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Abstract Tissue engineering requires tight control of stem
cell function. Among many physical signals such as stretch
and perfusion, geometrical cues have received much atten-
tion and have widely been recognized as an important factor
in scaffold design. Here we review a variety of approaches
that control stem cell fate at different levels of strictness,
including micro-contact printing, microwells, direct cell
printing, grooves, aligned micro-/nano-fibers, nanotubes,
nanodots, hydrogel shape, and porous structure of scaffolds.
Mechanical forces and signal transductions are discussed for
cell shape regulated stem cell fate. Although many questions
have yet to be resolved, geometry–force control is becoming
an effective approach for the regulation of stem cell renewal
and differentiation.
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1 Introduction

In recent years, the field of tissue engineering has grown
rapidly [1, 2]. There have been numerous research reports
pertaining to the growth of various artificial tissues includ-
ing cartilage, bone, ligament, tendon, muscle, lung, and
bladder. This success is partly related to advancements in
stem cell biology. Indeed, the earlier challenge involving
limited sources of cells for tissue engineering could be
overcome by the use of stem cells, which include embryonic
stem (ES) cells, adult stem cells, and newly discovered

induced pluripotent stem cells. These stem cells are capable
of long-term self-renewal, and can differentiate into multiple
specialized cell types. In addition, these stem cells possess
immunosuppressive properties and a decreased host im-
mune response to allogeneic graft. All these qualities make
stem cells ideal for tissue engineering, especially for tissues
containing multiple cell phenotypes, such as vascularized
bone and heart [3].

To exploit the full potential of stem cells for tissue
regeneration, their function needs to be tightly controlled
in a spatiotemporal manner in terms of whether to prolifer-
ate, when to differentiate, and lineage specification. Stem
cell fate is not entirely controlled by intrinsic genetic sig-
nals, but instead is largely modulated by external signals
(known as epigenetic regulation), which include chemicals
and growth factors as well as biophysical signals such as
stress, deformations, fluid shear, and electrical potentials [4,
5]. These environmental signals lead to differential expres-
sion of genes through DNA methylation and histone mod-
ifications. Such restricted DNA expression patterns can be
passed on through cell division.

Among physical signals, geometry–force has interested
scientists for a long time, especially in regards to tissue
morphogenesis, a biological process of forming a tissue or
a whole organism [6]. Interestingly, cell function alterations
such as proliferation or differentiation have been observed at
very specific locations in tissues with certain geometry [7],
which are formed through collective behaviors such as
convergence, extension, invagination, and cleft formation.
The morphogenetic responses, which involve spatiotempo-
ral changes in cell shape, proliferation, and differentiation,
are thought to be dictated by growth factors (also known as
‘morphogens’). However, physical forces may play an
equally important role in morphogenesis [8–10], as demon-
strated in cases such as abnormal axis formation resulting
from mechanical manipulation of embryos [11] and im-
paired heart chamber and valve formation due to occluded
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blood flow [12]. Furthermore, the geometry of newly form-
ing tissues and organs and the associated mechanical
stresses have been shown to regulate cellular morphology,
proliferation, and even differentiation via acting cytoskeletal
forces [13]. Finally, cells sitting in a three-dimensional (3D)
extracellular matrix (ECM) respond to geometrical features
at different scales from nanometers to micrometers to milli-
meters with differing functions in apoptosis, proliferation,
and differentiation [10, 14, 15]. Therefore, geometry–force
signals are critical considerations for tissue development,
and could potentially be utilized to control stem cell func-
tions for tissue regeneration.

This review examines the effects of various geometries
including patterns on two-dimensional (2D) flat substrates,
micro-/nano-topology, and 3D structural design on stem cell
fate with an emphasis on the role of geometry associated
mechanical forces, and discusses mechanical forces and sig-
naling pathways involved in the process of geometry–force
control of stem cell function. Finally, we provide perspective
on themajor challenges that need to be overcome in the future.

