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Cell alignment plays a critical role in various cell behaviors including cytoskeleton reorganization, membrane
protein relocation, nucleus gene expression, and ECM remodeling. Cell alignment is also known to exert significant
effects on tissue regeneration (e.g., neuron) and modulate mechanical properties of tissues including skeleton,
cardiac muscle and tendon. Therefore, it is essential to engineer cell alignment in vitro for biomechanics, cell biol-
ogy, tissue engineering and regenerative medicine applications. With advances in nano- and micro-scale technol-
ogies, a variety of approaches have been developed to engineer cell alignment in vitro, including mechanical
loading, topographical patterning, and surface chemical treatment. In this review, we first present alignments of
various cell types and their functionality in different tissues in vivo including muscle and nerve tissues. Then, we
provide an overview of recent approaches for engineering cell alignment in vitro. Finally, concluding remarks
and perspectives are addressed for future improvement of engineering cell alignment.

© 2013 Elsevier Inc. All rights reserved.
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1. Introduction

Alignment has been widely observed at various scales in tissues and
organs, from extracellular matrices (ECMs) (e.g., collagen fiber bundles
in ligaments and tendons (Diop-Frimpong et al., 2011), concentric ECM
waves in bone (Lanfer et al., 2009), aligned cells (e.g., vascular epithelium
(Kissa and Herbomel, 2010), striated muscle cells (Gokhin and Fowler,
2013) and neuron cells (Pacary et al., 2012), to cytoskeletal fibers such
as microfilaments in rod-like matured cardiomyocytes (Ieda et al.,
2010). Cell alignment, which refers to spatial and oriented organization
of cells (Zhu et al., 2005), plays a critical role in pattern formation during
embryogenesis (Etemad-Moghadam et al., 1995), tissue maturation
(Chew et al., 2008b) and regeneration growth (Hoehme et al., 2010).
The formation of cell alignment in vivo is generally accompaniedwith dif-
ferentiation (Aubin et al., 2010), proliferation (Mauriello et al., 2009) and
the changes of physical cues in surrounding cellmicroenvironment (Roux
et al., 2009). It can further lead to the formation of various alignments of
subcellular structures, including cytoskeleton, plasma membrane, and
cell-adhesion complexes (Hoffman et al., 2011a). In addition, cell align-
ment combined with proliferation, migration and secretion of structural
substances determines the hierarchy of cells and tissues, providing the
physical andmechanical properties, and special biological functions at tis-
sue levels (Jeong et al., 2005). Aligned organization of cells also results in
secretion and deposition of a highly anisotropic ECM, which is specific to
tissue type and critical in determining tissue function (Friedl et al., 2012).
Therefore, it is essential to engineer cell alignment in vitro to regenerate
structured and functional tissue equivalents.

With advances in nano- and micro-scale technologies, various engi-
neering strategies have been developed to engineer cell alignment, in-
cluding mechanical loadings (e.g., stretching, fluid shear stress, and
compression), topographical patterning (e.g., microgrooves, nanofi-
bers), surface chemical treatment (e.g., cell-adhesive/repulsive pattern),
and a combination of these modalities. These engineering approaches
promote cell alignment either throughmechanicalmodulation on intra-
cellular cytoskeleton or directive physical and/or chemical gradients
within local ECMs. Cells respond to these external stimulations and un-
dergo an adaptation process, duringwhich synchronizationmay exist in
cell communications and signaling diffusions. Such an adaptation often
leads to cellular cytoskeleton reorganization, directional cell spreading
and growth, providing a necessary modification towards engineering
densely packed, uniformly aligned cellular hierarchy at tissue levels.

In this paper, we present a state-of-the-art review on the engineer-
ing of cell alignment in vitro, with a focus on muscle cells, vascular
cells and neurons. First, we present several typical cell alignments ob-
served in vivo (muscle and nerve tissues) and the functionalities due
to these special cellmorphologies. Then,we discuss current engineering
approaches that have been utilized to achieve cell alignment in vitro,
with a focus on the feasibilities of four aspects (e.g., spatial and temporal
course of cell alignment, robustness, biological applicability to various
cell types, and potential to engineer cellular constructs). In addition,
we list established methods for quantifying cell alignment (Xu et al.,
2011). Finally, we highlight the challenges and future directions for en-
gineering cell alignment in vitro.

2. Cell alignment in different tissues

2.1. Cell alignment in muscle tissues and vascular tissues

Cell alignment is known to play an important role in providing spe-
cial structure anisotropy for maintaining muscle tissue function. For
example, axially aligned cells are necessary for effective contraction of
muscle tissues (Valentín and Humphrey, 2009), skeletal (Choi et al.,
2008), cardiac (Sands et al., 2011) and tension resistant for tendons, lig-
aments, and blood vessels. Here, we mainly introduce cell alignment in
vascular tissues and striated muscle tissues (Fig. 1A–B)

2.1.1. Vascular tissues
Blood vessels have a distinct structural organization that provides

both flexibility (resilience) and tensile strength properties, which are
necessary for the pulsatile flow of blood. Vascular SMCs are
circumferentially arranged in the form of fibrous helix within vascular
media, collagen fibers, stacked between bands of elastin, and discontin-
uous sheets of endothelial basement membrane (Fig. 1A). This align-
ment appears to fully exploit the intracellular contractile protein
orientation such that maximal vessel contraction and dilation occurs
over a comparatively small range of shorting and lengthening of vascu-
lar SMCs, respectively. Specifically, the oscillatory strain exerted by pul-
satile blood flow ensures the formation of cell alignment during
vascular remodeling and angiogenesis. In vitro studies have shown
that strain-induced alignment of vascular SMCs was accompanied
with alternations of two smooth muscle phenotypes, i.e., contractile
phenotype (the quiescent secretory phenotype, marked by abundant
contractile proteins such as actin andmyosin) and synthetic phenotype
(the growing mobile phenotype, marked by ECM deposition and actin
synthesis) (Chan-Park et al., 2009; Diop and Li, 2011). Basically, vascular
SMCs show a contractile phenotype in a healthymature artery andmay
switch to synthetic phenotype. This phenotype switching usually asso-
ciates with a number of vascular disorders, such as hypertension
(House et al., 2008), restenosis (Gosens et al., 2003) and vasospasm
(Alford et al., 2011). Thus, it is of great importance to induce SMCs to
a physiological morphology and phenotype when engineering a func-
tional vascular graft in vitro.

Another example of cell alignment in vascular system is endothelial
cells (ECs), which are highly oriented along the direction of vessel lon-
gitudinal axis. ECs respond to a complex dynamic environment includ-
ing various chemical cues and biophysical stimuli induced by blood
flow. It has been demonstrated that the exposure of ECs to laminar
fluid flow shear stress (FSS) elicits the alignment of intracellular cyto-
skeletal components (e.g., actin fibers and microtubules) and hence
cell elongation and polarization parallel to the flow direction (Duan
et al., 2008). Shear stress due to blood flow acting on the endothelium
is critical tomanyvascular functions, including the vascular remodeling,
the maintenance of anti-thrombogenic properties, the physiological
control of vessel diameter, the alternation of vascular permeability,
and the pathological consequence of cardiovascular disorders. (Pries
et al., 2010; Yang et al., 2006). Both small GTPase Rho and integrins
were found playing important roles in inducing EC alignment in re-
sponse to shear stress cues. For instance, a variety of studies have
shown that shear stress rapidly mimics conformational activation of
integrin αvβ3 in bovine aortic ECs, followed by an increase in its bind-
ing to ECMs (Tzima et al., 2001). The shear-induced new integrin bind-
ing to ECM induces a transient inactivation of Rho similar to that seen
when suspended cells are plated on ECMs. This transient inhibition is
necessary for cytoskeletal alignment of ECs in the direction of flow. Ad-
ditionally, shear stress induced by blood may change when atheroscle-
rotic occurs and the fluid drag force acting on vessel wall is
mechanotransduced into a biochemical signal that results in changes
in vascular behaviors (Hubbell et al., 2009; Munson et al., 2013; Ng
and Swartz, 2003). For interventional therapies, the implantation of
coronary stents is a relevant part of interventional procedures for



Fig. 1. Cell alignment of different cell types in native tissues. (A) Alignment of endothelial cells and vascular smoothmuscle cells in blood vessels; (B) Alignment of muscle cells in striated
muscle tissues; (C) Alignment of Schwann cells in neurons.
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atherosclerotic treatment. Moreover, the design of various types of cor-
onary stents need to consider several factors including the creation of
disturbed shear velocities (Cunningham and Gotlieb, 2005), prolonged
inflammatory response to the stent promoting vascular SMC prolifera-
tion and migration (Kang et al., 2013; O'Connell et al., 2013), and the
stent design itself modulating local shear gradients (Cho et al., 2012;
Derkaoui et al., 2012). Dysfunctional endothelium (athero-prone phe-
notype) observed in regions of turbulent flow typically exhibits a cob-
blestone appearance, which contains a randomly orientation of actin
fibers and microtubules. This abnormal endothelial structure has been
proved to be related to vascular physiological homeostasis (Buck,
1983; Curtis and Wilkinson, 1997). However, the mechanism of how
the alignment of cytoskeletal structure regulates EC functions remains
unclear. It is also important to be clear how and to what extent the re-
markable EC–SMC co-alignment patterning, which are generally in the
opposite direction, facilitates the tissue functions.

2.1.2. Striated muscle tissues
Striated muscles can actively generate sufficient contractile

forces for various body movements, such as heart beating, muscle
stretching and contraction. At cell level, this is attributed to the ma-
tured rod-like shaped muscle cells consisting of highly organized in-
tracellular myofilaments (e.g., actin-filaments, myosin filaments)
(Fig. 1B). Spatial arrangement of muscle cells is required to generate
effective and active forces with appropriate distribution cell pat-
terns. Therefore, muscle cell alignments, which initiates the cascade
of tissue integrity in cell organization and ECM deposition, is critical
for the functional performance of striated muscle tissues.

