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Biomimetic three-dimensional
microenvironment for controlling

stem cell fate
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Stem cell therapy is an emerging technique which is being translated into treatment of
degenerated tissues. However, the success of translation relies on the stem cell lineage com-
mitment in the degenerated regions of interest. This commitment is precisely controlled by
the stem cell microenvironment. Engineering a biomimetic three-dimensional microenviron-
ment enables a thorough understanding of the mechanisms of governing stem cell fate. We
review the individual microenvironment components, including soluble factors, extracellular
matrix, cell–cell interaction and mechanical stimulation. The perspectives in creating the
biomimetic microenvironments are discussed with emerging techniques.

Keywords: stem cell; microenvironment; stem cell niche; microscale technologies;
bioprinting; optical tweezers
1. INTRODUCTION

Since the potential of stem cells for therapeutic appli-
cation was discovered by Evans and Kaufman [1],
stem cells have been anticipated to treat cancer, type
1 diabetes, Parkinson’s disease, Huntington’s disease,
coeliac disease, cardiac failure, muscle damage, neuro-
logical disorders and many other conditions [2]. Stem
cell-based therapies may represent the next generation
of biologics to treat or cure many diseases for which
adequate therapies do not yet exist. Currently, over
500 cell-therapy-based companies worldwide [3] are
translating the experimental research into clinical
therapeutics. The example of a re-engineered trachea
transplanted into a patient in Spain in 2008 has demon-
strated the great opportunities for applying stem cells
to the repair of degenerative tissues [4].

Nevertheless, before stem cell-based therapies are
applied in clinics, stem cell behaviour upon transplan-
tation should be precisely controlled and the mechanisms
of stem cell interactions with its microenvironment need
to be elucidated [2]. Upon transplantation, stem cells
and their derived lineages experience a multitude of bio-
chemical, structural, mechanical and stimulatory cues
that influence cell behaviour [5]. For example, a fundamen-
tal understanding of the implications of the interplay
between stem cell microenvironment components or
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stem cell niche factors (growth factors, cell–cell contact
and cell–matrix interaction) and external forces will
enable better control of therapeutic cells and effective
regeneration of functional tissues [6].

The unique function of stem cells inside the human
body can be achieved possibly by the specialized,
three-dimensional microenvironment that surrounds
them in native tissues. The microenvironment com-
ponents have to be placed to their anatomical and
functional locations; the interactions between those
components are crucial for regulating stem cell func-
tions [7]. When stem cells are removed from their
microenvironments, their functionality, phenotype and
responses to environmental cues can often be altered.
For example, muscle stem cells grown on the standard
tissue culture plastic support have been found to lose
their regenerative potential [8,9]. This poses great
uncertainty in the clinical application of stem cells
when the appropriate characterization, manipulation,
proliferation and physio-chemical environment control
are not adequately performed [10,11]. On the other
hand, the risk associated with tumorigenesis has been
demonstrated by the case in which a 13 year old boy
with a hereditary neurodegenerative disease developed
a multifocal brain tumour after being treated three
times with stem cell implantations in Moscow [12].

The potential risks highlight the gap that still exists
between our current knowledge of stem cell performance
in vivo in the niche and its intractability outside of that
niche. To regulate stem cell differentiation into the right
phenotype, an appropriate microenvironment should be
This journal is q 2011 The Royal Society
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Figure 1. Stem cell microenvironment. Elements are identified
for regulating the system of a stem cell, including the con-
straints of the architectural space, physical engagement of
the cell membrane, signalling interactions, neural input and

2 Review. Three-dimensional microenvironment H. Zhang et al.

 on March 19, 2013rsfs.royalsocietypublishing.orgDownloaded from 
created in a precisely controlled spatial and temporal
manner [13]. The creation of such a microenvironment
requires applying engineering design principles and
emerging technologies to mimic the complex three-
dimensional biological structure. Engineered biomimetic
microenvironments have been designed to regulate
the balance between stem cell differentiation and self-
renewal. Comprehensive reviews have addressed the
underlying biological principles driving the biomimetic
microenvironments [6,14,15]. In contrast, this review
highlights the progress in creating microenvironments
from an engineering perspective. This paper will discuss
engineering methods for identifying and controlling
the release and delivery of soluble factors, analysing
and mimicking the extracellular matrix (ECM), probing
cell–cell interactions and applying mechanical stimu-
lation. The emerging techniques for creating biomimetic
microenvironments are highlighted.
metabolic products of tissue activity. Green circles, oxygen
soluble; blue hexagon, factors autocrine; red semi-circles,
soluble factors paracrine; pink lines, cell–cell contact;
purple lines, ECM.
2. CONTROLLING STEM CELL FATE

