatment of disease, cancers, and for organ replacement. Despite decades of 
research, robust culture techniques that consistently permit isolation, expansion, and 
directed differentiation of stem and progenitor cells in adequate numbers remains a 
major hurdle to ensure full clinical usage of stem cell therapies. In vivo, stem cell 
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108 Stem Cells and Revascularization Therapies

fate is governed by specialized microenvironments termed “niches.” The stem cell 
niche consists of supporting cells, extracellular matrix (ECM), and extrinsic cues 
such as growth factors and cytokines that are spatially and temporally controlled 
to direct differentiation and maintain stem cell pools (Figure 4.1).1,2 When removed 
from niches and cultured in vitro, stem cells rapidly lose self-renewal capabilities 
and undergo spontaneous differentiation due to the loss of intrinsic and extrinsic 
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FIGURE  4.1  (See  color  insert.)  The perivascular and endosteal bone marrow niche: 
example of signals and cues regulating stem cell function. The stem cell niche is a complex 
microenvironment that guides stem cell fate through a combination of extracellular matrix 
(ECM), cell–cell interactions, and extrinsic factors such as growth factors and cytokines. In 
the bone marrow, hematopoietic stem cells (HSCs) situated in the endosteal niche are physi-
cally anchored to the niche by cadherens junctions with osteoblasts (cell–cell interactions). In 
this location, cells are exposed to high Ca2 +  concentrations, low oxygen tension, and a variety 
of autocrine, paracrine, and endocrine signals (extrinsic factors) and are attached to the ECM 
through integrin receptors. These signals and cues maintain the quiescence and self-renewal 
of HSCs. In the perivascular niche, however, HSCs are exposed to low Ca2 + , high oxygen 
tension, different cell–cell interactions, and ECM composition that promote migration and 
differentiation of stem cells. While a majority of these signals are found in a variety of stem 
cell niches, their utilization and the effects of niche components vary from niche to niche.
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109Guiding Stem Cell Fate through Microfabricated Environments

cues found in stem cell niches and physiological tissues. This loss of stem cell char-
acteristics in culture in vitro severely limits the ability to expand and directly dif-
ferentiate cells into sufficient numbers for clinical usage.

The ability to recapitulate aspects of physiological tissue environments is key to 
identifying and understanding the intrinsic and extrinsic cues directing stem cell 
self-renewal and differentiation. Currently, the understanding of spatial and tem-
poral cues directing stem cell fate is generated from tissue culture systems where 
the cellular microenvironment is regulated in batch conditions. Typical in vitro cell 
culture techniques rely on the use of two-dimensional (2D), plastic surfaces such 
as petri dishes and tissue culture flasks to propagate, differentiate, and understand 
cell behavior in response to various small molecules and chemical stimuli. These 
conventional cell culture techniques are well established and inexpensive. However, 
traditional systems poorly recapitulate the complex physiochemical tissue environ-
ment and offer little control over cell seeding, cell–cell interactions, and biologically 
relevant presentation of soluble molecules. Removed from the niche and cultured in 
in vitro, stem cells display altered phenotypes and gene expression and have limited 
expansion and differentiation capabilities.3–5 Furthermore, cell isolation techniques 
are unable to provide homogeneous populations of stem cells. Contaminating cells 
may secrete soluble molecules that can affect cellular function, select for a subpopu-
lation of cells, or easily proliferate and overtake populations of stem cells. Since 
cellular responses are mostly measured on a population basis, responses of a small 
subset or limited population of cells may be masked.

Though recent efforts have increased our knowledge of stem cell biology, little is 
known about the combinatorial signals that guide stem cell fate. Thorough under-
standing of the combinatorial microenvironments that direct the behavior and differ-
entiation properties of stem cells require robust culture systems that permit precise 
control over cell–cell interactions, ECM properties, and extrinsic factor delivery. 
To circumvent limitations of poorly controlled microenvironments found in tradi-
tional batch culture systems, cell biologists are looking toward tissue engineering 
and microfabrication technologies to design culture systems that more accurately 
recapitulate in vivo cellular microenvironments. These technologies combine bioma-
terial scaffolds with various engineering strategies that provide the ability to tailor 
cellular microenvironments and provide signals and cues spatially and temporally 
(Figure 4.2).6 This chapter first briefly discusses how the various components of the 
stem cell niche guide cell behavior and then reviews the various microscale tech-
nologies currently used to recreate the stem cell niche in vitro.

4.2   THREE-DIMENSIONAL ENVIRONMENTS 
AND THE STEM CELL NICHE

Physiologic tissue environments are complex, three dimensional (3D) environments 
that direct cell function through ECM, cell–cell interactions, mechanical stimuli, and 
soluble factors. The concept of stem cell niches, first proposed by Schofield et al. in 
1978, suggests that adult stem cells reside in defined compartments (i.e., “niches”), 
which balance stem cell self-renewal and differentiation to maintain tissue homeostasis 
and the stem cell pool.2 To date, stem cell niches have been identified in a variety of 
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110 Stem Cells and Revascularization Therapies

tissues including the bone marrow,7,8 skin,9 hair follicles,10 intestine,11 brain,12 and mus-
cle.13 The stem cell niche provides signals and cues that balance self-renewal, mainte-
nance, and differentiation as well as protect cells from apoptosis and prevent depletion 
or overpopulation of stem cells. Cells are physically anchored within the niche by ECM 
proteins and supporting stromal cells, which in combination with soluble signals regu-
late the maintenance and self-renewal of stem cells. Figure 4.1 details the bone marrow 
niche and the various cues that maintain stem cell function. Within the niche, stem 
cells either undergo symmetric division to give rise to identical progeny (self-renewal), 
asymmetric diffusion to produce one stem cell and a differentiated progeny, division 
without differentiation, or remain quiescent.1 Aberrations within the niche are thought 
to cause pathologies such as cancer, ageing, and degeneration of tissue function.14,15

Cell isolation and
placement

Method/purity of isolation
Population size
Microfabrication technique for cell
placement

