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Unlike other tissue types, the nervous tissue extends to a wide and complex environment that provides a plurality
of different biochemical and topological stimuli, which in turn defines the advanced functions of that tissue. As a
consequence of such complexity, the traditional transplantation therapeutic methods are quite ineffective;
therefore, the restoration of peripheral and central nervous system injuries has been a continuous scientific
challenge. Tissue engineering and regenerative medicine in the nervous system have provided new alternative
medical approaches. These methods use external biomaterial supports, known as scaffolds, to create platforms for
the cells to migrate to the injury site and repair the tissue. The challenge in neural tissue engineering (NTE)
remains the fabrication of scaffolds with precisely controlled, tunable topography, biochemical cues, and surface
energy, capable of directing and controlling the function of neuronal cells toward the recovery from neurological
disorders and injuries. At the same time, it has been shown that NTE provides the potential to model neurological
diseases in vitro, mainly via lab-on-a-chip systems, especially in cases for which it is difficult to obtain suitable
animal models. As a consequence of the intense research activity in the field, a variety of synthetic approaches and
3D fabrication methods have been developed for the fabrication of NTE scaffolds, including soft lithography and
self-assembly, as well as subtractive (top-down) and additive (bottom-up) manufacturing. This article aims at
reviewing the existing research effort in the rapidly growing field related to the development of biomaterial
scaffolds and lab-on-a-chip systems for NTE applications. Besides presenting recent advances achieved by NTE
strategies, this work also delineates existing limitations and highlights emerging possibilities and future prospects
in this field.
1. Introduction

The nervous tissue consists of the central nervous system (CNS) and
the peripheral nervous system (PNS) and is the most complex system in
the body. Injuries to the human nervous system affect more than 1 billion
people around the world, with 6.8 million dying as a result of them each
year [1], and have been associated with a wide variety of disorders
including neurodegenerative diseases, as well as brain and spinal cord
(SC) traumatic injuries and stroke [2]. The central nervous tissue does
not regenerate under normal conditions, and to date, there is no treat-
ment modality with clinically documented efficacy to actively improve
CNS repair. Current medical approaches focus primarily on stabilization
and prevention, e.g., orthopedic fixation of an unstable spine, and
consequently on rehabilitation and the preparation of prosthetics. On the
contrary, the management of a PNS injury is much simpler. The currently
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applied treatments involve nerve autografts and allografts; however,
there are many difficulties, including shortage of donor nerves, donor--
site morbidity, aberrant regeneration, infectious diseases, and immuno-
logical issues [3]. It is therefore understood that there is a vital need for
engineered alternatives to autograft application [4].

In view of the ineffectiveness of current therapeutic methods, the
restoration of the damaged PNS and CNS has been a continuous challenge
for neurologists and neurobiologists. As a result, novel treatment stra-
tegies for the injured nervous system have been pursued. Tissue engi-
neering and regenerative medicine in the nervous system have provided
new medical approaches as alternatives to traditional transplantation
methods. These methods use external biomaterial supports, known as
scaffolds, to create a platform for the cells to migrate to the injury site and
repair the tissue. Three-dimensional (3D) scaffold models have been
found to be critical for mimicking the exact microcellular environment
kis).
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and cell-cell interactions. Pioneering works in this domain have identi-
fied and characterized 3D matrices as vital for cell anchorage and precise
replication of the cellular microenvironment and have enabled the cre-
ation of living tissues from a source of cells. Such scaffolds are often
loaded with cells and/or growth factors to hasten the differentiation of
cells to preferred types of lineage to promote new tissue formation.

In recent years, neural tissue engineering (NTE) has significantly
contributed to the research efforts devoted toward the identification of
suitable strategies for recovery from neurological disorders and injuries.
Based on these efforts, it has been realized that the nervous tissue is
undoubtedly the most complex system of human anatomy, comprising a
complex multilayer environment in which topographical features display
a large spectrum of morphologies and size scales. As a result, it demands
far more intricate tissue-engineered scaffolds and architectures [5,6]. At
the same time, the physicochemical characteristics of NTE constructs are
critical for neuronal cell function and viability. Besides this, it has been
shown that NTE provides the potential to model neurological diseases in
vitro, mainly via lab-on-a-chip systems, especially in cases in which it is
difficult to obtain suitable animal models. As a consequence of the
intense research activity in the field, a variety of synthetic approaches
and 3D fabrication methods have been developed for the fabrication of
NTE scaffolds, including soft lithography and self-assembly, as well as
top-down (subtractive) and bottom-up (additive) manufacturing.

The present review article aims at reviewing the existing body of
literature in the rapidly growing field related to the development of
biomaterial scaffolds and lab-on-a-chip systems for NTE applications
(Fig. 1). In particular, the first part reviews the various methods used for
the fabrication of NTE constructs of various sizes, shapes, and physico-
chemical characteristics. The second part is devoted to the most impor-
tant reports used to address CNS and PNS injury issues, via the
application of NTE scaffolds and lab-on-a-chip systems. Besides pre-
senting recent advances achieved by NTE strategies, this work also de-
lineates existing limitations and highlights emerging possibilities and
future prospects in this field.

2. Biofabrication of NTE components

The creation of tissue engineering components, including scaffolds
and integrated systems, has gone through a lengthy process, with several
Fig. 1. The main biofabrication methods for the development of biomaterial
scaffolds for neural tissue engineering applications.

2

techniques being developed to create complex structures from a variety
of natural and synthetic components. From the beginning, the aim has
been the fabrication of ideal scaffolds to match the physical, chemical,
and mechanical properties of the tissue. These scaffolds should bear
several desirable characteristics such as pores, fibers, and channels,
which are crucial for applications in NTE.

In this section, we will present the most important biofabrication
methods that have been used for the creation of NTE constructs and
explain the principles on which they are based [7,8]. Each of these
methods is able to produce a different range of shapes and structures to
fulfill the needs and the requirements of the corresponding application
and has its own advantages and disadvantages. With the term ‘bio-
fabrication,’ we refer to all methods used to produce constructs with
biological function for use in tissue engineering and regenerative medi-
cine applications [8]. As such, we have started from the older and more
‘traditional’ conventional methods and continued with the advanced
technologies that have been developed over the last few decades. Table 1
summarizes the characteristics of the fabrication methods that have been
applied in NTE, the structural characteristics of the resulting scaffolds,
the advantages and the disadvantages of eachmethod, and their potential
impact in the future of NTE.

2.1. Conventional methods

2.1.1. Solvent casting/particulate leaching
Solvent casting/particulate leaching (Fig. 2a) is a popular, traditional

method used for porous scaffold fabrication and is based on a relatively
simple technique. A homogeneous polymer solution that contains some
type of porogen is cast into a mold, and the solvent is allowed to evap-
orate. The resulting composite material contains the polymer and the
porogens. For final scaffold fabrication, this composite material is sub-
merged in a bath so that the porogens can dissolve to reveal a porous
structure that can be used in various tissue engineering applications [9].

A variety of different materials can be used as porogens, with salt,
sugar, and wax being the most common candidates [28–30]. Through
this fabrication method, it is possible to create scaffolds with controlled
porosity as the method allows for optimization both through the use of
porogens of different types, shapes, and sizes as well as through the
concentration of porogens added to the polymeric solution [31]. In
addition, by using various types of pretreatments (such as prefusing
porogen particles or using more than one type of porogen), scientists
have been able to control the porosity even further and improve pore
interconnectivity [32].

2.1.2. Phase separation
Phase separation (Fig. 2b) can be split into two distinct subcategories

depending on the method of fabrication followed: non-solvent–induced
phase separation (NIPS) and thermally induced phase separation (TIPS).

NIPS requires three components: a polymer, a solvent, and a non-
solvent. A homogeneous polymer solution that contains at least one sol-
vent is first cast on a suitable support structure, exposed to the air for a
short amount of time, and then immersed in a bath containing the non-
solvent solution. The exchange between the solvent and the non-solvent
leads to the formation of two phases that are created owing to the pre-
cipitation of the polymer: the polymer-rich and the polymer-lean phase. As
the polymer-rich phase becomes more enriched in the non-solvent, the
porous structure is created [10,33,34]. Used mostly for the preparation of
membranes, NIPS-generated scaffolds usually have heterogeneous pore
structures and, as such, have limited applications in tissue engineering.

On the other hand, TIPS (Fig. 2b) can occur with solutions of poly-
mers and solvents that are homogeneous at elevated temperatures.
Through the cooling of these homogeneous solutions, they tend to
separate into polymer-lean and polymer-rich phases. The latter phase
solidifies, creating the scaffold matrix, whereas the polymer-lean phase
creates the pores owing to the removal of the solvent. TIPS can be further
split into two categories: solid-liquid (S-L) phase separation and liquid-



Table 1
Methods of fabrication of tissue engineering systems, particularly applied for NTE.

Techniques Structural characteristics Advantages Disadvantages Potential impact in NTE

Conventional methods

Solvent casting/particulate
leaching [9]

Through the control of the amount
of porogen added, as well as its
size and shape, these scaffolds
usually have an average pore size
of ~500 μm with ~95% porosity.

- Simple, easy, inexpensive
- Does not require large equipment
- Controllable pore size
- Less amount of polymer required for
scaffold creation

- Scaffolds may retain some
toxicity

- Time-consuming
- Pore shape and interpore
openings cannot be
controlled.

- Can only be used to produce
thin membranes (�3-mm
thickness)

Fabrication of biocompatible
scaffolds for peripheral nerve
injury repair, in combination
with molding techniques

Phase separation (non-
solvent–induced phase
separation [NIPS] [10] and
thermally induced phase
separation [TIPS] [11])

Porous scaffolds with possible
integration of bioactive molecules

- Can produce porous scaffolds with
integrated bioactive molecules
owing to the low temperatures used
during fabrication

- No decrease in the activity of the
molecule

- Can be easily combined with other
fabrication methods (i.e., particulate
leaching, rapid prototyping)

- Difficult to control the
precise scaffold morphology

- Limited material selection

Fabrication of scaffolds, in
conjunction with molding
techniques

Self-assembly [12] Nanofibers with amino acid
residues that can be modified by
the addition of bioactive
molecules

- Production of very thin nanofibers
- The nanofibers have amino acid
residues that can be chemically
modified by the addition of bioactive
moieties.

- Does not require organic solvents
- Reduction of cytotoxicity due to the
use of aqueous salt solutions or
physiological media

- Complicated and elaborate
process

- Poor mechanical stability
makes it difficult to create
stable 3D structures.

- The engineered nanofibers
can be fragmented and are
susceptible to endocytosis.

- High cost of synthesis

Formation of injectable
materials for nerve
regeneration

Freeze-drying [13] Porous scaffolds without the
presence of potentially harmful
solvents

- Controllable pore size through
controlling the freezing rate and pH

- Does not require high temperatures
- Does not require a separate leaching
step

- Small pore sizes
- Long processing times
- Difficult to produce
scaffolds with hierarchical
structures (e.g.,
vascularized systems)

Design of scaffolds for nerve
repair using biocompatible
and biodegradable materials

Gas foaming [14] Creation of porous scaffolds with
pore sizes ranging from 100 to
500 μm

- Does not require the use of organic
solvents and high temperatures

- Controllable porosity dependent on
the amount of gas dissolved in the
polymer

- Limited mechanical
property control

- Possibility of creating a non-
porous external surface

Fabrication of scaffolds, in
conjunction with other
techniques (i.e., molding,
phase separation)

Hydrogel formation [15] Hydrogels can have a range of
different properties that depend
on the type of polymeric material
used and the method of cross-
linking used.

- Tunable mechanical strength
- Mostly biocompatible and
biodegradable

- Can offer controllable drug release
rates

- Incorporation of biological material
(DNA, proteins, cells)

- Potential lack of
biodegradability for some
materials

- Difficulty with drug loading
in cases of non-hydrophilic
drugs

- Potential toxicity from
unreacted cross-linking
molecules

Fabrication of scaffolds using
bioprinting methods and
design of bioinks for brain
delivery and regeneration

Molding and texturing methods

Compression molding/
injection molding [9]

Scaffolds with controllable
porosity through the use of
porogens with different sizes and
chemical properties

- Control of pore size,
interconnectivity, and geometry

- Does not require organic solvents

- High temperatures required
for non-amorphous
polymers

- Possibility of residual
porogens

Construction of in vitro brain
models for drug screening and
efficacy testing (such as lab-
on-a-chip devices). Should be
used in combination with
other methods

Photolithography [16] Scaffolds with details in the
nanometer and micrometer scale
printed on photoresists

- Large-scale patterning
- High-resolution technique
- Non-contact manufacturing process

- High cost
- Limited control over surface
properties

- Compatible with a limited
number of materials

–

Soft lithography [17] Scaffolds with details in the
nanometer and micrometer scale
that have been transferred onto a
range of polymers with different
properties

- Wide range of materials
- Easy and straightforward process
- Low cost

- Can lose some of the detail
during the stamp/mold
creation process

Fabrication of components for
microfluidic systems and lab-
on-a-chip devices. Like
compression molding, should
be used in combination with
other methods.

Laser texturing [18] Structuring/texturing of the
material surface can be localized
without affecting the surrounding
areas and is in the region of
nanometers and micrometers

- Local excitation of certain areas of a
material, with minimal damage to
the surrounding areas

- Non-contact fabrication method
- Can be used with a wide range of
materials

- Requires specialized and
expensive equipment

Precise and controllable
micropatterning/
nanopatterning of scaffolds
for nerve regeneration

(continued on next page)
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Table 1 (continued )

Techniques Structural characteristics Advantages Disadvantages Potential impact in NTE

Fiber mesh/fiber bonding
[19]

Fibrous scaffolds with large
surface areas

- Creation of scaffolds with large
surface areas

- The mesh structure allows rapid
diffusion of nutrients.

- Mechanical stability

- Lacks structural stability
- Poor mechanical property
control

- Limited applications in
other polymers (except for
PGA, PLLA)

–

Electrohydrodynamic techniques

Electrospraying [20] Highly charged droplets are
formed. Their charge prevents
their coagulation and promotes
their self-dispersion.

- The size distribution of the droplets
is usually narrow; no droplet
agglomeration and coagulation are
occurring.

- The motion of charged droplets can
be easily controlled.

- Higher deposition efficiency of
charged spray than that of
uncharged droplets

- Single-step processing

- Requires specialized
equipment

- Difficult to control the
droplet's size

- Can induce macromolecule
degradation

Fabrication of carriers for
drugs and therapeutic
molecules for brain delivery.

Electrospinning [21] Continuous microscale and
nanoscale fibers from a rich
variety of materials. By blending
different polymers, nanofibers
with internal morphology, and
secondary structures, e.g., porous,
hollow, or core-sheath structure
can be fabricated. In addition,
fibers can be organized into
ordered arrays or hierarchical
structures by modulating their
stacking, arrangement, and
folding.

- Easy to use, simple, versatile,
efficient, and ideal for large-scale
production

- High surface area-to-volume ratio
structures

- Large number of interfibrous/
intrafibrous pores (high porosity)

-Fabrication of fibers from various
types of raw materials (from natural
and synthetic polymers to composites,
consisting of organic and inorganic
components) leads to unlimited
applications
-The ability to control many factors,
such as the fiber diameter, orientation,
and composition

- The requirement for
specialized equipment
(although it is inexpensive)

- The use of organic solvents
- The limited control of pore
structures

- The process depends on
many variables

Synthetic nerve conduits to
facilitate axonal guidance and
to enhance nerve
regeneration

Solid freeform fabrication/rapid prototyping

Photolithography-based
techniques [22]

Precise internal architectures and
external geometries, which match
those of human tissue (structures
with �50-μm features)

- Good mechanical strength
- High spatial resolution
- Easy to achieve small features
-High degree of fabrication accuracy
- Low printing time
- Bioresins can be incorporated to
create bioinks.

- Resins with cytotoxic
residuals may be used.

-Often during the processing,
supportingstructures are
required.
-Specialized equipment is
required.
- High-intensity UV light may
be used.