Inside the human body, stem cells are surrounded by
niche cells and embedded in an ECM, which defines
the geometric configuration, signalling pathways and
biomechanical characteristics of the microenvironment.
Stem cell functions are determined by a variety of bio-
chemical, structural, hydrodynamic, mechanical and
electrical cues at spatial and temporal levels as shown
in figure 1. The stem cell niche consists of a group of
supporting cells, ECM and soluble environment factors
at the specific sites. Cells respond to their immediate
microenvironment wherein remodelling consequently
occurs, via homotypic or heterotypic interactions with
neighbouring cells, and with the tissue matrix. The
components contributing to the stem cell niche can be
classified into: (i) soluble factors secreted by the
stem cells or niche cells, present in the surrounding
tissue or culture media; (ii) ECM or cell substrate;
(iii) direct cell-to-cell interactions to elicit cellular
signals; and (iv) external mechanical and electrical
forces such as fluid-induced shear stress, dynamics
tensile and compressive loading.

The regulation of stem cell activities by its micro-
environment has been validated in a number of different
systems, such as germline stem cells from Caenorhabditis
elegans and Drosophila melanogaster, and haematopoietic
and neural stem cells from mammalian organisms, as
shown in table 1. These elements function as a physical
anchor to constrain stem cells, to adjust the concentration
of extrinsic factors, and to regulate the intracellular signal-
ling pathways. Thus, after cell division, one daughter cell
is maintained in the niche while the other one migrates
out of the niche to the target site and differentiates into
a functional mature cell. Although progress has been
made to elucidate the mechanisms for regulating stem
cells in their microenvironment in different systems in
vivo, the highly dynamic and complex structures of stem
cell niches will be revealed through elegantly engineering
biomimetic microenvironments in vitro. More impor-
tantly, the engineering system, through accurately
controlling physical and molecular interactions, enables
directed regulation of stem cell behaviour, which extends
Interface Focus
our capabilities in engineering functional tissue substi-
tutes in vitro. The engineering approach for mimicking
the four key components of the stem cell microenviron-
ment will be discussed below.

2.1. Soluble factors

Soluble factors have been demonstrated to regulate
stem cell growth and differentiation, including growth
factors, morphogenetic factors, cytokines, enzymes
and small cell-permeable molecules, such as basic
fibroblast growth factor (bFGF), members of the trans-
forming growth factor-b family (TGF-b), vascular
endothelial growth factor (VEGF), bone morphogenetic
factor (BMP), vitamin C, sodium pyruvate, retinoic
acids (RAs) and other small molecules. For instance,
bFGF plays a significant role in several pathways,
including Akt [18] and mitogen-activated protein
kinase (MAPK) for a number of stem cell lineages
[19], and all-trans RA is a strong differentiation agent
to enhance expression of the neural crest [20] and
reduces mesodermal differentiation [21]. The nutrient
components including oxygen are also considered as
soluble factors in the biomimetic system.

These factors added to the cell culture system or
secreted by stem cells or niche cells are potent in their
effects on stem cell fate. For example, cytokine leukae-
mia inhibitory factor (LIF) is able to maintain the
self-renewal capacity of embryonic stem cells (ESCs)
in the presence of serum without embryonic fibroblast
feeder cells [22]. It has also been noticed that the com-
bined effect of these factors can vary substantially. For
instance, co-presence of BMP4 and LIF in serum-free
media promotes ESC self-renewal, while BMP4 alone
induces ventral mesodermal differentiation [23].

The above addition method in the cell culture media
provides clues to the biological functions of soluble fac-
tors in the microenvironment; however, it cannot
control the delivery of these factors in a spatial and
temporal way. Several approaches have been employed

http://rsfs.royalsocietypublishing.org/
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to design the spatial concentration gradient of soluble
factor(s) of interest. Among these, microfluidic technol-
ogy is an emerging method to generate molecular
gradients in soluble form through laminar flow within
the microfluidic channel. Microfluidics enables massive
and parallel manipulation of a tiny volume of solutions
containing multiple soluble factors or combinations in a
multi-dimensional space to determine stem cell func-
tion. This approach is exemplified by a microfluidic
alginate hydrogel controlling release of soluble factors
in three-dimensional microenvironments [24]. A litho-
graphic technique was used to build functional
networks within a calcium alginate hydrogel seeded
with cells. Temporal and spatial control of the distri-
bution of non-reactive solutes and reactive solutes
(metabolites) within the bulk of the scaffold has been
demonstrated. This approach can control the chemical
environment on a micrometre scale within a macro-
scopic scaffold and is useful in engineering complex
tissues.