Duringmusculoskeletal myogenesis, muscle cells align and fuse into
striated multinucleated myotubes, which are further assembled into
well-organized muscle fibers spanning the entire length of muscle
(Wakelam, 1985). Abnormal muscle alignment is associated with mus-
culoskeletal disorders due to inherited muscular dystrophies, accidents,
or tumor excision. (Bartels and Danneskiold-Samsoe, 1986). Despite
many attempts to engineer large functional muscle tissues with aligned
cells (e.g., topographical pattern, mechanical), it is still challenging to
control three-dimensional (3D) cell alignment within a relatively large
volume due to the lack of reliable and reproducible methods (Chen
et al., 2012).

In heart muscles, native ventricular myocardium is composed of
sheets of aligned cardiac fibers and myocytes with multi-surface orien-
tation varying as a function of transmural location. This complex spatial
distribution of cell alignment leads to a large degree of mechanical an-
isotropy in the sense that the primary eigenvector of the diffusion ten-
sor is aligned locally with the long axis of cardiac fibers, which can get a
strong ductility for heart beating (Helm et al., 2005). In addition, electri-
cal conduction anisotropy in heart greatly depends on fiber orientation
as current spreads fastest in the long axis of cardiac fibers (Lehmkuhl
and Sperelakis, 1965). On the other hand, pathological hearts, e.g., hy-
pertrophic cardiomyopathy, show a random arrangement of cardiac fi-
bers with grossly hypertrophied, thick, short and fragmented features.
Hence, recapitulating the anisotropic spatial arrangement of aligned
cardiomyocytes is a critical design criterion for engineering functional
myocardium.

So far, several strategies have been adopted to create aligned
myocardial equivalents in vitro, including mechanical stimulation
during culture (Guan et al., 2011), co-culture with cardiac fibroblasts
(Parrag et al., 2012), and entrapping cardiomyocytes in predesigned
gel–fiber scaffold (Arai et al., 2011). However, the structure–function
relationship between scaffolds and myocardial equivalents in cardi-
ac tissue is still not clear. For instance, fibrin gel-based myocardial
equivalents with aligned cells and matrix can generate twitch force
(i.e., the peak force achieved during pacing minus the baseline
force immediately before the pacing stimulus of myocardial cells)
due to the electrical pacing, which is 181% higher than the equivalents
with a random cell orientation. (Black et al., 2009). This improvement
may result from the enhancement of gap junction formation induced
by cell alignment.
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2.2. Cell alignment in nerve tissues

Cell alignment also exists in nerve tissues. Typically, in axonal re-
generation, neural cells spontaneously orient parallel to aligned
Schwann cells (SCs) in injured peripheral (Guenard et al., 1992)
and central nerve (Brook et al., 1998) in vivo (Fig. 1C). SCs which differ-
entiate to myelin in intact nerves, play an important role during axonal
regeneration. Following lesion-induced Wallerian degeneration, SCs
start to proliferate and generate longitudinal cell strands termed as
bands of Büngner (Ribeiro-Resende et al., 2009). Therefore, the nerve
lumen becomes restructured by hundreds of microchannels along the
major axis of the nerve. Aligned SCs and their ECM provide indispens-
able pathways for guided axonal regrowth. Although the mechanism
of spontaneous SC alignment and the formation of Büngner bands
in vivo remains elusive, in vitro studies show that SC alignment via lon-
gitudinally orientated microgrooves imitate the formation of bands of
Büngner, which indicate that topography cues of the nerve in vivo
may induce SC alignment. (Miller et al., 2001b; Thompson and
Buettner, 2004). With regard to the axonal alignment, SC alignment
directs neurite outgrowth in vitrowhen there are no other direction-
al cues (Thompson and Buettner, 2006). It has been shown that bio-
mimetic poly(dimethylsiloxane) (PDMS) replicating micro- and
nano-scale topography of SCs enhanced neurite alignment of dorsal
root ganglion and neuronal adhesion (Chew et al., 2008a). Collec-
tively, the aligned patterns of SCs and axons are greatly impacted by
physical topography in their microenvironment. Besides physical topog-
raphy, SCs also provide a rich molecular environment (e.g., ECM, cell ad-
hesion molecules, neurotrophic factors) that is beneficial for nerve
regeneration. The physical topography induced SC alignment may be as-
sociated with those molecular alternations, as was confirmed by the fact
that human SCs oriented to aligned electrospun poly(e-caprolactone) fi-
bers appears with a pro-myelinating state (a maturation-enhanced
state) (Curtis and Wilkinson, 1997).

Transplantation of nerve conduits seeded with aligned SCs has also
been used to promote nerve regeneration (Laulicht et al., 2011; Lietz
et al., 2006), which is largely related to the improved rate and extent
of neurite elongation cultured on aligned SCs (Lietz et al., 2006; Miller
et al., 2001a). Inspired by autologous nerve graftsmimicking the natural
repair process of peripheral nerve defects, many studies currently focus
on the exploitation of SC alignment in biomaterials towards construct-
ing artificial nerve grafts with enhanced functions (Bozkurt et al.,
2009; Zhang et al., 2010).Most of these studies follow a similar strategy:
resembling the orientated architecture of an autologous nerve graft
Fig. 2. Schematic representations of different approaches for engineering cell alignment in vitro
(C) and surface chemical treatment (D) have been developed to engineer cell alignment i
supporting the SC proliferation, alignment andmigration, despite differ-
ences in composition and formation of the grafts (Whitlock et al., 2009).
It is expected that such pre-designed artificial nerve grafts resembling
hierarchy of autologous nerve graft may address the major challenge
in regeneration of neurotmesis of multiple peripheral nerves, and/or
long-distance nerve gaps which are too large to allow tension-free su-
ture repair. In addition, the ability to track single axonal development
and synaptogenesis is essential for a better understanding of several
neural behaviors such as synaptic electrophysiology, synaptic plasticity,
and neural vesicle trafficking. Recently, a 3D single-cell capture method
based on microscale biological hydrogels (e.g., microgels) has been in-
vestigated (Fan et al., 2012), where axonal circle formed by single neu-
ron cell encapsulated inmicrogels was observed. Thismay be applied as
an enabling tool to analyze axonal development and autapse formation
in vitro.

3. Methods for engineering cell alignment

Due to its significant importance, engineering cell alignment in vitro
is essential to regenerate structured and functional tissue equivalents
for tissue engineering and regenerative medicine applications. In this
section, we review the state-of-art approaches to achieve cell align-
ment, including mechanical loading, topographical patterning, surface
chemical treatment and electrical stimulation (Fig. 2). We compare
thesemethods in terms of spatial and temporal course of cell alignment,
robustness when stimulation is removed, biological applicability to var-
ious cell types, and potential to engineer cellular constructs (Table 1).

3.1. Mechanical loading

Cells live in a microenvironment surrounded by various mechan-
ical cues in vivo, which play an important role in the structures, com-
positions, and functions of living tissues (Rehfeldt et al., 2007). The
mechanical stimulations can induce physiological or pathological al-
terations in ECM, leading to an adaptive tissue organization. For in-
stance, SMCs in vascular tissues are under long-term mechanical
stimulation (e.g., shear stress and tension) induced by pulsatile
blood flow, resulting in a distinct pattern of orientation (e.g, circumfer-
ential direction in the artery media). In fact, mechanical stimulations
that simulate the physiolgical microenvironment have been adopted
to generate different cell patterns in vitro, such as stretch patterns and
flow patterns (Aigouy et al., 2010; Kaunas and Hsu, 2009). Here we
. A variety of approaches including mechanical loading (A–B), topographical patterning
n vitro. (E) Engineering cell alignment in 2D and 3D environment.

image of Fig.�2


Table 1
Current approaches for engineering cell alignment in vitro.

Methods Spatial and temporal course
of cell alignment

Robustness Biological applicability Potential applications for engineer
cellular constructs

Stretch Generation of stable cell
alignment from 12–24 h

Within 14 days Fibroblast/cardiomyocytes/MSCs/SMCs/ECs Skeletal muscle/ligament/tendon/skin

Fluid flow shear stress 24–36 h 1 day–3 days Myofibroblast/ECs/SMCs –

Compression Over 24 h – ECs/SMCs/osteoblast Skin/tendon/bone
Topographical patterning 12–48 h Within 14 days Fibroblast/SMCs/ACs/SGNs/SGSCs/ECs/SCs –

Surface chemical treatment 12–24 h Within 14 days Fibroblast/ECs/SCs/MSCs –

Electrical stimulation 2–24 h Within 7 days P-12/NSCs/cardiomyocytes Cardiac muscles/neural grafts

ECs: endothelial cells;MSCs:mesenchyal stemcells; SMCs: smoothmuscle cells; SCs: Schwann cells; ACs: astrocytes; SGNs: spiral ganglion neurons; SGSCs: spiral ganglion Schwann cells;
“–”: not clear.
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discuss three types of mechanical stimulations, including stretch, FSS,
and compression.

