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Abstract
The organized alignment of cells in various tissues plays a significant role in the maintenance of specific functions. To
induce such an alignment, ideal scaffolds should simulate the characteristics and morphologies of natural tissues. Aligned
structures that guide cell orientation are used to facilitate tissue regeneration and repair. We here review how various aligned
structures are fabricated, including aligned electrospun nanofibers, aligned porous or channeled structures, micropatterns and
combinations thereof, and their application in nerve, skeletal muscle, tendon, and tubular dentin regeneration. The future use
of aligned structures in tissue engineering is also discussed.

Keywords Aligned structures · Cell orientation · Electrospun nanofibers · Channeled structures · Micropatterns · Tissue
engineering

Introduction

Many tissues including muscles [1], vascular tissue [2], and
nerves [3] exhibit organized cell alignment. In vivo, the
surrounding microenvironment is responsible for cell ori-
entation, dictating the topography, and providing biological
signals. This greatly affects cell proliferation [4] and dif-
ferentiation [5]. Cell alignment plays a significant role in the
maintenance of specific functions. For example, the appropri-
ate alignment of cardiac cells is the basis of heart contraction.
Tissue engineering researchers have to appreciate the sig-
nificance of highly oriented cell alignment. Regenerative
medicine (the development of tissue and organ substitutes)
has made tremendous progress in recent decades [6]. Scaf-
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folds not only provide three-dimensional (3D) structural
frameworks but also guide cellular behavior and function [7].
To induce organized cell alignments, scaffolds seek to sim-
ulate the characteristics and morphologies of natural tissues
[8]. Aligned structures that guide cell orientation have been
studied extensively. Such structures control cell behavior
by mechanically modulating the cytoskeleton or the phys-
ical and chemical gradients involved in extracellular matrix
(ECM) formation, facilitating tissue regeneration. One of the
representative experiments is that, the neurites of rat dor-
sal root ganglion neurons cultured on aligned nanofibers
are longer and more aligned (along the nanofibers) than
cells cultured on randomly oriented nanofibers [9].Micropat-
terns mimic cell growth microenvironment during tissue
regeneration [10]. A chitosan micropattern with appropri-
ate bridge/groovewidths efficiently orientated Schwann cells
(SCs) [11]. Other micropatterns directed the differentia-
tion of human-induced pluripotent stem cells [12]. Recently,
aligned scaffolds have been used for the regeneration of lig-
aments/tendon [13], periodontium [14], skin [15], muscles
[16], and nerves [17]. Such scaffolds control cell morphol-
ogy, orientation, and behavior, accelerating tissue regener-
ation. The scaffolds served as biomimetic (topographically
appropriate) ECMs have attracted increasing attention. Here,
we review recent progress in the biofabrication of aligned
structures that guide cell orientation, the applications of these
structures, and future perspectives (Fig. 1). We first describe
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Fig. 1 Schematic of the
biofabrication of aligned
structures, including aligned
electrospun nanofibers, aligned
porous or channeled structures,
micropatterns and combinations
thereof, and their applications in
nerve, skeletal muscle, tendon
and dentin tissue engineering

the biofabrication of aligned electrospun nanofibers, aligned
porous or channeled structures, micropatterns, and combina-
tions of these modalities. We then focus on their applications
in nerve, skeletal muscle, tendon, and tubular dentin regener-
ation.Wefinally discuss the challenges and future directions.

Fabrication of aligned structures that guide
cell orientation

Aligned electrospun nanofibers

Electrospun nanofibers (especially aligned nanofibers) are
very promising engineered structures [18–20]; cells align
themselves along the fibers [21]. Li et al. compared the
cytoskeletons/nuclei of human umbilical vein epithelial cells
cultured on different fibrous scaffolds for 1, 3, and 5 days; cell
growth followed the fiber direction and cells became elon-
gated along the fiber axis [22]. The fabrication of aligned
nanofibers differs from conventional electrospinning. We
next briefly introduce both conventional and aligned elec-
trospinning.

Principles of electrospinning

As shown in Fig. 2a, the basic electrospinning apparatus
includes a high-voltage–power supply, a power source, and a
receptor. High electrostatic forces are used to extract or eject
continuous filaments from a polymeric solution through a
syringe [23]. Specifically, the polymer fluid is driven into
a high-voltage electrostatic field by the syringe. The charge
in the electric field gathers at the spinneret to form a conical
droplet, called the Taylor cone [24].When the voltage breaks
through the critical point of resistance about surface tension
and viscosity of the polymer fluid, the charged jet is ejected
from the top of the Taylor cone [25]. It is finally deposited
on the receiver device and cured to obtain nanoscale fiber
materials, with unstable movement and rapid volatilization
of the solvent [26]. This can be simply controlled by varying
solution properties (surface tension, viscosity, and concen-
tration), environmental factors (temperature, humidity, and
air velocity), and technical parameters (the motion of the
grounded target, the applied electrical potential, and the
working distance) [27]. All aspects of fiber diameter, poros-
ity, and strength can be controlled [28].However, the polymer
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Fig. 2 Fabrication of aligned electrospun nanofibers. a Schematic of
the electrospinning technique. (Reproduced from [25], Copyright 2017,
American Chemical Society) b (i) Schematic diagram of a setup used
to generate aligned nanofibrous tubes. (ii) Photograph and SEM image
of an aligned nanofibrous scaffold deposited between a pair of stepped-
cone electrodes. (Reproduced from [42], Copyright 2013,Royal Society
of Chemistry) c (i) Schematic illustration of the centrifugal electrospin-
ning (CE) system configuration. (ii) Photograph of aligned nanofibers

deposited across a four-inch gap between two grounded electrodes.
(Reproduced from [45], Copyright 2012, Royal Society of Chemistry)
d (i, ii) An electrospinning setup employed to generate radially aligned
nanofibers, with an SEM image showing the radial alignment. (Repro-
duced from [47], Copyright 2010, American Chemical Society) e (i, ii)
Another electrospinning setup used to fabricate such nanofibers, with
SEM images of the nanofibers (purple region) [49]

jet extends over the entire rotating collector; the fibers are
thus randomly oriented.

Parallel electrospun nanofibers fabricated by modified
collectors

Electrospinning can be improved by modifying the collector.
For instance, Li et al. used a collector with a gap in themiddle
[29]. This is formed from two strips of electrically conducting
material (e.g., a metal or highly doped silicon) or aluminum
foil. The gap width varies from hundreds of micrometers to
several centimeters. Electrostatic interaction is exploited to
formnanofibers aligned across the gapbetween (for example)
two silicon strips. Based on suchwork, Shalumon et al. devel-
oped a novel, parallel blade collector ensuring a high degree
of fiber alignment [30]. The system features two blades with

low curvature radii and the sharp edges facing in opposite
directions. This increases the magnitude of the horizontal
electric field strength, creating a high pull force across the
gap. However, fabrication based on an electrical field cannot
be scaled up. Hence, Yang et al. developed magnetic elec-
trospinning; two magnets are added to a conventional device
[31] and a small amount (less than 0.5 wt%) of magnetic
substance is added to the polymer solution. All of the plastic
plates used, the gap and polymer solutions with and without
a magnetic substance, and magnetic force strength are eval-
uated. The magnetic field aligns the fibers in parallel; fibers
attached to a magnet are stretched. The method is simple,
controllable, and efficient. Chen et al. further optimizedmag-
netic electrospinning conditions including the polyaniline
(PANi) content and the feed rate [32]. Highly aligned, elec-
trically conductive polycaprolactone (PCL)/PANi nanofibers
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are obtained. Nevertheless, the aligned nanofibers generated
by the electrostatic/magnetic fields are restricted by a nar-
row area and limited length, comparing to the application of
rotating collectors [33].