Fabrication of complex 3D
tissue structure with high
resolution for brain
regeneration as long as
biocompatible hydrogels are
used

Selective laser sintering/
selective laser melting [23]

Fabrication of complex geometries
with intricate and controllable
internal architectures

- Good mechanical strength
- High accuracy
- Broad range of materials can be
used.

- Easy to create layered 3D structures
as new layers of powder can be
layered on top of the previous
sintered layers.

- No supports required
- Many commercial machine
providers exist.

- Elevated temperatures
- Local high energy input
- Uncontrolled porosity
- Laser beam diameter
(~400 μm) and powder
particle size limit the
dimension of the generated
scaffolds.

- Difficulty in building
specially shaped scaffolds
with sharp corners or clear
boundaries

- Restricted by material
properties; (The material
has to be available as a
powder, and the powder
must have suitable melting
and welding behaviour.)

–

Microsphere sintering
(subcategory of sintering)
[24]

Microspheres are fused together to
create a single macroscopic unit,
with complex shapes and
architectures.

- Can load biological material into the
water droplets

- Suitable for obtaining composite
structures from polymeric and
inorganic substances

- Customization (patient-specific) of
the scaffolds

- Freedom from toxic solvents

-Very expensive because large
quantities of rawmaterials are
needed
- Requires specialized
equipment

- Microspheres may stick
together or may not spread
evenly in successive layers

Fabrication of macroporous,
3D shape–specific constructs,
conductive to infiltration and
with controlled release of
bioactive molecules for nerve
regeneration

Fused deposition modeling
[25]

Scaffolds with honeycomb-like
pattern, fully interconnected
channel network, and controllable
porosity and channel size

- Low cost
- Good mechanical strength
- Versatile pattern design
- Does not require any solvent

- Elevated temperatures
- Small range of bulk
materials

New biocompatible and
biodegradable filament
materials must be formulated
to use fused deposition

(continued on next page)
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Table 1 (continued )

Techniques Structural characteristics Advantages Disadvantages Potential impact in NTE

- Thermal degradation and
spatial resolution

modeling for nerve
regeneration applications.

3D bioprinting [26,27] Precise layering of cells, biologic
scaffolds, and growth factors to
create bioidentical tissue for a
variety of uses.

- Broad range of materials and
conditions

- Incorporation of cells and
macromolecules

- Accurate reproduction of tissue
- Potential of an industry-scale robotic
tissue-fabrication line

- Slow processing
- Time-consuming
- High cost and size
- Low mechanical strength
- Low process resolution
- Lack of full automation
- Cartridges and nozzles,
whenever they are used, can
negatively affect cell
viability.

Construction of brain-like
structures to serve as in vitro
3D models and custom-made
platforms for personalized
medicine

NTE, neural tissue engineering; PGA, polyglycolic acid; PLLA, poly-L-lactic acid; 3D, three-dimensional.
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liquid (L-L) phase separation. S-L phase separation uses the lowering of
the temperature to induce solvent crystallization, with the removal of
these crystals leading to pore formation. L-L phase separation takes
advantage of an upper critical temperature at which both phases (poly-
mer-rich and polymer-lean) coexist, and the temperature and concen-
tration at which their demixing occurs leads to the formation of the
porous structure [9,11]. More specifically, the separation between the
two phases can occur owing to binodal demixing and/or spinodal
decomposition. Binodal demixing is characterized by nucleation and
growth, takes place in the metastable region (between the binodal and
spinodal curves), and tends to create a porous structure with a poorly
interconnected network. On the other hand, spinodal decomposition
takes place within the spinodal curve (unstable region) and leads to the
formation of a well-interconnected network. As a result, the way in which
the phase separation happens and the thermodynamic region in which it
occurs are of critical importance in the determination of the morphology
attained [35].

2.1.3. Self-assembly
Self-assembly (Fig. 2c) is the autonomous organization of well-

defined components into ordered structures without external instruc-
tion. It has been widely used for the fabrication of various nanofibers
using biological molecules and is based on the presence of both non-
covalent and weak covalent interactions (e.g., van derWaals interactions,
hydrophobic interactions, hydrogen bonds) [36]. Although the individ-
ual interactions are quite weak, the fact that there are a large number of
them leads to the formation of the assembled scaffold/structures. The
process of self-assembly is directly inspired by nature, in which viral
proteins are able to self-assemble to create the viral capsids and phos-
pholipids—which are naturally amphiphilic molecules—and are able to
assemble into different types of higher order structures, including lipid
bilayer membranes, vesicles, micelles, or even tubules.

Two types of natural materials are widely used in the self-assembly
fabrication process: collagen and elastin. Both these molecules are
extremely abundant in vivo because they are components of all connec-
tive tissues and the extracellular matrix (ECM). These natural molecules
have been used as the basis for the design of new materials that are
collagen- and elastin-like, as well as paved the way for the de novo design
of synthetic peptides [12].

A large number of the molecules used in this fabrication method are
amphiphilic peptides and can contain a variety of features essential for
the self-assembly process to take place. Such examples are as follows: (1)
long hydrophobic tails that aggregate in aqueous solutions, (2) consec-
utive cysteine residues to enable the formation of disulphide bonds, (3)
glycine residues to provide flexibility to the peptide, (4) phosphorylated
serine residues to enable interactions with calcium ions, and/or (5) RGD
ligands to enhance cellular adhesion. The RGD (arginine-glycine-aspartic
acid tripeptide) sequence is a well-known bioactive motif found in ECM
proteins such as fibronectin [37], and as part of the design strategy,
incorporation of this motif into peptide and protein scaffolds is used to
convey cell adhesion properties.
5

Amphiphilic peptides usually start to self-assemble based on the
adjustment of certain parameters of the solution they are in. The main
parameters are light, pH, temperature, salt ion concentration of the so-
lution, and the presence/absence of a reducing/oxidizing agent [11,12,
38]. Self-assembling peptides can also be modified to become tissue
specific through the integration of different signaling peptide sequences
into the peptides or even through the addition of growth factors specific
for each cellular environment [39]. Understanding all the different
characteristics and elements that can be incorporated into these peptides
gives researchers the ability to precisely design and fine-tune the
morphological features of the scaffold they desire. Changing the amino
acidic composition of the self-assembling peptides enables the creation of
a variety of different structures, including vesicles, micelles, monolayers
and bilayers, fibers, and tapes [40], while also allowing the more precise
mimicking of the extracellular environment. Furthermore, recent de-
velopments have proposed that novel computationally engineered
self-assembling peptides can offer open-ended capabilities to future
multifunctional tissue engineering scaffolds [41].

Self-assembling peptides usually form hydrogels with various types of
nanofibers and nanoscale networks and, as such, have poor mechanical
stability, making it quite difficult to create stable 3D structures [11]. This
can result in the fragmentation of the engineered nanofibers, which are
more susceptible to endocytosis. Owing to the high cost of synthesis for
the biomaterials used in this type of fabrication method, the applications
in tissue engineering and regenerative medicine are quite limited,
although there are ongoing efforts to improve the fabricated scaffold
properties.

2.1.4. Freeze-drying
Freeze-drying (Fig. 2d) is a method that is used to produce highly

porous scaffolds, without the need for a porogen. It is a relatively simple
technique in the sense that it requires a polymer solution to be cooled
down to a low temperature (�70 �C to �80 �C), a process which leads to
the formation of ice crystals from the solvent. This results in the polymer
aggregating in all the spaces left around the ice crystals. The latter are
subsequently removed through the application of pressure at a level that
is lower than the equilibrium vapor pressure of the frozen solvent,
leading to the formation of dry scaffolds with interconnected pores
through sublimation. Any residual water (H2O) that was not in a frozen
state is removed in a secondary drying process through desorption [11,
50]. Scaffold porosity can be controlled to an extent through the use of
different polymeric material solutions and by controlling the freezing
temperatures that are used during the freeze-drying process [50,51].
Scaffolds that have been prepared through freeze-drying have been
widely used in NTE as the good interconnectivity of the pores achieved
through this fabrication method has been found to promote cellular
infiltration and tissue growth when used in situ [50].

2.1.5. Gas foaming
Gas foaming (Fig. 2e) is a technique that requires the formation of a

gas in a polymer solution. The first way in which this can occur requires a



Fig. 2. (a) Solvent casting/particulate leaching fabrication method. The polymer powder is dissolved in a solvent to create a polymer solution, to which a porogen is
added. The polymer hardens through the evaporation of the solvent, and the final network within the scaffold is created by leaching the porogen out of the structure
[42]. (b) Phase separation processes depicting the differences between NIPS [43] and TIPS [44]. (c) Example of the structure of a peptide amphiphile that is used in the
self-assembly fabrication technique. The chemical structure and the molecular model of peptide amphiphiles are shown [45]. Fabrication processes of (d) freeze-drying
[46], (e) gas foaming [47], and (f) hydrogel formation [48]. Scaffold images reprinted with permission from (a) Kokai et al. [42], (b) Oh et al. [43] and Sun et al. [44],
(c) Zhao and Zhang [45] and Holmes et al. [49] (Copyright (2000) National Academy of Sciences), (d) Stokols and Tuszynski [46], (e) Barbetta et al. [47], and (f)
Zhang et al. [48]. NIPS, non-solvent–induced phase separation; TIPS, thermally induced phase separation.

L. Papadimitriou et al. Materials Today Bio 6 (2020) 100043

6



L. Papadimitriou et al. Materials Today Bio 6 (2020) 100043
molded polymer together with a gas-foaming agent, such as carbon di-
oxide (CO2), nitrogen (N2), or H2O. The polymers are pressurized using
the gas-foaming agents until they become saturated, to achieve nuclea-
tion—the formation of gas bubbles within the polymer. Through this
process, the size of the bubbles that are formed range from 100 μm to
500 μm, essentially forming pores of the same size within the polymer
[47,51]. Another way to induce gas foaming is to cause a reaction during
the mixing process. Through the addition of two chemicals that, upon
reaction, causes the release of a gas (e.g., N2), foaming is rapidly induced,
Fig. 3. (a) Schematic representation of an injection molding machine [71] and S
Photolithography and soft lithography. Step 1: Photolithography and the process for th
74]. Step 2: Process for the transfer of the pattern of the negative PDMS mold onto
Sve�cko et al. [71] and Freier et al. [72], (b) Babaliari et al. [73] and Daskalova et al
PDMS, polydimethylsiloxane; SEM, scanning electron microscopy.

7

leading to the formation of a highly porous network [14]. However,
despite the fact that it is a relatively easy technique that does not require
the use of a solvent, it has one major drawback. Because of the way in
which the bubbles are formed, most of the scaffolds fabricated through
this process have poorly connected pores with a non-porous outer surface
[52]. Such scaffolds are very difficult to use in tissue engineering owing
to the necessity for both a porous outer surface that will facilitate cell
infiltration and a well-interconnected porous network that will allow the
elongation of axons during the repair process. As such, its applications in
EM images of representative structures [72]. (b) Laser texturing [68,73]. (c)
e creation of the negative PDMS mold for use in soft lithography techniques [73,
another material. (d) Fiber bonding [19]. Reprinted with permission from (a)
. [68], (c) Babaliari et al. [73] and Leijten et al. [74], and (d) Mikos et al. [19].
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NTE are extremely limited.

2.1.6. Hydrogel formation
Hydrogels are highly hydrophilic polymers that can incorporate very

large amounts of H2O into their structures. The material that is used to
create the hydrogel structures is a liquid solution of polymer chains of
varying sizes, which also contains unreacted monomers or cross-linking
compounds [53,54]. For the formation of porous hydrogel structures, the
components of this material need to be cross-linked. This process can
occur in various ways, ranging from UV photopolymerization and ionic
concentration–dependent cross-linking to changes in the temperature or
pH of the material (Fig. 2f) [15,55]. Depending on the type and the
properties of the polymeric material, as well as the cross-linking method
used, the hydrogels can acquire different properties and can range from
being soft and flexible (mimicking soft tissues such as the brain) to rigid
(mimicking cartilage or bone) or elastic (mimicking the skin). Essentially,
the changes that can occur in the porosity and stiffness/flexibility of the
resulting hydrogel play a crucial role in how hydrogels interact with cells
[53].

The polymeric materials that are used for the formation of hydrogels
can be of natural or synthetic origin. Naturally occurring molecules able
to form hydrogels include collagen, gelatin, chitosan, agarose, hyaluro-
nate, and alginate, whereas synthetic molecules that are commonly used
include poly(acrylic acid) and its derivatives [with one of the most well-
known ones being poly(2-hydroxyethyl methacrylate) (PHEMA), poly-
(ethylene oxide) (PEO) and its copolymers, and poly(vinyl alcohol)
(PVA)] [53,56]. The materials that will be chosen for any given appli-
cation are always dependent on the specific requirements of the appli-
cation, and the potential adverse effects must always be taken into
consideration. Natural biomaterials are more reminiscent of the ECM
environment but can often have disadvantages such as high variability
between batches, as well as high immunogenicity. On the other hand,
synthetic biomaterials may be more consistent between batches and have
very low immunogenicity but may not always be compatible with the
tissue of interest [57].

2.2. Molding and texturing methods

2.2.1. Compression/injection molding
Compression/injection molding (Fig. 3a) is a fabrication process very

similar to solvent casting/particulate leaching. With the particulate
leaching component of the process being the same in all cases, the way in
which it differs is related to the way in which the polymer is prepared.
The process of melt molding requires three separate components: a mold,
a polymer powder, and a porogen. Similar to the methodology described
previously for solvent casting, a polymer solution is prepared, wherein
the polymer is dissolved in a solvent and poured into a mold, to allow the
solvent to evaporate and create the scaffold structure. In this fabrication
method, there are two ways to prepare the polymer and porogen used for
scaffold creation. In the first method, the polymer is melted and becomes
mixed with the porogen through an extruder or a mixing machine,
creating a polymer matrix with an even distribution of the porogen.
Then, the molding can take place either through compression or injec-
tion. In the second method, the polymer powder becomes physically
mixed with the porogen in solid form and is added to the mold. The
scaffold is created through the use of compression [9,51]. The porosity of
the sample can be controlled through the different chemical composi-
tions and sizes of the porogens and the method that is used to prepare the
scaffold as the use of the melting process in the first method nearly al-
ways leads to porogen shrinking in size [9].

2.2.2. Soft lithography and photolithography
Soft lithography (Fig. 3c) is a family of techniques that are used for

the fabrication and/or replication of structures through the use of molds,
stamps, and photomasks, and it includes methods such as microcontact
printing (μCP), replica molding, microtransfer molding, micromolding in
8

capillaries, and solvent-assisted micromolding [58]. It was developed as
a way to enable microfabrication at the nanometer and micrometer scale,
to partly replace photolithography as the main fabrication method. The
use of the word ‘soft’ refers to the materials that are used in these
fabrication techniques, which are planar, flexible, curved, and soft sub-
strates, as opposed to the more rigid ones used in other lithographic
techniques, such as polystyrene (PS)-based polymers [17]. Photolithog-
raphy is routinely used for the manufacturing of microelectronic struc-
tures using a projection-printing system. It is the main tool used in the
semiconductor industry and is used to produce all integrated circuits. The
way in which this method works is by projecting the image of a reticle
through a high-numerical-aperture lens system onto a thin film of
photoresist that has been spin-coated on a wafer.

The application of this technique in biology and biotechnology comes
with several limitations owing to factors such as its very high cost, the
limited amount of control over the properties of the surface, and being
compatible with a limited number of materials [16]. As a result, soft
lithography techniques were developed to overcome these limitations. In
each one of the techniques that make up the soft lithography technique
family, an elastomeric stamp or mold is used to transfer a pattern to the
substrate. First, the pattern is designed, followed by the fabrication of the
mask and the master. Once these are made, they are used to make the
polydimethylsiloxane (PDMS) stamps/molds, which are then used in the
printing/molding/embossing stage of each individual protocol [58].

2.2.3. Laser texturing
To create various structures on surfaces and tailor their morphology

for a variety of different applications, there have been several approaches
that have been developed, including photolithography and plasma
treatment. One of the most recently developed techniques that belong to
the subtractive manufacturing approaches is surface texturing through
the use of ultrafast lasers (Fig. 3b) [59,60]. This particular technique is
based on the principle of laser ablation and has found a large number of
applications owing to its advantage to locally excite certain areas of a
material, with minimal damage to the surrounding ones. This is due to
the short duration of the pulse, which allows for a higher excitation
threshold intensity to be attained, without increasing laser beam in-
tensity. As a consequence, precise structuring/texturing on the material
surface at both the nanometer and the micrometer scales can be attained
[18].