3.1.1. Stretch
A conventional mechanical approach to align cells is through apply-

ing cyclic mechanical stretch to substrates or scaffolds seededwith cells
(Pang et al., 2011). This mimics the periodic mechanical loading to
skeletal muscle, vein/artery, tendon and heart in vivo, with parameters
near physiological conditions (typically, 0.5–2 Hz, 2–20% strain). This
method is generally applied to load-sensitive cells, such as fibroblasts,
ECs and SMCs. Other cell types have also been tested in stretch systems
for engineering purpose, such as the differentiation of mesenchymal
stem cells (MSCs) and cardiomyocytes. Regardless of cell types, cells
cultured on a 2D substrate that is subjected to uniaxial cyclic stretch
trend to align perpendicular to the direction of principal cyclic strain
(i.e., the direction ofminimal substrate deformation), which is generally
known as stretch-avoidance or strain-avoidance (Kaunas et al., 2005;
Neidlinger-Wilke et al., 2001; Wang et al., 2001). In contrast, orienta-
tion of cells cultured in 3D constructs (e.g., encapsulated in hydrogels
or seeded in scaffolds) turns out to be more complicated. For instance,
uniaxial cyclic stretch can induce a strong stretch-avoidance response
of vascular-derived cells at collagen gel surface, but not within the gel
(Foolen et al., 2012; Xu et al., 2010). This is possibly because it is more
difficult to alternate stress-fiber orientation in 3D constructs compared
to 2D by cyclic stretching, which dominates cell alignment directional-
ity. It is postulated that other factors such as the contact guidance of the
ECM fibers in the scaffolds will also impact stretch-induced alignment
over time.
Fig. 3. Alignment of C2C12 myoblasts subjected to cyclic tensile strain (CTS) (Ahmed
(unstretched) substrate with a homogeneously fibronectin functionalized surface the cell
outwards in all directions. (b) CTSwas applied to a homogeneously functionalized surface and c
(c) Cells on the control substrate with micro-patterned lines exhibited an elongated morph
(±10.8°). (d) CTS applied to 0° micro-patterned lines caused cells to orient irregularly and
micro-patterns resulted in an average actin stress fiber orientation angle of 51.8° (±16.8
3.1.1.1. Basic rules for cyclic stretch to generate cell alignment. To generate
cell alignment, cells are generally immobilized on stretchable
membranes (commonly silicone) that are subjected to uniaxial
stretch, e.g., via Flexercell strain apparatus. The results are ana-
lyzed assuming that a uniform strain field is applied, although
this is challenging to achieve during experiments due to the un-
stable force generated and substrata anisotropy. Several rules
should be followed for cyclic stretch to generate cell alignment
in vitro.

3.1.1.1.1. Stretch duration. The cell alignment in 2D systems appears
to be sensitive to the duration, magnitude, and frequency of the
stretching forces/deformation applied. It has been observed that cellular
stress fiber (e.g., those in vascular SMCs) initiates alignment soon after
onset of mechanical stimulation, even as soon as 5 min after loading
(Chen et al., 2010). When subjected to 10–24% strain, SMCs generated
stable cell alignment within 24 h (Crouchley et al., 2008). The angles
of cell alignment are adjustable, as pre-oriented SMCs changed their ori-
entation when a different stretching direction was applied (Ahmed
et al., 2010; Dartsch and Hammerle, 1986) (Fig. 3). The alignment of
vascular SMCs canmaintain up to 48 h after removing the stretch. How-
ever, the mechanism in determining the time needed for forming
stretch induced cell alignment remains to be elucidated. One study sup-
ported that N-cadherin-mediated, which is the critical transmembrane
proteins of the adherens junction among cardiomyocytes, inhibited
the formation of cell alignment to mechanical stretch (after 24 h culti-
vation) (Matsuda et al., 2005). In brief, the time-dependentmodulation
of alignment reflects cellular complex dynamic regulations within and
after the formation of cell alignment.
et al., 2010). (A) Schematic of stretchable PDMS substrate. (B) (a) On the control
s had no specific orientation with phalloidin stained actin stress fibers extending radially
aused cells to develop actin stress fibers oriented at an average angle of 71.5° (±17.2°).
ology with actin fibers oriented along the direction of the micro-patterned line at 0.1°
form actin stress fibers oblique to the strain direction. (e, f) CTS applied to 45° and 90°
°) and 91° (±14.0°) respectively. Scale bar: 50 μm.

image of Fig.�3
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3.1.1.1.2. Stretch magnitude. The response of cell alignment also de-
pends on stretch magnitudes. It was observed that aortic endothelial
cells aligned more rapidly under higher stretch amplitudes (Hsu et al.,
2009). For instance, a 10–24% (1 Hz) graded stretch resulted in graded
vascular SMC alignments ranging from a completely random orienta-
tion to a maximum alignment perpendicular to the stretch vector
(Kakisis et al., 2004). The minimum strain for inducing cell alignment
has been reported in several studies, which however varies from case
to case. Given that the orientation tendency is to align in the direction
of the direction of minimal substrate deformation, the alignment-force
field of cyclic stretch is dependent on the mechanical properties of
substrates.

3.1.1.1.3. Stretch frequency. Cyclic stretch frequency (SF) has been
found to efficiently regulate cell alignment in vitro. For instance, vascu-
lar SMCs were efficiently aligned by cyclic stretch at 1.25 Hz (in the
range of 0.5 to 2.0 Hz) under short-term stimulation (b12 h), while
they oriented more uniformly under lower frequency (b0.5 Hz) under
long-term stimulation (N24 h) (Rahimi et al., 2012). Moreover, a dy-
namic stochastic model of stress fiber networks that concerned the
rates of matrix stretching, SF turnover, and SF self-adjustment of exten-
sion, has been developed to predict frequency-dependent alignment of
stress fiber of bovine aortic ECs under cyclic stretch (Silveira et al.,
2005). The model assumed that stress fibers in ECs no longer respond
to matrix stretch below a threshold frequency of 0.01 Hz and no addi-
tional stress fiber alignment occurs above a saturation frequency of
1 Hz. On the contrary, a previous study on non-confluent human aortic
ECs implicated that neither the rate nor the extent of cell alignment
were sensitive to stretch frequency in the range of 0.25–1 Hz (Hsu
et al., 2010). The reason for these discrepancies is not clear. It may be
due to the differences in cell types, cell–scaffold constructs, matrices
distribution and experimental conditions. Further investigation is need-
ed to understand the underlying mechanisms of interactions between
cellular behavior (e.g., actin assembly, stress fiber alignment) and
frequency-dependent stretch-induced reorganization at cell level.

3.1.1.2. Mechanisms involved inmechanical stretch-induced cell alignment.
Although it is known that cell alignment generally beginswith a process
of cytoskeleton reorganization, the underlyingmechanism for cell align-
ment induced by stretching is still not clear. Cell alignment is often char-
acterized by the alignment of stress fibers, which constitute the major
cytoskeletal elements and are responsible for the maintenance of cell
shape. In reality, stress fibers respond to cyclic stretch as quickly as in
5 min and polymerize along the direction of minimal substrate defor-
mation. Hence, cells tend to adjust their orientations via stress fibers
in response to the direction of extracellular stresses to minimize inter-
nal strain. This rapid alignment response of stress fibers complete
much faster than cell reorientation (more than 3 h) and focal adhesions
changes. Several phenomena concerning cell cytoskeleton have been
observed during SMC reorientation, such as attenuation of stress-
induced cell alignment with nocodazole or cytochalasin D, the forma-
tion of cellular pseudopods in the same direction as SMCs realignment,
and a similar change tendency of F-actin/G-actin ratio as cell alignment
extent response to frequency of cyclic stretch (Li et al., 2013a). Signifi-
cantly, these cytoskeleton reorganizations suggest a key role of
mechanotransduction mechanisms, which might initiate the cascade
of stretch-induced cell alignment and greatly determine further stable
patterns in the long run.

In regard to the signaling cascade, integrin-ß1 plays an important
modulating role in stretch-induced SMC alignment. The stretch-
induced alignment of vascular SMCs has been found to be regulated
by p38mitogen-activated protein kinase (MAPK), nitric oxide and reac-
tive oxygen species, but independent of S6 kinase, extracellular signal
regulated kinase (ERK1/2), JNK, P13K, and stretch-activated calcium
channels (Shyu, 2009). The protein conformationmay vary for different
cell types. In the other hand, cyclic stretch can stimulate a significant re-
lease of autocrine and paracrine growth factors in vascular SMCs,
including transforming growth factor-beta, vascular endothelial growth
factor, platelet-derived growth factor, and fibroblast growth factor.
However, the relationship between these factors and the rapid cell
alignment response is still not clear.

3.1.1.3. Effects of cyclic stretch on engineered tissue constructs. Although
numerous studies of stretch-induced cell alignment have been per-
formed on 2D stretch systems, increasing effort are putting on
inducing cell alignment in 3D construct for tissue engineering appli-
cations. It was found that cyclical mechanical stretch on 3D
engineered tissue (e.g., muscle skeletal and artificial tendons) im-
proved their functions by generating a more organized structure
(Kreja et al., 2012). In another study, SMCs seeded in fibronectin-
coated scaffolds made of poly(glycolide) and collagen (type I)
formed alignment under cyclic stretching (7% strain, 1 Hz) for
10 weeks (Gupta and Grande-Allen, 2006). Higher than 90% of
cells were aligned perpendicular to the strain direction, along with
up-regulation of elastin and collagen secretion. The ECM expressions
in turn resulted in even higher Young's modulus and ultimate stress.

Recently, a study has investigated the impact of cyclic stretch on cell
orientation in 3D micro-tissues (Foolen et al., 2012). The alignment of
cells at the surface of micro-tissues consistently showed strong
stretch-avoidance under uniaxial cyclic stretching, which is in accor-
dance with cell behavior in 2D systems. However, cyclic stretch did
not alter cell alignment in the tissue core. It may be due to cells in the
tissue core were entangled with collagen fibrils which interfered cell
mechanoresponse, known as collagen contact guidance. This is consis-
tent with contact guiding mechanism of cells in 3D constructs
surrounded with pre-aligned collagen matrices or fibronectin fibers
(Mudera et al., 2000; Wray and Orwin, 2009).

3.1.2. Fluid flow shear stress
Fluid flow shear stress (FSS) is another mechanical stimulus,

which can induce cell alignment both in vivo and in vitro. A remark-
able example is that vascular ECs elongate and align parallel to the
direction of blood flow (Dewey et al., 1981), which may contribute
to atheroprotection (Goldfinger et al., 2008). Flow-induced align-
ment is essentially related to directional cues of FSS. This is probably
why turbulent flow cannot induce changes in endothelial orienta-
tions (Davies et al., 1986). Blood flow in vivo throughout the vascula-
tures is laminar in nature except for flow through the aortic arch
during systole (Isenberg et al., 2006) and in some serious pathologi-
cal conditions.