2 Geometry–Force Regulation of Stem Cell Function

A variety of methods have been used to regulate stem cell
function through geometrical control of the 2D morphology
of single cells or cell clusters, with topological features of
underlying substrates on micro-/nano-scale, or through var-
iation of pore size and curvature inside 3D scaffolds. Nu-
merous studies have been reported in this field, but only a
few will be briefly touched upon with emphasis on the most
recent studies in several representative areas.

2.1 Geometrical Control of Single Cells and Cell Clusters

The geometry of single cells or cell clusters can be con-
trolled on a 2D surface with various techniques including
micro-contact printing, microwells, and direct cell printing.
Though similar, these methods provide several levels of
control of cell geometry with significant differences in the
nature and quality of associated cell–substrate adhesion.

Control of the area and shape of attachment has been
shown to influence the fate of stem cells, with microcontact
printing being a very popular approach [16–18]. This tech-
nique typically uses a stamp containing microscale features,
often composed of polydimethylsiloxane (PDMS) fabricat-
ed via soft lithography [19]. The stamp is first coated with
an ECM protein or other cell adhesive substance and then
printed onto a glass slide or surface that does not promote
cell adhesion. The ability to control cell size, shape, and
adhesion allows for the examination of the effect of these
factors on stem cell differentiation and the underlying mech-
anisms. Microcontact printing has an excellent precision for

cell studies (∼1 μm), allowing for accurate control of the
geometry of both single cells and cell clusters (Fig. 1a, b).
The effects of various single cell features have been exam-
ined using human mesenchymal stem cells (hMSCs).
Results indicate that differentiation is influenced by the
overall area of the feature, as well as by the shape itself,
which could suppress or promote cell contractility, leading
to a stem cell fate switch between adipogenesis and osteo-
genesis [20, 21]. In tissues, cells are not isolated, but are
instead surrounded by other cells that can influence their
behavior through paracrine signaling as well as physical
interactions. The hMSCs have also been examined in the
context of cell clusters. Stem cells grown on different shapes
showed similar differentiation with osteoblastic character-
istics occurring at the edges of the shape, whether the edge
was convex or straight, and adipogenic characteristics being
exhibited by cells in the interior regions and at concave
edges, indicating that cell contractility plays a role in the
differentiation pattern of a multicellular form [22–26]. In-
terestingly, when comparing the effects of uniaxial align-
ment through contact guidance and multicellular form-
induced mechanical stress on myogenesis, Munoz-Pinto et
al. [27] found that although the curved looped form in-
creased active RhoA and focal adhesion kinase, the smooth
muscle lineage myocardin and smooth muscle-α-actin actu-
ally decreased. This result suggests that mechanical stresses
generated through cell–cell interaction may not be able to
enhance myogenesis for this case.

Limiting the size of a cell cluster can also be done
physically using microwells as opposed to the chemical
method microcontact printing entails. Microwells limit the
area that cells can grow in by forcing them to stay inside a
predefined structure. A microwell array is typically formed
from polyethylene glycol with a PDMS stamp containing an
array of raised features used as a mold (Fig. 1c) [28–31].
Such microwell structures have been shown to be advanta-
geous in culturing cells which require little cell–substrate
adhesion, including chondrocytes, cancer cells, and ES
cells. With the variation of the diameter of microwells,
embryoid bodies (EB) of different sizes can be formed with
ES cells. The size of EB can drive the fate of stem cells, with
larger EBs showing enhanced cardiogenesis and smaller
ones exhibiting endothelial characteristics [28]. Another
study demonstrated that cardiogenesis was maximized in
cell aggregates starting from 1,000 cells [32]. Note that
effects of EB size have been evaluated with micro-contact
printing techniques [33, 34].