The rotating collectors, as a common technique for aligned
electrospun nanofibers, include rotating drum collector [34],
rotating disc collector [35], rotatingwire-drumcollector [36],
and so on.When it rotates, nanofibers on the collectors can be
stretched and thus parallel. The rotating velocity of the col-
lectors could affect the degree of alignment of the nanofibers
obviously. If the rotating speed is too high, the nanofibers
fracture with high probability [37], while a very low rotat-
ing velocity cannot promote the alignment of nanofibers
[38]. Therefore, the rotating velocity should be consistent
with the fiber spinning rate. Besides, as the rotating velocity
increasing, the diameter of nanofibers generally decreases. It
is reported that an increase in the rotation speed (from 800 to
2500 rpm) leads to a decrease in the average nanofiber diam-
eter (from 257 to 191nm) and an increase in the number of
fibers with the diameter in a smaller range of 100–250nm
[39]. Moreover, it should be noted that above rotating col-
lector method producing 2D fibrous membranes only and
produce less aligned nanofibers with the increase in spin-
ning time [40]. Therefore, based on the rotating collectors,
some researchers added the electrostatic field to fabricate
highly aligned 3D nanofibrous constructs such as rotating
tube with knife-edge collector [41]. As shown in Fig. 2bi,
Jana et al. proposed an electrospinning system to fabricate
3D aligned nanofibrous tubes, which has a pair of rotating
stepped-cone electrodes [42]. Interestingly, whenmore fibers
are deposited, the outer tubular construct might be slightly
concaved (Fig. 2bii). This can be attributed to the change
in electrostatic force acting on the fibers. And the degree
of concavity is also related to the physical properties of the
polymer.

Besides, given the limitation in yield and alignment of
aligned nanofibers, the centrifugal electrospinning (CE) sys-
tem emerges in recent years [43]. As the name implies, the
centrifugal electrospinning combines the centrifugal force
and electrical force, and thus, it could produce more aligned
nanofibers at lower working voltages or slower rotating
velocities [44]. For example, Edmondson et al. proposed
a hybrid electrospinning system, which is an integration
of the parallel-electrode method and centrifugal dispersion
[45]. In this technique, a rotating hub hosting a spinneret
(or syringe needle) is located at the center and an array of
grounded plate electrodes circularly surrounds (Fig. 2ci).
Therefore, not only could the rotating spinneret make the
solution jet possess additional momentum toward the direc-
tion of nanofiber alignment, but also the electrostatic field
between the neighboring electrodes could facilitate the align-
ment of nanofibers. Besides, the width of the gap between the
neighboring electrodes determines the length of the aligned

nanofibers. Based on the above, this system could produce
highly aligned nanofibers over a large area (with fiber length
up to several inches) (Fig. 2cii). Recently, a high-throughput
centrifugal electrospinning (HTP-CES) systemwas reported,
whichmakes it possible to produce highly aligned nanofibers
at a larger scale [46].

Radially aligned electrospun nanofibers fabricated by novel
electrospinning devices

Radially aligned nanofibers are required by tissue engineers
studying the cornea, meniscus, and dura mater; Xie et al. are
the first to fabricate such fibers [47]. As shown in Fig. 2d,
the electrospinning device is conventional in nature, except
for the collector, which features a metallic ring electrode and
a needlepoint electrode. The electric field vectors (stream-
lines) in the vicinity of the collector differ from conventional
streamlines, being split into two fractions attracted to the
ring and point electrodes. Stocco et al. developed a novel
electrospinning device [48] by modifying the collector to
include an external hollow cylinder with a central pin and
a mobile, internal hollow cylinder. The electric field vectors
are as described above; thus, a peripheral ring and a center
point. Radially aligned nanofibers are generated on the spin-
ning, internal hollow cylinder. Recently, as shown in Fig. 2e,
Kim et al. developed a novel method using a single noncon-
ductive hemispherical device and a metal pin to fabricate 3D
hemispheres of radially aligned nanofibers [49]. The collec-
tor is “peg-top-shaped”; thus, a hemispherical nonconductive
device with a metal pin in the center and a circle of copper
wire around the edge. Several such devices are placed on a
modified rotating collector to manufacture hemispherical 3D
forms with radially aligned nanofibers, thus adding an extra
dimension to 2D electrospinning.

In addition to the parallel and radial electrospun
nanofibers, considering the diversity of the morphology and
arrangement structure of cells of natural tissues and organs,
electrospun nanofibers with different arrangements should
be designed according to the aimed tissues. It would have a
greater application demand in the practical biomedical field.
Therefore, the combination of electrospun nanofibers and
micropatterns emerges, which would be introduced below.

Aligned porous or channeled structures

Such structures are fabricated via directional freezing (also
termed “ice templating” or “freeze-casting”). For example,
chitosan–alginate (C/A) polyelectrolyte complex scaffolds
fabricated via directional freezing exhibit aligned, linearly
porous structures [50]. Chick dorsal root ganglia growing on
C/A scaffolds extends most neurites parallel to the longitudi-
nally oriented channels. Similarly, 3D silk fibroin scaffolds
with longitudinal multi-channels guide the growth of hip-
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pocampal neurons parallel to the channels [51]. Thus, aligned
porous or channeled structures on scaffolds physically guide
cell orientation.

Principles of directional freezing

Directional freezing uses temperature gradients to control
the movement of frozen primitives (Fig. 3ai). First, the reac-
tion precursors are dissolved or dispersed in water. Next, the
mold containing the solution is placed on a low-temperature
(below freezing point) platform. The solvent nucleates and
crystallizes along the direction of the vertical temperature
gradient, thus from the cold stage to the top, forming ori-
ented ice crystals. The solute is repelled by the ice crystals
and thus becomes squeezed among them. Aligned porous or
channel structures are obtained after removing the ice crystals
via freeze-drying (Fig. 3aii). The solid content [52], polymer
molecular weight [53], and freezing temperature [54] affect
the direction, quantity, morphology, and size of the porous
or channeled structures. Such directional freezing has been
applied to fabricate hydrogels [55], aerogels [56], ceramics
[57], and composite materials [58].