3.1.2.1. 2D flow-induced alignment. 2D flow-induced cell alignment is
essentially related to directional cues of FSS. In vitro flow platforms
that either physiologically approximate in vivo pulsatile properties or
only implement laminar flow with certain waveforms (e.g., constant
flow, sinusoidal flow) have been found capable of promoting cell align-
ment in a monolayer, while little is known about their difference in
working mechanism during cell alignment process. FSS-induced cell
alignment is also not as well understood as stretch-induced alignment.
Several investigations have reported the effects of fluid flow on
myofibroblast and SMC alignment. For instance, low levels of interstitial
flow can not only lead to the differentiation from fibroblast to
myofibroblast, but also the inducement of myofibroblast alignment, as
illustrated in Fig. 4. In the study, a MATLAB program has also been de-
veloped to perform the analysis of cell alignment. Specifically, an
image was first imported as a matrix array and the Fast Fourier trans-
form algorithm was employed to transform the windowed image into
a power spectrum, which was highly contrasted before the intensity
frequencieswere summed to determine the orientation intensity distri-
bution histogram. These effects are accompanied with TGF-β1 induc-
tion, and can be eliminated with TGF-β1 blocking antibodies. α1β1

integrin also plays an critical role in the specific response to FFS as a re-
sult of its inhibition, which can prevent fibroblast differentiation and



Fig. 4. Alignment of human fibroblasts in a collagenmatrix subjected to radial interstitial flow and purposedmechanism of interstitial flow-drivenmyofibroblast differentiation (Ng et al.,
2005). Confocal images of cells (A) and matrix fibers (B) with their corresponding Fast Fourier transform analyzed intensity frequency histograms. F-actin is labeled green with the con-
focal reflection in red; arrow indicates flowdirection. These observationswere quantified by alignment index (C) and peak angle (D) for cell andmatrix alignment, respectively. Unpaired
t-tests were used for statistical analysis of the means; significant differences (**P b 0.01) were observed in alignment index in both cells and matrix under flow conditions compared to
that measured under static conditions using Mann–Whitney test. (E) Proposedmechanism of interstitial flow-driven myofibroblast differentiation and matrix remodeling. Scale
bars: (A) 200 μm, (B) 20 μm.
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subsequent collagen alignment (Ng et al., 2005). In addition, bovine
aortic SMCs showed a slight tendency to align in the flow direction
(6 dyn/cm2 shear stress) (Cucina et al., 2002), while Canine coronary
vascular SMCs align perpendicular to flow direction (20 dyn/cm2

shear stress) (Lee et al., 2002). In contrast, there was no apparent effect
of up to 25 dyn/cm2 shear stress on highly confluent human abdominal
aortic SMCs plated on lower density fibronectin substrates (Koniari
et al., 2011). Moreover, porcine aortic valve ECs aligned perpendicular
to laminar flow (20 dyn/cm2), while porcine aortic ECs aligned parallel
to flow (Butcher et al., 2004). These distinct alignment responses to
shear stress appear differently from the general mechanism that
cells respond to mechanical stimuli by minimizing their exposure
to stress or strain (Hoffman et al., 2011b). In other words, FSS-
induced cell alignment cannot be solely regulated by forceminimization
unlike stretch-induced cell alignment and may involve active cell type-
specific process (Lee et al., 2002). Collectively, these studies suggest
that FSS-induced cell alignment may be dependent on differences in
tissue and cell phases, aswell as cell–ECMand cell–cell contact conditions
such as substrate adhesion, cell density and cell–cell communication.

3.1.2.2. 3D flow-induced alignment. Comparedwith 2D flow-induced cell
alignment, cell alignment in 3D is totally different (Fig. 2E). For instance,
interstitial flow has been utilized for alignment of fibroblasts encapsu-
lated in collagen gels, and it has been shown that this drove both cell
and ECM alignment perpendicular to flow direction (Henshaw et al.,
2006). Additionally, computational models have shown that perpendic-
ular alignment of the matrix lead to the shear protection on cells
(Pedersen et al., 2010). In capillary morphogenesis, interstitial flow led
to formation and alignment of perfused capillaries (Ng et al., 2004).
The mechanism of flow-induced capillary morphogenesis and align-
ment was found to be at least partially governed by cell–cell signaling
which was directed by interstitial flow (Suchting et al., 2007; Swartz
and Fleury, 2007). However, aligning cells in a 3D constructs using FSS
has not beenwell developed. This is due to the challenge inmaintaining
laminar flow in a complex 3D cellular microenvironment where turbu-
lent distribution widely exists and is uncontrollable. Therefore, strate-
gies to construct cell alignment pattern via FSS stimuli greatly rely on
precisely predesigned and fabricated scaffolds (Porter et al., 2005).
Although fluid flowhas beenwidely adopted in various perfusion biore-
actors for tissue maturation in vitro, it mostly plays a role in enhancing
nutrient and waste exchange (Butler et al., 2009) around or within
tissue-engineered constructs rather than in promoting aligning cells.

3.1.2.3. Basic rules for aligning cells by applying FSS. Unidirectional lami-
nar fluid flow is mostly exploited to induce cell alignment experimen-
tally using parallel plate flow or microfluidic chambers. Many typical
features have been found by this kind of shear stress stimuli. For in-
stance, flow-induced cell alignment is highly dependent on the mag-
nitude and exposure time of the flow applied. While physiological
levels of shear stress are on the order of 1 dyn/cm2 (Wang et al.,
1995), shear stress on the aligned endothelium in vivo is in the
range of 10–70 dyn/cm2 in straight sections of arteries (Nerem
et al., 1998). Vascular SMCs remain random cell orientations when
cultured in a static condition or stimulated in vitro with low laminar
flow (1 dyn/cm2) up to 48 h, while begin to align within 4 h under
high flow shear stress of 20 dyn/cm2 (Lee et al., 2002), indicating a
threshold for inducing cell alignment by FSS. The process of cell
alignment in response to shear stress is rapid, which is comparable
to stretch-induced cell alignment. Cellular structural components
also change during the flow stimulation process. For instance, the
focal adhesion complexes reorganize prominently at the ends of the
long axis of aligned cells (Butcher et al., 2004), and F-actin microfila-
ments (typically stress fibers) andmicrotubules are reassembled parallel
to the flow direction (Galbraith et al., 1998; Ives et al., 1986; Lee et al.,
2002).

3.1.2.4. Mechanisms involved in FSS-induced cell alignment. A large num-
ber of studies have focused on engineering the alignment of EC by FSS
in vitro, which elongate and align in the blood flow direction in vivo.
For instance, a fluidic device composed of a gradient chamber has
been developed to induce EC alignment in vitro (Dolan et al., 2011).
There are four parallel flow channels which can generate a FSS gradient
in the chamber, such that ECs seeded in the channels are exposed to the
FSS gradient and aligned in the flow direction. The results have shown
that high FSS gradient (1120 Pa/m) inhibited EC alignment to flow di-
rection compared with low FSS gradient (980 Pa/m). In another study,
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ECswere seededon glass sides coatedwith collagen type I and then sub-
jected to 14 dyn/cm2 of FSS utilizing a parallel flow chamber (Azuma
et al., 2001). The steady FSS was generated by pressure difference be-
tween an upper and a lower reservoir. They investigated the influence
of several pathways including p38/mitogen-activated protein kinase,
heat shock protein, and activated protein kinase 2 on EC elongation
and alignment during FSS. The results indicated that the pathway of
p38/mitogen-activated protein kinase plays a key role in EC alignment
induced by FSS. Morphological alignment of ECs under shear stress are
driven by cytoskeletal rearrangements (McCue et al., 2004). Shear
stress-induced cytoskeletal remodeling of ECs occurs in three phases
(Li et al., 2005). Firstly, cell elongation, formation of stress fiber andmi-
crofilament, and intercellular junction disruption are observed after the
first 3 h of shearing. Then, these processes are followed by cell move-
ments accompanied with the loss of peripheral bands, and the polariza-
tion of microtubule-organizing centers (MTOC), which together with
the nucleus become located at the upstream side of the cell body after
6 h of shearing. In the final phase, the cells become oriented parallel to
the flow direction combined with the formation and alignment of thick
stress fibers and dense microfilaments, as well as the re-establishment
of cell junctions after 12 h of shearing. Studies have revealed that the
regulation associated with FSS-induced EC alignment is dependent on
tyrosine kinases, RhoA, Rac1, PKA, α4 integrin, and F-actin, but is inde-
pendent of Cdc 42, PKC, phosphatidylinositol 3-kinase (PI3 Kinase), in-
termediate filaments, and ion channels (Goldfinger et al., 2008; Li et al.,
1999; Malek and Izumo, 1996; Wojciak-Stothard and Ridley, 2003). No-
tably, PI3 kinase signal pathway is involved in vascular EC alignment
(Vorbau et al., 2009).

As discussed above, FSS-induced cell alignment is an active cell-
specific process (Lee et al., 2002), and plays a critical role in phenotype
determination. For example, interstitial flow affects myofibroblast dif-
ferentiation and several important characteristics of fibroblasts in
Fig. 5. Cell alignment by reversibly introducingmicrofeatures into substrate surface (Lam et al.,
features and uncompressed to remove the features. Micrographs on the right show cell behavi
being random to aligned and back to random. (B) (a) Optical microscopy images of muscle cell
compression (wavy) and uncompression (flat). Scale bars: 100 μm.
fibrotic tissues (e.g., fibroblast proliferation and matrix alignment). Be-
sides cell alignment, FSS also affects cell behaviors including prolifera-
tion, differentiation, migration, and apoptosis. Moreover, FSS has been
shown to increase mineralized matrix deposition (Datta et al., 2006)
and improve the matrix synthesis compared with static culture
(Porter et al., 2007).

3.1.3. Compression
Compression is another mechanical stimulus that can induce cell

alignment both in vivo and in vitro. For instance, fibroblastswere aligned
to the direction of compressionwith 50% strain (Girton et al., 2002). This
cell alignment was found to be independent of time after compression
over 24 h. In addition, reversible on-demand myoblast alignment can
be obtained through both compression stimulus and cell culture sub-
strates composed of with wavy microfeatures. In this study, myoblasts
cultured on substrates showed rapid reorientation upon compressive
strain within 24 h, which is mainly due to the reorientation of collagen
fibers caused by anisotropic strain inmatrices (Fig. 5) (Lam et al., 2008).
These results imply that cell alignment under compression stimulus is
dependent on fibril alignment associated with anisotropic strain,
which is generated by compressive stress-induced ECM remodeling, as
well as different cell types. To the date, there are only a few studies
reporting cell alignment in 3D compacting systems (e.g., collagen gels
that are mechanically constrained at opposite sides) (Eastwood et al.,
1996; Knapp et al., 1999). These studies created spatially non-uniform
strain fields and as a result cell alignment varies in direction andmagni-
tude with position.