The previously described two methods employ the use of
cell seeding indirectly onto or in the case of microwells into
the confined area. Direct cell printing allows for cells to be
placed onto a surface with a pre-defined pattern [35]
(Fig. 1d). The cells are allowed to migrate, interact, and
even sort between different types of cells based on
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differential adhesion and cortical tension [36]. This bottom-up
approach permits the deposition of multiple cell types and
extracellular proteins, mimicking the complexity of cells and
their environments inside native tissue. Inkjet printing [36–38]
and laser-based direct writing techniques [35, 39, 40] have been
used to print cells directly onto a substrate, and sometimes into
multilayered 3D structures. Inkjet printing typically uses a
modified ink cartridge printer to create the cell pattern, while
laser-based direct writing often involves laser cutting of trans-
parent ribbons onto which cells attach. For 2D culture, direct
cell printing is primarily used for ES cell culture to control the
number of cells in each colony [39, 41]. This technique has also
been shown to result in viable rat embryonic neural cells that
maintain their phenotype and their ability to differentiate and
exhibit normal, healthy electrophysiological properties [37].

2.2 Topographical Regulation of Stem Cell Function

Surface topography can also affect stem cell fate. Common
techniques that have been employed include the growing of
cells on grooved surfaces [42–45], electrospun fibers [46–50],
nanotubes [51–55], nanodots [56–58], and other functional
crystal structures such as hydroxyapatite for osteogenesis
(Fig. 2a–d). Substrate topography is often used to force cells
to align or migrate in a certain way, but has also been shown to
aid in controlling stem cell fate.

Grooved patterns are essentially micro- or nano-scale struc-
tures that contain an array of channels and ridges. These struc-
tures can be produced in a variety of ways usually involving the
placement of a mold containing the desired ridges and channels

on an uncured polymer and then curing said polymer. These
structures are primarily used to promote cell alignment, but
they have also been shown to direct differentiation of stem
cells. For example, human ES cells were seeded onto 350-nm
grooved patterns and it was shown that this patterning was able
to promote the differentiation of these cells into neuronal line-
age without the use of chemicals to induce the fate [59].

Aligned electrospun fibers also allow for cell elongation
along a defined axis. The process of electrospinning produ-
ces fibers from a polymer solution; varying the concentra-
tion of said solution can result in fibers of differing
diameters. Within polycaprolactone nanofibers (700 nm in
diameter) MSCs were able to differentiate into a chondro-
cytic phenotype with chondrocyte-specific gene expression
and ECM protein production comparable to cell pellets, a
traditional cell culture for chondrogenesis [47]. These fibers
have been used for engineering ligaments, tendons, and
nervous tissue to mimic collagen and elastic fibers and/or
to facilitate cellular elongation as found in vivo. For in-
stance, rat neural stem cells were shown to have different
fates depending on fiber diameter with oligodendrocyte
differentiation being favored on the smaller fibers and neu-
ronal differentiation favored on the medium fibers [46].

Nanotubes are similar to electrospun fibers in that they
produce a long fiber-like surface for a cell to grow on, but
nanotubes differ in that they are hallow and very stiff. These
structures are formed through an anodization process of
titanium oxide; the use of different voltages allows for
variations in the diameter of the tubes, a heat treatment
process is also necessary to allow for the transition of the

Fig. 1 2D geometric control of stem cell function. a The control of cell
shape directs stem cell differentiation. Circular shape leads to adipo-
genesis and holly shape osteogenesis. b Shape control of a multicellu-
lar system affects local cell differentiation. Osteogenesis occurs in the
regions with high mechanical stresses, such as at the edge of circles and

corners of squares, while adipogenesis occurs in the interior regions of
circles and squares where mechanical stresses are low. c Size control of
cell aggregates with microwells can direct embryonic stem cell differ-
entiation. d Direct cell printing allows for accurate control of cell
number in cell clusters
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nanotubes to a crystalline form. The hMSCs show directed
differentiation in response to differing nanotube sizes with-
out the use of osteogenic factors [51]. The small diameter
nanotubes had no discernable effect on the fate of the
hMSCs, however, hMSCs present on the larger diameter
nanotubes displayed osteoblastic characteristics. Interesting-
ly, another carbon-based material, graphene, is also shown
to accelerate osteogenic differentiation of hMSCs, possibly
through the ripples and wrinkles (8 nm) on graphene surfa-
ces [60]. All together, these results demonstrate applications
of nanoscale stiff material such as nanotubes and graphene
for stem cell research, especially for stem cell osteogenesis.