Protein/pathway/gene activity to be
monitored
Method of readout

- Reporter assays
- IHC/staining methods
- Fluorescent reporters

Static culture, bioreactor, microfluidic
bioreactors
Method of growth factor/extrinsic
factor delivery
Shear stresses, oxygen tension

Scaffold type
ECM molecules, matrix stiffness
Compatibility with desired
microfabrication and seeding method

Readout system Biomaterials
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Expansion/directed
differentiation
Tissue engineering

Clinical applications

FIGURE 4.2 (See color insert.)  Overview of processes to design environments that guide 
cell fate. First, the cell source or line, isolation, and optimal microfabrication technique for the 
study or application must be identified. Biomaterials selected for microfabrication techniques 
must be compatible with the cell and microfabrication technique of interest. Modifications 
of biomaterials such as the incorporation of ECM molecules or material stiffness can affect 
cellular processes. Culture techniques provide nutrient delivery and waste removal to micro-
fabricated cells. Spatial delivery of growth factors, cytokines, and other extrinsic factors can 
be controlled by bioreactors and microfluidics systems. The culture technique or bioreactor 
type can affect nutrient delivery throughout scaffolds, provide shear stresses, affect cell seed-
ing into scaffolds, or modulate ECM deposition by cells. Lastly, systems to monitor cellular 
activity in the microfabricated system must be identified. Assays can be end point, such as 
cellular staining, or measured in real time by reporter assays. Each of these factors must be 
taken into consideration when designing microfabrication experiments.
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111Guiding Stem Cell Fate through Microfabricated Environments

4.2.1  ExtracEllular Matrix

The ECM is composed of a combination of proteoglycans, polysaccharides, and pro-
teins that provide structural support to cells. The ECM varies in composition and 
stiffness from tissue to tissue and plays an integral role in maintaining cellular phe-
notypes and cell fate decisions. Cells attach to the matrix through integrin receptors 
on the cell surface that, when bound to their ECM ligands, activate cellular signal-
ing cascades. Loss of cell–ECM interactions results in a specialized form of detach-
ment-induced cell death termed “anoikis,” which is derived from the Greek word 
for homelessness.16 For example, when cultured in PEG matrices that do not permit 
cellular attachment, mesenchymal stem cells (MSCs) undergo anoikis. Restoration 
of cellular attachment by the cell-adhesive peptide Arg-Gly-Asp (RGD) increases 
viability of encapsulated cells by engaging cell integrin receptors.17,18 Furthermore, 
several studies have reported that the stiffness and elasticity of the ECM affect stem 
cell processes. When cultured on stiff surfaces mimicking bone tissue, MSCs dis-
play hallmarks of osteoprogenitor differentiation, while culture on soft surfaces pro-
motes adipose differentiation.19 ECM interactions also govern cell shape and size, 
which affect cellular survival, proliferation,20 and differentiation.21 McBeath et al. 
patterned fibronectin ECM in various geometries onto tissue culture substrates and 
seeded human MSCs onto the ECM. Large islands of fibronectin moieties promoted 
cell spreading, whereas cells had a rounded phenotype on small ECM islands. Cells 
allowed to spread on large islands displayed osteoprogenitor commitment, while 
rounded cells differentiated into adipocytes. A recent study by Chowdhury et al. 
explored the effects of cyclic strain on embryonic stem cells and embryonic differenti-
ated cells.22 Cyclic stress induced cell spreading and down regulation of the stemness 
marker Oct 3/4, whereas embryonic differentiated cells demonstrated no genotypic or 
phenotypic changes from the cyclic stressors. It is hypothesized that the cell softness, 
defined as the ratio of strain to stress on the cells, affects a cells response to stress. As 
embryonic stem cells are significantly softer than embryonic differentiated cells, it is 
concluded that the ES cells showed responses to stressors due to greater cyclic strain.

4.2.2  Extrinsic Factors

Within the niche, stem cells are exposed to a mixture of extrinsic factors that influ-
ence cell fate decisions. Such factors include growth factors, cytokines, small pro-
teins, and ions. The spatial and temporal presentation of extrinsic factors within the 
niche affects stem cell self-renewal and differentiation fates. Secreted factors arise 
from adjacent cells, from diffusion throughout the niche, or immobilized to ECM 
proteins. Soluble proteins that affect stem cells include Wnts, hedgehog proteins, 
fibroblast growth factors (FGFs), and the BMP/TGFβ superfamily. In the neural 
stem cell niche, for example, TGFβ secreted by nearby differentiated neurons sup-
press the division of neural stem cells (NSCs) within the niche. It is important to 
note, however, that the spatial and temporal presentation of soluble molecules can 
also affect stem cell activity. Immobilization of growth factors and small proteins 
by ECM proteins affect concentrations, stability, and bioavailability to niche cells. 
FGF-2 tethered to fibrinogen increases endothelial cell (EC) proliferation relative to 
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112 Stem Cells and Revascularization Therapies

FGF-2 in solution.23 Similarly, bone marrow MSCs exposed to biomaterial surfaces 
with tethered EGF promotes cell spreading and survival more strongly than soluble 
EGF.24 Inorganic ion concentrations and gradients within the niche also affect stem 
cell behavior. Hematopoietic stem cells (HSCs) situated near the endosteal surface 
are exposed to high calcium levels from nearby osteoblasts and low oxygen tension. 
These conditions are thought to help maintain HSCs in the quiescent state. In con-
trast, HSCs situated closer to microvasculature are exposed to higher oxygen tensions 
and lower calcium ion levels, which promotes HSC division and differentiation.25

4.2.3  cEll–cEll intEractions

Stem cells represent a very small portion of adult tissues and exist as single cells or small 
clusters of cells and are in contact and respond to a variety of differentiated cell types 
within the niche. These interactions, mediated by adherens and gap junctions, influence 
stem cell fate. Chondrogenic differentiation of MSCs is facilitated in vitro by increasing 
cell–cell interactions via pellet culture.26 Supporting cells such as stromal cells, vascula-
ture, and basal lamina anchor stem cells within the niche and may direct cellular place-
ment to soluble signals secreted by surrounding cells. Osteoblasts anchor HSCs to the 
perivascular niche through N-cadherins that are involved in maintaining the quiescent 
state. The proximity of HSCs to osteoblasts places them in high Ca2 + and low oxygen ten-
sion microenvironments as discussed above, as well as induces production of cytokines 
and growth factors. However, exposing HSCs to cocktails of these cytokines is not suf-
ficient to maintain stemness, suggesting that direct HSC–osteoblast contact is required 
for maintenance of stem cell properties.27 Changes in cell density or loss of adherens 
junctions initiate cell division or migration out of the niche. Loss of cadherin junctions 
between HSCs and osteoblasts induces loss of HSC and migration out of the niche.