3.2. Topographical patterning

Cells in vivo are living in a complex ECM network composing of var-
ious proteins (e.g., collagen), proteoglycans, and glycosaminoglycans,
2008). (A) After being prepared for cell culture, substrates are compressed to obtain wavy
ors on the reconfigurable surface before, during and after compression— cells orient from
s on the reversible wavy surfaces; (b) Average orientation angles for cells during repeated
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which contain 3D topographical cues that are vital for cell alignment.
Similarly, constructing substrates with (sub) micro/nano-grooves
(Brunette and Chehroudi, 1999; Clark et al., 1991; Dalton et al., 2001;
den Braber et al., 1998; Glass-Brudzinski et al., 2002; Glawe et al.,
2005; Hsu et al., 2005; Jiang et al., 2002; van Delft et al., 2008;
Walboomers et al., 1999), pillars (Martinez et al., 2009; Sjostrom et al.,
2009; Walunas et al., 1994), pits (Moroni and Lee, 2009; Murata et al.,
2002; Shibakawa et al., 2005), wrinkles (Chen et al., 2011; Greco et al.,
2013; Guvendiren and Burdick, 2010), or fibrous scaffolds (Agrawal
and Ray, 2001; Cima et al., 1991; Eiselt et al., 1998; Gao et al., 1998;
Hutmacher, 2001; Kim and Mooney, 1998) can align cells following
the topographical patterns. Generally, characteristic dimensions of
certain substrates that could induce cell alignment are comparable
to those of the natural ECM in vivo. The response mechanism of
cells align and migrate along those topography is specifically recog-
nized as contact guidance, which was firstly introduced by Weiss
(Weiss and Hiscoe, 1948). Contact guidance has been observed in
various cell types, including neurons, fibroblasts, ECs, epithelial
cells, macrophages, and neutrophils. In addition, contact guidance
also plays a critical role in protein synthesis and cell growth besides
alignment (Martin, 2004). Recent advances in micro-fabrication
technology have enabled the creation of well-defined topographical
structures with micro/nano-scale resolution. As a result, more complex
cell alignment can be achieved by contact guidance on well-defined to-
pographical patterns (Zink et al., 2012). The most apparent advantage
of cell alignment via topographical patterning is the high consistence
Fig. 6. Schematics of different topographical patterns for engineering cell alignment in vitro. (A
grooves (Gamboa et al., 2013); (B) (a) Patterns composed of pillars (Ghassemi et al., 20
2013); (E) Fibrous scaffolds with topographical features (Kolewe et al., 2013). Scale bar: (B) 2 μm
as a result of the single cell attachment inmicro/nano-scale. Approaches
to produce substrate surface composedwithmicro/nano-scale topogra-
phies are usually utilized in microfluidics, micromechanics and micro-
electronics applications. Here, we will present the application of
substrateswith different topographies of different geometries including
grooves, pillars, pits, and wrinkles to engineer cell alignment in vitro. In
addition, a brief review of approaches to engineer cell alignment using
fibrous scaffolds is given.

3.2.1. Grooves
Up to now, a variety of literatures have focused on the role of micro

and nanoscale grooves in controlling cell adhesion, assembly and align-
ment in 2D culture substrates (Nikkhah et al., 2012; Stevens and
George, 2005). Various micro and nanofabrication technologies have
been developed to fabricate grooved topographical features, such as
deep reactive ion etching (Anene-Nzelu et al., 2013), electron beam li-
thography (EBL) (Gamboa et al., 2013), direct laser writing (Zhou
et al., 2012), photolithography (Hosseini et al., 2012), replica molding
(Kim et al., 2010) and microfluidics (Kang et al., 2012). Typically,
grooved features are arranged in repeating patterns, e.g., with equal
ridge width and set groove depth (Fig. 6A). Most studies have shown
that a variety of cell types, including fibroblasts, epithelial cells, and en-
dothelial cells, cultured on multiple parallel grooves align and migrate
along the direction of the major axis of grooves (Craighead et al.,
2001). For instance, micro- and nano-grooved methacrylate substrates
were fabricated via a photolithography approach to engineer the
) Patterns composed of grooves: (a)–(b) linear grooves (Kim et al., 2010); (c)–(d) wave
12). (C) Patterns composed of pits (Hwang et al., 2009); (D) Wrinkles (Greco et al.,
, (C) 500 μm, (E) 100 μm.
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Fig. 7. Cell alignment induced by patternswith grooves and pillars (Bucaro et al., 2012; Tuft et al., 2013). (A) (a)–(b) Representative SEM images ofmicropatternedHMA-co-HDDMApoly-
mers; (c) Astrocytes demonstrate typical morphology on unpatterned polymers; (d) Astrocytes elongate and align on patterned polymers. (B) (a) SEM images of C3H10T1/2 cells after
1 day of culture on nano-pillar arrays; (b) Optical images showing actin cytoskeleton (red) and nuclei (blue) of cells after 2 days of culture on nano-pillar arrays; (c) SEM and live cell
optical image (inset) of the same cells stained with R18 after 1 day of culture on nano-pillar arrays. Scale bar: (A) 50 μm, (B) (a) 100 μm, (b) 10 μm, (c) 20 μm.
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alignment of neurites in vitro (Tuft et al., 2013). The width of the
grooves can be regulated from 250 nm to 10 μm through the adjust-
ment of various parameters includingmonomer/photoinitiator concen-
tration, UV exposure time and initiating light intensity (Fig. 7A). The
results showed that a variety of neural and glial cell types, including as-
trocytes, trigeminal neurons, cerebellar granular neurons, spiral gangli-
on Schwann cells, spiral ganglion neurons, and dorsal root ganglion
neurons, aligned to the direction of patterned grooves in varying de-
grees. In another study, an anisotropically nanofabricated substratum
patterned with poly(ethylene glycol) diacrylate (PEGDA) hydrogels
was utilized to induce cardiomyocyte alignment and mimic the struc-
tural and functional properties of native cardiomyocytes surrounding
with ECM architectures (Kim et al., 2010). PEGDA hydrogel-based pat-
tern with nanogrooved features (with ridge width from 150 to
800 nm, groove width from 50 to 800 nm and height from 200 to
500 nm) was fabricated using a UV-assisted nano-molding technique.
Neonatal rat ventricular myocytes (NRVMs) were cultured on aniso-
tropically nanofabricated substratum for 6–14 days and immunofluo-
rescence analysis showed that sarcomeric α-acinin and F-actin in
NRVMs aligned along the direction of nanogrooves after 48 h, whereas
these proteins exhibited a random distribution in NRVMs cultured on
unpatterned substrate. It was demonstrated that NRVMs alignment
was formed depending on a strong influence of the nano-grooves on
the organization of cortical cytoskeleton and focal adhesions of cells.

Although both micro- and nano-patterned grooves can induce cell
alignment, there is a significant difference between these two ap-
proaches. For micro-grooved features, the ridge width is commonly
larger than or equal to the size of a single cell, which is permissive for
cell attachment and migration, as well as cell alignment following the
geometrical guidance. In contrast, nano-grooved features are similar
to the ECM architectures and are typically much smaller than a single
cell, thus inducing cell alignment in a more fundamental way such as
mimicking or signaling the cell membrane receptors (Craighead et al.,
2001).

Additionally, a decrease in groove width and an increase in groove
depth were both found to enhance cell alignment and orientation
(Charest et al., 2007; Li et al., 2008; Lu and Leng, 2009).Most of previous
studies have focused on the inducement of linear grooved substrates on
cell alignment. Recently, a substratewith sinusoidal waved grooveswas
developed to investigate the alignment of mouse embryonic fibroblasts
(Gamboa et al., 2013). The waved grooves were fabricated through EBL
technique onto a polymethyl(methacrylate) (PMMA) substrate, which
was spin-coated on a glass surface. A significant difference was noted
between cells aligned on linear grooved and wave grooved patterns.
Cells tended to align along the direction of linear groove, whereas cells
tended to sit primarily on PMMA substrate and align themselves across
a single wave groove. The actin and vinculin staining showed that cells
on wave grooved patterns dipped into each groove as they crossed over
it. However, the mechanism of this phenomenon still needs further
investigations.