Nanodots as their name suggests, are topographical features
on the nanoscale. The dotted structures can be nanopits that can
vary in depth, diameter, and pitch. The initial pattern is formed
through electron beam lithography and the final array of nano-
dot imprints is produced by embossing a polymer on a die
prepared from the initial pattern [56]. An examination of
hMSCs on ordered and disordered nanopit arrays indicated that
hMSCs display osteoblastic characteristics on random topolo-
gies, but that slightly disordered arrays showed the most oste-
oblastic differentiation [57].

2.3 Scaffold Design for Controlling Stem Cell Function

Scaffold design is critical for regulating stem cell function in
tissue engineering [14]. A proper choice of engineered

scaffolds may not only provide a biocompatible environ-
ment for cells to grow, but also offer an effective approach
for stem cell function regulation. This regulation can be
achieved by incorporating growth factors into scaffolds
[61–63]. However, sometimes growth factors are not always
desirable since they may induce severe systematic side
effects, especially at high concentrations. For instance, a
high dose of bone morphogenetic proteins (BMPs) may
bring several side effects including immunogenic reaction,
ectopic bone formation, and critical soft tissue swelling [64,
65]. Therefore, more and more studies take into consider-
ation biomechanical factors such as scaffold stiffness, an-
isotropy, and scaffold porosity.

A few studies have investigated how the 3D shape of hydro-
gels affects local stem cell function (Fig. 3a). Ruiz et al. [26]
reported that in 3D hydrogels, the adipogenic differentiation of
hMSCs occurs at the interior region of circles and rectangles,
while osteogenic differentiation occurs at the outer region of the
same geometry. In another study, the branching of epithelial
cells that were embedded into rectangular wells inside a colla-
gen gel was found to often occur at two ends of the rectangular
epithelial bars [66]. In addition, in engineeredmuscle networks,
myogenic effects of local tissue geometry (elongated pores as
spacing) were observed with enhanced myofiber alignment,
myofiber formation, and contractile forces [67]. Collectively,
these studies show that tissue geometry can exert significant
effects on differentiation in cell functions.

Fig. 2 Topographical
regulation of stem cell function.
a Micro-/nano-grooves elon-
gate stem cells and induce dif-
ferentiation such as
neurogenesis. b Mimicking fi-
brous tissue, nanofibers are
used to direct stem cell differ-
entiation. c Nanotubes enhance
ostoegenesis of human mesen-
chymal stem cells. d Random-
ness of nanopits on a flat
substrate affects lineage speci-
fication of stem cells
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3D porous bioscaffolds can be fabricated with various tech-
niques including porogen leaching, gas foaming, electrospin-
ning, phase separation, fiber mesh, fiber bonding, and freeze
drying [68–72]. Stem cells can be regulated through varying
the topology of these scaffolds at micrometer and nanometer
levels. For instance, the scaffold structure was found to bemore
influential on the function of hMSCs than scaffold composi-
tion. Strong osteo-induction was observed with nano-fibrous
scaffolds for both hMSCs and human ES cells, and was found
to be associated with an elongated, highly branched morphol-
ogy [73, 74]. In addition, induced surface roughness (root mean
squared roughness ∼1 μm) inside scaffolds enhanced osteo-
genic differentiation [75]. Therefore, the 3D topology design
can be utilized to facilitate stem cell function regulation.

By controlling the size and curvature of pores (Fig. 3b),
the researchers have also been able to control the growth of
biological tissues such as bone [71, 76, 77]. One example is
the application of concave pit-containing scaffold surfaces
for bone tissue formation with stem-cell-derived osteoblasts
[77]. In this study, the relatively smooth clinical-grade poly

(lactic-co-glycolic) acid 85:15 (PLGA) scaffolds were trea-
ted with N-methyl-pyrrolidone to create micro-cavities at
two levels: primary larger and deeper cavities (80–120 μm
in diameter and 40–100 μm in depth), and secondary
smaller and shallower cavities (10–20 μm in diameter and
3–10 μm in depth). Compared to smooth PLGA, micro-
concavities were found to induce larger amounts of BMP-
2 production, more vascular endothelial growth factor re-
lease, and higher alkaline phosphatase activity. When
implanted in vivo, the scaffolds were shown to have supe-
rior neoformation of bone tissue. The curvature effects were
further examined with hydroxyapatite of different curva-
tures and modeled as a result of actin-associated tension
inside the cells between adhesion sites [76].