4.3  ENGINEERING TECHNOLOGIES TO GUIDE STEM CELL FATE

To understand the requirements for cell microenvironments, cell biologists and tis-
sue engineers developed microfabrication techniques that enable precise control over 
cell seeding onto substrates and biomaterials, as well as control spatial and tempo-
ral cues within the culture microenvironment. Borrowed from semiconductor and 
microelectronics industries, microfabrication technologies are able to pattern ECM 
proteins onto 2D substrates such as glass and 3D substrates and scaffolds to control 
cell adhesion and cell–cell interactions. Other microfabrication techniques offer the 
unique ability to mold 3D biomaterials into desired shapes and precisely place cells 
within biomaterial scaffolds. Either way, such techniques are reproducible and able 
to create objects from tens of microns to millimeters in size with high resolution. 
These microscale technologies promise advances in elucidating the in vivo func-
tion of stem cells and niche components, generation of tissue engineering constructs 
and for development of high throughput platforms for drug discovery and cell-based 
biosensors. The following sections will first briefly discuss properties of biomaterial 
scaffolds and then various 2D and 3D microfabrication technologies to recapitulate 
aspects of the stem cell niche microenvironments within cell culture surfaces or 
biomaterial scaffolds. Examples of various microfabrication technologies and their 
applications are further outlined in Table 4.1.
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113Guiding Stem Cell Fate through Microfabricated Environments

TABLE 4.1
Strategies to Engineer Various Components of the Stem Cell Niche

Niche 
Component

Engineering 
Strategies Examples References

Extracellular matrix

Substrate 
stiffness

Scaffold /
substrate type 
and design

Human ESCs cultured on PDMS 
surfaces of varying stiffness affected 
cellular spreading, growth rate, and 
osteogenic differentiation. Culture of 
cells on stiff surfaces increases the 
degree of cell spreading, attachment, 
and osteogenic differentiation as 
compared to softer substrates

Evans et al. (87, 
2009, p. 1)

Ligand 
presentation 
and gradients

Inkjet printing Patterns of collagen printed onto 
agarose films directed smooth muscle 
cell and primary neuron attachment in 
predefined patterns

Roth et al. [85, 
p. 3707]

Microcontact 
printing

Microcontact printing techniques have 
been used to specifically place ECM 
ligands onto cell repellant surfaces to 
determine effects of ECM on cellular 
activity

McBeath et al. [21, 
p. 483],

Offenhäusser et al. 
(88, 2007, p. 290)

Microfluidic 
patterning

Microfluidic chips create gradients of 
Fc-tagged fusion proteins through 
laminar flow deposition

Cosson et al. (89, 
2009, 3411)

Photolithography Two photon laser scanning 
photolithography micropatterned 
RGDs onto 3D hydrogel scaffolds to 
direct cell migration

Lee et al. (90, 2008, 
p. 2962)

Topography Laser-guided 
direct writing

Direct writing techniques fabricate 
biomaterial scaffolds with precise 3D 
architecture and composition to guide 
cell patterning and behavior

Lewis et al. (91, 
2004, p. 32)

Photolithography Photolithographic masks precisely 
pattern poly (ethylene glycol) 
diacrylate (PEGDA) scaffolds into 
desired architectures. Sequential 
patterning allows for development of 
3D architectures

Hahn et al. (92, 
2006, p. 2679)

Cell–cell interactions

Direct cell 
placement 
in 3D

Optical tweezers Time-shared optical tweezers used in 
conjunction with microfluidic devices 
allow precise 2D and 3D placement of 
E. coli bacterium within hydrogel 
scaffolds

Mirsaidov et al. [53, 
p. 2174]

(continued )
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114 Stem Cells and Revascularization Therapies

TABLE 4.1 (Continued)
Strategies to Engineer Various Components of the Stem Cell Niche

Niche 
Component

Engineering 
Strategies Examples References

Dielectrophoresis Dielectrophoresis techniques enable 
trapping of single cells and cell-laden 
hydrogels within 3D scaffolds

Albrecht et al. [66, 
2007, p. 702]

Plasmonic 
trapping

S. cerevisiae were arranged into arrays 
of defined architecture using plasmonic 
traps and microfluidic devices

Huang et al. [57, 
p. 6018]

Bioreactors Rotating wall vessel (RWV) bioreactors 
improve cell seeding density and 
uniformity within 3D scaffolds

Martin et al. [69, 
p. 80]

Direct cell 
placement in 
2D

Microcontact 
printing

Microcontact printing of ECM 
modulates placement and cell–cell 
interactions by selective adhesion of 
cells to defined substrates

Ruiz et al. (93, 
2008, p. 2921)

Laser-guided 
direct writing

Optical forces directly placed chick 
neuronal cells onto glass surfaces in 
various 2D patterns with minimal loss 
in cellular viability

Odde et al. [58, 
p. 312]

Inkjet printing Chinese Hamster Ovary (CHO) Cells 
were specifically placed onto 
biomaterial substrates in predefined 
patterns via inkjet printing 
technologies

Xu et al. (94, 2005, 
p. 0210131)