Additional advantages of the laser texturing method include the fact
that it is non-contact, can be applied to a variety of different materials
(including metals, ceramics, and polymers), and can be used to texture
materials on their surface, as well as etching deeper regions within the
bulk of the material to create structures with complex geometries [61].
Materials that have been laser patterned with structures such as grooves,
pillars, microcones and nanocones [62], and channels have been widely
used as cell culture platforms to investigate the effect of topographical
cues on various cellular responses [63].

Another phenomenon that can occur as a result of laser irradiation is
foaming. This can be induced superficially on the surfaces of bio-
polymers, such as gelatin, collagen, and chitosan, through the application
of single pulses in the nanosecond to femtosecond domains. More spe-
cifically, the single pulse that is delivered to the surface of the biopolymer
creates a transient acoustic wave that eventually leads to nucleation and
the creation of bubbles [64–66]. Through controlling the number,
duration, wavelength, and fluence of the pulses, the foaming process can
be fine-tuned and can lead to the creation of differentially nanostructured
biomaterial scaffolds [65,67,68]. As a consequence, this method provides
us with a tool to create scaffolds with micrometer precision [69].

2.2.4. Fiber mesh/fiber bonding
The fiber mesh fabrication technique (Fig. 3d) requires the formation

of fibers made out of polymeric materials, which are then used in the
same way as threads would be and are woven into 3D patterns to create
meshes with a range of pore sizes [70].



Fig. 4. Electrohydrodynamic techniques. (a) Schematic representation of an electrospinning/electrospraying setup, (b) coaxial nozzles, (c) the resulting electrospun
structures depending on the concentration of the solution, (d) different types of collectors used in electrospinning, and (e) factors affecting the diameter of particles/
fibers created by electrohydrodynamic methods. SEM images in (a) have been reprinted with permission from Yang et al. [78] and Eaton et al. [79], and images in (b),
(c), and (e) have been reprinted with permission from Nikolaou and Krasia-Christoforou [21]. SEM, scanning electron microscopy.
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The scaffolds obtained via this method have quite a large surface area
and allow the rapid diffusion of nutrients essential for growth and sur-
vival. However, because they are not stable enough for use in vivo, this
technique was further developed into fiber bonding, in which the scaffold
created as part of the fiber mesh fabrication technique was placed into a
second polymer/solvent solution. Once the solvent has been evaporated,
the scaffold is heated to a temperature higher than the melting temper-
ature of both polymers, and after cooling, the second polymer is removed
through selective dissolution. The result is a scaffold made out of one
polymer that has been physically bonded at the intersections between the
fibers [19,75]. This fabrication method does not offer fine control over
scaffold porosity, and the scaffolds have limited use owing to the types of
polymers that can be used and the use of a solvent during the fabrication
process.
2.3. Electrohydrodynamic techniques

Electrohydrodynamic methods of fabrication are based on the elec-
trostatic attraction of a liquid which, while coming out of a nozzle, is
subjected to an electric field and subsequently collected on a plate. The
typical setup (Fig. 4a) for these fabrication methods consists of three
primary components: (i) a high-voltage power supply (usually in the
kilovolt range), (ii) a syringe with a metallic needle (spinneret), and (iii)
a grounded collector. In a typical electrohydrodynamic process, a
viscoelastic solution is placed in the syringe, and as a small droplet is
9

forced out of the tip, it becomes charged by applying an electrical po-
tential difference between the droplet and the plate. The electrical field is
created by connecting the positive electrode of the high-voltage power
supply to the metallic needle and the negative electrode to the grounded
conductive collector. As voltage increases, electrostatic repulsion starts to
overcome the surface tension of the fluid, and the pendant droplet de-
forms into a conical droplet, known as the Taylor cone. When electro-
static repulsion finally overcomes the surface tension, a fine, charged jet
of solution is ejected from the tip of the needle toward the grounded
collector [76]. On the way to the collector, the solvent is evaporated, and
nanostructures/microstructures are obtained once the process is
complete.

One critical parameter of the process that affects the morphology of
the resulting structure is the concentration of the solution (Fig. 4c) [77].
At lower solution concentrations, spherical particles are observed. As the
concentration increases, fibers also begin to be formed, resulting in
bead-on-string morphologies (i.e., electrospun fibers with particulates).
At concentrations higher than the critical solution concentration,
continuous, uniform fibers can be generated. Finally, when the solution
concentration is too high, helix-shaped microribbons are formed instead
of smooth fibers. Hence, two different electrohydrodynamic approaches
have been developed: (a) electrospraying and (b) electrospinning. Elec-
trospinning and electrospraying are two highly versatile and scalable
electrohydrodynamic methods for fabrication of nanoscale and micro-
scale fibers and particles, respectively.
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2.3.1. Electrospraying
Electrospraying (Fig. 4a) is a process of liquid atomization by elec-

trical forces. As mentioned previously, its main difference from electro-
spinning is the concentration of the solution. In electrospraying, the low-
concentration of the solution destabilizes the jet due to varicose insta-
bility, and hence, fine droplets are formed. These highly charged droplets
self-disperse in space, thereby preventing droplet agglomeration and
coagulation. Furthermore, solvent evaporation over time promotes the
contraction and solidification of the droplets, resulting in solid particles
deposited on the grounded collector.

During the electrospraying process, the jet deforms and disrupts into
droplets mainly owing to electrical force as no additional mechanical
energy is needed for liquid atomization. The charge and size of the
droplet can easily be controlled to some extent by adjusting the flow rate
and voltage applied to the nozzle. Consequently, electrospraying has
some advantages over conventional mechanical spraying systems, in
which droplets are charged by induction: (i) it produces droplets of a
smaller size, (ii) their size distribution is usually narrow with low stan-
dard deviation, (iii) the charged droplets are self-dispersing, and no
droplet agglomeration and coagulation occurs, (iv) the motion of charged
droplets can easily be controlled by electric fields such as deflection or
focusing, and (v) the deposition efficiency of the charged spray is much
higher than that of uncharged droplets [80].

For small-scale processes, electrospraying with a single capillary is
used; however, for traditional industrial spraying approaches, multi-
nozzle or slit-nozzle systems have been established. An alternative co-
axial electrospraying approach has been developed for the formation of
multilayered particles for biomedical applications (Fig. 4b). Coaxial
electrospraying is based on conventional microencapsulation/nano-
encapsulation processes and modifies the single-axial electrospray pro-
cess by using a coaxial capillary needle to deliver two liquids
independently. The key component in the setup is a coaxial nozzle that
consists of an outer and an inner needle and two immiscible liquids, one
in each needle (Fig. 4b). Two pumps control the flow rates in the
respective needles creating two-layer droplets using an electric field.

2.3.2. Electrospinning
Electrospinning (Fig. 4a) is the method of drawing thin fibers out

from a viscoelastic fluid using electrostatic forces. During this process, as
the charged jet is ejected toward the collector, it is forced to a whipping
or bending motion owing to the unevenly distributed charges and the
high concentration of the solution. As a result, after the elongation of the
jet and the rapid evaporation of the solvent, a solid, thin fiber is deposited
on the grounded collector. The final structure is usually a randomly
oriented, non-woven mat. However, electrospinning offers the possibility
of the production of fibers with different orientation and hierarchical
structures. To obtain aligned orientation in electrospinning, the type of
the collector plays a crucial role. In the past decades, to achieve aligned
electrospun fibers, several special designed collectors have been used,
such as rotating drums, metal frames, or two conductive substrates
separated by an insulating gap (Fig. 4d) [81]. The shape of the collector
also influences the resulting nanofiber structure. The deposited patterns
include shapes such as circles, triangles, squares, crosses, rectangles, and
more and can be made out of different materials such as copper,
aluminum, gold, wood, and so on [81]. In addition, a liquid systemwith a
coagulation bath can be used instead of a collector or can be combined
with a rotating mandrel, to obtain a continuous yarn made from elec-
trospun fibers. In general, the necessary fiber alignment can be obtained
by mechanical, magnetic, or electrostatic means [82,83]. In the me-
chanical approach [84–86], it is usually the use of a rotating mandrel that
aligns the fibers along the direction of the rotation. Alignment can also be
achieved by magnetic forces [87]. In this case, a small number of mag-
netic nanoparticles are incorporated in the polymer solution to magne-
tize it, and the solution can be electrospun into nanofibers in the presence
of a magnetic field. In this way, the magnetized fibers are stretched into
essentially parallel fibers, across a gap, to generate a uniaxially aligned
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array between the two magnets. In the electrostatic approach, the col-
lector typically consists of a pair of electrodes with an insulating gap
between them, which forces the fibers to be stretched and align them-
selves perpendicular to each edge of the gap [88].

In recent years, hierarchical nanofiber structures, including core-
shell, hollow, and porous structures, can be obtained by electro-
spinning. Typically, the nanofibers produced using electrospinning have
a solid structure; however, two strategies have been explored for
generating porous nanofibers: (i) selectively removing one of the com-
ponents from the fibers and (ii) inducing polymer-solvent phase sepa-
ration by rapidly cooling the fibers before complete solidification [82].
Both approaches have been used and can be extended to obtain porous
nanofibers from a variety of polymers. A coaxial electrospinning setup
(Fig. 4b) can be used to create tubular fibers. Electrospinning of two
immiscible solutions through a coaxial spinneret can generate core--
sheath and hollow nanofibers with controllable dimensions by selective
removal of the core after electrospinning. By adjusting the experimental
parameters, the wall thickness and the inner diameter of the tubular
nanofibers can be tuned from tens to several hundred nanometers.

Electrospun and electrosprayed products possess several structural
advantages such as high surface-to-volume ratio, porosity, tailored
morphology, and submicron and nanoscale size. Furthermore, the size
and the final structure can be controlled by manipulating critical factors
such as the solution as well as instrumental and ambient parameters. The
solution parameters include the molecular weight, the type, and con-
centration of the polymer, the solvent used, and the solution properties
(i.e., pH, conductivity, viscosity, and surface tension). The instrumental
parameters include the applied electrical potential, the flow rate of the
solution, the distance between the tip of the needle and the collector, and
occasionally the nature of the collector material and the shape. Finally,
the ambient conditions in the process chamber, such as the temperature,
humidity, and air velocity, can collectively determine the rate of evap-
oration of the solvent from the electrospun or electrosprayed product and
affect the characteristics of the final structure. Regarding the size of the
particle/fiber diameter, a general rule that applies is that it is decreased
when electric field strength, surface tension, solution conductivity, and
needle-to-collector distance are increased. On the contrary, any increase
in the solution concentration, viscosity, flow rate, and needle diameter
results in particles and fibers with larger diameters (Fig. 4e) [21].

Apart from the particle/fiber size and structure, which can be fine-
tuned by adjusting the electrospraying/electrospinning parameters,
postprocessing of the final products may be required to produce func-
tionalized structures for several applications [89]. The most frequent
functionalization strategies that can facilitate a better cell response for
biomedical applications are surface treatment by chemical and physical
means and the coating or binding of bioactive molecules. Methods for
surface modification include plasma treatment, poly(dopamine) treat-
ment, layer-by-layer technique, coating with blends and emulsions,
grafting of natural polymers, and so on [89].

Besides the independent use of nanoparticles/microparticles or
nanofibers/microfibers, electrospraying and electrospinning have also
been combined together for the generation of hybrid particle/fiber
composite materials [90,91]. For the generation of these hybrid struc-
tures, a simultaneous electrospinning and electrospraying process can be
performed using the same collector, or the electrospraying process can
take place on the same collector after the completion of the electro-
spinning procedure [91]. Both of the aforementioned processes result in
the deposition of electrosprayed particles onto the surfaces of the elec-
trospun fibers, generating advanced composite materials useful in the
field of biomedical research for tissue engineering.

2.4. Solid freeform fabrication/rapid prototyping

Rapid prototyping or additive manufacturing is a group of tech-
niques that are used to quickly fabricate physical models and pro-
totypes using 3D computer-aided design (CAD) data (Fig. 5a). The first



Fig. 5. Principles and methods of rapid prototyping/solid freeform fabrication. (a) Schematic representation of the rapid prototyping process. A 3D computer model is
created, sliced into layers, and printed in a layer-by-layer fashion. Schematic representation of the printing processes of (b) stereolithography as a representative
example of the photolithography-based techniques, (c) selective laser sintering, and (d) fused deposition modeling. For each method, we also show its corresponding
equipment and representative examples of fabricated scaffolds. Images were adapted with permission from (b) Melchels et al. [93], (c) Molitch-Hou [103] and Gayer
et al. [104], (d) Masood [105] and Zein et al. [25] for SEM images. Scale bar in (c) 500 μm x/y/z. 3D, three-dimensional; SEM, scanning electron microscopy; FDM,
fused deposition modeling; LCD, liquid crystal diode.
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step in rapid prototyping is the creation of a 3D computer model using
software, which builds spatial image models. The 3D images are cor-
rected or modified and are subsequently cut into sequences of layers
using slicer software. These are then used during the second step of the
process, to generate complex objects layer by layer via the solidification
of melts, layer photopolymerization, or the bonding of particles using
either laser beam–induced sintering or special binders. The final step is
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related to postprinting procedures such as curing, sintering, or final
finishing. Irrespective of the technology used for the creation of a 3D
model, all the methods in additive manufacturing are based on the
same principle: the laying down of material in a layer-upon-layer
fashion to create a whole object. In other words, the successive addi-
tion of 2D layers of material continues until a complete 3D object is
fabricated.
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A variety of additive manufacturing techniques have been developed,
with the most common methods being selective laser sintering (SLS) and
selective laser melting (SLM), stereolithography (SLA), fused deposition
modeling (FDM), and 3D plotting/printing. All these bottom-up ap-
proaches can be used with various forms of materials such as liquids,
solids, or powders and offer the ability to create highly organized 3D
structures with architectures that cannot be attained via traditional
manufacturing processes. They additionally address issues such as in-
ternal porosities, lack of residual stress, and interlocking shapes without
connection [92]. However, the most important advantage of additive
manufacturing is the capability of the approach to produce customized
structures that can serve as surgical prototypes, prostheses, or scaffolds in
biomedicine.

2.4.1. Photolithography-based techniques
In photolithography-based techniques, the solidification of liquid

photosensitive polymers takes place by exposure to light to build 3D
models. These techniques include SLA, digital light processing (DLP),
continuous liquid interface production (CLIP), two-photon polymeriza-
tion (2PP), and multiphoton polymerization (MPP) [22]. Both SLA and
DLP work by selectively exposing liquid resin to a light source, with their
difference being in the light source: a laser in the case of SLA and a
projector in the case of DLP. During the process of SLA (Fig. 5b), a built
platform is lowered in a vat filled with a liquid photopolymer resin [93].
UV or visible light is focused on the resin-platform interface in a precise
pattern and solidifies the resin to create the first layer. Once this layer is
solidified, the platform is lowered for the polymerization of the subse-
quent layer, and this process is repeated until the whole 3D structure is
complete. Although SLA originally used UV light for photocuring, the
visible light has been explored as an alternative to UV radiation which is
harmful for live cells, in order for SLA to be used for bioprinting. In DLP,
just like in SLA, a resin tank with a transparent bottom and a built
platform that descends into a resin tank are used, and the objects are built
upside down, layer by layer. The difference here is that a digital screen is
used as a projector and flashes an image of a layer across the entire
platform, curing all points simultaneously. This makes DLP much faster
than SLA. DLP has been used for the fabrication of 3D constructs with
high spatial resolution, excellent structural stability, and reliable
biocompatibility, which mimic the complex architecture of biological
tissues [94–96]. CLIP, also known as Digital Light Synthesis (DLS), is
based on SLA, but the process does not pause after each layer. Instead, the
resin continuously flows, and the objects are built upside down. Due to
this continuous process, the parts have smother surfaces and are printed
much faster. 2PP differs from other laser-based additive manufacturing
techniques because it applies the principle of two-photon absorption for
the generation of microstructures and nanostructures inside a polymer-
izable solution [97]. This can be achieved by the use of a tightly focused,
femtosecond pulsed laser beam (with wavelengths in the near-infrared
range), which penetrates the solution and confines the polymerization
to the focal point instead of the entire area. Thus, 2PP does not operate in
a layer-by-layer fashion and as a result has virtually no geometrical re-
strictions when producing a structure. Compared with other conven-
tional additive manufacturing techniques, 2PP provides higher
resolution 3D scaffolds [98–100] and is therefore able to mimic the ECM
to a greater extent, which is beneficial for cell attachment and prolifer-
ation [101,102].