3 Signaling Pathways of Geometric Force Control

Cellular geometry can be imposed by many different factors
including substrate architecture, spatial distribution of cell

Fig. 3 3D scaffold designs for
controlling cell function. a
Epithelial branching occurs at
two ends of rectangular bars,
and the cells penetrate into
surrounding collagen gel. b
Concave and convex curvatures
inside porous scaffold regulate
stem cell proliferation and
differentiation
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adhesive proteins and surrounding cells. As a result, mecha-
noresponse will be quite different in nature, depending on
mechanosensing mechanisms such as exposure of cryptic
peptide sequence in ECM proteins, force regulation of pro-
tein activities, switch of mechanosensitive ion channels, and
force-induced alternation of adhesion sites [78]. Below we
will mainly focus on signaling pathways associated with 2D
geometric control.

The signaling related to 2D control of cell shape is primar-
ily studied along the RhoA-Rho associated kinase (ROCK)
pathway [20, 21]. RhoA belongs to the Rho family of small
GTPases, which also includes Rac1 and Cdc42. RhoA con-
trols stress fiber assembly and tension stress inside the cell.
The regulation of stem cell lineage commitment through cell
shape is modulated by RhoA activity [21]. Specifically, high
RhoA activity associated with high actomyosin contractility
induces osteogenesis, while low RhoA activity leads to adipo-
genesis. The high activity of ROCK, the downstream effector
of RhoA, induces osteogenesis, independent of cell shape or
medium type, but this effect requires myosin II activity. Var-
ious drugs (such as Y-27632, Blebbistatin and Cytochalasin
D) and genetic manipulations that target effectors along the
Rho-ROCK pathway have further validated the role of cyto-
skeleton tension in switching stem cell fate. These findings
were confirmed by many other studies looking at stem cell
differentiation within multicellular patterns [22, 24, 26]. Inter-
estingly, a similar role of cytoskeleton tension has been found
in relation to substrate elasticity in stem cell lineage specifi-
cation [79]. The connection between stiffness regulation and
cell shape regulation is that the cell actively regulates its
internal tension by matching cytoskeleton tension with the
substrate stiffness [79–81]. Therefore, larger cell spreading
and stiffer substrates will have similar effects on stem cell fate
by elevating cytoskeleton tension.

Recently, a more in-depth study was performed to eval-
uate how the geometrical shape (i.e., same area) affects the
adipogenesis and osteogenesis profiles when the cells are
exposed to competing soluble differentiation signals [20].
This study confirmed that osteogenesis correlates with high
actomyosin contractility. Microarray analysis and pathway
inhibition studies have shown that geometric cues (e.g., star
shape instead of flower shape) induce osteogenesis through
enhanced c-Jun N-terminal kinase (JNK) and extracellular-
related kinase (ERK1/2) activation in conjunction with ele-
vated wingless-type (Wnt) signaling. This study supports
that geometric shape cues can direct stem cell fate through
Wnt signaling pathways.

4 Biomechanics of Geometric Control

To understand mechanotransduction in geometric control of
cell function, it is important to distinguish effects of

mechanical forces from those of biochemicals. In develop-
mental biology, the gradient of chemicals (known as
‘morphogens’) plays a dominant role in patterning. Poten-
tially, these morphogens could contribute as significantly as
mechanical forces. In fact, many cell function patterns could
be explained by both chemical gradients and mechanical
stress distributions. To tease apart their relative contribution,
delicate and well-designed experiments are necessary. In an
in vitro branching morphogenesis model, the contribution of
mechanical forces and autocrine-secreted transforming
growth factor TGF-β was analyzed by varying the geometry
of patterns [82]. It was found that epithelial branching only
occurs at locations where mechanical forces or actomyosin
contractility is high while the concentration of inhibitory
growth factor TGF-β is low. In another study, microgels
and macrogels were used to decouple the chemical diffusion
effects from the dimensional effects in tubulogenesis and
revealed the role of downregulation of myosin activity in 3D
tubulogenesis [83].