Extrinsic factors

Growth factor, 
culture 
medium, and 
inorganic ion 
delivery

Inkjet printing Muscle-derived stem cells (MDSCs) 
cultured on patterns of BMP-2 printed 
onto fibrin substrates. Cells cultured 
on BMP-2-patterned substrates in 
myogenic conditions differentiate into 
osteoblasts, while unpatterned cells 
differentiate into myoblasts

Phillippi et al. [68, 
p. 127]

Microfluidic 
bioreactors

Oxygen gradients of differing size and 
shape were created in specially 
designed microfluidics, where fluid 
flow was controlled by a computer-
controlled gas mixer

Allen et al. (95, 
2010)

Adler et al. (96, 
2010, p. 388)

Pressure-driven laminar flow quickly 
switches solution streams presented to 
cell, enabling rapid 
microenvironmental changes and 
growth factor delivery
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115Guiding Stem Cell Fate through Microfabricated Environments

4.3.1  BioMatErial scaFFolds

Biomaterial scaffolds serve as the foundation for many tissue engineering and micro-
fabrication technologies. Made of natural or synthetic materials, such as alginate, 
collagen, poly(ethylene glycol) diacrylate (PEGDA), and polyesters, these materials 
form biocompatible networks that provide structural support to the cells, allow rapid 
diffusion of nutrients, metabolites, and small molecules to and away from encapsu-
lated cells and are resistant to protein absorption. Many biomaterial scaffolds can 
be modified to include ECM molecules, vary mechanical stiffness, and tune degra-
dation properties. Properties of biomaterial scaffolds vary based on application and 
have been shown to enhance osteogenic, neural, and adipose differentiation. When 
selecting biomaterial scaffolds for cell seeding or microfabrication technologies, cell 
type, fluid dynamics within the scaffold, material stiffness and surface chemistries, 
method of polymerization, delivery of bioactive molecules, and matrix degradation 
properties need to be taken into consideration. For extensive review of the proper-
ties and types of biomaterial scaffolds, see Chapter 10 of this book or a review by 
Dawson et al.28 Several of the microfabrication technologies discussed below uti-
lizes the tunable properties of biomaterial scaffolds to precisely engineer the cellular 
microenvironment.

4.3.2  MicroFaBrication tEchnologiEs

4.3.2.1  Photolithography
One of the first techniques used to pattern cells and substrates, photolithography 
utilizes materials that harden or soften in response to light irradiation. A schematic 
of the photolithography process is presented in Figure 4.3. In most cases, photo-
lithographic micropatterns are created by spin coating glass, silicon, or quartz with 
a thin layer of liquid prepolymer solution termed photoresist. The spun photoresist 
is patterned by exposing and hardening the photoresist to light irradiation through 

TABLE 4.1 (Continued)
Strategies to Engineer Various Components of the Stem Cell Niche

Niche 
Component

Engineering 
Strategies Examples References

Bioreactors Mass transport of growth factors, ions, 
and oxygen is increased in several 
types of bioreactors, leading to 
increased cellular proliferation, matrix 
deposition, and differentiation

Martin et al. [69, 
p. 80]

Shear stresses Bioreactors and 
microfluidic 
bioreactors

Shear stresses are modulated through 
changes in design, fluid flow, and fluid 
velocity throughout microfluidics and 
bioreactors

Martin et al. [69, 
p. 80]
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116 Stem Cells and Revascularization Therapies

an opaque photomask of the desired pattern. Areas unexposed to light irradiation 
remain liquid and are removed. The resulting photoresist “master” is filled with the 
material of interest (e.g., ECM proteins), and the photoresist is removed from the 
substrate.29 Cells are then patterned by selective adhesion to ECM proteins stamped 
on the culture substrate. Cell adhesion proteins utilized in photolithographic tech-
niques include fibronectin, collagen, laminins, and Matrigel.30

Photolithography is able to accurately pattern substrates with a resolution from 
2 to 500 μm.30 Photomasks of the desired pattern are cheaply and easily fabricated 
with freely available computer software and printed onto transparencies, micro-
fiche films, or quartz/chromium surfaces, depending on the resolution desired.31 
However, the photolithography process requires expensive clean room facilities, and 
many of the solvents used to process the photoresist can easily denature biological 
molecules and are toxic to living cells. Once created, the photoresist can be reused 

1. Unpolymerized purple material
exposed to UV light polymerizes.

3. This now can be used as a stamp.

2. Areas that are masked from the 
light (black) remain liquid and

are later washed away.

(A) (B) (C) (D)

FIGURE  4.3  (See  color  insert.)  Micropatterning techniques. (A) Photolithography. To 
create patterns using photolithography, a thin film of photopolymerizable material such as 
photoresist or poly (ethylene glycol) diacrylate hydrogel (PEGDA) is spun onto a glass sub-
strate. The material is photopolymerized through a mask of the desired pattern. The material 
only hardens where exposed to light, and unexposed material is washed away. The resulting 
material can be used to directly culture cells, as a master to mold and shape 3D scaffolds, 
as a stamp for soft lithography (B) as a stencil (C), or as a microfluidic device (D). (B) Soft 
lithography. A master is formed in the desired pattern using photolithographic techniques and 
then filled with material such as PDMS, a soft elastomeric material that is commonly used 
for soft lithographic techniques. This stamp can be dipped directly into ECM molecules such 
as fibronectin, or functionalized with alkanethiols, and stamped onto substrates. (C) Stencil. 
The master created by photolithographic techniques can be used as a stencil to limit exposure 
of the substrate to molecules. (D) Microfluidic devices. Generally, microfluidics devices are 
formed in the same manner as stamps for soft lithography but have continuous channels to 
allow for fluid flow. These microfluidic devices can be used as guides to deposit ECM or cells, 
and then are peeled off the substrate. Additionally, they are used as bioreactors to control fluid 
flow, soluble molecule presentation, and cell deposition.
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117Guiding Stem Cell Fate through Microfabricated Environments

for several experiments, but changing patterns or design requires fabrication of new 
photoresist masters that can be cost limiting.