3.2.2. Pillars
Pillar is another kind of topographical feature that can induce cell

alignment in vitro (Fig. 6B). An increasing number of studies have dem-
onstrated that alignment of cells is affected by the spacing and geome-
tries of pillars such as height and aspect ratio (Doetzlhofer et al., 2009;
Jacques et al., 2007; Lee et al., 2001; Yu et al., 2013). For instance, pat-
terned nano-pillar arrays were utilized to induce alignment of mesen-
chymal stem cells (MSCs) (Bucaro et al., 2012) (Fig. 7B). Patterned
arrays were fabricated in silicon through a photolithography technique.
The alignment of MSCs with axon-like extensions was observed in
nano-pillar arrays with a 2 μm spacing after 1 day culture, whereas it is
invisible in arrays with 1 μm and 4 μm spacing. Nematollahi and col-
leagues generated a novel topography, which combined square floors
surrounded by six-sided micro-pillars, to investigate the alignment of
periodontal ligament epithelial cells (Nematollahi et al., 2009). In this
work, micro-pillars, with dimensions ranging from 4 μm to 10 μm in
height and from 80 μm to 90 μm in spacing, were created on epoxy rep-
lica surfaces using epoxy production technique. Cells on surfaces
consisted of pillars with feature height of 10 μm and spacing of 83 μm
maintained a significant hexagonal alignment along the micro-pillars.
In contrast, cells on other replica surfaces resulted in an unseen degree
of cell alignment. Vinculin staining illustrated that cells formed mature
focal adhesions on micro-pillar tops, but smaller punctate adhesion on
pillar walls and in the gaps. In addition, the alignment of cells on sub-
strates with pillared features also depends on cell types. For instance, it
was shown that hippocampal neurons cultured on pillared surface ex-
hibited a high degree of alignment, whereas in contrast to other cell
types (e.g., fibroblasts and ECs) cultured on such pillared substrates
(Hoffman-Kim et al., 2010). The alignment of hippocampal neurons
cultured on pillared surface with pillars ranging from 0.5 μm to 2.5 μm
in diameter and 1.5 μm to 4 μm in spacing was also investigated
(Dowell-Mesfin et al., 2004). The neural cells tended to stride across
the smallest spacing between pillars and align either at 0° or 90°. As the
spacing betweenpillars increased, the degree of cell alignment decreased.
Although previous studies demonstrated that pillared geometries can
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induce cell (e.g., neurons, stem cells and fibroblasts) alignment by regu-
lating various parameters such as pillar height and spacing, the influence
of pillared geometries on the alignment of other cell types (e.g., cardiac
muscle cells) still needs to be investigated.
3.2.3. Pits
Several studies have shown that pit topographies can produce differ-

ent effects on cellular adhesion and alignment in vitro, depending on pit
features including pit size, spacing and symmetry of pit positioning
(Biggs et al., 2007; Dalby et al., 2008) (Fig. 6C). Generally, high symme-
try and high resolution micro- and nano-pits can be fabricated using
EBL, lithography and molding techniques (Hench and Polak, 2002;
Milner and Siedlecki, 2007; Tommila et al., 2013). In one study, micro-
posted topographical arrays for cell culture were firstly created using a
standard lithography approach on a silicon surface (Adler et al., 2011).
Then a PDMSand curing agentmixturewasmolded onto the silicon sur-
face and cured overnight at 47 °C. Topographical PDMS arrays com-
posed of pit features with pit diameter and spacing both ranging from
1 μm to 6 μm, and a uniform depth of 2.4 μm, were utilized to induce
the alignment of human dermal fibroblasts (NHDFs). Immunofluores-
cence images showed that the arrays with large and closely spaced
micro-pits can enhance cell alignment. In another study, Moroni et al.
prepared PLGA films patterned with squared micro-pits (Moroni and
Lee, 2009). After 4 days culture of human fibroblasts on these PLGA
films, a strong cell attachment and alignment on pits of 4 μm wide
and 15 μm high square was observed, which was unseen on smooth
surfaces.

Compared to micro-pits, pit topographies at nanoscale look more
similar to common constituents of ECM architectures such as nano-
pores, which play a vital role in the regulation of cellular behaviors.
Highly ordered poly(caprolactone) (PCL) arrays of 60 nm in pit diame-
ter and 100 nm in spacing significantly reduced cell adhesion in pit area
and cell alignment in spacing zone, whichmay be due to the decrease of
filopodial formation and the prevention of focal adhesion reinforcement
to nano-pits (Curtis et al., 2004). In addition, epitenon cells cultured on
substrates patterned with nano-pits (120 μm in diameter, 100 μm in
depth and 300 μm in spacing) showed reduced adhesion and alignment
in pit area (Gallagher et al., 2002). Moreover, fibroblasts cultured on
nano-patterned pit surface (200 μm in diameter, 150 μm depth and
300 μm spacing) formed focal adhesions as far from nano-pits (Dalby
et al., 2004). Such results may indicate that the nano-pit topographies
play a role in perturbing cellular focal adhesion location by disrupting
integrin activation and clustering.
Fig. 8. Cell alignment induced by patternswith wrinkles and fibrous scaffolds (Chen et al., 2011;
wrinkle depth 159 μm(a) and 247 μm; (c)–(f) Subcellular hESC alignment as indicated by time
SSoff (a) and LSoff (b). (c)–(d) Multiscale alignment of C2C12 myoblasts cultured on 2L PGS sc
3.2.4. Wrinkles
Topographical cues including grooves, pillars and pits, as mentioned

above, can be used to engineer cell alignment in vitro by regulating var-
ious topographical dimensions. However, substrates patterned with
these topographical features may not properly resemble native cell mi-
croenvironment, which composes multiscale arrangement of fibrous
structures (e.g., collagenfibers). Thesefibrous structures can provide to-
pographical cues across a wide range of sizes, which have an important
effect on cell functions and phenotypes (Guvendiren and Burdick, 2010;
Schmidt, 2011). Recently, the utilization of surface wrinkling has
emerged as a novel, rapid and inexpensive approach for fabricating to-
pographically patterned surface with multiscale topographical cues
(Fig. 6D). Greco et al. investigated the alignment of murine skeletal
muscle cells (C2C12) cultured on substrates patternedwith different to-
pographical features including grooves, pillars and wrinkles (Greco
et al., 2013). Their results showed that cells cultured on wrinkled sur-
face preferentially aligned along wrinkles after 24 h of culture. Addi-
tionally, the formation of aligned myotubes in C2C12 differentiation
stage was confirmed. The alignment of multiple types of cells cultured
on poly(ethylene) (PE) film was also investigated (Chen et al., 2011)
(Fig. 8A). In this study, aligned wrinkles on PE film were firstly generat-
ed via an oxygen plasma-induced oxidization and subsequent shrinkage
process. The wavelengths (ranging from 100 nm to 7 μm), shoulder
peaks (ranging from 60 nm to 200 nm) and wrinkle depths (ranging
from 159 nm to 310 nm) can be controlled by regulating plasma treat-
ment conditions such as heating temperature and treatment time. The
wrinkles were then coated with ECM for cell attachment. Various
types of cells including mouse embryonic fibroblasts (MEFs), aortic
smooth muscle cells (AoSMCs) and human embryonic stem cells
(hESCs) were cultured on the wrinkled surface. Results from this
study showed that all these types of cells aligned to thewrinkles within
the first 4 h upon seeding, with more than 40% of the cells stably
aligning within 15° of the wrinkle direction.

Most studies on engineering cell alignment using wrinkle topogra-
phies are focused on cellular response to static wrinkling substrates.
Cellular response to active wrinkling substrates by triggering wrinkle
formation has also been investigated recently (Yang et al., 2013). Specif-
ically, two monomers including butyl acrylate and tert-butyl acrylate
were mixed with a crosslinker, triethylene glycol dimethacrylate, and
a photoinitiator, 2, 2-dimethoxy-2-phenyl acetophenone, to achieve
wrinkle formation, owing to deswelling of gels in different temperature.
Specifically, wrinkle formation was occurred under uniaxial stretching
of substrates heated to 80 °C and subsequently cooled down to 37 °C.
Human adipose derived stem cells (hASCs) were seeded onto these
Kolewe et al., 2013). (A) SEM images of wrinkled topographies patterning on PE filmwith
lapse f-actin and nuclei alignment over 24 h. (B) SEM images of two 3D structural patterns
affolds with different 3D structural patterns SSoff (c) and LSoff (d). Scale bar: (B) 100 μm.

image of Fig.�8
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substrates before (active) and after (static) wrinkle formation. It was
found that cells aligned to the wrinkle direction after 24 h of culture.
The degree of cell alignment in active substrates increasedwith increas-
ing prestrain of the substrates, whereas in contrast to the cells on static
substrates.

3.2.5. Fibrous scaffolds
Fibrous scaffolds (scaffolds composed of fibrous structures such as

nano-fibers and nano-pores) have widespread applications in tissue en-
gineering due to their micro- and nano-scaled architectures similar to
ECM in vivo (Li et al., 2013b; Lu et al., 2013). Cell alignment can be
engineered by regulating the features of fibrous scaffolds such as shape
and dimension of fibers or pores (Fig. 6E). For instance, a thermo-
sensitive scaffold, which is able to change fiber shape and internal archi-
tecture of scaffold while maintaining the viability of cells seeded on the
scaffold, was fabricated using electrospinning (Tseng et al., 2013). The
scaffold was utilized to regulate cell actin filament and nuclei alignment.
It was found that cell actin filaments and nuclei preferentially aligned to
the direction of the scaffold fiber alignment before triggering changes in
scaffold shape and architecture. After the transition, actin filaments and
nuclei became randomly oriented, demonstrating that changes in fiber
shape and internal architecture of the scaffold can control cell morpho-
logical behavior. In another study, poly(glycerol sebacate) (PGS) elasto-
meric sheets patternedwithmicroporeswere layer-by-layer assembled
using an automated and precision alignment device (Kolewe et al.,
2013). Specifically, two specific scaffolds composed of the same rectan-
gular pore patterns (125 μm × 250 μm inner pore dimensions with
50 μm strut width and 70 μm thick) were generated from PGS sheets:
long strut offset (LSoff) and short strut offset (SSoff) two layer scaffolds
(Fig. 8B). C2C12 cells were cultured on these two scaffolds to evaluate
whether 3D architectural cues can align cells and multicellular tissues
in vitro. F-actin staining results showed that cells aligned in divergent
directions after relative to the rectangular pore shape, where cells
aligned in parallel to the long rectangle axis in the SSoff pattern and in
perpendicular to the long rectangle axis in the LSoff pattern. Such re-
sults may due to the microscale structural cues of scaffolds including
the gaps between offset struts and the widths of the struts, which cell
utilized for adhesion and elongation (Neal et al., 2013). Therefore, fi-
brous scaffolds with various topographical cues such as grooves and
pits may be a novel tools to engineer cell alignment and further com-
plex tissues in vitro.
Fig. 9. Schematics of patterns which promote or prevent cellular adhesion. Adhesion and sprea
clustering during focal adhesion (up). Substrate restricting integrin clustering lead to the limit
Topography at the micro/nano-scale can determine both physio-
chemical properties of a surface at the microscale. Physical properties,
including the coefficient of surface energy, friction, and optical effects,
such as color and gloss, can be tuned by altering the surface structure
at sub-micrometer level. Many efforts have been devoted to pattern
micro/nano-grooves to align cells via contact guidance, leading cells to
align with their long axis parallel to the direction of the grooves. Adhe-
sive micropatterns can also align cells, providing both cytophobic and
cytophilic surfaces that retard and promote cell attachment, respective-
ly (Bhatia et al., 1998; Chen et al., 1998; Goessl et al., 2001). However,
most effect of these substrates with micro/nano features is primarily
in 2D format (Glawe et al., 2005). Recently, cell alignment induced by
3D patterning in hydrogels has also been developed. For instance, align-
ment of fibroblasts encapsulated in PEG modified with RGD peptides
was engineered by rational assembly of hydrogels and cell printing
techniques (Allazetta et al., 2013; Lutolf et al., 2009; Mosiewicz et al.,
2013). Themechanismof cell alignment in 2D and 3D is totally different
and further studies are still needed for inducing cell alignment in vitro.