Scaffolds with highly directionally alignedmicrostructures
fabricated by magnetic freeze-casting

Inspired by the helicoidal structure of the narwhal tusk,
Porter et al. introduced the novel concept of magnetic freeze-
casting [59]. They apply a magnetic field to a conventional
freeze-casting system for the first time, which allows the
interconnected pore channels to be aligned in two directions:
(1) the ice growth direction and (2) the magnetic field direc-
tion. The key to the magnetic freeze-casting is the interaction
of magnetic material in casting solutions with an external
magnetic field. On this basis, different magnetization orien-
tations are designed by putting different magnets together,
including radial magnetization, axial magnetization, and
transverse magnetization (Fig. 3bi) [60]. The different mag-
netic fields would yield different alignment microstructures
in freeze-cast materials, such as “core–shell” structures,
“core–shell” gradient architecture, lamellar walls and min-
eral bridges (Fig. 3bii). As shown in Fig. 3biii, the transverse
magnetic field could make substantial mineral bridge align-
ment, whose orientation is parallel to the field direction.
These alignment microstructures could enhance the mechan-
ical properties of freeze-cast scaffolds, which may meet the
requirement of bone regeneration scaffolds. Recently, some
researchers proposed a single Helmholtz coil [61], even a
triaxial nested Helmholtz coils [62] instead of permanent
magnets to generate a more uniform magnetic field. The
uniform magnetic field could avoid particle agglomeration
and thus lower the risk of unintended stress concentration in
the scaffolds. Meanwhile, the uniform magnetic field could

also increasemechanical characteristics, because of themore
generation of lamellar walls in the compression direction.
The unique advantage of the triaxial nested Helmholtz-coils-
based freeze-caster is the ability to control the magnetic
field in any direction at any time. In a word, the magnetic
freeze-casting may enable the development of biomimetic
bone scaffolds that mimic both the structure and mechanical
properties of natural bone.

Aligned lamellar porous scaffolds fabricated by electric field
freeze-casting

It has been reported that particle would move during freeze-
casting electric fields [63]. Hence, researchers are interested
in whether it was possible to control the direction and consis-
tency of the pore or channels via adjusting the direction and
intensity of electric fields. Tang et al. found that the direction
and size of ice crystals were depended on the temperature
gradient and different electrostatic field intensities. Further
study revealed that the direction of the pore or channels was
a vector sum of the temperature gradient and electrostatic
field intensity [64]. Based on the above, a novel fabrication
combining directional solidification with electrostatic fields
is proposed tomanufacture aligned lamellar porous scaffolds.
Recently, according to the action of the temperature gradi-
ent, electric fields and magnetic fields in freeze-casting, a
novel fabrication integrating directional solidification, mul-
tiple cold sources, electrostatic field, and the magnetic field
is used to fabricate porous scaffolds with aligned distribu-
tion pore or channels and high mechanical properties, which
could help to obtain aligned porous or channeled structures
with higher strength [65].

Large-scale aligned porous structures fabricated
by bidirectional freezing

Directional freezing has improved over the years. To gen-
erate large, porous, aligned lamellar structures, Bai et al.
developed a novel bidirectional freezing technique [66]. The
key tools are PDMS wedges with different slopes. Whereas
directional freezing features only one (vertical) temperature
gradient, bidirectional freezing features both vertical andhor-
izontal gradients because the wedges isolate the slurry from
the copper substrate. Ice-crystal formation is manipulated in
two directions by adjusting the slope angle and cooling rate.

Radial hydroxyapatite scaffolds fabricated by radial
freeze-casting

Radial freeze-casting is used to fabricate radial hydroxyap-
atite scaffolds [67]. The ice crystals grow from the center to
the edge of the mold. The lamellar spacing becomes wider
nearer the mold. Similarly, a cylindrical mold with sides and
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Fig. 3 Methods used to fabricate aligned porous or channeled struc-
tures and micropatterns. a (i, ii) Schematic of directional freezing and
performance. (Reproduced from [50, 70], Copyright 2013, John Wiley
and Sons and Copyright 2020, John Wiley and Sons) b (i) Schematics
and finite element models of the three different magnetization orien-
tations with respect to the freezing mold and copper cold finger. (ii)
An image of different alignment microstructures in freeze-cast materi-
als, including lamellar walls and mineral bridges. (iii) Representative
micrographs of scaffolds freeze cast under (up) no magnetic field and
(down) a transverse magnetic field of 0.09 T. The ice growth direc-

tion is out of the page, and the orange arrow indicates the direction
of the magnetic field. (Reproduced from [60], Copyright 2016, John
Wiley and Sons) c (i) Schematic ofmicropatterning using inkjet printing
and horseradish peroxidase-catalyzed hydrogenation. (ii) Fluorescence
microscopy images of lines containing Rho-Gel-Ph and HA-Ph of dif-
ferent gap widths formed on an Alg-Ph hydrogel; the image was taken
just after printing. (Reproduced from [97], Copyright 2020, IOP Pub-
lishing) Rho, rhodamine. Gel, gelatin. Rho, rhodamine. Ph, phenolic
hydroxyl. HA, hyaluronic acid. Alg, alginate

bottom made of conductive metal is designed. The mold
can promote the distribution of ice crystals along the radial
direction and thus fabricate aligned lamellar porous alumina
with a radial structure [68]. 3D scaffolds with alignedmacro-
channels composed of radially aligned nanofibers are created
via guided ice-crystal growth [69]. The technique has tremen-
dous potential in terms of structural control.

In conclusion, the directional freezing is particularly effec-
tive toward the fabrication of biomimetic structures, which
are often characterized by aligned porous or channeled struc-
tures. However, all porous materials have an inherent lack of

strength associated with porosity [70], which should be con-
cerned with.

Micropatterns

Micropatterning is first applied in microelectronics, and then
in biology, as a powerful tool for the study of cell behavior.
For instance, given the similarity between micropatterned
substrates and tissue architecture, many scholars study cell
migrate on the subject [71–74]. Cell migration patterns are
classified as aligned, confined and the combination of the
two, when cultured on micropatterns. And some studies
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demonstrated that cell migration direction is manipulated
by the divergence angle of micropatterns and cell migra-
tion speed is controlled by the width of micropatterns
[75]. Besides, micropatterns induce mechanotransduction
and cause distortions anddeformation in the cellmorphology,
even in the nuclei [76, 77]. Another study showed that cell
morphology could influence cell fate indirectly [78]. Gener-
ally, biological micropatterning includes chemical structural
patterning and topology-based physical patterning [79].
Some micropattern regions may repel cells; other regions
attract cells (that then adhere) [80, 81]. Hence, cells form
certain patterns and can thus be orientated.