2.4.2. Selective laser sintering/selective laser melting
SLS and SLM (Fig. 5b) belong to the powder-based additive

manufacturing techniques because they induce consolidation of a
powdered material using high-energy light sources [23]. The powders
that can be used must be materials that can be melted by lasers. During
the process, a layer of powder is deposited and melted using a laser,
which creates a precise pattern dictated by CAD data. Next, a new layer of
powder is deposited on top and melted, and the process is repeated as
many times as necessary to complete the whole structure. SLS and SLM
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are very similar methods. The main difference between them is that in
the former, the powder does not fully melt, but it is heated to a degree at
which it can be fused together on a molecular level. As such, sintering
allows for controlled porosity of the material. SLM uses the laser to
achieve a full melt of the powder into a homogeneous liquid, creating
stronger structures with fewer or no voids as long as a single metal
powder is used.

A special case of sintering is microsphere sintering [24], in which
microspheres of the polymer are used instead of powder. Prefabricated
polymeric microspheres are poured into a mold and heated to a specific
temperature (usually higher than the glass transition temperature of the
polymeric matrix) for several hours. This causes the melting of the sur-
face layer of the microspheres, which are fused with adjacent micro-
spheres, creating a 3D porous scaffold with excellent mechanical
properties. Besides heat sintering, which is the most used method for
microsphere sintering, other techniques can be used such as
solvent-based sintering and subcritical CO2 sintering.

2.4.3. Fused deposition modeling
Fused deposition modeling (Fig. 5c) belongs to the material extrusion

additive manufacturing techniques and uses a small temperature-
controlled extruder to force out a thermoplastic filament material [105,
106]. The polymer filaments are deposited onto a platform under semi-
molten conditions, in a shape as per a computer-designed model and in a
layer-by-layer process. Once a layer is completed, the base platform is
lowered and the next layer is deposited. Fused depositionmodeling offers
the capability of creating highly porous scaffolds with a fully inter-
connected channel network, as well as controllable porosity and channel
size. Owing to the nature of the materials processed in FDM (e.g., ther-
mosensitive plastics and polymers), this method has been widely used in
medicine for the fabrication of customized patient-specific medical de-
vices, such as implants, prostheses, anatomical models, and surgical
guides, as well as customized platforms for personalized medicine.

2.4.4. Three-dimensional bioprinting
Three-dimensional printing includes several flexible techniques for

the direct manufacturing of complex shapes with high resolution, as well
as for the processing of highly customized medical products combined
with image reconstitution techniques. As an additive manufacturing
technique, 3D printing is based on the deposition of biomaterials in a
layer-by-layer manner. In most cases, a computer-controlled three-axis
mechanical platform drives the movements of the printhead in the
required algorithm and shape. Bioprinting differs from conventional 3D
printing in that a bioink with living cells and growth factors is used to
create tissue-like structures that imitate natural tissues [107]. Bioink
usually consists of a carrier material in which living cells have been
enveloped; however, it can be composed only of cells, or the cells can be
loaded later on. The carrier material in most cases is a polymeric gel that
supports cell attachment and function but also provides protection to the
cells during the printing process.

The most commonly used methods of bioprinting for tissue engi-
neering applications are the inkjet-based, the extrusion-based, the SLA-
based, and the laser-assisted printing (Fig. 6) [26,108].

In inkjet-based printing (Fig. 6a), droplets of biomaterials are selec-
tively placed on the platform in a layer-upon-layer fashion for the crea-
tion of a complete structure. Droplets can be formed either by thermal,
piezoelectric, or electrostatic forces. The main limitation of the proced-
ure is the inherent inability of the printhead to provide continuous flow
and the low cell densities in the ink (only bioinks with viscosities lower
than 10 mPa are printable via inkjet). Thermal inkjet printing is not
common in tissue engineering owing to the loss of activity of the mac-
romolecules from the very high temperatures used (potentially higher
than 200 �C).

In SLA-based bioprinting (Fig. 6b), visible light can be used as an
alternative to harmful UV light, for the curing of biocompatible hydrogels
and biopolymer blends. Twomodifications have been described: the ‘top-



Fig. 6. Illustration of 3D printing processes: inkjet-based 3D printing (a), stereolithography-based 3D printing (b), laser-assisted 3D printing (c), and extrusion-based
3D printing (d). Image reprinted with permission from Jiang et al. [108]. 3D, three-dimensional.
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down’ approach, which is similar to conventional SLA but with the
platform being lowered into a tank filled with bioink (this usually con-
sists of a prepolymer solution with living cells), and the ‘bottom-up’
approach, in which the prepolymer solution with the cells is pipetted into
the container one layer at a time from the bottom to the top [109]. This
‘bottom-up’ setup is suitable for cell encapsulation applications. The
advantages of SLA-based bioprinting are high resolution and velocity, the
high cell concentrations that can be used, and the absence of problems
due to nozzle clogging. The main disadvantages are the high cost of the
devices and the cytotoxicity of the lights and photoinitiators.

Laser-assisted bioprinting (Fig. 6c) is a non-contact, nozzle-free
technique, which allows high-resolution deposition of biomaterial in a
solid or liquid state [110]. It is based on the laser-induced forward
Fig. 7. Schematic representation of the major components of the human nervous syst
of the spinal cord [115], and (c) anatomy of the peripheral nerve [116]. Images reprin
(c) Kuliasha et al. [116]. CSF, cerebrospinal fluid; BRB, blood-retinal barrier.
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transfer technique, and the typical setup includes the laser and two
parallel laser-transparent glass slides: the donor and the receiver. The
printed cells are spread onto a donor slide, embedded in a biological
polymer, or suspended in a culture medium or hydrogel. The receiving
slide is usually coated with a hydrogel to enhance cell adhesion and
proliferation. The hydrogel on the receiver slide also offers protection
and minimizes cell damage upon impact. A laser pulse induces the pro-
pulsion of cells from the donor slide toward the collector slide in a
computer-controlled manner. In some cases, an absorbing layer is inter-
posed between the donor slide and the bioink to avoid the direct inter-
action of the laser with the living cells in the bioink. This technique was
previously used for printing/patterning of a variety of biomolecules, such
as proteins and DNA for engineering of biosensors, diagnostics, or cell
em. (a) Anatomy of the brain and the blood-brain barrier [114], (b) cross section
ted with permission from (a) Choi and Kim [114], (b) McDonald et al. [115], and
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culture platforms [111–113].
In extrusion-based printing (Fig. 6d), biomaterials are extruded out of

the printhead due to mechanical or pneumatic pressure. This method
allows the incorporation of cells and biomolecules because it does not
involve any heating processes. When compared with inkjet bioprinting,
extrusion-based bioprinting offers higher cell densities but lower speed
and resolution. (Bioinks with viscosity in the range of 306–107 mPa are
printable with extrusion-based printing.)

3. Applications in NTE

As mentioned previously, the vertebrate nervous system (Fig. 7) is
subdivided into the CNS and the PNS. The main components of the CNS
are the brain and the SC, but it includes also the optic, olfactory, and
auditory systems owing to the fact that they are connected directly to
brain tissue without intermediate nerve fibers. The PNS consists of
cranial nerves that branch out from the brain, spinal nerves that branch
out from the SC, and sensory nerve cell bodies (dorsal root ganglia - DRGs)
and their processes.

Neural tissue in both the CNS and PNS is composed of neurons and
glial cells. Neurons are specialized cells that can receive and transmit
chemical or electrical signals and consist of a cell body (soma) and its
extensions (axons and dendrites). Clusters of sensory nerve somata are
located just outside the spinal column and are known as ganglia. Den-
drites transmit electrical signals to the neuron cell body, and the axon
conducts impulses away from it. Glial cells provide support and protec-
tive functions for the neurons and include Schwann cells in the PNS and
astrocytes and oligodendrocytes in the CNS. Although neurons and glial
cells are found in both divisions of the nervous system, a large variation
concerning the basic cell types and tissue organization can be observed
between the two. One of the major differences between the CNS and PNS
lies in their potential for regeneration. Peripheral nerves can spontane-
ously regenerate if the injury is small; therefore, suturing together the
ends of the damaged nerves is sufficient to repair the defect. For larger
injuries, transplantation using an autograft (tissue harvested from else-
where in the body) is the gold standard. Thus, tissue engineering appli-
cations for peripheral nerve injury (PNI) treatment aim first to facilitate
nerve regeneration and guidance and, second, to prevent fibrous tissue
formation that impedes the regenerating nerve. In contrast, the CNS in
adults shows little to no regeneration after physical or chemical damage
owing to several limiting factors. The most important of these factors are
the intrinsic inability of neurons for growth, the glial scar formation
which creates physical barriers, and the presence of inhibitory molecules
around the lesion area. Therefore, regeneration strategies for the CNS
focus on transplantation of neural stem cells (NSCs) or differentiated
neural cells in combination with the incorporation of growth factors and
glial cells, which can create a permissive environment to promote
neuronal differentiation. Consequently, the CNS and PNS responses to
injury are distinctively different, and therefore, any therapeutic approach
must be specialized accordingly. In the following section, we present an
overview on how the biofabrication methods presented previously have
been applied to address both PNS and CNS injuries.

3.1. PNI applications

As mentioned previously, the PNS consists of two types of cells:
neurons and glial cells. The main function of the neurons of the PNS is the
connection of the CNS with sensory and motor targets. To achieve this,
the body of each nerve cell is located close to the SC or the brain, with a
long axon extending as far as required. This axon is protected by the glial
cells of the PNS, the Schwann cells, which wrap around the axons and
form sheaths containing a protein called myelin. The presence of these
sheaths is responsible for the insulation and enhancement of the signal
that is transduced through the axon. The morphology of the peripheral
nerves is complex as they form cable-like bundles and are surrounded by
support tissue, creating anatomically defined trunks (Fig. 7c). Individual
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axons are covered by the myelin sheath, and both are covered by oriented
collagen fibers, which create the endoneurium. A group of axons are
bundled together with many layers of flattened cells and collagen
creating a fascicle, which is wrapped around with a delicate sheath and is
known as the perineurium. Finally, many fascicles are bundled together
with blood vessels and fatty tissue and are wrapped around with a third
protective sheath of connective tissue, a structure which is known as the
epineurium. During the process of PNI, parts of the axons that are con-
nected to a peripheral nerve become severed and degrade in a process
called Wallerian degradation. In this case, the Schwann cells change to a
proregenerative phenotype and secrete factors that assist axon regener-
ation, whereas the neurons themselves focus on the process of axon
regeneration by initiating protein synthesis.

PNI treatments differ depending on the length of the gap that is
created during the injury process. When the gap is small, the two ends of
the severed axon can be surgically reattached. When the gap is signifi-
cantly longer, healthy nerve segments from elsewhere in the body are
used to reconnect the two nerve edges in a surgical process that is called
an autograft. To avoid the use of autografts, there have been ongoing
efforts to create implantable scaffolds which can be placed in the gap that
occurs after nerve injury and can facilitate the regeneration of severed
axons by providing support and guidance. The majority of these scaffolds
are in the form of conduits that serve as guidance channels. A variety of
fabrication methods have been used to create scaffolds for peripheral
nerve regeneration, and these will be analyzed in the following
paragraphs.

Yannas et al. [117] were the first to report that porous biodegradable
collagen-glycosaminoglycan scaffolds, produced by a freeze-drying pro-
cess, were able to induce regeneration of myelinated and unmyelinated
axons over large distances (15mm) between the severed ends of the adult
rat sciatic nerve.

In 2001, Miller et al. [118] used both compression molding and sol-
vent casting to produce microgrooved substrates made of poly-D, L-lactic
acid (PDLA) (Fig. 8a), with the solvent casting method producing more
stable substrates that exhibited lower degradation rates than the ones
created through compressionmolding. The adsorption of laminin into the
grooves and the optimization of groove width were found to be signifi-
cant in promoting Schwann cell alignment, with grooves between 10 and
20 μm showing optimal results [118].

Porogen leaching was used by Kokai et al. [42] to produce nerve
guides made out of polycaprolactone (PCL). They were able to deposit a
NaCl:PCL solution onto a mandrel, which, after drying and porogen
leaching, created a porous nerve guide structure with 80% porosity and a
pore size in the range of 10–38 μm. Although they did not directly test
these scaffolds with cell cultures, they assessed their ability to be fouled
as little as possible with lysozyme while also maintaining glucose
permeability, which is required for cell growth within the scaffold
structure.

In 2009, Chiono et al. [119] were able to produce non-porous nerve
guides made out of PCL through the use of the melt extrusion technique.
When tested in vivo for the repair of severed peroneal and median nerves
in Wistar rats, they were found to be effective in promoting repair of
small and medium nerve gaps (0.5–1.5 cm) but were ineffective when
used for the bridging of longer nerve gaps (4.5 cm). As a result, further
efforts were able to produce porous PCL scaffolds through the use of
particulate leaching of a PCL/PEO solution, in which the PEO component
was selectively dissolved by immersing in H2O to create the porous
structure [13]. The obtained scaffold was then filled with a gelati-
n/genipin (GL/GP) solution, which upon freeze-drying forms a
sponge-like structure. Cell adhesion and survival of PC12 and NOBEC
cells were assessed on the GL/GP structure alone, while several NOBEC
cells were also found in the gelatin of the porous nerve guides.

Belkas et al. [121] tested the capacity for peripheral nerve regener-
ation through the use of hydrogel nerve tubes. These tubes were created
using poly(2-hydroxyethyl methacrylate-co-methyl methacrylate) (PHE-
MA-MMA), which is prepared by using 2-hydroxyethyl methacrylate



Fig. 8. Fabrication of scaffolds for peripheral nerve regeneration applications through the use of conventional, porous, and molding methods. (a) Solvent cast, molded,
microgrooved PDLA substrates were able to induce alignment in Schwann cell cultures (Miller et al. [118]). (b) Effect of reinforced PHEMA-MMA hydrogel tubes in the
regeneration of a rat sciatic nerve injury model [120]. (c) PLGA/Pluronic F127 scaffold tubes were able to induce nerve regeneration in a rat sciatic nerve injury model
[43], and (d) PLLA nanofibrous scaffolds were created without the use of electrospinning and showed good adherence of PC12 cells and fibroblasts [44]. Reprinted
with permission from (a) Miller et al. [118], (b) Katayama et al. [120], (c) Oh et al. [43], (d) Sun et al. [44].PDLA, poly-D, L-lactic acid; PLGA, poly-lactic-co-glycolic
acid; PHEMA-MMA, poly(2-hydroxyethyl methacrylate-co-methyl methacrylate); PLLA, poly-L-lactic acid.
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(HEMA), methyl methacrylate (MMA) as the material to be polymerized,
and ethylene dimethacrylate (EDMA) as a cross-linking agent as well as a
redox-initiating system composed of ammonium persulfate and sodium
metabisulfite. The final polymer blend produced was placed into cus-
tom-built disposable molds [122]. The hydrogel nerve tubes that were
created through this process were measured to have an inner diameter of
1.3 mm and an outer diameter of 1.8 mm and were 12-mm long. The
nerve tubes were implanted into adult male Lewis rats, which had un-
dergone an 8-mm segment nerve excision in the sciatic nerve, and the
nerve regeneration process was followed over a 16-week post-
implantation period. The results were compared with the ones obtained
when using the standard autograft technique, with nerve graft segments
being obtained from isogenic donor rats. It is shown that although the
difference between the hydrogel nerve tubes and the autografts was quite
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significant at 4 weeks after operation, with no axonal regeneration being
seen in the PHEMA-MMA tubes, this was eliminated at 8 weeks after
operation, and both categories exhibited similar regeneration rates. At 16
weeks after operation, 60% of tubes exhibited the same regenerative
effects with the autografts, whereas the remaining 40% were signifi-
cantly deteriorated owing to the collapse of the nerve tubes.