3.3. Surface chemical treatment

The surface chemical treatment of a substrate has been demon-
strated to influence cell behavior including migration, initial focal
adhesion, and differentiation (Gallant et al., 2002; Rogers and Lee,
2008). Cellular responses to chemical features on substrate surfaces
usually depend on whether the features are patterned or random.
Generally, the surface patterning contains a group of chemical fea-
tures, including regular and specifically designed shape, size, and pe-
riodicity, which are different from those of their surroundings.
Surface chemical treatment also has widespread applications in cell
adhesion, cell-interface and cell pattering research. Here, we will
present two major approaches to produce patterns of biomoleculars
for engineering cell alignment on various substrates: microcontact
printing (μCP) and dry lift-off technique.

3.3.1. Cell responses to chemical signals
To the best of our knowledge, focal adhesion involves the activation

and recruitment of α- and β-chain transmembrane proteins named
integrins (Biggs et al., 2010). The integrins specifically bind to motifs
of ECMmolecules such as RGD peptide existing in vitronectin, fibronec-
tin and laminin due to their globular head domains and formation of
ding of cells seeded on substrate surface can be obtained due to the formation of integrin
ed cell attachment and spreading and even cell apoptosis (down).

image of Fig.�9
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supermolecular complexes which are composed of structural adaptor
proteins including talin, vinculin and paxillin (Bershadsky et al., 2006;
Garcia, 2005; Zimerman et al., 2004). The ligands on integrins can
change their conformation and affinity in the case of integrin clustering.
To date, a variety of signal pathways following the formation of focal
adhesion are known, including activation of ERK, MAPK, focal adhesion
kinase (FAK), and small Rho GTPases pathways (Hersel et al., 2003;
Schwartz, 2001; van der Flier and Sonnenberg, 2001). Generally, cells
seeded on substrates will not directly contact with substrate surface as
a result of the instantaneous formation of proteinaceous layer on the
surface by proteins from interstitial fluids (e.g., culture medium). The
proteinaceous layer can make the surface bioactive and enhance cell
attachment andmigration. Therefore, a straightforwardmethod to con-
trol the attachment and spreading of cells on material surface is to alter
the surface chemistry, for instance by making patterns which alterna-
tively prevent or promote protein adsorption (Alves et al., 2010). The in-
fluences of different patterns on cell fate are presented in Fig. 9.

3.3.2. Engineering cell alignment by chemical surface treatment
Two major approaches are used to engineer cell alignment by

chemical surface treatment, i.e., microcontact printing and dry lift-
off methods. Microcontact printing (μCP) was initially developed
by Whitesides et al. to pattern surfaces with self-assembled mono-
layers (SAMs) of alkanethiolates and colloids (Yan et al., 1998). In
this approach, firstly, a conventional photolithography is used to
generate patterns in photoresist on a silicon wafer. Secondly, an elasto-
meric inverse replica is fabricated from this mold using PDMS. Finally,
the elastomer template is covered with desired molecules and brought
into contact with substrates, transferring the corresponding cytophobic
or cytophilic molecules to the substrate surface. Various biological mol-
ecules, including poly-L-lysine (PLL), peptides, fibronectin, laminin and
bovine serum albumin have been patterned on substrate surface
through μCP, which are utilized for inducing cell alignment. For in-
stance, copolymers of oligoethyleneglycol methacrylate (OEGMA) and
Fig. 10. Cell alignment induced by surface chemical treatment in vitro (Kalinina et al., 2008). (
coupled stripe. (B) Fluorescence light microscopy image of a fibroblast bridging the Au-ODT str
for focal contacts in red, actinfilament labelingwith phalloidin in green, staining of nuclei with D
tured surfaces (actin filament labeling with phalloidin-Oregon Green 488, staining of nuclei w
methacrylic acid (MAA)were patterned on PLGA, PLA and chitosan sur-
faces using μCP, in which induce the formation of protein repealing
areas (Lin et al., 2005). They have demonstrated that NIH3T3 fibroblasts
maintain confinedwithin the patterns on the polymer surfaces for up to
2 weeks and they align their actin cytoskeleton along the line patterns.
Kalinina and colleagues have patterned two kinds of functional pep-
tides, including ITPTU-Ahx-Ahx-GlyArgGlyAspSer-OH and ITPTU-Ahx-
Ahx-GlyArgGlyAspSerPro-OH, on an amino-terminated substrate sur-
face by μCP, respectively (Kalinina et al., 2008). Fibroblasts cultured on
patterned substrates aligned along the patterns after 48 h in contrast
to unpatterned substrates (Fig. 10). In another study, fibronectin were
patterned on thermo-sensitive poly (N-isopropylacrylamide) (PIPAAm)
substrates using μCP (Williams et al., 2011). Alignment of human vascu-
lar smooth muscle cells (VSMCs) could be observed along the pattern
direction by optimizing initial cell seeding density on PIPAAm
substrates.

Dry lift-off technique commonly uses a deposited parylene film,
which is biocompatible for biomedical applications. Secondly,
parylene are deposited onto a substrate and patterned using reactive
ion etching and lithography. Thirdly, the substrate is incubated in a
solution with the desirable bioactive molecules to allow for adsorption
on substrate surfaces. Finally, the parylene film is peeled from the sub-
strate mechanically, leaving a substrate patterned with adsorbed mole-
cules. Graighead and colleagues using dry lift-off technique to pattern
antibodies, aminopropyltriethoxysilane (APTS) and PLL on silicon sur-
face. Alignment of basophilic cells on patterned surface was observed
after 24 h culture. For another instance, polyimide, which known as a
flexible, electrically insulating, chemically inert and biocompatible
layers for interconnects, was patterned on silicon dioxide substrates
(Martinez et al., 2013). Neuron cells seeded on patterns composed of
10 × 10 μm arrays, which guided the long-range extension of neural
processes. They demonstrated that neuron cells aligned to the direction
of patterned arrays after 12 h culture. Although μCP and dry lift-off
techniques can pattern various biological molecules on substrate
A) Confocal laser microscopy image of fibroblast on Gly-Arg-Gly-Asp-Ser-Pro (GRGDSP)-
ipe and adhering on Gly-Arg-Gly-Asp-Ser (GRGDS)-functionalized areas (vinculin staining
API in blue). (C)–(D) Cells cultured for 4 (C) and 48 h (D) onGRGDS-functionalized struc-

ith DAPI in blue). Scale bars: (A)–(B) 10 μm, (C)–(D) 20 μm.
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surface, several limitations still exist. For example, it is not able to com-
bine single-cell resolution and simple alignment of the pattern to struc-
tures or features already existing on substrate using these patterning
approaches. For neuronal alignment, it is important to fabricate multi-
electrode arrays, which are able to support patterned neuronal net-
works with single neuron positioned on top of underlying electrodes
and the outgrowth of neurites but not the attachment of neuronal cell
bodies (Jing et al., 2011). In that case, the patterning technique must
be capable of providing single-cell resolution andmust be easily aligned
with the underlying electrodes.

Various cell adhesion mediating proteins, such as fibronectins and
laminins can be patterned on substrate surfaces through functional
molecule treatment to modulate cell alignment and contact guidance.
For instance, substrates coated with CH3 molecules for fibronectin ad-
sorption have been used to induce alignment of different cell types
(e.g., C2C12 myoblast and MC3T3-E1 osteoblast) in vitro (Charest
et al., 2007). Despite of these, it has been observed that topographical
patterning dominates cell alignment over the chemical patterns when
they both exist. For instance, when presented with either the micro-
grooves or the chemical lanes alone (fibronectin lanes), the cells well
aligned to the pattern presented (Charest et al., 2006).When presented
with a combination of the two features, the cells responded to and
aligned preferentially with the topographical patterns in every sample
type considered.

Mechanical loading, topographical patterning, and surface chemical
treatment can also be combined to engineer cell alignment in vitro.
The combined effects of cyclic strain and substrate microtopography
on the alignment of bovine vascular SMCs have been investigated.
Cells were cultured on substrates with microgrooves of varying widths
oriented either parallel or perpendicular to the direction of the cyclic
tensile strain applied. The results indicated that microtopographical
cuesmodulate the orientation response of SMCs to cyclic strain. In addi-
tion, a method to engineer cell alignment on adhesive micro-patterned
PDMS substrates under a long-term cyclic tensile strain has been
Fig. 11. Cell alignment induced by electrical stimulation in vitro (Ramon-Azcon et al., 2013; Yao
odal orientation of leading neurites and cathode-directedmigration of NSCs in a direct current
position of each cell at t = 0 is represented by the origin (0, 0), with the final position of each
100 μm. In (c), control neurons (no EF) migrate in random directions and in K migration is dir
ridge topography within the GelMA-CNT hybrid gel (0.3 mg/mL CNTs) with (+ES) or without
myosin heavy chain (b) and cell nuclei/F-actin (c). Scale bar: (A) 30 μm, (B) 50 μm.
developed (Ahmed et al., 2010). Deformable substrates were coated
with a cell repulsive NCO-sP (EO-stat-PO) hydrogel which in turn was
covalently patterned by fibronectin. The hydrogel coating was used to
eliminate unspecific cell adhesion. The approach has been used to
study the effect of strain direction and geometric constraints on the for-
mation of C2C12 myoblast alignment. The capability of combining vari-
ous cues leading to cell alignment in one single system enables us to
better understand the effect of each factor on the development of cell
structure and organization.