Micropatterns by lithography-based techniques

Photolithography is a highly sophisticated fabrication with
a resolution of 1–2 μm for micropatterns. The region (pat-
terns) on a photomask (a film that enables passage of the
UV light through unmasked regions) can be duplicated
onto a substrate (a silicon wafer generally) via UV expo-
sure [82]. The depth of the micropattern in the stamp is
dependent on the thickness of uncross-linked photoresist
spin coated on the substrate and thus can be adjusted [83].
Recently, Chen et al. designed different hybrid micropatterns
through UV lithography and nanoimprinting approaches and
focused on the interaction between photoreactive polymer
polyvinyl alcohol (PVA)-micropatterned surface and mes-
enchymal stem cells (MSCs) [84]. They found the width
of micropatterns can influence cell orientation, morphology,
even osteogenic and smoothmuscle differentiation ofMSCs.
Interestingly, adipogenic differentiation has no evident rela-
tionship with the spacing and orientation of micropatterns.
However, the photolithography approach requires expensive
facility and a clean room environment for manufacturing
micropatterns, which make it difficult to spread in the field
of biology. Therefore, soft lithography emerges, which cre-
ate micropatterns by an elastomeric (“soft”) material such as
poly (dimethylsiloxane) (PDMS) [85]. This technique has a
lower request for a clean room and the same original wafer
can produce multiple stamps by replica molding procedure.
Compared to photolithography, it is lower cost and easer.
Deserved to be mentioned, microcontact printing, as a soft
lithographic approach, can generate molecular-level chemi-
cal micropatterns on a surface [86]. However, it cannot be
achieved in conventional photolithography easily. Because
it requires complex surface modifications generally [87].
Recently, Friguglietti found that the combination of Si and
TiB2 micropatterned substrates can influence the alignment
of cells directly [88]. The key role is the differential adsorp-
tion of proteins on Si and TiB2 substrates. The biofabrication
process is simple and amenable to scale up, because of the
simple surface modification processes.

Micro- and/or nanoscale ridge/groove pattern arrays
fabricated by CFL

Macadangdang et al. developed two controllable, cost-
effective, and scalable nanopatterning processes for cardiac
tissue engineering [89]. Both feature CFL (UV-assisted
or solvent-mediated). Poly(lactide-co-glycolide) (PLGA) or
polyurethane (PU) is placed on a glass coverslip, and a
polyurethane acrylate (PUA) mold is then placed on top. UV
radiation (λ � 250–400 nm), or heat (120 °C) and pressure
(100 kPa), are used for curing, and themold is then peeled off.
Neonatal rat ventricular myocytes growing on nanopatterns
are aligned; control cells are not. Similarly, Lee et al. fabri-
cated PUA nanoscale ridge/groove arrays via UV-assisted
CFL [90]. Scanning electron microscopy (SEM) reveals
almost no variation in dimensions or alignment angle; the
method yields high-quality nanoscale ridge/groove pattern
arrays. However, these micropatterns are only constructed
at a single (micro or nano) scale, limiting the nanogroove
aspect ratios and depths, in turn compromising cell align-
ment. Two-step, UV-assisted capillary molding techniques
were thus used to fabricate micro-/nanoscale hierarchical
polymers [91]; two-scale molds are employed sequentially
duringUV-assistedmolding. In such approaches, a UV expo-
sure time ensuring only partial curing after the first step is
essential. Similar methods were described by Li et al. [92]
Two-stage UV imprinting is used to fabricate a two-layer
polydimethylsiloxane (PDMS) mold that replicated hybrid
patterns. The critical parameters are the operating load and
irradiation time. When nano- and microscale patterns are
both present, cells are orientated along the nanogrooves.

Tailor-made and sophisticated 3Dmicropatterns fabricated
by the laser-based technique

Wavelength- and power-tunable lasers have many applica-
tions inmicropatterning. Lu et al. laser-scribed 3D graphene-
based micropatterns [93]. A LightScribe DVD burner and a
standard DVD are used to manufacture custom 3D wafer-
scale (~100 cm2 area) graphene patterns. Fabrication is
simple and rapid. First, the disk is covered with a layer of
grapheneoxide (GO)filmonan arbitrary substrate andplaced
in theDVDburner. Then, the printmode, gray value, contrast,
and repeat time are set. The customized 3D graphene-based
micropatterns range from the microscale (even nanoscale) to
decimeters. A two-dimensional fast Fourier transform shows
that themicropatterns directed cell alignment.Maet al. devel-
oped an innovative, laser-guided, maskless micropatterning
technique [94] using laser-capture microdissection to fabri-
cate a tubular architecture for the first time, which will aid
the tubular regeneration of dentin and nephrons.
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Hydrogel micropatterns fabricated by the piezoelectric
inkjet printing technique

Many micropatterning methods exist; all are imperfect [95].
For example, photolithography [96] requires UV treatment,
elaborate equipment, and multiple steps. Inkjet printing
allows organized cell alignment using micropatterns created
via non-contact liquid deposition. Recently, Gantumur et al.
developed an inkjet micropatterning featuring horseradish
peroxidase (HRP)-mediated (rapid) hydrogenation (Fig. 3ci)
[97]. When ink contacts the substrate, the ink polymers
possessing phenolic hydroxyl moieties (Polymer-Ph) and
non-cross-linked phenolic hydroxyl (Ph) in the substrate
form cross-links via the HRP-mediated reaction. Gaps of dif-
ferent widths are created to determine how to optimally align
cells with the patterns (Fig. 3cii).

Although themicropatterning approaches havemadegreat
progress, the drawback of them still exist. For instance,
micropattern structures cannot contain protein or growth
factors. The active proteins would denature because of the
micropatterning methods involve UV light and laser. Fur-
thermore, micropatterns only have surface morphology, so it
has difficulty to form a 3D structure, which would restrict
their application in tissue engineering.

Combinations of aligned structures

Soft lithography [98], microcontact printing [99], and reac-
tive ion etching [100] have been used to create electrospun
fiber patterns. We focus here on the combination of elec-
trospun fibers and micropatterning and the combination of
electrospun fibers and freeze-drying. In general, electro-
spun nanofibers are circular in cross section and have a
smooth surface. A rough surface (a topographical cue) would
promote cell adhesion [101]. Hence, secondary oriented
structures on nanofiber surfaces have received attention.
Huang et al. fabricated nanofibers with a parallel-line sur-
face texture via electrospinning of cellulose acetate butyrate
(CAB) [102]. The CAB concentration, the volume ratio of
acetone to DMAc, electrospinning distance, and molecular
weight of CAB affect fiber surface morphology. Parallel-
line surface morphology is obtained via rapid evaporation
of a highly volatile solvent (acetone) and a long electro-
spinning time. The parallel-line surface structure promotes
SC alignment and extension. The highly ordered secondary
structure formed by the surface grooves plays a significant
role. The surfaces of nanofibers fabricated via photolithog-
raphy [103, 104] and micromolding [105] have also been
modified. For example, Zhang et al. fabricated aligned PCL
scaffolds by combining micropatterning with electrospin-
ning [105]. First, PDMS stamps with ridge/groove structures

are fabricated via micropatterning of silicon panels, and the
stamps are coated with a thin layer of gold. PCL is then spun
onto the stamps using an in-house electrospinning platform.
Optical microscopy and SEM reveal that the PCL solution
flow rate greatly affects PCL micropatterning. As the flow
rate increases, the ridge/groove micropatterning becomes
clearer, but the fibers become randomly orientated. In vitro,
SCs grew in the micropattern direction. Guex et al. fab-
ricated micropatterned matrices of parallel-oriented fibers
using a rotating drum with an engraved relief [106]. The
electrospun scaffolds exhibit a wavy structure of grooves
and ridges, reflecting the surface of the relief. The nanofibers
are parallel and the wave topographic boundaries not obvi-
ous. Myoblasts grow along the grooves. Currently, there are
relatively few researches on the micropattern structure of
electrospun fibers, and most of these researches focus on
the observation that themicropattern structure of electrospun
fiber would have a positive impact on the growth behavior of
cells. The mechanism of regulation of cell behavior is less
elaborated.