A follow-up study conducted in 2006 by Katayama et al [120] showed
that the researchers were able to reinforce the hydrogel nerve tubes
through the use of PCL coil structures within the mold (Fig. 8b). The
‘reinforced’ nerve tubes were implanted in the same way as described
previously and were able to significantly improve nerve regeneration
when compared with the gold standard of using autografts.

In another in vivo study, Oh et al [43] used the NIPS method to pro-
duce nerve guides made of poly-lactic-co-glycolic acid (PLGA) (Fig. 8c).
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Their fabrication technique included the immersion of an alginate
hydrogel rod into a coPLGA/tetraglycol or PLGA/Pluronic F127/tetra-
glycol solution that were precipitated onto the alginate rod through the
diffusion of H2O from the latter to the PLGA solutions. After washing
with additional H2O, the resulting scaffolds were tubes made of PLGA
and PLGA/Pluronic F127 (an additive that was used to make the PLGA
more hydrophilic), respectively, with an inner diameter of ~1.5 mm and
a porous wall thickness of ~0.4 mm. Further characterization of the
tubular scaffolds was able to show that the PLGA/Pluronic F127 nerve
guides had an asymmetric porous structure, with variably sized pores
(~50 nm on the inner tube surface and ~50 μm on the outer tube sur-
face). The in vivo tests were performed on Sprague Dawley rats and
involved the severing of a 10-mm segment of the sciatic nerve and sub-
sequent implantation of 12-mm scaffold tubes that were placed between
the two severed nerve stumps. This work indicated that the addition of
Pluronic F127 played an important role in the maintenance of the tubular
structure of the scaffold, while also deterring the formation of fibrous
scar tissue, thus resulting in better nerve regeneration behavior. This was
estimated at 0.35 mm/day, with the 10-mm gap being bridged within the
first 4 weeks, whereas at 12 and 24 weeks, the healed rat sciatic nerve
Fig. 9. Fabrication of hollow conduits via electrospinning for peripheral nerve regene
gap in a rat sciatic nerve [124], (b) hollow tubes made of biodegradable blend of PLG
thin film of PCL/EEP was rolled up to create empty conduits for peripheral nerve reg
the growth of neural cells [127], and (e) ‘semisolid,’ 3D cylindrical constructs made o
[129]. Images adapted with permission from (a) Panseri et al. [125], (b) Chew e
lactic-co-glycolic acid; PCL, polycaprolactone; EEP, ethyl ethylene phosphate; GDNF
three-dimensional.
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also displayed a larger axon diameter and a thicker myelin sheath.
NIPS, in combination with microprinting, was also used to create

nerve guides made of polylactic acid (PLA) [123]. More specifically, a
PLA/dioxane solution was cast onto a negative PDMS microgrooved
mold, and the resulting samples were placed into varying concentrations
of the non-solvent ethyl alcohol (20%, 40%, and 95%) for 24 h. This
process resulted in the formation of both symmetric and asymmetric
porous structures, while scaffolds with the same porous structures but
lacking the outer microgrooved pattern were also created. Cell alignment
was tested using the BCRC-60046 glioma cell line, with the findings
showing that the microgrooved pattern was able to induce alignment.
The in vivo tests were along the same vein as the ones described previ-
ously, with the asymmetrically porous microgrooved scaffolds showing
increased myelination rates at 4 and 6 weeks, compared with the sym-
metrically porous ones.

Sun et al. [44] used a combination of injection molding and TIPS to
produce nanofibrous scaffolds without the use of electrospinning tech-
niques (Fig. 8d). Through the use of a mold with varying numbers of
acupuncture needles and a poly-L-lactic acid (PLLA)/tetrahydrofurane
solution, they were able to create single- and multiple-channel scaffolds,
ration. (a) Hollow tubes of PLGA electrospun nanofibers used to bridge a 10-mm
A/PCL used for the repair of 10-mm defects in the rat sciatic nerve [125], (c) a
eneration [126], (d) silk fibroin conduits loaded with GDNF and NGF supported
f PCL fibers used for the reconstruction of 10-mm lesions in the rat sciatic nerve
t al. [126], (c) Madduri et al. [127], and (d) Jha et al. [129]. PLGA, poly--
, human glial cell–derived neurotrophic factor; NGF, nerve growth factor; 3D,
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by injecting the solution into the molds and inducing TIPS at �80 �C for
12 h. Control solid-walled scaffolds were also fabricated through the use
of a solvent-casting method, in which a PLLA/dichloromethane (DCM)
solution was placed into the same molds and placed into a fume hood to
allow the evaporation of the solvent. By using different polymer con-
centrations, the length of the fibers forming the scaffold and its porosity
could be adjusted accordingly. PC12 cells and fibroblasts that were
seeded on the scaffolds showed better adherence to the nanofibrous ones
than to the solid-walled ones, making the former good candidates for
further optimization to facilitate the orientation of regenerating tissues.

Electrospinning can produce highly aligned fibers of different di-
ameters and, therefore, is ideal for the manufacture of nerve conduits. As
a result, many scientists have used this technique for the creation of
artificial grafts to replace peripheral nerve autografts (Fig. 9). In 2004,
Bini et al. [124] created hollow tubes of PLGA electrospun nanofibers,
which were collected using a rotating Teflon tube mandrel. The tubes
were examined in the rat sciatic nerve model with a 10-mm gap, and the
results showed good nerve regeneration, high tube stability, and no signs
of inflammation. In a similar work, empty tubes made of biodegradable
polymers (a blend of PLGA/PCL) were used for the repair of 10-mm
defects in the rat sciatic nerve model (Fig. 9a) [125]. In addition, hol-
low tubes of electrospun fibers of a copolymer of PCL and ethyl ethylene
Fig. 10. Fabrication of advanced nerve guidance channels (NGCs) via electrospin
autologous stem cells for repair of sciatic nerve defects in rats [135], (b) 3D bifunc
growth of neural cells [136], (c) core-shell PLGA nanofibrous NGCs loaded with
laminin-coated and yarn-encapsulated PLGA NGCs supported proliferation and migr
[135], (b) Kim et al. [136], (c) Zhang et al. [137], and (d) Wu et al. [138]. PLGA,
polyurethane; NGF, nerve growth factor; LC, laminin-coated; YE, yarn-encapsulated;
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phosphate (EEP) were rolled up and wrappedwith a thin film of PCL/EEP
to create conduits for peripheral nerve regeneration (Fig. 9b) [126]. For
better results, scientists encapsulated human glial cell–derived neuro-
trophic factor (GDNF) into the electrospun fibers. The protein was
randomly dispersed throughout the polymer matrix in aggregate form
and released in a sustained manner for up to two months. Such conduits
were tested in a rat sciatic nerve defect model and showed great regen-
eration in all groups and sufficient electrophysiological recovery,
compared with control animals.

To create conduits with adequate molecular and structural function-
alities, Madduri et al. [127] developed silk fibroin (SF) conduits loaded
with GDNF and nerve growth factor (NGF) (Fig. 9c). In the first step, SF
films with GDNF and NGF were created through the air-drying method.
Then, aligned and randomly oriented nanofibers were collected on the SF
films, using two parallel electrodes or flat plates as collectors, respec-
tively. SF films, decorated with nanofibers, were rolled around a
Teflon-coated steel mandrel, and the ends were glued together to form
conduits. Finally, the tubes were sprayed with PLGA to prevent release of
the neurotrophic factors to the exterior of the conduit. Nerve conduits
were seeded with Neuro-2A and PC12 cell lines, DRGs, and SC explants.
The results showed good cell response and sustained release of neuro-
trophic factors for 4 weeks.
ning for peripheral nerve regeneration. (a) PCL/PLLA conduits seeded with
tionalized nerve conduits made of PLGA and PU supported the attachment and
NGF implanted across a 15-mm defect in the sciatic nerve [137], and (d)

ation of glia cells [138]. Images reprinted with permission from (a) Frost et al.
poly-lactic-co-glycolic acid; PLLA, poly-L-lactic acid; 3D, three-dimensional; PU,
NHS, N-hydroxysuccinimide; EDC, ethylene diaminecarbodiimide.
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Fibers of polysialic acid, a bioreactive molecule with a decisive role in
peripheral nerve regeneration, were also fabricated via electrospinning
[128], in combination with PEO to improve the mechanical properties.
Substrates showed good cell viability and directed cell proliferation
along the fibers in vitro using immortalized Schwann cells. ‘Semisolid’ 3D
cylindrical constructs made of PCL fibers were constructed using a
two-pole air-gap electrospinning system (Fig. 9d) [129]. The collector in
this experimental setup consisted of two vertical piers grounded to a
common voltage, with an additional set of horizontal piers from each
vertical pier, projecting inward with respect to the upright piers. Fibers
were collected in the gap between the terminal ends of these projecting
piers. The gap was adjustable from about 1 to 6 inches, giving the ability
to create conduits with distinct material properties and intrafiber
spacing, independent from the size of individual fibers. This 3D construct
was coated with electrospun fibers of the polyglycolic acid (PGA)/PLA
copolymer and used for the reconstruction of 10-mm lesions in the sciatic
nerve in rats. The results showed dense, parallel arrays of myelinated and
non-myelinated axons in the lesion site and functional blood vessels
scattered throughout the implant.

As hollow tubes represent a relatively early evolutionary stage in
nerve guide design, the trend in bioengineering is heading toward the
creation of advanced nerve guidance channels (NGCs) with intraluminal
structures, using sophisticated biofabrication methods (Fig. 10). These
NGCs aim to direct the sprouting of axons, to provide growth factors, and
to inhibit scar formation at the site of injury. In this regard, Jeffries and
Wang [130] used electrospun PCL and PLGA fibers to fabricate conduits
resembling a decellularized nerve. Parallelly aligned PCL fibers were
wrapped around channel templates, and randomly aligned PLGA fibers
were used to cover the PCL fibers. Then, the composite was rolled up to
create a conduit, and the templates were removed to leave behind empty
channels. To achieve this structure, a new type of collector was used: a
parallel plate, open collector with combs attached to the long sides of the
collector to hold the templates in place (Fig. 10a). The use of schwan-
noma cells showed cell infiltration of the structure in vitro, supporting the
idea of directing neurite outgrowth during regeneration.

From previously published results, it became obvious that the crea-
tion of conduits resembling peripheral nerves required the fabrication of
different structures such as fibers and pores and a combination of ma-
terials with different mechanical properties. Therefore, scientists started
searching for new materials and composites for potential applications in
conduit manufacturing. Random and aligned nanofibers fabricated from
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)/collagen sup-
portproliferation and direct orientation of PC12 cells in vitro [131].
Three-dimensional scaffolds composed of aligned electrospun PCL
nanofibers, functionalized with laminin coating or embedded in 3D hy-
aluronic acid (HA) hydrogel, controlled neurite direction, and enhanced
neurite outgrowth of the neuroblastoma SH-SY5Y cell line [132].
Alignment of PCL fibers was achieved by collecting electrospun nano-
fibers using a grounded rotating drum. A poly(glycerol sebacate)-poly(-
methyl methacrylate) (PMMA) copolymer was electrospun into fibers,
collected on a flat plate, and then coated with gelatin to be used for the
culture of PC12 cells [133]. In this work, authors claimed that such 4D
scaffolds can act as a temporary ECM to provide essential signaling cues
to the cells that come into direct contact with it.

More recently, in 2018, advanced conduits with aligned conductive
fibers were fabricated by Jing et al. [134]. PLGA nanofibers were elec-
trospun and collected using a rotating cylinder to create a parallelly
aligned fibrous mesh. This fibrous mesh was rolled up and used to fill up
an empty conduit that was created by dipping a mandrel in an emulsion
of a copolymer of PLGA and polypyrrole (PP) several times. Both mate-
rials (PLGA and PP) were non-cytotoxic to PC12 cells and were able to
promote cell proliferation and differentiation. The aligned orientation of
the fibers also provided strong guidance for neurites. In addition, the
conduits displayed conductivity and degradability as well as an oriented
inner structure. Effectiveness of conduits was proven by their ability to
promote regeneration of injured sciatic nerves in a rat model.
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Similar results were obtained from a different research group using
autologous stem cells and PCL/PLLA conduits for repair of sciatic nerve
defects in rats (Fig. 10a) [135]. For the creation of an aligned fibrous
mesh of either PCL or PLLA, a U-shaped collector was used with sutures
as templates to create empty channels. After electrospinning, the fibrous
mesh was rolled up to form conduits, and the sutures were carefully
removed using tweezers. In vivo experiments in rats showed that the PLLA
nerve guides supported axonal regeneration, although the results were
inferior compared with autologous nerve grafts. The PLLA nerve guides
combined microfibers for guidance and pores for cellular infiltration and
could therefore also act as vehicles for cotransplanted cells.

In 2016, Kim et al. [136] reported the use of a new electrospinning
setup for the fabrication of 3D bifunctionalized nerve conduits made of
PLGA and polyurethane (PU). This new setup included a rotating wheel
as a collector, which was equipped with a single-angled U-shape copper
wire (Fig. 10b). The copper wire was set up horizontally on the collector,
and cellophane tapes were set over the fixed copper wire, along the
vertical and horizontal axis. Vertically aligned nanofibers were collected
on the horizontal cellophane tape, whereas horizontally aligned nano-
fibers were collected on the vertical cellophane tape. In addition,
randomly aligned nanofibers were collected on the same mat in the gap
between the U-shape copper wire. This setup allowed the fabrication of a
mat composed of aligned, in different directions, nanofibers and
randomly oriented nanofibers in a single step. For the creation of a
conduit, the mat was rolled up and covered with randomly aligned
electrospun nanofibers. This new setup lends itself well to mass pro-
duction as it allows the fabrication of more than fifty mats at once. NGCs
supported the attachment and growth of PC12 and S42 cells, thus proving
that they can be used to assist peripheral nerve regeneration.

In a study by Zhang et al. [137], core-shell PLGA nanofibrous NGCs
loaded with NGF were fabricated via coaxial electrospinning (Fig. 10c).
NGCs were seeded with PC12 cells, and the results demonstrated that
they presented a sustained release pattern and remained biologically
active for over 60 days. Moreover, they supported peripheral nerve
regeneration in rats, when implanted across a 15-mm defect in the sciatic
nerve. Emulsion coaxial electrospinning was also used for the fabrication
of scaffolds with PLLA/PCL nanofibers to form the shell and bovine
serum albumin/NGF to serve as the core [139]. The sustained release of
NGF was sufficient to support differentiation of PC12 cells in vitro. In
addition, conduits of PLLA-PCL/SF nanofibers loaded with mono-
sialoganglioside (GM1) and NGF in the core were constructed using the
same method [140]. Although both conduits supported growth and dif-
ferentiation of PC12 cells, the PLLA-PCL/SF conduit showed a synergistic
effect between GM1 and NGF. The latter was also tested in vivo in rats and
showed good performance in sciatic nerve regeneration. In a follow-up
study, PLLA-PCL/SF nanofibers loaded with B5 were again created by
emulsion electrospinning [141]. These nanofibers supported Schwann
(SW) cell proliferation, and the in vitro release of B5 was characterized as
sustained. A laminin-coated and yarn-encapsulated PLGA NGC
(LC-YE-PLGA NGC) was fabricated using a double-nozzle electrospinning
system (Fig. 10d) [138]. The conduits consisted of PLGA yarns with axial
alignments in the lumen and PLGA fibers as the external tube wall, while
both layers were covalently linked with laminin. LC-YE-PLGA NGCs
supported proliferation and migration of SW cells in vitro.

A different approach to fabricate conduits for nerve guidance was
proposed by Valmikinathan et al. [142]. They constructed PLGA micro-
sphere–based spiral scaffolds using the method of microsphere sintering.
Initially, PLGA microparticles were synthesized using traditional
oil-in-water emulsion techniques. In the next step, the microspheres were
laid on an aluminum foil and sintered in an oven at 80 �C for 1 h. The
microsphere sheet was then cut into thin strips, which were rolled into a
spiral structure to form novel spiral scaffolds. In some cases, the strips were
covered with PLGA electrospun fibers. These novel scaffolds were found to
support the growth and proliferation of rat Schwann cells in vitro.