In the biological system, these soluble factors are often
bound to ECM to slow their diffusion and fine-tune their
local concentrations and gradients. The biomimicking
approach is to conjugate or bind soluble factors to the
surface of biomaterials such as ECM, three-dimensional
scaffolds, hydrogels, macro- or microporous foams and
woven and non-woven fabrics in a spatial and temporal
manner. Soluble factors released from biomaterials are
normally controlled by diffusion, cell-mediated proteol-
ysis and external physical stimulation. For example,
growth factors can be localized in multicomponent,
spatially patterned and photo-cross-linked hydrogels
[25]. Human ESCs were encapsulated in a dextran-
based hydrogel with two immobilized regulatory factors,
a tethered (arg-gly-asp) RGD peptide and microen-
capsulated VEGF165. The fraction of cells expressing
VEGF receptor KDR/Flk-1, a vascular marker,
increased up to 20-fold, which demonstrated that this
approach can be used to induce vascular differentiation
of human ESCs [26].
2.2. Extracellular matrix

The ECM forms a complex architecture containing pro-
teins, polysaccharides and proteoglycans, and these
molecules constantly undergo dynamic change owing
to assembly, remodelling and degradation events. The
ECM not only provides architectural guides for tissue
development, but also defines and maintains cellular
phenotype and drives cell fate decisions. At a molecular
level, the ECM has been demonstrated to influence stem
cell fate by mechanical traction forces and cell adhesion.
When cells anchor to the ECM, they exert inward-
directed traction (tensional) forces generated by the
contractile cytoskeleton because of adhesion to sub-
strate surfaces. The deformation induced by the
traction force activates transmembrane integrin signal
pathways that affect the cell fate [27]. The magnitude
of these traction forces depends on the mechanical prop-
erties of the ECM, such as stiffness. At cell adhesion
sites, stem cells adhered to the specific component of
the ECM via integrins, cadherins and discoidin, etc.,
activate unique signalling pathways. The adhesion

http://rsfs.royalsocietypublishing.org/


Table 2. Functional ECM components and the biomimetic counterparts.

ECM components
in vivo functions in vivo (see [34]) biomimetic materials

collagen: fibrillar
(I, II, III, V, XI,
XXIV, XXVII)

forms structural cues; controls
stiffness, resists tension; binds
adhesion factors; binds some growth
factors; allows amoeboid migration
in porous structure

naturally derived
biomaterials

collagen derivatives; fibrin derivatives;
porous gelatin-derived; silk derived;
Matrigel; agarose-based; chitosan-
based; alginate-based; hyaluronan
(HA)-based; de-cellularized matrices

collagen: non-fibrillar
(I–XXVII, except
fibrillar types)

serves many ECM and cell-adhesion
functions, including binding other
ECM proteins and proteoglycans to
aid ECM organization and stability,
aiding fibrillar collagen formation;
forming networks as barriers for
solute transport; modulating cell
migration and proliferation

fibrin functions as structural matrix in
wound healing; controls stiffness,
resists tension; binds adhesion
molecules; easily degraded and
remodelled

elastin provides elastic recoil synthetic and
biosynthetic
materials

poly(ethylene glycol) (PEG);
poly(ethylene oxide) (PEO);
polyacrylamide; poly(vinyl alcohol)
(PVA); poly(L-lactic acid) (PLA or
PLLA); poly(glycolic acid) (PGA);
poly(L-lactic-co-glycolic acid) (PLGA);
poly(hydroxyl ethyl mathacrylate)
(PHEMA); poly(anhydride);
functional peptide self-assembly three-
dimensional structures

proteoglycans resists compression; hinders water
transport; hinders macromolecular
transport; binds growth factors and
chemokines; electrokinetic effects

matricellular proteins intermediate, weak adhesion
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also determines orientation of the stem cell division
plane and cell morphology through the constraints
imposed by the surrounding ECM, and consequently
influences stem cell self-renewal and differentiation.

2.2.1. Identification of extracellular matrix components.
The identification of ECM molecules and their roles in
stem cell regulation are critical steps towards creating
biomimetic microenvironments. Combinations of specific
molecular interactions between numerous isoforms,
ratios and geometrical arrangements of collagen, elastin,
proteoglycans and adhesion proteins (such as fibronec-
tin and laminins) for identifying and mimicking the
natural ECM composition are extremely challenging.
Furthermore, the composition of the ECM is normally
tissue specific. For instance, laminin is the major com-
ponent in basement membranes, while stromal ECMs
in connective tissues consist mainly of collagen [28].
The ECM composition is also dynamic, varying as the
tissue is being developed. Fibronectin-rich ECM can
promote proliferation of immature capillaries, while as
the capillary matures, the composition of the ECM
changed to become laminin-rich [29]. To screen an
ECM component or combinations, novel methods, such
as robotic spotting [30] and microfabricated wells [31],
have been developed to make protein arrays. In a single
experiment, typically more than 1000 combinations of
ECM molecules can be screened simultaneously [32].
For example, Flaim et al. [30] prepared an ECM
Interface Focus
microarray that combined five different ECM molecules
in varying ratios and demonstrated that combinations
of ECM components were more effective than single
ECM components for differentiating mouse embryonic
stem cells (mESCs) into liver cells. Anderson et al. [33]
developed arrays consisting of 192 unique combinations
of ECM. Signalling factors were printed onto slides con-
taining a thin coating of polydimethylsiloxane, and ECM
molecules were identified to maintain the progenitor
state, and to guide progenitor differentiation towards
myoepithelial and luminal lineages.