As aligned nanofibrous scaffolds feature dense fibers, both
cell infiltration and cell–scaffold interaction are compro-
mised. Mechanically, such scaffolds are weak; specifically,
they resist axial compression poorly. Ma et al. fabricated
a nanoyarn-porous nanofiber hybrid scaffold (HS) by com-
bining electrospinning and freeze-drying [107]. First, conju-
gated electrospinning is used to produce an aligned nanoyarn
scaffold employing two oppositely charged nozzles. Next,
uniform dispersion of nanofibers is poured over the scaffold
and a mold applies. A 3D, porous, nanofibrous/nanoyarn
HS is obtained after freeze-drying and cross-linking. The
HS exhibits larger pore size and greater porosity than the
aligned nanofibrous scaffold, facilitating cell infiltration; the
number of bone marrow stromal cells (BMSCs) cultured
on the HS is significantly higher than that on the aligned
nanofibrous scaffold. The HS exhibits high tensile and com-
pressive strengths. However, although some BMSCs attach
to the inner HS region, the cells are not uniformly distributed;
this is a challenge for the future.

Tissue engineering applications

Compared with random structures, aligned structures could
provide special topography and thus guide cell orientation.
It has been reported that aligned structures can control mor-
phology, behavior and functions of cells [108, 109]. Hence,
considering potentials of aligned structures in regulating cell
behaviors, a growingnumber of aligned structures are applied
in tissue engineering. In this section, these possible appli-
cations will be briefly introduced, including nerve, skeletal
muscle, tendon and tubular dentin regeneration.
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Nerve tissue engineering

The brief introduction to nerve

Generally, each nerve fiber is covered by a dense layer of
connective tissue called epineurium. More importantly, the
multiple nerve fibers covered by endoneurium are orien-
tated in axial alignment to form a nerve fascicle. Similarly,
the perineurium, which mainly protects and separates the
nerve fibers, wraps nerve fascicles. Due to the division of
the perineurium, the nerve fibers with the same function and
orientation are gathered together to form cords, which play
the function of nerve conduction orderly. Hence, the direc-
tionality of nerve fibers is crucial to the function of the nerve
[110]. Currently, more and more traumatic peripheral nerve
injuries (PNI) often result in deterioration and loss of motor,
sensory, and autonomic functions [111, 112]. However, due
to the limit of regeneration capacity and the complication of
the healing process, the treatment of PNI is difficult [113].

The applications of aligned structures

Given thedirectionality of nervefibers, the aligned structures,
as contact topographical cues, would promote the cellular
migration and alignment and thus enhance axonal regener-
ation [114]. Therefore, inspired by the structure of nerve,
aligned nanofibers and oriented micro-channels have been
applied in bionic nerve guide conduits (NGCs). Based on
the similarity between aligned nanofibers and nerve fibers,
aligned nanofibers have been used to create the inner walls
of NGCs. To impart structural support, randomly oriented
nanofibers are employed to make the outer NGC layers. As
shown in Fig. 4ai, Kim et al. presented a one-step fabrication
method using both aligned and randomly oriented nanofibers
[115]. An NGC can be divided into three parts—the proxi-
mal and distal portions (with aligned nanofibers), the exterior
medial portion (with random nanofibers), and an aligned
nanofiber interior (Fig. 4aii–iii). In vitro, nerve cells tend
to grow along the aligned nanofibers (Fig. 4aiv). In vivo
experiments have not been reported. Zhu et al. fabricated a
bilayerNGC [116]. Sciatic nerve defects (1 cm) are created in
rats that are divided into three different groups that receive
randomly oriented nanofibrous NGCs, aligned nanofibrous
NGCs, and autografts. Nerve regeneration at 2 and 12months
post-surgery is analyzed histomorphometrically and electro-
physiologically. The bilayer NGC is superior to the random
NGC and exhibits similar performance as an autograft.
Besides, given that longitudinally oriented microstructures
fabricated via unidirectional freezing are similar to nerve-
guiding, basal laminar microchannels, longitudinally ori-
ented NGCs have been developed to facilitate continuous
linear axonal growth along oriented micro-channels [117].
Zhang et al. combined collagen-chitosan NGCs with longi-

tudinally oriented micro-channels (L-CCH) and SCs [118].
NGCs with L-CCH, with or without SCs, are implanted into
15-mm-long sciatic nerve defects in rats, and SC morpholo-
gies are evaluated at 3 days and 1 and 2 weeks later via
SEM. SCs adhere to and migrate into the L-CCH to become
longitudinally aligned along the microchannels, forming the
bands of Büngner associated with peripheral nerve regen-
eration. The SFI, and electrophysiological and histological
evaluations, show that L-CCH promotes axonal regeneration
and functional recovery.

Furthermore, based on the effects of micropatterns men-
tioned above, micropatterns such as grooves have been
applied to NGCs to promote nerve regeneration. Huang et al.
developed a fibrous NGC featuring electrospun nanofibers
with multiple longitudinal grooves [119] fabricated from
CAB, which exhibits good biocompatibility. In a model
of sciatic nerve injury, the electrophysiological results,
gastrocnemius muscle evaluation, walking track test, and
immunofluorescence showed that grooved CAB is better
than smooth CAB, attributable to the fact that the grooves
delivered topographical cues promoting linear cell growth.
Besides, as shown in Fig. 4bi, Zhang et al. reported a
novel NGC with micropatterns (physical cues) on an inner
wall formed from GO nanosheets that deliver biochemical
cues [120]. Micropatterned, GO-modified poly(D, L-lactide-
co-caprolactone) (PLCL) films significantly enhance the
directional migration of single cells (Fig. 4bii–iv). Sciatic
nerve defects (10 mm) in rats bridged using different NGCs
and autografts are evaluated both histologically and func-
tionally. The sciatic function index (SFI), compound motor
action potential, nerve conduction velocity, immunofluores-
cence staining profile, and microstructural quality afforded
by 3/3-GO conduits (GO nanosheets with ridges/grooves
3/3 μm in dimensions) are similar to those of autografting,
and better than those of the 3/3 and flat/GO groups (Fig. 4bv).