Alternatively, NGCs with more precise dimensions and complex in-
ternal architectures resembling natural structures in the nervous system
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can be fabricated by adapting rapid prototyping processes. Yamada et al.
[143] optimized the FDM technique to fabricate 3D microstructures
using biodegradable polylactides (PLA, PGA, and PLGA) to establish a
method for the creation of biodegradable implantable devices on demand
for clinical applications. PLA scaffolds were found to be biocompatible
and supported the growth of PC12 cells. In 2009, Cui et al. [144] formed
double-layer PU-collagen nerve conduits for peripheral nerve regenera-
tion. They used a modification of the FDM technique, known as
double-nozzle low-temperature deposition manufacturing (DLDM). The
DLDM system was equipped with two nozzles which were fed with two
different polymers: PU and collagen. CAD files directed the deposition of
the inner circle (made out of collagen) first from the first nozzle and then
the outer circle (made out of PU) from the second nozzle. When this
procedure was finished, the platform was lowered for a fixed amount of
time, and the process was repeated until the 3D structure was completed.
With this technique, scientists were able to simultaneously build a 3D
conduit composed of an inner layer of aligned fibers of the natural
polymer collagen and an outer porous layer made out of the synthetic
polymer PU, thus combining the biocompatibility of collagen and the
mechanical stability of PU.

Radulescu et al. [145] used inkjet technology to build cylindrical
conduits of PLA/PCL copolymer able to support a cell-regulated
NGF-delivery system. Their conduits were fabricated using standard
inkjet microdispensing technology with piezoelectric devices and a
stainless steel mandrel, connected to a temperature control system, as a
printing substrate. Using the same inkjet technology, Hu et al. [146] were
able to manufacture printed bioconduits. Their bioink was composed of
cryopolymerized gelatin methacryloyl (cryoGelMA) gel cellularized with
adipose-derived stem cells (ASCs). These conduits supported the survival
Fig. 11. Nerve conduits for peripheral nerve regeneration fabricated using 3D prin
supported the reinnervation across a 10-mm sciatic nerve gap in rats [146], (b) bifurc
GDNF and NGF induced nerve regeneration in rats [150], (c) 3D tube-like conduits c
[152], and (d) 3D channels made of photocurable PEGDA resin implanted in mice [1
[150], (c) Yurie et al. [152] and (d) Pateman et al. [153]. cryoGelMA, cryopolymer
NGF, nerve growth factor; PEGDA, poly(ethylene glycol) diacrylate; ASC, adipose-de

19
and proliferation of the seeded ASCs in vitro and the reinnervation across
a 10-mm sciatic nerve gap in rat models in vivo (Fig. 11a).

Electrohydrodynamic jet 3D printing (EHD-jetting) was used for the
fabrication of PCL-based 3D porous NGCs [147]. The method belongs to
the inkjet-based 3D printing category, in which the material droplets are
formed using electrostatic forces. With the use of EHD-jetting, 3D porous
scaffolds of PCL were printed and then rolled into tubes. The tube ends
were heat sealed together to form conduits. These scaffolds supported
PC12 proliferation and differentiation in vitro.

Several extrusion-based printing methods have been used for the
fabrication of conduits for peripheral nerve regeneration. Owens et al.
[148] were able to bioprint for the first time 3D conduits composed only
of mouse bone marrow stem cells and Schwann cells supported by
agarose rods. The scaffolds were used in a rat sciatic nerve model and
showed a good regeneration rate that was comparable with the one
achieved by empty collagen conduits. More recently, scientists have used
Schwann cells encapsulated in composite hydrogels of alginate, fibrin,
HA, and/or RGD peptides as bioink to bioprint scaffolds for nerve
regeneration [149]. These results show that the bioprinted scaffolds can
promote the alignment of Schwann cells inside scaffolds and thus provide
haptotactic cues to direct axon extension and regeneration.

In 2015, Johnson et al. [150] fabricated anatomical nerve regenera-
tion pathways via a microextrusion printing principle. For the pathway
manufacture, they used 3D models, which were reverse engineered from
rat anatomies by 3D scanning. The resulting structure was bifurcating
pathways of silicone tubes (Fig. 11b) decorated with microgrooves and
filled with hydrogel drops containing gradients of neurotrophic factors
(GDNF and NGF). Alginate and methacrylate gelatin hydrogels were used
as printing materials, while a custom microextrusion-based 3D printing
ting. (a) Bioconduits composed of cryoGelMA and adipose-derived stem cells
ating silicone tubes decorated with microgrooves and filled with hydrogels with
omposed solely of cell spheroids used to repair a 3-mm gap in a rat sciatic nerve
53]. Images adapted with permission from (a) Hu et al. [146], (b) Johnson et al.
ized gelatin methacryloyl; GDNF, human glial cell–derived neurotrophic factor;
rived stem cell.
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system with a pneumatic dispensing system was used for fabrication.
With these 3D pathways, they achieved successful regeneration of com-
plex nerve injuries in vivo in rats.

The same year, Evangelista et al. [151] built single-lumen and mul-
tilumen conduits using a SLA-based 3D printing method and poly(-
ethylene glycol) diacrylate (PEGDA) as the main material. UV light at
325 nm was used for the cross-linking of the PEGDA hydrogel, and the
conduits were tested in vivo for sciatic nerve regeneration in rats. Among
the fabricated scaffolds, the single-lumen conduits were superior in nerve
regeneration compared with the multilumen ones, and the number of
regenerating axons was similar to that of a normal nerve.

Wei et al. [154] created a printable nanobioink composed of GelMA,
NSCs, PC12 cells, and bioactive graphene nanoplatelets that can promote
neural cell differentiation. They used this ink in a SLA-based 3D-bio-
printing technique to fabricate a neural construct for potential neural
tissue regeneration. The cells encapsulated in the hydrogel presented
good cell viability at low GelMA concentration, good differentiation, and
neurite elongation in a culture period of 2 weeks.

Laser-basedmicro-SLA was introduced by Pateman et al. [153] for the
fabrication of NGCs. The micro-SLA setup (Fig. 11d) was equipped with a
405-nm laser for the photocuring of PEGDA resin. They fabricated 3D
channels for Schwann cells and DRG explant cultures in vitro and conduits
for in vivo implantation in the thy-1-YFP-H mouse model. Although the
fabricated scaffolds supported the attachment and growth of neural cells
in vitro, the in vivo results highlighted the need for intraluminal structures
into conduits for better nerve guidance and regeneration.

In contrast to all natural and synthetic materials that have been used
for conduits fabrication, Yurie et al [152] created 3D tube-like conduits
composed solely of homogeneous multicellular spheroids of fibroblast
cells, using a 3D bioprinter (Fig. 11c). To assemble the conduits, cell
spheroids were robotically placed into an array of skewers using a
microneedle-based method known as ‘the Kenzan method’ for bio-
printing. In this method, which was invented by Professor Koich
Nakayama at Saga University, cell spheroids are placed in fine needle
arrays and allowed to merge with adjacent spheroids until the final
structure is firm enough not to require needles [155]. In the aforemen-
tioned 3D tube-like conduits created by Yurie et al [152], the Kenzan
needles were removed one week after printing. The conduits were
cultured further until the desired function and strength of the tissue was
achieved. These scaffold-free Bio 3D conduits were tested for their ability
to bridge a gap of 3 mm in a rat sciatic nerve. The results confirmed
strong nerve regeneration, which was superior compared with the one
achieved by a hollow silicone tube.

In conclusion, it should be emphasized that the ideal conduit, ac-
cording to the U.S. Food and Drug Administration (FDA), must be
biocompatible and bioresorbable and should support neurite extension
within a microenvironment that promotes peripheral nerve regeneration
while minimizing the interactions between the myofibroblasts and axon
growth. Based on these criteria, the FDA has approved several conduits
for use in humans [156,157], such as Neuragen®, AxoGuard™, Neuro-
flex™, NeuroMatrix™, SaluTunnel™, NeuraWrap™, NeuroMend™,
Surgis® Nerve Cuff, Neurotube®, and Neurolac®. However, as they are
recommended only for small gaps (up to 3 cm) and their biological
performance is inferior compared with autografts, the need for new
materials and for the development of alternative conduits for peripheral
nerve regeneration remains imperative.

3.2. CNS: traumatic brain injury and neurodegenerative disorders

The CNS consists of the brain and the SC, and they are both charac-
terized by the same types of glial cells and the presence of the blood-brain
barrier (BBB) (Fig. 7a). There are four different glial cell types that exist
within the CNS, which are quite different to the glial cells in the PNS,
both morphologically and functionally. Each type of glial cell in the CNS
plays a distinct role: oligodendrocytes are responsible for the myelination
of axons, astrocytes are more general supportive glial cells and play
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important roles in the traumatic injury response, as well as in main-
taining the BBB, ependymal cells have epithelial characteristics and form
a continuous sheet that lines the ventricles, choroid plexuses, and the
central canal of the SC, while microglia are scavenger-like cells whose
function is similar to that of macrophages and that also play an important
role in injury response.

When it comes to the neurons, the brain has some unique charac-
teristics that make it differ greatly from the SC, which is the main reason
that, although they are both a part of the CNS, they are treated differently
in response to injury. One such main difference is the fact that the brain
contains a number of different neuronal cell types, depending on the area
they are located in and the function they carry out. The brain has a
distinct structure with three main compartments: the cerebrum, the
brainstem, and the cerebellum, each one of which is split into further
smaller subcompartments. Depending on their function, nerve cells in the
brain can either be extended and branched, covering large areas and
creating synapses with other neurons, or they can be much shorter in size
and transmit the information they receive in a more localized fashion.
There are a vast number of pathologies that can occur in the brain,
ranging from injuries to disorders and diseases, and depending on the
area in the brain that each one occurs, the patient in question displays
characteristic symptoms.

In the CNS, injury occurs in two phases: the primary, or acute, phase
and the secondary phase, with the latter being the one in which the injury
spreads and causes further damage and cell death. During this phase, a
number of different growth inhibitory molecules are released, such as
certain proteoglycans and other molecules that are exposed owing to the
breakdown of the myelin sheaths and the surrounding supportive cells, all
of which block the axon regeneration process. On the other hand, neuro-
degenerative disorders are characterized by the selective destruction of
neurons in distinct areas of the brain. One such example is Parkinson
disease, in which the neurons that produce the neurotransmitter dopamine
are selectively destroyed in the regions of the basal ganglia. In addition, the
astrocytes in this region die, whereas the amount of microglia increases. In
the human brain, there are 5 different pathways that are connected to the
basal ganglia, including themotor and limbic circuits, so, as a result, all five
are affected in Parkinson disease, leading to characteristic symptoms in
normal functions such as movement, attention, and learning. Another
example is Huntington disease, which is caused by a genetic alteration in
the huntingtin (HTT) gene, leading to the production of a mutated protein
that is toxic to certain cell types. Early signs of damage are particularly
evident in the striatum, but, during disease progression, the damage
spreads to other areas of the brain. HTT has been found to be involved in a
number of different pathways: it is essential for embryonic development,
acts as an antiapoptotic factor, controls the production of brain-derived
neurotrophic factor (BDNF), facilitates vesicular transport, controls
neuronal gene transcription, and is also involved in the machinery that
controls synaptic transmission [158].

To repair any damage caused by injury or a degenerative disorder, the
brain mounts an inflammatory response that differs from the one that
occurs in other organs in the body and that becomes even more
complicated when the trauma results in a compromised BBB. When
implanted materials are used to facilitate the repair process, further
injury is usually caused, but the effect of the implanted material far
outweighs the negatives that may be caused during the implantation.
Owing to the fact that the inflammatory response in the brain aims to
protect it from further damage, scientists are actively investigating which
structures and which materials can facilitate the switching of the in-
flammatory response toward the reparative phenotype [159]. Because
the CNS is a more complex system than the PNS, it means that although
the purpose of any implanted scaffold/structure is to guide the axon
regeneration process, the CNS requires an additional component: the
need for the implanted material to change the environment from inhib-
itory to prorepair [3].

Considering the fact that current strategies for brain tissue regener-
ation are still insufficient, a variety of fabrication methods have been



Fig. 12. Use of conventional, porous, and molding methods for the creation of scaffolds used for central nervous system regeneration. (a) Design of two novel self-
assembling peptides (RAD16-I and RAD16-II) that mimicked the RGD motif found in ECM proteins exhibited strong affinity for neural cells, promoting neurite
outgrowth [49], (b) entrapment of hippocampal neuron cells in 3D collagen hydrogels [160], (c) design of an oriented collagen fiber culture model showed oriented
neurite extension [161], and (d) induction of differentiation of AHPCs due to the synergistic effect of patterned microgrooves, laminin, and glial cell presence [137].
Images reprinted with permission from (a) Holmes et al. [49] (Copyright (2000) National Academy of Sciences), (b) Xu et al. [160], (c) Odawara et al. [161], and (d)
Recknor et al. [165]. ECM, extracellular matrix; 3D, three-dimensional; AHPC, adult hippocampal progenitor cell; GFP, green fluorescent protein; RDG, arginine-
glycine-aspartic acid tripeptide.
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used to create scaffolds capable of assisting in the repair process after
traumatic brain injury or neurodegenerative disorders, and these will be
analyzed in the following paragraphs.

In 2000, Holmes et al. [49] investigated the formation of scaffolds
through the design of self-assembling peptide sequences inspired by
nature (Fig. 12a). To mimic the RGD motif found in a large number of
ECM proteins, they created two self-assembling peptides, RAD16-I
(with a ‘RADA’ repeated motif) and RAD16-II (with a ‘RARADADA’
repeated motif). Both sequences are able to assemble into strings, tapes,
or sheets when added into an environment containing millimolar
concentrations of monovalent salts (e.g., NaCl, KCl). The scaffolds
created through this fabrication process were tested for their affinity to
support neurite outgrowth in both cultured (rat PC12 and human SY5Y
neuroblastoma cells) and primary cells (mouse cerebellar granule and
hippocampal neurons, rat hippocampal neurons), with the neurites
extending between 0.4 and 0.5 mm in the former and between 0.1 and
0.3 mm in the latter. The scaffold was also shown to support the for-
mation of active synapses.

The RAD16-I self-assembling peptide scaffold was also used to entrap
migrating potential neuroprogenitor cells from postnatal hippocampal
slices [162]. After growing hippocampal slices on RAD16-I scaffolds that
were 100- to 500-μm thick for ~1 week, glial and neuroprogenitor cells
were able to migrate into the scaffold. These were then easily collected
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and used to initiate new cultures, which were mitotically active for at
least 2–3 days after collection. The affinity of this scaffold for the
migrating cells makes it a useful tool for the enrichment of neural pop-
ulations so that they can then be used for further studies (such as char-
acterizing neural cells or even harvesting them to investigate their
potential in cell-based therapies). The same peptide was used in another
study by Ellis-Behnke et al. [163] in which they attempted to investigate
optic tract regeneration after completely severing the retina from the
brachium of the superior colliculus and blocking the reinnervation with
the injection of saline into the wound. The creation of a scaffold made
from the RAD16-I peptide injected into the site of injury was found to
allow the elongation of axons through the gap created by the injury,
while in adult hamsters, the researchers also noted a return of functional
vision. From these results, they postulated that the scaffold could
potentially enhance cell migration and thus promote the elongation of
the axons through the lesion site. This particular study was the first time
researchers were able to demonstrate healing in an in vivo setup, paving
the way for the further development of such biomedical technology tools.