Functional components ofECM in vivo are summarized
in table 2. However, natural ECMs are variable in their
composition and mechanical properties. Naturally derived
or synthetic gels or scaffolds shown in table 2 have
been tailored to mimic specific ECMs for the creation of
well-controllable and reproducible microenvironments.
Naturally derived three-dimensional structures can be
from protein-based (collagen, fibrin, silk, gelatin and
Matrigel), or from polysaccharide-based (hyaluronan,
alginate, agarose and chitosan), or protein- and poly-
saccharide-combined decellularized matrices. Synthetic
materials include poly(ethylene glycol) (PEG),
poly(ethylene oxide) (PEO), polyacrylamide, poly(vinyl
alcohol) (PVA), poly(L-lactic acid) (PLA), poly(glycolic
acid) (PGA), poly(L-lactic-co-glycolic acid) (polyPLGA),
poly(hydroxyl ethylmathacrylate) (PHEMA), poly(anhy-
dride) and functional peptide self-assembly three-
dimensional structures. ECM-derived peptides or protein

http://rsfs.royalsocietypublishing.org/
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fragments need to be covalently linked to polymer back-
bones via their hydroxyl-, carboxyl- or amino-termini to
improve their biological functions.

2.2.2. Ligand presentation of extracellular matrix. Apart
from the composition of natural ECMs, the surface and
mechanical properties, such as ligand density, surface
nanotopography and substrate elasticity also influence
stem cell fate. The RGD peptide in various ECM mol-
ecules such as fibronectin and vitronectin is the
prevailing adhesive ligand because the binding of most
cells to ECM is dependent on RGD density [35].
Other adhesive peptides, such as the YIGSR and
IKVAV peptides of laminin and the VPGIG sequence
of elastin, have also been studied [36,37]. Cell behaviour
can be influenced by the coexistence of multiple pep-
tides. For example, a spacing of 4 nm between RGD
and the synergy site pro-his-ser-arg-asn (PHSRN)
resulted in an increase in indicators of osteoblastic cell
function, such as metabolic activity and alkaline phos-
phatase production, while showing a decrease in ECM
production [38]. Although some adhesive ligands have
been integrated with PEG-based hydrogels [39], the
incorporation of ligands into artificial ECMs and con-
trol of the distribution of those ligands on the surface
in a spatio-temporal manner are still very challenging.

2.2.3. Extracellular matrix nanotopography. Nanotopo-
graphy of the ECM has a great impact on cell
adhesion. Not only the scale of topography (5 nm to
micrometre scale) but also the type of ordered topogra-
phy, such as ridges, steps, grooves, pillars and pits can
modulate cell behaviour [40]. Ruiz & Chen [41] micro-
patterned fibronectin in various geometries (circle,
square, rectangle and ellipses), and measured the trac-
tive force experienced by human mesenchymal stem
cells (hMSCs) on these fibronectin patterns. They con-
cluded that cells on the concave surface experience
greater tractive forces than those on convex surfaces,
and the forces direct cells into osteogenic instead of
adipogenic lineages. The tractive forces also guide cyto-
skeletal formation, hence, to determine the cell shape.
Evidence has suggested that physical control of cell
shape alone can act as a potent regulator of stem cell
fate [42]. For example, single mesenchymal stem cells
(MSCs) cultured on small micropatterned islands
adhered poorly, displayed a rounded morphology and
acquired an adipogenic fate, whereas those cultured
on larger islands adhered strongly, spread out, exhibited
increased focal adhesion and cytoskeletal reorganiz-
ation, and acquired osteogenic fate [43]. Mechanisms
for the sensing of matrices as well as for stem cell traf-
ficking are still to be clarified. The ability of cells to
recognize the nano-scale topographic features requires
developing synthetic ECMs with nano-structure. Self-
assembly of amphilic peptides and electrospinning
have been used to form nanofibres in biomimetic cell
substrates [44,45].