However, most of NGCs mentioned above are hollow.
The main drawback of them is the incapacity of control-
ling the dispersion of the axons, which cannot bridge larger
nerve gaps. Hence, cell-aligned structures (fillers) have been
added to NGCs; these include electrospun, aligned fibrous
matrices [121], and materials prepared via unidirectional
freezing [122, 123]. Electrospun fibers may be subjected to
freeze-drying. As shown in Fig. 4ci–ii, Huang et al. devel-
oped NGCs with oriented collagen/chitosan (O-CCH) fillers
fabricated via directional freezing [124]. The NGC sheaths
are composed of electrospun PCL. SCs and axons cultured
on O-CCH fillers exhibit directional growth and migration
(parallel to the oriented micro-channel wall), whereas cells
cultured on random collagen/chitosan (R-CCH) fillers do
not (Fig. 4ciii). In vivo, O-CCH accelerates axonal regen-
eration and SC migration, delivering longitudinal guidance
cues (Fig. 4civ). Shah et al. also designed a multi-channel
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Fig. 4 a (i) Schematic illustration of fabrication for the controlled design
of aligned and randomly oriented nanofibers. (ii) Schematic 3D illus-
tration of the nerve guide conduit. (iii) SEM images of the cross-section
view of the nerve tube. (iv) Confocal microscopy images of PC12 cells
attached after (A, B) 1 day and (C, D) 5 days of culture on a ran-
domly oriented and aligned nanofibrous PLGA scaffold [115]. b (i)
Schematic illustration showing the fabrication of PLCL film with stripe
micropatterns and GO nanosheets and its application for guiding the
nerve regeneration in vitro and in vivo. (ii) SEM images after Schwann
cells were seeded for 12 h flat/GO and 3/3-GOfilms. (iii) Distribution of
SCs orientation angle to the stripe direction after being cultured for 12 h
GO modified PLCL films: flat and 3/3. (iv) Merged immunochemical
staining images (green, vinculin; red, F-actin; blue, nuclei) of SCs after
being cultured for 12 h on GO modified PLCL films: flat and 3/3. (v)
Assay of the microstructures of regenerated nerves in vivo. Merged
immunofluorescence staining images of (A1–C1) S100β (for SCs),
(A2–C2) NF200 (for axons), and (A3–C3) DAPI (for cell nuclei) in the
middle segments of regenerated nerves by (A) flat/GO, and (B) 3/3-GO

conduits and (C) autografts post-surgery in vivo for 8 weeks. (Repro-
duced from [120], Copyright 2020, American Chemical Society) c (i)
Schematic illustration of the stage-wise fabrication of CCH/PCL scaf-
folds with uniform longitudinally oriented micro-channels. (ii) SEM
characterization of theCCH/PCL scaffold. (A) Transverse section of the
O-CCH/PCL scaffold displaying tightlymatchedO-CCHfiller and PCL
sheath. (B)Transverse section ofO-CCHfiller. (C)Transverse section of
the R-CCH/PCL scaffold. (D) Transverse section of the R-CCH filler.
(iii) Axonal regeneration and SC migration on the CCH microstruc-
tured filler. DRG explants were seeded on the longitudinal sections of
the O-CCH (A) or R-CCH scaffold (B). Axons were labeled with b-
tubulin (green); the O-CCH filler exhibited autofluorescence (red). (iv)
Long-term nerve regeneration beyond the grafts in vivo. Regenerated
nerves at the distal stumps in the O-CCH/PCL (A, C) and R-CCH/PCL
(B, D). SCs were labeled with S100 (red), and regenerated axons were
labeled with NF200 (green). (Reproduced from [124], Copyright 2017,
Elsevier)

spiral NGC [125] featuring internal, longitudinally aligned
nanofibers; this is novel.

Perspectives and outlook about nerve regeneration

Taken together, aligned structures, including aligned
nanofibers, longitudinally oriented microchannels and

micropatterns, have been applied to fabricate directional
NGCs. The directional NGCs are designed to simulate the
microenvironment of natural nerve tissue and meet the char-
acteristic size of nerve cells. According to applications
of aligned structures mentioned above, directional NGCs
improve the space utilization of catheter lumen, increase
the contact area of NGCs wall, and thus increase the adhe-
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sion of SCs to NGCs.Meanwhile, the applications of aligned
structures guarantee a higher mechanical property of NGCs,
avoiding deformation and subsidence when NGCs are used
in vivo. More importantly, they guide distal axon directional
growth, reduce the dispersion of the nerve regeneration pro-
cess, and thus improve the efficiency of nerve regeneration
and signal transduction. However, the limitation of different
aligned structures still exists. For example, the fabrication of
bilayer NGCs is time-consuming with low productivity. And
the fabrication process cannot be effectively controlled due
to too many unstable factors, which is a challenge for the
stable and efficient preparation of bilayer NGCs. Besides,
NGCs with micropatterns on an inner wall may lead to an
inflammatory reaction, nutrition leakage, or neurite exoge-
nesis more easily than non-micropatterned NGCs. Because
the most fabrication of NGCs with ridge/groove distribu-
tion on an inner wall has the following two steps, including
rolling the films to a cylinder and gluing or sealing the edge
of the cylinder. It would generate the suture thread and suture
impression of the conduit sidewall. Therefore, it is difficult
to fabricate an integral conduit with micropatterned inner
wall and seamless sidewall using. In addition, how to effec-
tively fabricate different microgroove morphologies should
be further discussed, as well as the influence of micropattern
fabrication on the molding quality of NGCs. Considering
nerve fibers can be divided into the motor and sensory fibers,
the regenerated fibers should re-innervate the desired motor
or sensory targets, respectively. But for now, NGCs are inca-
pable of selectively guiding motor and sensory axons, which
provides a newdirection for the future development ofNGCs.

Skeletal muscle tissue engineering

The brief introduction to skeletal muscle

Compared to another two kinds of muscles, skeletal muscle
is the most widely distributed muscle, accounting for about
40% to45%of bodyweight. Skeletalmuscle is composedof a
large number ofmuscle cellswith the ability to contract.Mus-
cle cells are fibrous and have multi-nuclear structures. They
can produce axial contraction while receiving nerve signals.
The most prominent characteristic of them is that they have
a high degree of orientation, which is the foundation of con-
traction. In response to minor injuries, skeletal muscle has
the regeneration capacity. However, the capacity of regen-
eration could not meet the demands for severe damage and
diseasewhichwould cause loss ofmuscle and function [126].
Thus, tissue engineering is developing fast, as a promising
approach for severe muscle injury and myopathy [127]. To
acquire the proper alignment of myofibers, the researches
about scaffolds topographical cues have been reported over
the years [40].