Dimensionality is another concern in geometric control
of stem cell function [84–86]. Compared to a flat 2D sub-
strate such as Petri dishes, cells inside 3D matrix have
narrowed integrin usage and enhanced bioactivity including
increased cell motility, and the adhesion proteins are more
often co-localized [85]. Interestingly, different from the cell
in 2D, the cell in 1D (i.e., highly elongated cells with
minimal cell–substrate adhesion) may better mimic that in
3D with rapid and uniaxial migration, depending on myosin
II and microtubule function [87]. In addition, cells exhibit
highly regular periodic migration along rectilinear tracks
inside 3D matrices, but not on conventional 2D substrates
[86]. Therefore, many results from 2D surfaces might not be
applicable to the cells in 3D constructs. In addition, scaffold
architecture may significantly affect cell binding and spread-
ing, leading to different cell function. For instance, cells
inside of large pores may flatten and spread as if cultured
on flat substrates, while a nanofiber scaffold may provide
more binding sites for cell membrane receptors and increase
the formation of filopodia and microspikes, elevating the
cell’s level of perception [14].

Mechanical forces have been measured for geometry
control of stem cell function with micropost arrays [88] or
with the force traction microscopy in both 2D and 3D [89,
90]. Numerical simulations were also performed to deter-
mine traction forces by modeling cytoskeleton tension in-
side patterned cells as pre-stress or residual stress in a
thermocouple [25, 27, 91]. All of these analyses indicated
that larger stresses tend to occur at the ends or protrusions of
geometries (compared to interior regions), and at the convex
boundaries (compared to the concave ones). The distribution
of mechanical stresses within defined geometries results
from cell–cell interaction including cortical tension as well
as cadherin-based cell–cell adhesion. However, there is still
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a lack of biologically meaningful models that describe cel-
lular internal molecular mechanisms in geometrical sensing.

5 Future Perspectives

A variety of approaches have been used to control geometric
cues to regulate stem cell functions in mechanistic studies as
well as towards applications in tissue engineering and regen-
erative medicine. These approaches range from patterning
adhesion for single cells to fabricating the internal architecture
of 3D scaffolds. There are numerous successful examples,
especially in stem cell differentiation into cells in bone, fat,
and heart. However, there are significant challenges in several
related areas. First, effects of geometrical control need further
evaluation, particularly for stem cell function after long-term
culture when cells secret sufficient ECM and are not in direct
contact with micro-/nano-geometrical cues. Second, many
exciting results have been obtained for cells on 2D surfaces,
but it is not clear whether the knowledge is able to be trans-
lated into 3D and how tight 2D geometric controls can be
implemented in 3D. Finally, cell mechanisms are still largely
unknown in this area. For example, the questions of how cells
detect and respond to geometric cues, and how cell mechanics
determines cell contractility and cytoskeleton tension are as
yet unresolved. Further research will need to address these
issues in order to enhance our understanding of the roles that
geometry–force control plays in cellular function.

6 Summary

Tissue engineering is an important field that has grown rapidly
and as such, a large number of techniques have been estab-
lished to allow greater control of cell function. This review
addresses numerous approaches ranging from 2D to 3D and
discusses the varied use of geometric controls to direct stem
cell fate and possible roles of cell biomechanics. The use of
geometric controls has shown great promise, but further work
needs enhance our understanding of the cell’s interactions
with the ECM. In summary, geometry control has the potential
to develop into a convenient and effective approach that is
complement to traditional biochemical methods for directing
stem cell function in tissue regeneration.
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