2.2.4. Extracellular matrix mechanical stiffness. The
mechanical stiffness or elasticity of the ECM has a
major influence on cell behaviours, such as migration,
Interface Focus
apoptosis and proliferation. Cells have been attached
to various gel matrices with controllable elasticity by
varying degrees of cross-linking and non-limiting
ligand density, and most of the cells have been found
to anchor more strongly to stiff substrates, building
focal adhesions and forming actin–myosin stress fibres
[46]. MSCs cultured on the rigid substrate preferentially
differentiated into osteoblasts instead of adipocytes
[47], while muscle stem cells on soft hydrogel substrates
at a similar elasticity of muscle maintained self-renewal
in vitro [43].
2.3. Cell–cell interactions

Cell–cell interactions have been widely studied in vivo
in different systems as shown in table 1. They not
only act as a physical anchor to constrain stem cells
in a defined space, but also to provide instructive
secreted signalling cues or to send signals through
transmembrane proteins or bound matrix proteins.
Interactions between cell populations can be divided
into homotypic or heterotypic interactions. Homotypic
interactions are between stem cells themselves, while
heterotypic interactions are between stem cells and
their neighbouring cells. Stem cells communicate with
niche cells through the tight junctions, adherens junc-
tions, notch signalling pathways and gap junctions
[7,16]. Signalling molecules generated by the niche
cells pass the channels between the stem cell and the
niche cell to regulate the stem cell behaviour. Alterna-
tively, they interact with each other via paracrine
signalling, and diffuse soluble signal molecules from
the neighbouring cells to the stem cells, such as Wnt,
BMP, JAK/STAT pathways [7,16]. In addition to the
extensive in vivo study of cell–cell interactions, biomi-
metic approaches for these interactions have been
explored to induce stem cell differentiation [48–51]
and promote expansion and self-renewal [52,53].

A common approach to investigating homotypic
interactions is to plate cells with different cell seeding
density [53]. However, as the cell density is not able
to be controlled locally, it is difficult to differentiate
the effect of paracrine signalling from actual physical
contact between the cells in the culture dishes. The
effects of heterotypic interactions are usually investi-
gated by placing two cell types in close contact or
co-culturing them [49–51]. Nevertheless, particular
signalling molecules generated by niche cells in co-cul-
ture methods may be neglected. A smart design to
distribute cells in a micropattern allows for control of
the cell–cell contact between cells adherent on RGD
microdomains [49]. In this way, the interference of
soluble factors or cell seeding concentration can be
overcome. Traditionally, the cell–cell interactions
occur in two-dimensional cell culture systems, which
may not be able to generate the same channels or sig-
nalling molecules as those in three-dimensional in vivo.

The study of cell–cell interactions in three-dimen-
sional microenvironments in vitro is still a great
challenge as it is difficult to precisely control cell–cell
contact in a spatial dimension. To overcome this chal-
lenge, physical micromanipulation techniques have
been used to accurately manipulate, move and organize

http://rsfs.royalsocietypublishing.org/


6 Review. Three-dimensional microenvironment H. Zhang et al.

 on March 19, 2013rsfs.royalsocietypublishing.orgDownloaded from 
cells in three-dimensional and to control cell–cell con-
tact. For example, bioprinting can be used to generate
spatially oriented co-culture by printing layer-by-layer
bioactive molecules with a well-defined gap [54]; laser-
deposited human umbilical vein endothelial cells
(HUVECs) self-assembled into vascular structures,
while a combination of primary rat hepatocytes hetero-
geneously patterned with HUVECs resulted in tubular
structures [55]; mammalian cells were electropatterned
within three-dimensional hydrogels with dielectro-
phoretic forces; and large numbers of multicellular
clusters of precise size and shape were formed in
three-dimensional on one focal plane [56]. The cell–
cell interactions were affected by clusters of various
sizes: smaller clusters influenced the biosynthesis of
bovine articular chondrocytes, while larger clusters
produced smaller amounts of sulphated glycosamino-
glycan per cell.