4.3.2.2  Soft Lithography
As a cheaper and more biocompatible alternative to photolithography, Whitesides 
and colleagues developed a patterning process termed soft lithography.32 This 
method is termed soft lithography since it uses “soft” elastomeric materials such as 
poly (dimethylsiloxane) or PDMS. PDMS is a durable, biocompatible elastomer that 
is permeable to gases, optically transparent, and permissive for culturing cells. Once 
a PDMS master is formed, it can be used over an extended period of time with little 
degradation. In soft lithography techniques, a silicon master of the desired pattern 
is generated, usually by photolithographic techniques. PDMS is cast onto the silicon 
master and hardened. The resulting PDMS mold can then be used to directly culture 
cells or as a template to form microchannels filled with material or cells of interest.33 
Soft lithography techniques are generally able to pattern structures that are 500 nm 
or larger. Odom et al. improved the resolution of soft lithography patterns into the 
50–100 nm range by using composite PDMS stamps.34

One of the most widely used soft lithography techniques, microcontact printing, 
utilizes PDMS molds created by soft lithography to stamp patterns onto tissue culture 
substrates. The simplest studies simply absorb ECM molecules onto the PDMS stamp 
and transfer them onto substrates. While this type of microcontact printing has been 
successful in patterning poly-L lysine,35 laminin,35 immunoglobulins,36,37 and even lipid 
bilayers,37 it may not be suitable for long-term biological studies due to the loose linkage 
of the stamped material and the substrate. To form stronger bonds between the protein 
and substrate, self-assembled monolayers (SAMs) of alkalinethiols are deposited onto 
gold surfaces. While non-patterned areas are rendered protein resistant, ECM that is 
added only absorbs to the SAMs. In most cases, the resolution of this technique is 
∼100 μm. However, using stamps made of polyolefin plastomers, Csucs et al. were able 
to stamp fibrinogen proteins using microcontact printing with nanometer-scale resolu-
tion.38 Microcontact printing is cost effective and flexible, allowing various substrates 
and printing material. However, ligand density can vary from experiment to experiment 
since transfer efficiency of the stamp can vary. Furthermore, physioabsorbed ECM pro-
teins can degrade from the substrate when in contact with the culture medium.

The elastomeric properties of PDMS stamps provide a unique ability to quickly 
and reversibly seal surfaces to form microfluidic devices. Microchannels formed 
by the bonding of PDMS to glass substrates can be used to selectively deliver ECM 
or cells onto the tissue culture substrate through capillary action. In addition, etch-
ing of culture surfaces can be achieved by flowing etching solutions through the 
microfluidic channels to form grooves that guide cell placement. In recent stud-
ies, biomaterial scaffolds have been patterned by flowing prepolymer solution into 
the microchannels, then polymerized to form 3D structures. Once patterned, the 
microfluidic device can be used as a culture vessel or is easily removed from the 
substrate. Drawbacks of microfluidic technology include limited spacing between 
microchannels—too little spacing between channels can compromise the struc-
tural integrity of the PDMS stamp. Due to the requirement of fluid flow, patterns 
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118 Stem Cells and Revascularization Therapies

with continuous features can only be implemented. To overcome this problem, 
Khademhosseni et al. used microfluidics in combination with patterned substrates 
to trap cells in specific location within the microchannel. They successfully used 
this technique to pattern embryonic stem cells and MEF feeder cells.39

4.3.2.3  Optical Fabrication
Developed by Ashkin et al. in 1987, optical trapping techniques utilize tightly 
focused laser beams to manipulate dielectric particles.40 Optical tweezers allow pre-
cise manipulation and placement of objects in both 2D and 3D. They have found 
many uses in biological applications, such as measuring molecular forces,41 manipu-
lating DNA,42 cellular organelles,43 viruses,44 bacterium,44 and more recently, mam-
malian cells with minimal damage to cell viability.45

A typical set up of optical tweezers consists of Nd:YAG or Ti:Sapphire lasers, 
beam steering optics, and an inverted microscope with high numerical aperture (NA) 
objectives. To form optical traps, a tightly focused laser beam is directed through a 
high NA lens onto a dielectric particle. Photon from the point of focus from the laser 
beam creates an electrical field that attracts dielectrical particles and traps the object 
near the focal point of the laser. Trapping forces depend on the size and shape of the 
particle in question as well as properties of the surrounding medium.46–48 Average 
trapping forces are ∼1 nN, which are sufficient for manipulating most bacterium and 
mammalian cells. Often, the manipulation of biological molecules requires the use 
of one or more optical traps. Acoustic optical deflectors (AODs) allows for time shar-
ing of the laser beam between different positions in a planar field. The laser beam 
dwells at a position for a predetermined period of time before moving to the next 
position. As long as the “dark time” is faster than the Brownian motion and diffusion 
of the cell, the beam is able to fix the position of the object and is as effective as a 
continuous beam.49

In addition to directly manipulating cells, optical tweezers have been used to 
study the effects of mechanical forces on cells. Microbeads are attached to the cell 
surface through ligands and act as handles for the optical tweezers. Displacement 
of the microbeads on the cell membrane by optical tweezers generates stretching or 
bending forces. These techniques can recreate physiological forces from stretching, 
compression, and ECM stiffness. Wang et al. used this technique in combination 
with fluorescent resonance energy transfer (FRET) to study the mechanoactivation 
of Src, an important signal transduction molecule playing an important role in self-
renewal and differentiation of stem cells, as well as in many cancers.50