In an attempt to create more physiologically relevant 3D culture
models to assess neural cell-cell and cell-material interactions, a type I
collagen hydrogel was used to create a 3D structure that could entrap
neuronal cells (Fig. 12b) [160]. Culture of rat embryonic hippocampal
neurons either in 3D entrapment collagen hydrogel scaffolds, 3D
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sandwich hydrogel scaffolds (in which the cells were seeded at the
interface between two separate collagen hydrogels), or on 2D collagen
coverslips showed that the cells were able to maintain their viability,
their metabolic function, and their electrophysiological activity,
regardless of the type of culture they were in. However, they found that
Fig. 13. Use of electrospinning for the creation of fibrous scaffolds for central nervous
stem differentiation [168], (b) aligned nanofibers made of PCL/gelatin copolymer sup
neurite outgrowth of C17.2 cells [172], (d) aligned PCL nanofibers encapsulated with
3D electrospun PLA nanofibers implanted in the rat brain to support neurogenesis [
[175], (g) hybrid scaffolds composed of electrospun PLLA/fibronectin fibers and hy
low-density electrospun PCL fiber scaffolds using a custom-made rotating collector fo
permission from (a) Yang et al. [188], (b) Ghasemi-Mobarakeh et al. [170], (c) He et
Rivet et al. [176], and (h) Jakobsson et al. [177]. PLLA, poly-L-lactic acid; PCL, poly
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the 3D entrapment model resembled the real in vivo conditions more
closely owing to the fact that the cells were evenly distributed within the
matrix at the beginning of the experimental process and the neurites were
able to extend within the pore network of the hydrogel structure,
whereas both the 3D sandwich and 2D coverslip methods only exhibited
system regeneration. (a) electrospun PLLA microfibers and nanofibers for neural
port adhesion and proliferation of neural cells [170], (c) PLLA nanofibers direct
a non-peptide ligand were implanted in the rat brain [173], (e) lactate-releasing
174], (f) electrospun polyether-based PU nanofibers with surface modification
drogels injected into the rat brain [176], and (h) fabrication of uncompressed
r 3D cell assay with human neural progenitor cells [177]. Images adapted with
al. [172], (d) Fon et al. [173], (e) Alvarez et al. [174], (f) Zanden et al. [175], (g)
caprolactone; 3D, three-dimensional; PLA, polylactic acid; PU, polyurethane.
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neurite outgrowth on the same plane that the cells had been seeded
during the experimental setup. In a similar study, Frampton et al. [55]
entrapped a variety of cell types within an alginate 3D construct and
assessed the effect of the entrapment and the material on the viability of
the cells. Using primary astroglial, microglial, and hippocampal neuron
cells that were entrapped in an alginate hydrogel, it was shown that all
cells remained viable and metabolically active, while neuronal cells were
able to create functional synaptic elements that displayed electrical
activity.

In 2013, Odawara et al. [161] took the complexity for the creation of
3D culture models one step further, by creating a cell culturing platform
that allowed the control of neurite extension direction, while maintain-
ing the neural cell somata in a limited space, thus mimicking the orga-
nization that can be found in the brain (Fig. 12c). More specifically, the
fabrication process was the following: (1) creation of PDMS sheets that
contained microchambers of a specific volume and placement onto a
non-treated PS tissue culture dish, (2) coating of the chambers with
poly-D-lysine (PDL) and addition of the cell suspension, (3) incubation at
37 �C and 5% CO2 for 30 min and subsequent removal of the PDMS sheet,
and (4) placement of the culture dish at a 45� angle, addition of liquid rat
tail collagen solution, and incubation at 37 �C to achieve gelation of the
collagen with simultaneous collagen fiber orientation/alignment. The
cells embedded within this collagen matrix were either rat embryonic
hippocampal neurons or human induced pluripotent stem cell
(iPSC)-derived neurons, and they were cultured for certain time points to
observe the elongation of the neurites. The researchers found that the
oriented collagen fibers were able to promote the outgrowth of functional
and electrically active neurite extensions in the same direction as the
fibers.

Using a rather different approach, Recknor et al [164,165] used sol-
vent casting to create micropatterned substrates using PS. Reactive ion
etching and photolithographic techniques were used to create the
micropatterned surface on the silicon wafer, which was then transferred
to the PS substrates using solvent casting. A PS/toluene solution was spin
or gravity cast onto the micropatterned surface to create substrates of
thickness between 50 and 70 μm. After the substrates were dried for 24 h,
they were removed from the micropatterned surface by soaking in dH2O.
These substrates were subsequently used to assess their effects on
astroglia and neural progenitor cells (NPCs). Initial experiments with the
former were able to show that the single cue of the grooved micro-
patterned substrate required the additional presence of adsorbed laminin
to induce directionality in the astrocytes [164]. When the same sub-
strates were used with adult hippocampal progenitor cells (AHPCs) in
coculture with astroglial cells, the synergistic effect between the micro-
grooved substrate, the adsorbed laminin, and the presence of the glial
cells induced a much higher degree of differentiation in AHPCs, when
compared with AHPCs grown on the same substrates without the pres-
ence of the astroglial cells (Fig. 12d) [165].

In 2006, Ao et al [166] were able to create multimicrotubule chitosan
conduits through a combination of novel molds and TIPS. The diameter
of the microtubules was controllable through the use of different cooling
temperatures and polymer concentrations. When Neuro2a cells were
grown on these conduits, they were able to grow within the microtu-
bules, as well as respond to the addition of the differentiation agent
retinoic acid, thus making the conduits attractive candidates for nerve
tissue engineering applications.

M€ollers et al. [167] produced collagen scaffolds using a directed
freeze-drying process that leads to the formation of parallel oriented
pores. These scaffolds were then tested in cell culture of different CNS
cell populations: rat olfactory ensheathing cells (OECs), rat astrocytes,
and the human neuroblastoma SH-SY5Y cell line, with the glial cells
(OECs and astrocytes) displaying excellent cell attachment, proliferation,
and migration, while the neuronal cells also showed directed axonal
growth.

Electrospun fibrous scaffolds are very popular for applications in CNS
repair. In 2004, Yang et al. [168] reported the fabrication of a 3D scaffold
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with random oriented electrospun PLLA fibers and interconnected pores
that supported NSC differentiation. The nanofibrous structure was
created by electrospinning using a flat collector and was designed to
resemble the natural ECM structure in the human body. In a later study,
the same group reported the fabrication of highly aligned and randomly
oriented PLLA microfibers and nanofibers by electrospinning for NTE
applications (Fig. 13a) [78]. For the aligned fiber collection, a rotating
disk was used, whereas a flat aluminum plate was used for collecting
random fibers. The fiber diameter was dictated by the polymer concen-
tration and was proportionally increased. These scaffolds were seeded
with neonatal mouse cerebellum C17.2 cells, and the results showed that
the direction of NSC elongation and neurite outgrowth was parallel to the
direction of PLLA fibers for the aligned scaffolds. Moreover, aligned
nanofibers induced longer neurite outgrowth than fibers with diameters
on the microscale, implying a connection between fiber diameter and
neurite outgrowth.

Nikkola et al. [169] created diclofenac sodium (DS)–releasing PCL
nanofibers using electrospinning for drug delivery in the brain. This
highly porous nanofiber scaffold exhibited a fast drug release rate, with
about 45% of DS being released within the first 24 h. In addition, for
nerve regeneration and guidance applications, random or aligned
nanofibers were created using the copolymer PCL/gelatin [170]. Elec-
trospinning with a flat or rotating wheel was used for the formation of
nanofibers, and the 70:30 ratio of PCL/gelatin was proven to be the most
suitable for the adhesion and proliferation of C17.2 NSCs (Fig. 13b).
Three-dimensional scaffolds of electrospun PCL nanofibers were created
by Horne et al. [171] to be used for the repair of damaged brain tissue.
PDL nanofibers were deposited on a rotating aluminum mandrel and
were functionalized by immobilization of BDNF. These scaffolds were
seeded with mouse embryonic NSCs, and the results showed that they
enhanced proliferation and directed cell fate toward neuronal and
oligodendrocyte cells, which are essential for neural tissue repair.

To shed more light on the effect of the fiber's characteristics on cell
response, He et al [172] created PLLA nanofibers, with diameters ranging
from 200 to 900 nm. They conducted cell culture experiments with
neonatal mouse cerebellum C17.2 cells and showed that cell viability and
proliferation was best on 500-nm fibers and reduced on smaller or larger
fibers (Fig. 13c) [172]. These findings showed that the connection be-
tween neurite outgrowth and fiber diameter is more complex than it was
initially thought. Fon et al. [173] also used electrospinning with a
rotating aluminum mandrel to create aligned PCL nanofibers, encapsu-
lated with a BDNF-mimetic ligand. These nanofibers were implanted in
rat brains to investigate their potential in the regeneration of damaged
tissue (Fig. 13d). The results showed the migration of neuroblasts toward
the implant and infiltration of nanofibers by these cells. There is also
evidence of infiltrated neuroblast cell survival and maturation. Parallel
studies reported the use of 3D electrospun PLA nanofibers that release
lactate for the regeneration of tissue within the CNS [174]. Scaffold
implantation into rat brain cavities induced vascularization, neuro-
genesis, and survival of newly generated neurons into normal brain cir-
cuits (Fig. 13e). At the same time, Zanden et al. [175] created electrospun
polyether-based PU nanofibers treated with plasma. They showed that
their scaffolds promoted adherence, proliferation, and differentiation of
human embryonic stem cells (hESCs) and rat postnatal NSCs (Fig. 13f).

Working toward the development of an injectable hydrogel for brain
tissue regeneration, Rivet et al. [176] created a hybrid scaffold composed
of electrospun PLLA and PLLA/fibronectin fibers embedded in agar-
ose/methylcellulose hydrogel. To do that, first, the fibers were electro-
spun on a thin film of PVA on a glass slide (Fig. 13g). Then, the film with
the fibers attached was removed from the glass and cut into short seg-
ments. In the next step, the film of PVA was dissolved in dH2O, and the
segments were separated by centrifugation. Finally, the segments with
the fibers were added into a tube which was filled with hydrogel, and
they were dispersed within the gel by repeatedly passing the mixture
through a syringe. The hybrid scaffolds were injected into the rat stria-
tum, and the results showed the migration and infiltration of
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macrophages/microglia and resident astrocytes toward the implant.
These findings indicate that neural cells were able to locate the fibers and
use their cues for migration into the hybrid matrix.

More recently, Jakobsson et al. [177] used a custom-made rotating
collector (Fig. 13h) for the fabrication of uncompressed low-density
electrospun fiber scaffolds made out of PCL. The collector was
designed to hold two circular arrays of stainless steel needles, which were
connected to a common grounded base. The result of electrospinning
using this collector was a highly porous low-density fiber scaffold with
maintained interconnecting pores. These fibrous scaffolds were seeded
with cells from a human NPC line originating from a 7-week-old fore-
brain. Confocal images revealed that the cells in 2D cultures created a
dense layer of glia beneath the layer of neurons, whereas in 3D cultures,
the glial and neuronal cells were found to intermingle, creating networks
spanning a few micrometers in depth. These findings indicated that this
Fig. 14. Three-dimensional printed scaffolds for CNS applications. (a) Use of FDM te
cell differentiation [179], (b) direct-write printing of bioink composed of hydroge
function [182], (c) PLA-based 3D structures written via DLW can be used as test be
biomimetic neuron structures fabricated using the DLW method [184]. Images adapte
et al. [183], and (d) Yu et al. [184]. CNS, central nervous system; 3D, three-dimens
polylactic acid; hNSCs, human neural stem cells; FDM, fused deposition modeling; LE
acousto-optic modulator.
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3D cell assay will most likely provide more physiologically relevant re-
sults than conventional 2D cultures.

Three-dimensional printing has also been used in applications for
CNS regeneration. Zhang et al. [178] created 3D hydrogel structures
composed of gelatin and gelatin/hyaluronan to investigate their effects
on the reparation of injury in the CNS. They used a custom-made cell
assembly machine for the deposition of the polymers in predefined 3D
patterns. The 3D patterns consisted of square grids which were designed
using a software package. These 3D constructs were implanted into
cortical defects of rat brains for the evaluation of their ability to improve
tissue reconstruction. The results proved that both constructs were
biocompatible, with the gelatin/hyaluronan scaffolds showing better
contiguity with the surrounding tissue. In a similar study, a bioink
composed of thermoresponsive PU, which can form a hydrogel at 37 �C
without a cross-linker, and NSCs was used to bioprint 3D scaffolds [179].
chnique for bioprinting 3D scaffolds composed of PU and NSCs to support neural
l and hNSCs into porous 3D scaffolds to study human brain development and
d for neural tissue engineering applications [183], and (d) zirconium-based 3D
d with permission from (a) Hsieh et al. [179], (b) Gu et al. [182], (c) Melissinaki
ional; DLW, direct laser writing; PU, polyurethane; NSC, neural stem cell; PLA,
D, light-emitting diode; CCD, charge-coupled device; DM, dichroic mirror; AOM,
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For the scaffold fabrication, self-developed FDM equipment was used
(Fig. 14a). NSCs, which were embedded into PU before gelation,
exhibited excellent proliferation and differentiation in vitro. Another
point worth mentioning in this report is the use of zebra fish as
the neural injury model. The PU dispersion containing NSCs was injected
in adult zebra fish and reduced the mortality after traumatic brain injury
to 37%.

Taking the use of hydrogels for brain regeneration one step further,
Gu et al. [180] incorporated cells, thus creating a bioink. They used a
3D-Bioplotter® system to bioprint functional 3D mini-tissues made of
bioink composed of hydrogel and human NSCs (hNSCs) [180]. For the
formation of the hydrogel solution, agarose in several concentrations was
dissolved by heating, and alginate and carboxymethyl chitosan were
added subsequently in that order. The hydrogel solutions were cooled
afterward to room temperature and combined with hNSCs for the
direct-write bioprinting (Fig. 14b). Finally, the samples were extrusion
printed into a cubic construct. The constructs supported cell cultivation
for several weeks, indicating the beneficial mechanical properties of the
hydrogel. Importantly, hNSCs were able to differentiate into functional
neurons and neuroglia, which supports the idea of the potential use of 3D
constructs for investigation of human neural regeneration, function, and
disease. Lee et al. [181] combined SLA-based 3D printing and electro-
spinning techniques to fabricate a novel 3D biomimetic neural scaffold.
Aligned PCL and PCL/gelatin microfibers were collected on a rotating
mandrel and placed at the bottom of a Petri dish. Then, printable
hydrogel inks, composed of PEG and PEGDA, covered the electrospun
fibers. Scaffolds were seeded with NSCs and primary cortical neurons,
and the results showed increased cell adhesion and proliferation. In
addition, the fibers increased the neurite length and guided the neurite
extensions of primary cortical neurons along them.

A different approach for the fabrication of 3D scaffolds for brain tissue
regeneration was introduced by Melissinaki et al. [183]. They used direct
laser writing (DLW) (a method that belongs to SLA-based 3D printing) for
the fabrication of 3D scaffolds made out of PLA, for neural tissue appli-
cations (Fig. 14c) [183]. A Ti:Sapphire femtosecond laser was used for
the polymerization of the 4-star arm PLA in a layer-by-layer fashion, with
the last layer printed on the surface of the coverslip. Several 3D structures
such as cross-hatched structures, woodpile structures, and seashell
structures were created, demonstrating the suitability of the material for
DLW. The minimum feature size achieved with their optical setup was
approximately 800 nm, and the structures were constructed on a time-
scale of 10–30 min. Neuronal cell lines (NG108-15 and PC12) were
cultured on the fabricated scaffolds, and the results showed good neu-
rocompatibility, suggesting that this material can readily be used as
scaffolds for neuronal tissue engineering applications. DLWwas also used
by Yu et al [184] in 2018 to fabricate 3D biomimetic scaffolds resembling
the multiple branched structures of neurons. Their setup was equipped
with a femtosecond laser, operating at 535 nm, and a zirconium-based
hybrid organic-inorganic photoresist was used as scaffold material
(Fig. 14d). Moreover, in their study, they included a branching model to
adjust the mechanical properties of the scaffold and to eliminate the
capillary force. Using this branching model, they were able to control the
laser power and the writing speed to tune the branch dimensions, which
satisfied the balance between capillary force and elastic restoring force.
The final result was the creation of biomimetic neuron structures with
different branch angles, branch lengths, and branch diameters imitating
neuron cells from different parts of the brain in rats and rabbits. This
work paved the way for the use of DLW toward applications in engi-
neered neural networks.