2.4. Mechanical stimulation

Mechanical forces play an important role in cell
attachment, spreading, proliferation, migration and
differentiation. External applied forces not only directly
transmit to cells, but also change the relative distance
between cells, ECM components and soluble factors.
Several molecular bases, not exclusive, for mediating
cellular activity include: (i) activating ion channels by
stretching; (ii) inducing conformational change of pro-
teins or unfolding of ECM proteins, leading to
changes in protein activity; (iii) inducing conformation-
al change of cytoskeletal elements such as filaments,
cross-linkers or motor proteins; (iv) direct action on
gene expression owing to forces transmitted to the
nucleus; and (v) changing the intercellular space by
stretching or compression, leading to changes in the
local concentration and gradient of secreted signal mol-
ecules, and ECM ligand presentation and nanotopology
[15,57]. Local variations of ECM elasticity at the micro-
scale result in different abilities to resist cell traction
forces, and thereby regulate cell and tissue development
in vivo. It is difficult to precisely determine the bio-
mechanical and biochemical mechanisms in vivo [27]
owing to the above inter-connected molecular changes
and also dynamic cellular mechanical properties.
Biomimetic systems have, therefore, been developed to
characterize stem cell responses to more highly con-
trollable mechanical stimulation and to determine
the biophysical mechanisms and biochemical signal
transduction pathways [58]. Biomimetic mechanical
stimulation includes deformation loading (compression,
stretching and tension) and fluid-induced forces
(pressure or shear stress).

2.4.1. Mechanical strains. Mechanical strain from
applied loading, either cyclic or uniform biaxial, can
direct specific stem cell lineages. For example, cyclic
stretch has been demonstrated to commit MSCs to a
myogenic phenotype [59] and mESCs to a vascular
smooth muscle cell phenotype [60]. Cyclic compression
is able to alter MSC phenotype as well. MSCs subjected
to dynamic compression or hydrostatic pressure showed
increased chondrocyte lineage differentiation and
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enhanced ECM deposition [61,62]. Mechanical strain
can also increase proliferation and inhibit differen-
tiation in mouse and human ESCs [60,63] as well as
foster cell alignment with respect to the direction of
strain [64].

2.4.2. Fluid-induced shear stress. Fluid-induced shear
stress (FISS) has a significant impact on the fate of
stem cells as well. In two-dimensional systems, FISS
induces osteogenic differentiation of stem cells by acti-
vating multiple intracellular signalling pathways, such
as the signalling pathways of nitric oxide (NO)/cyclic
guanosine monophosphate-dependent protein kinase
(PKG) [65], prostaglandin E2 (PGE2)/cyclic adenosine
monophosphate-dependent protein kinase (PKA) [66],
Ca2þ/calmodulin-dependent protein kinase (PKC)
[67] and MAPK [68]. Interestingly, while expression
levels of osteogenesis-related genes, alkaline phospha-
tase (ALP) [69], osteopontin (OPN) [67], collagen
type 1 (Coll1), PGE2 and NO [66] have been promoted
in multiple studies, some other studies showed statisti-
cally insignificant changes in the levels of ALP [70],
Coll1 [71] and PGE2 [72]. The contradictory con-
clusions may be due to the variation in cell types
used, culture conditions, and experimental platforms.

Stem cells may also be differentiated towards endo-
thelial cell fate in response to shear stress via the
VEGF signalling pathway. Most of the studies showed
fluid shear stress can direct ESCs or endothelial pre-
cursors towards positive endothelial differentiation
[73]; however, shear force alone seems insufficient to
differentiate adult MSCs or human adipose-derived
stem cells into endothelial cells [74].

In three-dimensional culture systems, both osteogenic
and angiogenic differentiation have been induced by
FISS for stem cells in a range of 1 � 1024 to 1.2 Pa,
and the majority of work was focused on in a range
0.01–0.05 Pa [75], which is at least an order of magni-
tude below the average shear stress for two-dimensional
culture and up to two orders of magnitude lower in
some cases. These values are also orders of magnitude
below those expected to cause differentiation in vivo.
This may be due to morphological deformation when
attaching to the three-dimensional surface. However,
these findings are not only dependent on the magnitude
of FISS, but also on the soluble environment, cell–ECM
interactions, three-dimensional surface topology and
material stiffness, as these will alter cell focal adhesions
and stem cell colony shape. For example, a low flow
rate resulted in cell clumping on aggregation supporting
embryo body culture owing to a lower rate of mass trans-
fer to cells [76]. More synergistic effects are discussed in
the next section.

2.5. Synergistic effects

The above individual niche factors rarely function alone
in the stem cell microenvironment, which further
complicates the elucidation of the mechanisms of
controlling stem cell fate. For instance, soluble factors
first diffuse through the ECM and then reach the cell
membrane surface. The ECM structure may block or
delay the delivery of these soluble factors. It is of

http://rsfs.royalsocietypublishing.org/


Review. Three-dimensional microenvironment H. Zhang et al. 7

 on March 19, 2013rsfs.royalsocietypublishing.orgDownloaded from 
great interest and importance to investigate the syner-
gistic effects by optimally combining those niche
factors. However, this will require multi-factorial exper-
imental designs and sophisticated statistical analyses.