The applications of aligned structure

Aligned nanofibers have been used to create myotubes that in
turn align myoblasts. Notably, smaller-diameter fibers pro-
mote myoblast differentiation but not proliferation [128];
fiber diameter directly affects cell stiffness and the contact
area. Electrospun, fibrin microfiber bundles hosting C2C12
myoblasts [129] or adipose-derived stemcells/SCs [130] pro-
moted regeneration of murine volumetric muscle loss after
partial removal of the tibialis muscle. C2C12 myoblast cells
become embedded into aligned alginate fibers, remain viable,
and elongate and align along the fibers, facilitatingmyogenic
differentiation [131]. Based on the cell electrospinning tech-
nique mentioned above, Guo et al. developed a cell-laden
wet-electrospinning method [132]. Thrombin and fibrinogen
combine to form fibrin microfibrils that are stretched and
aligned via bath rotation. Immunostaining of a cell-laden
scaffold shows that the C2C12 cells are viable and highly
aligned. The myotube density is low; this will be addressed
in the future. However, single fibers cannot form 3D struc-
tures that mimic skeletal muscle. A photocurable hydrogel
shell [133], PCL melt-plotted struts [134], and 3D-printed
PCL struts [135] have been combined with electrospun
fibers to mimic native muscle. As shown in Fig. 5ai–ii,
Lee et al. developed a novel composite scaffold consist-
ing of outer electrospun decellularized extracellular matrices
modified by methacrylate (dECM-MA) nanofibers and inner
3D-printed PLGA struts [136]. The results of staining with
DAPI/phalloidin and SEM showed that the human muscle
progenitor cells (hMPCs) and F-actin have clearer alignment
along the fiber direction (Fig. 5aiii). And the increase in cell
differentiation indicators such as the staining results of the
myosin heavy chain (MHC), fusion index and the expres-
sion of muscle-specific genes demonstrated to the positive
effect of the composite scaffold on myogenic differentiation
(Fig. 5aiv). Overall, the microscale patterns of PLGA struts
and the nanoscale of dECM-MA fibers could facilitate the
alignment and compactness of cells, even promote the for-
mation of organized myotube [137].

Similarly, microgrooves (aligned topographical cues) not
only promote parallel alignment ofC2C12myoblasts but also
facilitate the expression of myogenic differentiation genes
(MHC and myogenin) [16]. For C2C12 myoblasts, a 50-μm
line pattern optimally promotes alignment and differentiation
[138]. Microgrooves are combined with photocrosslinkable
GelMA fibers via microfluidic spinning [139]. The effects of
nanoscale, wavy surface textures on C2C12 mouse myoblast
cells are similar to those of microgrooves [140]. Notably,
when wavy surface textures of various topographic sizes (λ
�1520nmandA�176nm toλ�9934nmandA�2168nm)
are analyzed, human myoblast alignment and differentiation
do not depend on wavelength or amplitude, unlike what is
found when mouse myoblasts are studied [141, 142].
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Fig. 5 a (i) Schematic of electrospinning on fibrillated PLGA struts and
fibers aligned using an electrostatic torque (with an SEM image of the
surface topography of PLGA). (ii) Fibrillated PLGA surface supple-
mented with PVA and fabricated by 3D printing. (iii) Live (green)/dead
(red) images at 1 day and DAPI (blue)/phalloidin (green) and SEM
images at 3 days for (A) control and (B) P-NF-dECM-MA structures.
(iv) DAPI/MHCfluorescence images at 7 and 14 days of (A) control and
(B) P-NF-dECM-MA scaffolds. (Reproduced from [136], Copyright
2019,AmericanChemical Society)b (i) Fabrication of PCLnanofibrous
woven fabrics. (A) Schematic illustration of the modified electrospin-
ning system for fabricating PCL nanofiber yarns. (B) Photograph of a
PCL nanofiber yarn package produced about 2 h. (C, D) SEM images
of the electrospun PCL nanofiber yarns. (E) Schematic of the textile
weaving process. (F) Photograph and (G)SEMimageof thePCLnanofi-
brous woven fabrics. (ii) Uniaxial tensile testing of PCL nanofibrous
woven fabrics and electrospun random and aligned meshes, includ-
ing (A) Young’s modulus and (B) tensile strength. (iii) Woven fabrics
promoted HADMSC differentiation toward tenocytes in TDM after 14-

day culture. (Reproduced from [155], Copyright 2017, Elsevier) c (i)
Design, fabrication, and characterization of micropatterned tubular 3D
matrix. (A) Schematic of the electrospinning and laser-guidedmicropat-
terning processes to fabricate 3D nanofibrous tubular gelatin matrices.
(B) Schematic of odontoblasts aligned on the interface between dentin
and pulp and the extension of their long processes deep inside the
dentinal tubules. (C,D) SEM images of human tubular dentin. (E)A typ-
ical SEM image of the micropatterned tubular gelatin matrix. (F) High
magnification of showing the nanofibrous gelatin matrix. (G) Confocal
image of the tubular gelatin matrix. (ii) (A, B) Trichrome staining after
the cell/matrix constructs were cultured in vitro in different media for
2weeks. (C) Comparison of gene expression ofDPSCs on themicropat-
terned and non-patterned gelatin matrix. (iii) Regeneration of tubular
tissues in vivo using a 3D micropatterned matrix. Masson’s trichrome
staining and SEM images for (A, C, E) tubular matrix group and (B,
D, F) non-patterned control group. (Reproduced from [94], Copyright
2018, John Wiley and Sons)

Perspectives and outlook about skeletal muscle
regeneration

In conclusion, aligned nanofibers and micropatterns can
present aligned topographic cues to myoblasts, which
can guide myoblast behavior. Whether the dimensions of

microscale topographic features are appropriate for the size
ofmyoblasts is the key formyoblasts orientation.Meanwhile,
aligned nanofibers and micropattern can also support fusion
and differentiation of myoblasts into highly aligned, densely
packed myotubes. However, there are still some deficiencies
in the current study. For instance, the aligned cell sheets can
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be fabricated via micropatterns is relatively thin, which has
large gapwith the natural multilayer skeletal muscles. There-
fore, multiple attempts should be undertaken to engineer
3D aligned structures fabricating aligned 3D skeletal mus-
cle fiber bundles. Recently, the 4D biofabrication technique
is introduced to produce multilayer scroll-like tubular con-
structs via programmed shape transformation [143]. Besides,
scaffolds formuscle tissue engineeringmust facilitate further
maturation of myotubes, such as electrical conductivity and
contractility. Therefore, chemical modifications or conduc-
tive materials should be combined with the topographical
cues for promoting myotube formation. Comparing to struc-
ture bionics, function bionics can combine more organically
with the host, as the future direction of efforts. In addition,
neuronal and vascular input is essential for muscle develop-
ment and function. For example, the absence of a vascular
network would limit the size of the scaffold. Hence, how to
establish a biomimetic vascular network and innervation is
challenging, which would provide a research basis for the
clinical application of large biomimetic muscle scaffolds.

Tendon tissue engineering

The brief introduction to tendon

The tendon is a kind of dense connective tissue that con-
nects bones and muscles. It can transmit the force of muscle
contraction to the bone, and guide bone movement. Natural
tendons are soft elastic fiber tissues, composed of its basic
structural units—collagen fibers and a small number of ten-
don cells, with a highly oriented structure [144]. The tendon
cells are arranged in parallel between collagen fiber bundles.
Furthermore, it is generally believed that the arrangement of
collagen fibers is parallel to the direction of the force, but
some fiber bundles are twisted or staggered to prevent the
fibers from separating and at the same time help to buffer
forces from different directions. Although the tendon itself
cannot contract, it can resist a lot of tension in virtue of the
highly oriented structures.