Minimizing damage to cells during manipulation is a major factor in optical trap-
ping design and optimization. Cellular viability is dependent on laser wavelength, 
laser power, and duration of exposure to the traps. Biological specimens typically 
absorb light in the near infrared range, and thus most lasers are often tuned in the 
800–1000 nm range.51 Vorobjev et al. reported faulty mitosis and abnormal chro-
mosome bridges in PtK2 cells exposed to continuous wave optical traps in the 
760–765 nm range and minimal damage to 700 and 800–820 nm light.51 Similarly, 
Liang et al. demonstrated wavelength dependence on the growth of Chinese hamster 
ovary (CHO) cells. When exposed to 740–760 and 900 nm light, CHO cells had poor 
growth and cell division characteristics compared to nonirradiated controls. Light in 
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119Guiding Stem Cell Fate through Microfabricated Environments

the 950–990 nm wavelengths resulted in the highest clonablilty of all wavelengths 
tested. In all cases, shorter exposure and lower power of traps result in increased cel-
lular function.52 Time-shared optical traps, as described above, reduce the exposure 
of biological samples to laser light as compared to continuous wave (CW) technol-
ogy. Mirisaidov et al. discovered that, under the same wavelength and duration of 
trapping, E. coli bacterium displayed higher viability with time-shared optical traps 
than with CW traps.53

Optical trapping provides stringent control of the cell and its placement within 
an environment with a resolution of ∼19 nm. To permanently fix cells in position 
for long-term studies, Jordan et al. and Akselrod et al. entrapped cells into 3D scaf-
folds with minimal effect on cellular viability.54,55 Optical tweezers, however, require 
some knowledge of optical technologies for set up and use. As of yet, most cellular 
studies utilizing optical trapping are relatively low throughput and monitoring only 
10–100 cells in a single experiment.

In recent years, a new field of optical trapping termed plasmonic trapping has 
emerged. When light is applied to metal nanoparticles, photons excite the elec-
trons in the nanoparticles that form energy waves and strong electromagnetic fields. 
Plasmonic trapping was first coupled with optical tweezers for nanotechnology appli-
cations as a method to enhance optical gradient forces from optical tweezers, and 
therefore reducing the Brownian motion of nanoparticles in traps. Combining optical 
tweezers and plasmonic traps, the power required to manipulate and trap biological 
objects can be greatly reduced.56 More recently, Huang et al. designed a plasmonic 
trapping device in a microfluidic system for lab-on-a-chip applications. Whereas cell 
viability was not explored, the team was able to successfully trap single nanoparticles 
and S. cerevisiae cells in plasmonic traps without the complex optical setup required 
for optical tweezers.57 Still in its infancy, plasmonic trapping holds great potential 
as a new cell-patterning technique or to augment biological optical trapping setups.

Another form of optical trapping technologies to pattern cells is laser-guided 
direct writing (LGDW). Utilizing the same principles as optical trapping, a weakly 
focused laser beam is used to trap and direct cells down hollow fibers onto cell 
culture surfaces. This method provides single-cell manipulation with ∼1 μm scale 
resolution.58 Nahmias et al. have used LGDW to create vascular and sinusoid-like 
structures onto collagen scaffolds.59 It is unknown what effects laser power has on 
cell viability. Unless the substrate is patterned with adhesion molecules, the cells 
will randomly spread on the substrate after patterning.

4.3.2.4  Dielectrophoresis
Dielectrophoresis (DEP) has emerged as a promising technique to identify and place 
cells and microparticles through their electrical properties, size, and shape of the 
entrapped specimen. When presented to a nonuniform electric field, all objects exert 
some dielectrical forces that can change the motion of the particle. The strength of 
the force and movement depends on the size, shape, and electrical properties of the 
object and the surrounding medium.60,61 DEP technology has mainly been utilized 
in cell-sorting applications, as no modification or manipulation is required prior to 
 sorting. Recently, DEP has undergone resurgence for micromanipulation and pat-
terning of DNA, viruses, proteins, and cell applications.62,63
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120 Stem Cells and Revascularization Therapies

To pattern cells using DEP, electrodes are microfabricated into a microfluidic 
chip or other culture devices. Thousands of individual electrodes can be placed on 
a centimeter of surface area using common microfabrication techniques. Cells are 
introduced into the system and pulled toward the electrode surface through DEP 
forces. Fluid flow across the surface removes unpatterned cells. After trapping, cells 
can then either be encapsulated in 3D scaffolds or adherent cell lines can be cultured 
on the surface. As with optical trapping technology, the duration and intensity of 
electrical stimulation can affect biological activity of living cells. Grey et al. demon-
strated DEP patterning of mammalian cells using bovine aortic endothelial cells.64 
The group patterned a 1 × 1 cm2 array within 5 min with minimal affects on cell 
viability. Suzuki et al. further modified the procedures by exposing C2C12 cells to 
DEP forces for 5 min to allow cell adherence, flushed the device, and electropat-
terned again with a second cell type.65 Albrect et al. successfully patterned cell-laden 
alginate beads with DEP technologies.66

With DEP technology, the precise location of cells and microparticles can be pat-
terned onto various substrates. The technology is rapid and easily scaled for larger 
experiments. However, there is little control over the exact cells that are patterned, 
and coculture experiments so far have only been established by engaging one set 
of electrodes, removing the cells, then flowing in the next cell type. Exposure to 
high power traps must be limited as they may result in cell death or local heating of 
the medium. In DEP applications, the cells must be suspended in low conductivity 
medium, as physiological medium has high electrical conductivity and will not allow 
DEP to occur. This medium may be toxic to living cells, so exposure to the medium 
must be limited. Alternatively, negative DEP occurs when the object is less polariz-
able than the surrounding medium, allowing patterning in physiological medium.67

4.3.2.5  Inkjet Printing
Another microfabrication technique that adapted technologies from an electronics 
industry is inkjet printing of biomaterials, scaffolds, and cells. Commercially avail-
able inkjet printers reproduce electronic images by depositing nanoliter-sized drops 
of ink onto the paper substrate. Inkjet patterning technologies utilize these same 
commercial inkjet printers and ink cartridges to deposit small drops of “ink” (i.e., 
proteins, alkanethiols, scaffold materials, and more recently, cells) onto “paper” (i.e., 
tissue culture substrate) into desired configurations. The resolution of inkjet print-
ing is approximately 350 μm. While the resolution of inkjet printing is significantly 
lower than other microfabrication techniques, the configuration of deposited patterns 
is easily changed without the costs and time constraints of fabricating new masters68 
(Figure 4.4).