The synergistic effects can be caused by a combi-
nation of the same or different categories of niche
factors. For example, MSCs were exposed to a combi-
nation of three stresses: a pulsatile pressure, radial
distension and FISS. They exhibited a similar mechano-
sensitive response to that of endothelial cells. However,
gene expression results show the cells expressed greater
levels of smooth muscle cell-associated markers [77].
This result highlights the synergistic effects of physio-
logical flow and stretch on cell behaviour. However,
this also increases the complexity of characterizing the
individual mechanical force. A mathematical modelling
approach may be integrated with the experimental
methods, so the synergistic effects of biological pheno-
mena can be quantitatively correlated with the individual
contributing factors. Another example from Salvi et al.
[78] combined the mechanical stimulation and the ECM
topology. They investigated the effect of FISS when
MSCs were seeded and cultured on randomly distributed
nano-island surfaces with varying island heights. Their
observation suggests that specific scale nanotopographies
provide an optimal milieu for promoting stem cell mechan-
otransduction activity. The mechanical signals and
substrate nanotopography may synergistically regulate
cell function.

The soluble factors were also combined with mechan-
ical stresses to determine stem cell fate. A combination
of an electrical stimulation and soluble factors induced
synergistic osteogeneric differentiation of MSCs, while
use of electric stimulation alone fails to differentiate
MSCs [79]. Endothelial progenitor cells were differen-
tiated into endothelial cells by using a combination of
VEGF and shear stress [80], while chrondrogenic differ-
entiation of MSCs was achieved by TGF-b3 and a
hydraulic pressure [81]. Once the mechanisms of the
synergistic effects are well characterized, strategies to
optimize the combination of the niche factors can be
formulated to differentiate stem cells into the lineages
of interest.
3. PERSPECTIVES AND EMERGING
TECHNOLOGIES

From the above discussion, it demonstrates that cellular
activities are mediated by a variety of molecular, struc-
tural, hydrodynamic, mechanical and electrical cues
and combinations in a spatial and temporal manner.
Before stem cells can be used for clinical applications,
the interplay between these cues must be understood.
It is strongly recommended that an engineered biomi-
metic three-dimensional system should be developed
to closely mimic the human system to correctly promote
differentiation or proliferation of stem cells. Such an
elaborate system would range from nano-scale to
millimetre-scale, involve multiple cues and combinations,
and require multi-disciplinary collaboration. Four future
trends in designing the biomimetic system, which can be
envisaged are reported here.
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3.1. Synthetic biomaterials as instructive
extracellular microenvironments

A biomaterials approach has been employed to identify
the composition of the stem cell ECM and to synthesize
biomimetic three-dimensional scaffolds or hydrogels
[82]. However, well-defined synthetic three-dimensional
systems are far more challenging and require mimicking
the mechanical and biological properties of the ECM,
such as ligand presentation, nanotopography, substrate
elasticity, growth-factor binding, degradation and
remodelling. Furthermore, currently three-dimensional
cell culture structures are normally prepared without
cells. When seeding cells onto the three-dimensional
system, cells are not uniformly distributed. Ideally
cells are homogeneously suspended in the polymer sol-
ution, which will then form the three-dimensional
materials. A cell-compatible and highly specific cross-
linking reaction will be required to maintain cell
viability. DeForest’s group [83] has prepared a hydrogel
from its monomers in the presence of cells using a
‘click’ reaction, so that the cells were encapsulated in
the gel. When irradiated with light, the chemical group
reacted in a second click reaction with molecules acting
as signals that monitor or dictate the behaviour of the
encapsulated cells. The in situ synthesis and remodelling
of functional biomaterials to incorporate clusters of
ligands and growth-factor binding sites will enable
cells to evenly distribute within the three-dimensional
network.

3.2. Microscale technologies for fine tuning
and screening niche factors

Microscale technologies have been extensively used
to examine the three-dimensional microenvironment in
vitro. They have two important features for stem cell
studies. First, they allow fine tuning of stem cell niche
factors at the scale of from 1 mm to 1 cm. Examples of
employing microscale technologies are generating sol-
uble factor concentration gradients in the laminar-flow
microfluidic channel; creating micropatterning for con-
finement of individual cells to control the cell shape;
and designing microbioreactors or microwells for investi-
gating cell–cell contact and mechanical stimulation.
Secondly, microscale technologies offer high-throughput
platforms because they consume a minute amount of
volume and operate automatically by integrating with
a robotic liquid dispensing system. Owing to the com-
plexity of the factors affecting stem cell differentiation,
it is essential to analyse the stem cell microenvironment
in a high-throughput manner.

Microscale technologies for stem cell research and
tissue engineering have been excellently reviewed by
Khademhosseini et al. [84] and Toh et al. [85]. One
can access the two reviews for more information.