3.4. Electrical stimulation

Beside themethodsmentioned above, electrical stimulation can also
alter and establish cell alignment in vitro (Au et al., 2007; Shao et al.,
2011). Cell can exhibit changes in morphology including elongation
and alignment perpendicular to applied direct current (DC) electric
field. For instance, NIH3T3 alignment was observed after 3 h of expo-
sure to 6 V/cm field (Tandon et al., 2009a). The response time for cell
alignment to occur depends on the field strength. For instance, human
skin fibroblasts aligned within 3 h when a higher strength field of
0.4 V/mm was applied, but when a lower-strength field of 0.1 V/mm
was applied, cells aligned over 24 h (Hronik-Tupaj and Kaplan, 2012).
The strength at which electric fields alter cell alignment and elongation
also depends on the different cell types. For instance, whereas rat neural
cells (PC-12) aligned and elongated perpendicular to a 7 V/cm field for
1 h, MSCs did not show reorientation (Roach et al., 2010; Sun et al.,
2006). Here, we focus on the alignment of neural and cardiac cells
engineered by electrical stimulation, which are both sensitive to electri-
cal signals.

3.4.1. Neural cells
Compared to grooved topographical cues using on glass (~30 μm in

width and depth), the alignment of neural cells has been shown much
more strongly influenced by electrical stimulation (Yao et al., 2008).
et al., 2009). (A) (a)–(b) Alignment of NSCs induced by EF. Time-lapse images show cath-
EF (300 mV/mm for 60 min); (c)–(d) Neurons migrate cathodally in an EF (300 mV); The
cell at 1 h plotted as a single point on the circular plot. The radius of each circle represents
ected cathodally. (B) (a) Schematic representation of the procedure to fabricate a groove-
(−ES) electrical stimulation at day 10 of culture; (b)–(c) Immunostaining of cell nuclei/
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Electrical stimulation has an effect on neural activity by changing the
voltage gradient that neural cells maintain across their membranes
and inducing a current passed outside of cells, which can alter the
cross-membrane voltage and trigger neuronal responses (Histed
et al., 2009). Over the past decade, increasing studies have focused
on the effects of electrical stimulation on neural cell behavior includ-
ing cell adhesion, migration and alignment. For instance, McCaig and
colleagues demonstrated that the axon of hippocampal neural stem
cells (NSCs), the polarization of intracellular structures and orienta-
tion of neuron cells all can be regulated by applying electrical stimu-
lation (McCaig et al., 2009; Yao et al., 2009) (Fig. 11A). In these
studies, they investigated the influence of applied electrical field
(EF) on axon guidance of neural cells and demonstrated that mole-
cules such as laminin can be distributed by regulating the charge
and the applied DC field. The axon orientation was found to be influ-
enced by substrate properties, with cells oriented toward the anode
on poly-lysine surfaces and to the cathode on laminin surfaces. Addi-
tionally, centrosome and Golgi were polarized by the applied EF
(electrical intensity: 300 mV/mm) in the same direction as the
reoriented leading hippocampal neural stem cells and the subse-
quent direction of neuronal migration. Moreover, the EF-directed
neuronal migration was accompanied by the establishment of cath-
odal polarization of both leading process morphology and intracellu-
lar structure. Langer et al. further demonstrated that electrical
stimulus of PC-12 cells cultured on poly(pyrrole) surfaces gave rise
to a significant alignment along to the EF direction compared to
those on the same surface without external electrical stimulus
(Schmidt et al., 1997). In this study, a steady potential of 100 mV
for 2 h was applied after an initial 24 h period to allow cell attach-
ment and spreading. These results may attributed to an electropho-
retic effect with protein molecules migrating in the EF, which
induced an increase in fibronectin adsorbed onto the surface prior
to cell attachment. It is clear that electrical conductance of matrices
for the culture of neural networks in vitro is important, not only for
further understanding of cell behavior under EF, but also for the ad-
vancement of prostheses for the nervous system.
3.4.2. Cardiac muscle cells
Electrical signals also play an important role in orchestrating the

synchronized contraction of cardiac muscle cells (Tandon et al.,
2013). Cardiac muscle cells tend to align in the direction of the ap-
plied EF, which reduces the excitation threshold voltage and in-
creases the amplitude of contraction (Radisic et al., 2004; Tandon
et al., 2009b). Recently, dielectrophoresis (DEP) was utilized as a
tool to pattern carbon nanotubes (CNTs) within gelatin methacrylate
(GelMA) hydrogels for engineering the alignment of C2C12 cardiac
muscle cells (Ramon-Azcon et al., 2013) (Fig. 11B). The cells were
first encapsulated into patterned GelMA hydrogels. An alternating-
electric (AC) field (voltage 8 V, frequency 1 Hz, and duration
10 min) was subsequently applied for 2 days through an interdigi-
tated array of Pt electrodes (IDA-Pt). Highly aligned C2C12myotubes
were observed. In another study, a flexible and nanofibrous mesh
with electrical conducting properties was fabricated and used for en-
gineering cardiomyocyte alignment (Hsiao et al., 2013). The
nanofibrous mesh, which is composed of nanofibers of poly(aniline
(PANI)/PLGA, was fabricated using electrospinning technique.
Cardiomyocytes were seeded on test meshes and an external EF
(voltage 5 V/cm, frequency 1.25 Hz) was applied. As a result, the
cells seeded on the mesh surface formed a stronger orientation
along the nanofibers compared to the same surface without applying
EF. Although an increasing number of studies have focused on inducing
cell alignment with applying EF, the reason that leads to the difference
in cell alignment within EF remains unclear and more investigations
about the mechanism of the interactions between cell alignment and
applied electric field are still needed.
4. Methods for quantifying cell alignment

In previous section, we have discussed various methods that have
been utilized to induce cell alignment in vitro. This section will give a
brief introduction of methods for quantifying cell alignment. Generally,
quantification of cell alignment is performed based on microscopic im-
ages obtainedwith imaging techniques. The evaluationof cell alignment
generally involves the identification and analysis of its physical conse-
quences obtained from the microscope images, including cell outline,
elongation and orientation, cumulative orientation of the cellular nuclei,
and orientation of cytoskeletal components (e.g., actin, vimentin, and
tubulin filaments). However, most of these quantification approaches
are primarily based on expatiatorymanualmeasurements in laboratory,
which is tedious and time consuming. In addition, the processing effi-
ciency is especially low when multiple images with hundreds of cells
need to be processed. Thus, it is necessary to develop a rapid, accurate,
and adaptable method to quantify cell alignment from microscope im-
ages obtained with various approaches.

Recently, an automated and adaptable approach was developed,
using binarization-based extraction of alignment score (BEAS) to de-
termine cell orientation distribution in a wide variety of microscopic
images (Xu et al., 2011). Cell alignment score was defined as
A(θ) = Σn Tn cos(2(φ − θ))/Σn Tn. The degree of cell–cell alignment
(alignment scores) was defined as A(θ), to which the cells were
aligned in the θ direction and was calculated by taking the average.
A(θ) is obtained by applying a robust scoring algorithm to the orien-
tation distribution. The BEAS method was validated by comparing
results with existing approaches including Fast Fourier Transform-
Radial Sum (FFTRS) and gradient-based methods. Validation results
indicated that the BEAS method resulted in statistically comparable
alignment scores with that using manual method, which are much
higher than the FFTRS and gradient methods. Therefore, the BEAS
method introduced in this study could enable accurate, convenient,
and adaptable evaluation of engineered tissue constructs and bioma-
terials in terms of cell alignment and organization.

5. Conclusions and future perspectives

Cell alignmentwidely exists in native tissues, playing a critical role in
cell behaviors and providing necessary structure and physical proper-
ties formaintaining tissue functions. Therefore, it is essential to engineer
cell alignment in vitro for applications in cell biology, tissue engineering
and regenerative medicine. Although current studies have produced a
large body of knowledge and have provided valuable insight into engi-
neering cell alignment through various approaches including mechani-
cal loading, topographical patterning, surface chemical treatment and
electrical stimulation, there are still several challenges that need to be
addressed in the future.

Firstly, further studies are required to elucidate the underlying mo-
lecular mechanism responsible for inducing cell alignment in vitro. For
instance, it would be crucial to identify signal transduction pathways
that originate from cell adhesion sites and govern gene expression and
ultimately cell behavior. These findings will significantly enhance our
knowledge in defining a general trend describing how substrate topog-
raphy influences the behavior across different cell types rather than just
comparing studies conducted on specific cells. Secondly, most of the
previous studies have used simple topographical features such as
grooves, however, future attempts should be more focused on realistic
substrates with higher degree of biomimetic relevance to impose
multi-directional cues within cellular microenvironment. Such novel
substrates will enable addressing issues on how cells globally integrate
biophysical signals from their surrounding microenvironment. Further-
more,mechanical loading can also be integratedwith topographical fea-
tures and chemical stimuli to enhance cell alignment.

Finally, most of the current studies are based on 2D systems, despite
the fact that cells naturally reside in a 3D microenvironment and
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increasing evidence suggests that cells may behave significantly differ-
ent in 2D and 3D constructs. For example, for mechanical loading, the
majority of the previous work has been focused on cellular response
to mechanical stimulus on a 2D substrate, which is not similar to 3D
cell microenvironment in vivo. Thus, how to engineer cell alignment
in 3D culture systems (e.g., cell-laden hydrogels, porous scaffolds) is a
big challenge that needs to be addressed. Another possible challenge
is that when constructing in vitro disease models for high-throughput
applications (e.g., drug screening), the approaches for engineering cell
alignment and associated analytic methods should meet the high-
throughput requirement. Although different culture systems (2D and
3D) have important influences on cell alignment, it also depends on
cell types and the forces cells experience. Thus, how to induce align-
ment of different cell types under different mechanical stimulus in 3D
is also a big challenge. These challenges could be addressed in the
near future with the advances in microengineering and 3D imaging
technologies.
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