4.4  CULTURE HANDLING SYSTEMS

4.4.1  BiorEactors

Expansion of progenitor cells in traditional static cultures leads to a loss of prolif-
eration and differentiation potential of stem and progenitor cells, therefore severely 
limiting the number of cells available for tissue engineering and stem cell therapies. 
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121Guiding Stem Cell Fate through Microfabricated Environments

Once seeded into culture, cells require a proper balance of nutrients, oxygen, soluble 
molecules, and waste removal that is typically provided in vivo by the vasculature 
system. The static culture of cells in either 2D or 3D results in gradients of nutrients 
and small molecules. Further limiting the application of 3D scaffolds is that nutrients 
and oxygen can only penetrate the scaffold for a few hundred microns, leaving large 
constructs with a hypoxic and necrotic center surrounded by viable cells.69 Static 
culture conditions so do not recapitulate the laminar flow and shear stress features 

(A) (B) (C)

200 µm50 µm

10 µm100 µm

(D) (E) (F)

FIGURE  4.4  Microfabrication techniques to engineer the cellular microenviron-
ment. (A) and (B) 2D and 3D photolithography. (A) Mouse 3T3 fibroblast cells seeded into 
poly (ethylene glycol) (PEG) wells created by photolithography. The PEG wells guided and 
patterned cellular adhesion to the glass surface. (Reprinted with permission from Revzin, A. 
et al., Surface engineering with poly (ethylene glycol) photolithography to create high-den-
sity cell arrays on glass, Langmuir, 19(23), 9855–9862. Copyright 2003 American Chemical 
Society.) (B) Hepatocytes were patterned into three dimensions by additive photolithography 
of photopolymerizable poly (ethylene glycol) diacrylate (PEGDA) hydrogels. (From Tsang, L. 
et al., FASEB J., 21, 798, 2007. With permission.) (C) Inkjet Printing. Defined patterns of col-
lagen were deposited onto cell-repellant agarose surfaces by inkjet printing. Smooth muscle 
cells (SMCs) were seeded onto the surface and adhered only to patterned collagen surfaces. 
(Reprinted from Biomaterials, 25(17), Roth, E.A. et al., Inkjet printing for high- throughput 
cell patterning, 3707–3715. Copyright 2004. With permission from Elsevier.) (D) Soft lithog-
raphy/microcontact printing. Hexadecanethiolate and tri (ethylene glycol) were printed 
onto gold surfaces by microcontact printing. The ECM molecule fibronectin absorbs to 
the hexadecanethiolate but not onto tri (ethylene glycol). Bovine capillary endothelial cells 
(BCE) were patterned by selective adhesion to the fibronectin coated areas. (Reprinted from 
Biomaterials, 20(23–24), Kane, R.S., Takayama, S., Ostuni, E., Ingber, D.E., and Whitesides, 
G.M., Patterning proteins and cells using soft lithography, 2363–2376. Copyright 1999. With 
permission from Elsevier.) (E) Dielectrophoresis. Arrays of fibroblasts patterned through 
dielectrophoresis methodology and encapsulated in PEGDA hydrogels. (From Albrecht, 
D.R. et al., Lab Chip— Roy. Soc. Chem., 5, 111–118, 2005. With permission.) (F) Optical 
Tweezers. Human monocytic U937 cells manipulated into a 4 × 4 array by optical tweezers 
and encapsulated in PEGDA hydrogels. (Trump, unpublished data.)
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122 Stem Cells and Revascularization Therapies

found in physiological tissue environments. These limitations severely inhibit the 
continued expansion of cells, the size of scaffolds available for use, and the differ-
entiation capabilities of seeded stem cells. Another limitation to the clinical usage 
of 3D scaffolds and stem cells is the isolation, expansion, and differentiation of stem 
cells in sufficient quantities to seed into scaffolds or for cell based therapies. Bulk 
cultures of cells and scaffolds also result in local microenvironmental changes, 
which form concentration gradients that can affect cell behavior.

Bioreactors are cell culture vessels designed to provide strict control over culture 
conditions such as temperature, pH, oxygen levels, and for the perfusion of medium 
in large cultures of cells and 3D constructs. Many different types of bioreactors 
have been used for the culture and expansion of stem cells and 3D scaffolds, such as 
stirred flask bioreactors, rotating wall vessels, perfusion chambers, and microfluidic 
bioreactors. These bioreactors offer a distinct advantage over traditional cell culture 
as they provide automation, the ability to control and change culture parameters, and 
offer a more homogeneous environment for cell culture. Parameters can easily be 
changed from one experiment to another and are highly dependent on the objective 
of the experiment (i.e., expansion or differentiation). Continuous mixing of oxygen 
and nutrients in bioreactors reduces concentration gradients and increases nutrient 
diffusion throughout cellular colonies and constructs.70

Initial studies of stem cells in bioreactors reported the increased expansion and 
long-term maintenance of HSC over static culture systems. Murine HSCs cultured 
in stirred flask bioreactors showed a fivefold increase of the stemness marker Sca1+ 
and a fourfold increase in long-term culture initiating cells (LTC-IC) over 21 days of 
culture. Expansion of murine ESCs increased without the need for feeder layers or 
the loss of differentiation potential.71 Bioreactors have also enabled the expansion of 
embryoid body culture to be scaled up. Cameron et al. reported increased expansion, 
more uniform morphology, and maintenance of differentiation potential of embryoid 
bodies cultured in stirred vessel bioreactors.72

Bioreactors have also been extensively used to seed progenitor cells onto 3D scaf-
folds. Important for the development of functional tissue engineering constructs, 
cell seeding of scaffolds remains a highly variable process. Bioreactor-based seed-
ing methodologies have resulted in increased seeding densities and efficiencies and 
more uniform distributions of cells within the scaffold.73 Seeding efficiency depends 
on cell type and density, scaffold type, and flow rates of culture medium. Both 
murine and human MSCs have been efficiently seeded onto a variety of scaffolds 
using stirred flask and perfusion bioreactors. In general, most studies have reported 
increased seeding efficiency, density, cell penetration, and overall more uniform dis-
tributions of cells throughout the scaffold using spinner and perfusion bioreactors. 
MSCs seeded and cultured onto 3D scaffolds increased expansion while maintaining 
differentiation capacity as compared to cells cultured in traditional culture vessels.74