3.3. Micromanipulation techniques for probing
cell–cell interactions in three-dimensional
architecture

Three-dimensional manipulation techniques can be
valuable for precisely controlling the three-dimensional
architecture and cell attachment, and probing cell–ECM
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interaction and cell–cell interaction. These techni-
ques include the use of contact-dependent atomic
force microscopes, non-contact optical tweezers,
dieletrophoretic traps [56] and magnetic tweezers.
Optical tweezers, for instance, have emerged as an
essential tool for manipulating single biological cells
and performing sophisticated biophysical/biomechanical
characterizations without any contact [86]. The ability
to manipulate cells in a three-dimensional architecture
will help to probe cell–cell and cell–ECM interactions
in a biomimetic system.

Another way to probe cell–cell interactions is by
bioprinting. Bioprinting is a rapid prototyping strategy
to produce three-dimensional structures through
computer-aided, localized deposition of multiple types
of cells and biomaterials, which can create three-
dimensional cellular microenvironments to mimic the
natural physiological, geometrical, mechanical and
regulatory cues. Currently, there are two common
types of bioprinting: ink-jet printing (IJP) or laser-
based direct writing (LBDW). By applying the
LBDW technique, hMSCs have been directly written
on a Matrigel-coated substrate using a 1064 nm wave-
length laser. Two-dimensional patterns consisting of
one or more cell types were generated and the cell via-
bility was around 90 per cent [87]. Similarly, mESCs
were deposited into defined arrays of spots, and stem
cell pluripotency was maintained [88].

This technique can also be integrated with CAD/
CAM at a single cell resolution using a minute amount
of volume. For example, HUVECs were direct-written
in a three-line pattern on a collagen-coated surface.
The media was aspirated and a collagen gel (0.5 mm
high) was carefully layered on top of the first pattern.
An additional pattern of three lines of cells was written
and oriented perpendicularly to the first pattern on top
of the gel to create a three-dimensional pattern. This
technique also demonstrates the ability to place one
cell on top of another in a true three-dimensional pattern
[89], offering the potential to investigate the cell–cell
interactions in three-dimensional. Bioprinting can also
precisely construct the ECM layer-by-layer to form a
well-defined biomimetic anchor for stem cells.
3.4. Mathematical modelling for quantitative
analysis of cell behaviour and
microenvironment parameters

After an engineered three-dimensional microenviron-
ment is built, it is essential to assess the performance
of the microenvironment by cellular responses to indi-
vidual components including cell growth, migration,
differentiation or apoptosis, as well as to characterize
the parameters associated with the engineered micro-
environment. Cellular activities depend not only on
the presence or absence of cues, but also on their
quantity, their spatial arrangements and the temporal
order in which they are presented [90]. Parameters
associated with the microenvironmental cues include
the substrate elasticity, soluble factor concentration
and distribution inside the microenvironment, mechan-
ical stress on the cells and the ECM geometrical
information (nanofibre size, porosity, surface chemistry,
Interface Focus
etc.). These parameters are unfortunately difficult to
achieve. Computational models have been developed
to characterize the engineering microenvironment as
well as dynamic change in cellular activities.

The flow-related parameters, such as oxygen, soluble
factor concentration and shear stress, can be character-
ized by computational fluid dynamics, which reveal the
local flow information in the microenvironment in a
complex geometry [90–94]. The dynamic nature of the
cellular activities can be described by cellular automata
models. Both continuous [95,96] and discrete [97,98]
models have been employed to capture tissue level
dynamics with varying levels of success. Many of the
latter type are emerging to explicitly model a large
number of individual cells, which behave within a cer-
tain biological framework with respect to cell
adhesion, division and migration [99]. Future models
will combine the above two models, accounting for
force-dependent molecular switches, signal transduc-
tion pathways, cell deformation and tension and
reciprocal interactions with the microenvironment
[100].

Quantitative prediction through both multi-level
(from molecules to tissue) and multi-scale (from nano-
to millimetre) computational modelling can help to
correlate the cellular performance with parameters of
engineered microenvironments. It will play a critical
role in elucidating the mechanisms for governing stem
cell behaviour in the stem cell microenvironment [90].
4. CONCLUSIONS

The extracellular microenvironment plays a significant
role in control of stem cell fate. A biomimetic approach
is proposed to construct an artificial microenvironment
by engineering its components, such as soluble factors,
ECM, cell–cell interaction and external mechanical
stimulation. Advances in materials science, micro-/
nano-fluidics, micromanipulation, nanofabrication and
multi-scale modelling will facilitate the design and cre-
ation of a well-controlled biomimetic three-dimensional
microenvironment, which enables the elucidation of the
mechanisms governing stem cell activities. Ultimately,
such a microenvironment will benefit stem cell science
to be successfully translated into the clinical treatment
for tissue repairing.
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