The applications of aligned structures

Scaffolds can be used to repair tendons, injuries of which
are common and painful [145]. However, tendons regenerate
poorly because of low cellularity and vascularity [146]. The
principal therapies (conservative management and surgical
intervention) are often ineffective [147]. Tissue-engineered
tendon repair is attracting attention [148, 149]. An ideal
scaffold should promote cell alignment and differentia-
tion along the tendon and ECM production. Well-aligned
nanofibers [150, 151] have been shown to improve cell
orientation, differentiation toward the tenogenic lineage,
tendon-related gene expression, and mechanical properties

in vitro. In an in vivo model of Achilles tendon repair,
aligned fibrous scaffolds not only recruit host cells and
enhance tenogenic gene expression but also facilitate the for-
mation of parallel-aligned collagen fibers and tendon-like
tissue [152, 153]. Orr et al. fabricated a novel scaffold for
rotator cuff tendon tissue engineering, combining a multi-
layered electrospinning technique with a hybrid of several
electrospinning alignment techniques [154]. The real-time
quantitative reverse transcription–polymerase chain reac-
tion is used to explore tendon-related gene expression, and
Picrosirius Red staining under polarized light is employed
to detect human type I and III collagens. Aligned, multi-
layered electrospun scaffolds enhance TNMD and COL3A1
expression and the formation of collagen fibrils that are more
aligned than those associated with nonaligned multilayered
scaffolds. Collagen-glycosaminoglycan (CG) scaffolds fab-
ricated via lyophilization promote tendon cell proliferation
and alignment and improve tendon regenerative capacity. The
longitudinally aligned microstructures of CG scaffolds serve
as contact guidance cues [52]. Given the major limitation
of electrospun nanofibrous scaffolds (the compact structure
inhibits cell infiltration), several groups have fabricated novel
nanofibrous scaffolds based on electrospun nanofiber yarns
including yarn-basedwoven bio-textiles [155], nanoyarn net-
works [156], and electrospun-aligned, nanoyarn-reinforced
nanofibrous scaffolds [157]. As shown in Fig. 5bi, Wu et al.
fabricated nanofibrous woven textiles (PCL nanofiber yarns)
for tendon regeneration [155]. The structure and nanoscale
organization of the materials are similar to those of native
tendon ECM. And as compared to electrospun random and
aligned meshes, the test results of Young’s moduli and ulti-
mate tensile strengths demonstrate that the woven fabrics
have better mechanical characteristics (Fig. 5bii). Mean-
while, given the 3D-aligned microstructure and large pore
size, nanofibrous woven textiles could promote cell viabil-
ity, orientation, infiltration, and tendon gene expression. For
example, the aligned fibers of woven fabrics and electrospun
alignedmeshes promoteTNMDandCOL1protein formation
along the fiber direction, mimicking the ECM architecture of
the native tendon (Fig. 5biii).

Perspectives and outlook about tendon regeneration

Overall, well-aligned nanofibers havemany inherent benefits
in tendon tissue repair. Themain reason is that they are similar
to the collagen fibrilsmatrix in the native tendon.Meanwhile,
many properties can be adjusted, includingmechanical prop-
erties, porosity, fiber diameter, and degradation rate. As such,
aligned nanofiber techniques suffer from certain limitations
and challenges. For example, compared with other scaffolds
(such as nerve tissue engineering scaffold), the tendon tis-
sue engineering scaffold needs to suffer higher elasticity and
tensile strength. Therefore, the post-processing of electro-
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spinning fibers (such as forming nanofibrous woven textiles)
becomes a commonmethod, which can enhance themechan-
ical properties to meet the needs of tendon repair. However,
most of the time, the increase inmechanical properties would
decrease the degradation rate. It may impact on the efficiency
of tendon repair. Therefore, how to balancemechanical prop-
erties and degradation rate should be attended to. In addition,
the tendon tissue also has thick multilayer structures, which
is the foundation of function. It is difficult for current electro-
spinning technology to fabricate thick multilayer structures,
but even if it can, the process is complicated at a high cost and
low efficiency. Hence, the electrospinning technology would
be improved, such as the improvement of the 3D collector
device, the combination with other fabrication, and so on.
Meanwhile, to promote the tendon in function, how to sim-
ulate the 3D tension environment of the natural tendon also
needs to be addressed.

Dentin tissue engineering

Dentin is a major tooth component consisting of millions
of tubules (15,000–48,000/mm2) of diameter 2–4 μm [158].
The dentin ECM is nanofibrous at the nanoscale level. It is
difficult to impart tubular micropatterns to nanofibrous struc-
tures using routine methods such as microcontact printing.
As shown in Fig. 5ci, Ma et al. combined unique, maskless,
laser-guided micropatterning and electrospinning to create a
3D nanofibrous tubular matrix with the hierarchical archi-
tecture of natural dentin ECM [94]. The technique features
non-contact, high-precision, flexible computer programming
of machining. First, a nanofibrous gelatin matrix is pro-
duced and cross-linked via electrospinning. Next, a tubular
micropattern is created within the matrix using a Leica laser
microdissector (Model 7000; Leica, Germany). The size and
depth of the tubular pores and the distance between tubules
can be adjusted by changing the laser parameters. The size
and pattern of tubules within the 3D nanofibrous tubular
matrix are the same as those of natural dentin ECM. Odon-
toblasts seeded onto the micropatterned matrix align with
the pore surfaces and secret many collagen fibers oriented
along the tubules; cells cultured on a non-micropatterned
matrix do not. The matrix promotes the differentiation of
dental pulp stem cells into odontoblasts, as revealed by
the expression of differentiation genes including ALP, Col
I, and DSPP (Fig. 5cii). Besides, the Masson’s trichrome
staining and SEM results of cell/nanofibrous tubular gelatin
matrix constructs in nude mice demonstrates that the tubular
gelatin scaffold could promote regenerationof the tubular and
vascularized pulpodentin complex (Fig. 5ciii). Such tubular
structures would aid the regeneration of other tubular tissues
such as blood vessels.

Conclusions and future perspectives

Cells are often aligned in an organized manner in tissues
such as muscles, vascular tissue, and nerves. This affords
a normal structure and maintains tissue function. Many
aligned structures that guide cell orientation have been
used in tissue engineering, including aligned electrospun
nanofibers, porous or channeled structures, micropatterns,
and combinations thereof. These allow functional recovery
and tissue regeneration. However, challenges remain. First,
the molecular mechanism underlying cell alignment organi-
zation requires study, as do the interactions (especially long
term) between engineered products and the host. This would
enhance the efficiency and stability of engineered structures.
Second,most existing aligned structures are 2D, thus dramat-
ically differ from the 3D cellular environment. Cells behave
differently in 3D and 2D constructs. Currently, we can guide
early cell growth but cannot biofabricate the complex 3D
micro-architectures essential for tissue maturation in vivo.
Existing structures are poorly functional. The biofabrication
of complex, 3D aligned micro-architectures within scaffolds
is challenging. Finally, although many aligned structures are
available, most studies focused on single scaffold structures,
limiting the efficiency and accuracy of cellular orientation.
In the future, various aligned structures should be com-
bined (for example, the aligned nanofibers andmicropatterns
mentioned above). Also, other cues (biological signals and
mechanical loadings) that control cellular orientation should
be considered. Given the remarkable advances in cell biol-
ogy and biomaterials science and engineering, the challenges
will be met.
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