High flow rates needed for efficient seeding and nutrient diffusion, however, can 
greatly affect cellular processes. Structural integrity of seeded scaffolds can be compro-
mised by fluid channel formation at high flow rates. Even at low velocities, shear stresses 
imparted onto cells can be significant.75 Often, the fluid flow required for efficient cell 
seeding and nutrient mixing is significantly higher than what is found in physiologi-
cal tissues (100 and 0.1–10 μL/s, respectively).70 Shear tolerance of cells and scaffolds 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
Il

lin
oi

s 
at

 U
rb

an
a-

C
ha

m
pa

ig
n]

 a
t 0

8:
55

 2
4 

A
ug

us
t 2

01
5 



123Guiding Stem Cell Fate through Microfabricated Environments

depends on the cell type, scaffold used, and experimental parameters. Mechanical 
loading imparted by shear can affect cellular differentiation. Higher fluid rates are con-
ductive to osteogenic differentiation of MSCs, while lower rates facilitated expansion. 
Fluid rates also affect ECM distribution. Zhao et al. reported decreased collagen and 
laminin I deposition in cell-seeded scaffold.70 Differentiation into osteoblasts was pro-
moted at high flow rates. Similarly, bovine chondrocytes seeded on PGA scaffolds had 
increased GAG formation and synthesis, while net GAG accumulation throughout the 
scaffolds was reduced, most likely by release of GAG into culture medium in stirred 
flask bioreactors.76 To protect cells from shear stressors in bulk culture systems, cells 
have been encapsulated in alginate microbeads and cultured in bioreactors.

4.4.2  MicroFluidics

In vivo cellular microenvironments are highly dynamic, and soluble factor concen-
trations can vary drastically on a scale of microns. In traditional cultures, soluble 
factors and medium exchange require the physical removal of culture medium and 
bolus delivery of soluble factors, resulting in a homogeneous mixture that is difficult 
to control in real time on a microscale level. Microfluidic bioreactors, on the other 
hand, allow soluble factor delivery and replacement in a matter of seconds, allow-
ing real-time control over the cellular microenvironment. Fluid flow rates, pres-
sures, and soluble factor concentration and delivery are easily manipulated using 
these devices.77 Microfluidic bioreactors are formed by creating a master of desired 
pattern with soft lithography techniques and stamps are most commonly made of 
PDMS. The PDMS stamps contain one or more channel systems to direct nutrient, 
oxygen, and soluble factor flow on a microscale level. Fluid flow is typically con-
trolled by syringe pumps that allow for rapid and pulsatile delivery of stimuli and 
can also maintain cultures for weeks at a time. Microfluidic devices designed with 
two or more channels permit the controlled mixing of soluble factors. Laminar flow 
in microchannels allows one or more streams of fluid to combine with limited mix-
ing of streams. Thus, a single cell can be exposed to multiple microenvironments by 
placement at an intersection of streams carrying different soluble molecules.78

4.5  READOUT SYSTEMS

Once cells are exposed to various microenvironments, the activity of the cells in 
response to its stimuli can be assessed. There are several well-established techniques 
to monitor cellular activity. On a large scale, dynamic responses of the culture in 
whole can be measured by degree of expansion and apoptosis, morphological changes, 
migration, and differentiation. Stem cell differentiation has been readily identified 
through histochemistries such as alkaline phosphatase/von Kossa staining, oil red O, 
and safranin staining to elucidate bone, fat, and cartilage differentiation of MSCs.26 
Molecular characteristics can be measured by western blotting, RT-PCR, ELISA, 
and other well-established techniques. However, such measurements are end-point 
assays that require fixation or cell lysis. Since these methods measure the popula-
tion as a whole, the signature of stem cells may be lost due to contaminating cell 
types. The discovery of green fluorescent protein (GFP) and its variants has enabled 
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single and live cell imaging to visualize cellular processes. GFP can be expressed as 
a fusion tag to proteins of interest to explore protein–protein interactions and gene 
activation and expression.79,80 Specific organelles can be targeted, such as the stain-
ing of the actin cytoskeleton. Other assays have been developed using variants of 
GFP, such as FRET and fluorescent resonance after photobleaching (FRAP), which 
uses fluorescent protein pairs to monitor cellular interactions in real time.81 Recently, 
to improve dynamic sensing of cellular activity, a mutated form of GFP has been 
developed. This GFP mutant shifts color spectrum as the protein matures. When the 
protein is first synthesized, the cell is green in color, but shifts to red fluorescence in 
a time dependent manner. Thus, readouts of gene expression dynamics and protein 
synthesis can be monitored in real time by the ratio of green to red fluorescence.82

4.6  CONCLUSIONS AND FUTURE DIRECTIONS

Tissue engineering and microfabrication technologies have arisen as invaluable 
tools to probe the spatial and temporal cues that govern stem cell fate. The ability 
to precisely pattern cells and external signals in 2D and 3D enables investigations 
into the roles of niche components on stem cell plasticity and differentiation. These 
approaches require (1) biocompatible scaffolds with defined mechanical properties, 
(2) microfabrication of scaffolds and signals into specific geometries, (3) controlled 
seeding and placement of cells and signals, (4) effective culture systems for nutrient 
delivery, and (5) readout systems to monitor cellular activity during culture. While 
extensive research has been conducted in establishing these technologies, the gen-
eration of functional stem cell niches and culture systems will require a multidisci-
plinary approach that combines and applies these technologies into functional stem 
cell environments. Combination of engineering approaches with traditional cell biol-
ogy approaches will facilitate recapitulation of functional stem cell microenviron-
ments and advance our knowledge of functional stem cell niches.
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