3.3. CNS: SC injury

The SC is part of the CNS and, as such, contains neurons and CNS glial
cells (oligodendrocytes, astrocytes, and microglia). However, its archi-
tecture is more reminiscent of the PNS as the SC is characterized by long
cables of myelinated axons that are bundled together (Fig. 7b). An
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additional characteristic of the SC over the PNS is the fact that the neu-
rons are able to connect to each other and create rather complex signaling
loops.

Injury in the SC leads to a very different response when compared
with injury in the PNS. As mentioned earlier, PNI leads to activation of
Schwann cells into a proregenerative phenotype that aims to promote
axon regeneration. In contrast, SCI activates inhibitory signals to block
this process. The response to SCI occurs in two major phases: the primary
or acute phase and the secondary phase. In the primary phase, the SC
becomes injured, swells, and disrupts the blood flow, and the neural cells
become uncontrollably activated owing to a disruption in the ionic
concentrations within the cells, which leads to a loss of local neural
function. In the secondary phase, the zone of cell death expands owing to
the disruption of the local vasculature, and the bulk release of neuro-
transmitters during the primary phase leads to the production of free
radicals, which further enhances the level of apoptotic cell death. During
the second phase, the inhibitory phenotype of SCI comes into play. The
astrocytes and microglia that are present at the site of injury take on a
reactive phenotype and lead to the formation of a glial scar containing
growth inhibitory factors.

Strategies to treat SCI are limited, mainly due to the fact that the acute
phase occurs rapidly after the injury, making it impossible to interfere
with. With the steroid methylprednisolone being the only drug approved
by the FDA for SCI, there is an imperative need to discover alternative
approaches for neuroprotection and regeneration. Such alternative
treatments are targeted at either limiting the extent of injury caused
during the secondary phase or bridging the gap caused during injury to
facilitate axon regeneration. Both types of treatments rely heavily on the
development of novel biomaterials and the field of tissue engineering.
The biomaterials can either be used as drug-delivery systems for targeted
administration at the site of injury or even act as bridges offering guid-
ance cues for axon regeneration and elongation, while also blocking the
formation of glial scars. Such applications for SC injury (SCI) treatment
will be further analyzed in the following paragraphs.

Despite the fact that DRGs lie within the PNS, the regrowth of sensory
axons of DRGs into the SC after crush lesions makes them a particularly
useful experimental model to study axon regeneration within the CNS
[185]. This is because the sensory neurons of DRGs are pseudounipolar,
which means that they have an axon with two branches (a peripheral and
a central branch) that act as a single axon. The peripheral branch is easily
accessible to manipulations without disrupting the SC, while the regen-
eration of the central branch into the SC offers the ability to study the
inhibitory factors within the CNS. Therefore, many studies use the DRG
model to test materials and scaffolds for treatment of SCI.

The ability of a self-assembling peptide scaffold to promote cell dif-
ferentiation was tested by assessing the differentiation of NPCs [186].
The peptide amphiphile (PA) that was designed in this study contained
an IKVAV sequence (isoleucine-lysine-valine-alanine-valine), an epitope
that is found in laminin and is known to promote neurite sprouting and
growth. A control PA containing the sequence EQS (glutamic
acid-glutamine-serine) (EQS-PA) was also created and found to be
biocompatible but non-bioactive. Self-assembly of this PA (IKVAV-PA)
was achieved through adding the aqueous PA solution to suspensions of
NPCs in media at a 1:1 ratio, with the resulting structure being a hydrogel
scaffold with incorporated dissociated NPCs or clusters of NPCs known as
neurospheres. Cells remained viable throughout the process, and neurite
outgrowth was observed at a much faster rate than in cells grown on PDL-
or laminin-coated substrates. The PA nanofibers were also able to elicit
the same response when in a 2D culture system. In addition, the PA
scaffold self-assembly process was also triggered in vivo by injecting the
PA solutions directly into the tissues (such as the SC), where the aqueous
environment led to the formation of a solid scaffold in the area of in-
jection and which were found to be well tolerated by the animals. This
was further investigated in 2008, when the IKVAV-PA self-assembling
peptide was used in an in vivo study to test its properties and assess its
therapeutic potential in SCI (Fig. 15a) [187]. Using a clip compression



Fig. 15. Conventional, porous, and molding methods for the creation of tissue engineering scaffolds for SC regeneration after injury. (a) Use of a self-assembling
peptide amphiphile for the creation of a scaffold that was able to promote neurite outgrowth in a SC injury model [187], (b) NGF-loaded single-lumen and multi-
ple lumen nerve conduits were fabricated using a combination of methods and remained intact for 13 days after implantation in vivo [188], (c) chitin and chitosan
hydrogel tubes were produced by injection molding and were shown to induce neurite extension in chick DRG models [72], (d) freeze-dried agarose scaffolds were
able to guide injured axon growth in in vivo models [46], (e) combined use of methods to create fibrin scaffolds showed that scaffold porosity could play a more
important role than geometrical dimensions of the conduits [189], (f) discontinuous and anisotropic microconical structures created through femtosecond laser
texturing were able to control the directional outgrowth of Schwann cells, sympathetic neurons, and DRG explants [190], and (g) creation of nanorippled and
microgrooved hierarchical patterned surfaces showed that the combination of the two morphologies supports Schwann cell outgrowth [63]. Images adapted with
permission from (a) Tysseling-Mattiace et al. [187] (Copyright (2008) Society for Neuroscience), (b) Yang et al. [78], (c) Freier et al. [72], (d) Stokols and Tuszynski
[46], (e) Scott et al. [189], (f) Simitzi et al. [190], and (g) Yiannakou et al. [63]. DRG, dorsal root ganglion; NGF, nerve growth factor; SC, spinal cord; IKVAV,
isoleucine-lysine-valine-alanine-valine; PA, peptide amphiphile.
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model of SCI in mice, researchers investigated the effect of the IKVAV-PA
in the recovery process. They injected IKVAV-PA, IKVAV alone, EQS-PA,
or glucose or gave the mice a mock injection, and studied them for a
number of weeks thereafter. Behavioral improvement was more pro-
nounced, and astrogliosis as well as apoptotic cell death were reduced in
the IKVAV-PA group. All these results showed that the IKVAV-PA self--
assembling peptide was able to promote partial recovery of SCI; however,
further optimization is required to improve its mechanical and biological
properties and achieve more significant results.
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In 2005, Yang et al. [188] created single-lumen and multiple lumen
nerve conduits and bridges with NGF, for application in PNS and SCI,
respectively (Fig. 15b). They used a combination of molding, gas foam-
ing, and particulate leaching fabrication techniques [188]. The first step
involved the creation of microspheres using a cryogenic double emulsion
technique, in which a protein solution containing NGF was added to
PLA/DCM solution and frozen in liquid N2, followed by the addition of
two different PVA solutions, which resulted in microsphere formation.
These NGF-loadedmicrospheres were subsequently mixed with NaCl and
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added to a mold containing different numbers of stainless steel pins to
create the lumens. This was then placed under pressure for 12–16 h,
followed by a leaching time of 4 h in H2O to remove the porogen (NaCl).
The NGF that was released from the conduits was found to be bioactive
and promoted rat DRG neurite extension. The resulting nerve conduits
were also implanted subcutaneously to assess the stability of the structure
as a whole. After 13 days, the implants had become invaded by cells from
the surrounding tissue, whereas the channels remained intact. This
characteristic, combined with the controlled delivery of NGF, makes
these nerve conduits attractive to use in tissue engineering applications
to promote nerve regeneration.

Another application saw the creation of chitin and chitosan hydrogel
tubes through the use of injection molding [72]. Freier et al [72] pro-
duced wet and dry chitin tubes, chitin tubes reinforced with PLGA coils,
and chitosan tubes (produced through the deacetylation of the chitin
tubes) by injecting an N-acetylated chitosan solution into a cylindrical
mold containing a cylindrical core (Fig. 15c). The samples were allowed
to gelate for 24 h and removed from the molds to be used for experi-
ments. The honeycomb-like structure that resulted from the formation of
the hydrogel completely collapsed when the samples were air-dried. The
compatibility of the chitin and chitosan hydrogels and films was tested
through the use of primary chick DRG neurons and the analysis of their
adhesion and neurite extension on the various types of scaffolds pro-
duced. DRG neuron adherence and neurite extension was found to occur
on all surfaces, although chitosan films displayed greater compatibility,
with a large number of adhered cells and longer neurite extensions. The
fact that chitin tubes are mechanically strong, biocompatible, and
biodegradable, as well as the ease of chemical modification due to chitin
properties, makes them ideal candidates for NTE.

Stokols and Tuszynski [46] fabricated agarose scaffolds using
freeze-drying to assess their ability to facilitate recovery after SCI
(Fig. 15d). More specifically, they created a porous agarose scaffold by
injecting a melted agarose solution into a Teflon mold with individual
grooves. After cooling, the mold was placed in Styrofoam in a way which
only left the bottom surface of the Teflon mold exposed, and this was
subsequently placed on a block of dry ice that was partly submerged in
liquid N2, to create a uniaxial thermal gradient. After removing the liquid
N2 through the application of vacuum, the mold was frozen for 45 min
and lyophilized overnight. The next day, the agarose scaffolds were
removed from the mold and cut before being used. In addition, some of
the scaffolds were also rehydrated so that the growth factor BDNF could
be added. The scaffolds were then implanted into lesions created in the
SC of Fischer 344 rats. After one month, the scaffolds were found to be
stable and biocompatible in vivo, while also supporting and guiding the
growth of the injured axons. This was found to be highly correlated with
the presence of host cells within the channels.

HA hydrogels were created to assess their effect on neurite elongation
in a SC regeneration model [191]. Thiolated hyaluronanwas cross-linked
with PEGDA to create the hydrogels, and these were tested in both in vitro
and in vivo experimental setups. As a first step, the assessment of the HA
hydrogels was carried out in chick DRG explant cultures, with poly-
merization of the hydrogels occurring around the DRG in the culture
plate wells. The HA hydrogels were found to promote neurite extension,
with neurites being at least 50% longer than the ones grown on control
fibrin hydrogel matrices, while they were also able to support sustained
culturing of the DRG explants for 8 days, as opposed to the fibrin ones,
where the neurites collapsed after <60 h. When the HA hydrogels were
further tested in in vivo rat models through implantation into the gap
caused by a T9-10 laminectomy and complete transection of the SC at
that point, the researchers were only able to notice large amounts of
fibrosis at the site of injury, with the HA hydrogel most possibly
becoming degraded soon after the implantation process. A follow-up
work from the same group in 2016 was able to show that the HA
hydrogel implant was unable to support axonal or neuronal regeneration
after a T10 hemisection SCI in rats, but it did seem to exhibit a neuro-
protective effect at the site of the injury signified by the decreased
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presence of inflammatory cells at the site and a reduction in scar tissue
[192].

In 2008, Wong et al. [193] used particulate leaching to create scaf-
folds for SCI treatment. The scaffolds were created by adding PCL/ace-
tone solution into 5 different mold shapes that had been prepacked with
salt crystals. After the solvent was evaporated, the scaffolds were then
soaked in 70% ethanol to remove all the salt and create the randomly
interconnected pores within the PCL. The constructed scaffolds were then
implanted into the SC of Sprague Dawley rats in a 2-mm gap that was
created by the removal of tissue at the T8 vertebra. From the 5 different
scaffold designs, the most effective ones were found to be the open-path
ones, indicating that the surface area of the implant is not the most
important characteristic. The macroarchitecture and targeted contact
guidance cues associated with the open-path scaffolds seem to play a
much more significant role when it comes to neural tissue regeneration.

Injection molding in combination with TIPS was used to create
multiple-channel conduits made of PLGA. As described in the study by He
et al. [194], a PLGA/dioxane solution with or without sodium bicar-
bonate was injected into a mold containing 7 or 16 wires and frozen to
create the scaffolds. The phase separation in the PLGA/dioxane solution
created micropores of the size of ~17 μm � 5 μm, while the addition of
sodium bicarbonate and the use of particulate leaching led to further
creation of macropores in the region of 125–200 μm. Culturing of
mesenchymal stem cells (MSCs) and coculturing of MSCs and Schwann
cells showed good affinity of the fabricated scaffold for these cells, with
both cell types showing good proliferation rates and acceptable infiltra-
tion rates into the innermost regions of the conduits. The scaffolds were
also tested in vivo and inserted into the SCs of Sprague Dawley rats, in
which they became integrated into the spinal tissue and could not be
removed without causing damage to the SC. However, histological
analysis was able to show that the number of macrophages recruited to
the site was low, indicating good biocompatibility.

Scott et al. [189] used a combination of methods to create scaffolds
with highly aligned conduits made of fibrin (Fig. 15e). First, they created
monofilament strands of different diameters made out of PMMA or cel-
lulose acetate (CA) through either melt extrusion or melt spinning. In the
first case, a melt extruder with a spinneret containing 64 holes was
loaded with the material and extruded through a temperature-controlled
process with an extrusion speed of 200 or 800 m/min. During melt
spinning, a spinneret with one hole was loaded with the material and
extruded at a standard temperature at a rate of 27.5, 80, or 96.5 m/min.
These strands were then aligned, tightly bundled, and placed into a
Teflon tube to act as a sacrificial template for the creation of fibrin
scaffolds. A fibrinogen solution was added to the tube and allowed to
polymerize over at least 16 h in a thrombin working solution. Finally, the
resulting tubes were placed in acetone baths to dissolve the PMMA or CA
filaments, leading to the formation of the fibrin scaffolds. To test the
affinity of these scaffolds for neural tissue regeneration, the researchers
used a chick DRG model, in which they cultured an explanted DRG in an
environment containing the scaffolds. Initial studies showed that infil-
tration of the smaller conduit diameter scaffolds by Schwann cells was
impossible owing to their size, and as such, they focused their study on
measuring axon migration. They showed that there were no significant
differences in the length of the axons extending from the DRG explant
over the different conduit diameters that they were able to test as part of
their study. This would indicate that the porosity of the scaffold that is
achieved through this particular fabrication process could play a more
important role than the geometrical dimension of the conduits.

While the aforementioned approaches involved the directional
growth of neurites in continuous anisotropic scaffold structures, Simitzi
et al. [190] were the first to show the effectiveness of a discontinuous but
anisotropic topography in the directional outgrowth of neural cells.
Using femtosecond laser texturing, the researchers were able to create
discontinuous and anisotropic microconical substrates exhibiting three
different geometrical characteristics, coined as low-, medium-, and
high-roughness, respectively (Fig. 15f). All three surfaces were able to



Fig. 16. Different methods for fabricating scaffolds to support spinal cord regeneration after injury. (a) Aligned electrospun nanofibers that support and direct the
growth of DRGs [195], (b) aligned electrospun nanofibers made of biodegradable PCL/collagen blends for nerve regeneration [197], (c) fabrication of conduits from
electrospun PLA fibers that support CNS tissue growth [202], (d) drug-eluting microfibrous patches for local delivery of rolipram in spinal cord repair [204], and (e)
patterned microchannels created by laser photoablation guide the directional growth of neurites from dorsal root ganglia [206]. Images adapted with permission from
(a) Corey et al. [195], (b) Schnell et al. [197], (c) Hurtado et al. [202], (d) Downing et al. [204], and (e) Sarig-Nadir et al. [206]. DRG, dorsal root ganglion; PCL,
polycaprolactone; PLA, polylactic acid; CNS, central nervous system.
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support Schwann cell and superior cervical ganglia sympathetic neuron
growth, with oriented axonal extension being observed for the medium-
and high-roughness substrates. Notably, although DRG explants cultured
on the low-roughness substrates displayed an isotropic outgrowth
pattern, in the medium- and high-roughness substrates, axonal
outgrowth and Schwann cell migration occurred in an oriented fashion,
parallel to the directionality of the underlying microcone texture
(Fig. 15f). Besides this, laser texturing has been also reported as a means
to create arbitrary patterns for neuronal cultures [63]. By varying the
laser irradiation conditions, different textures can be formed, ranging
from ‘simple’ nanoripples to more hierarchical ones, comprising micro-
grooves decorated with nanoripples (Fig. 15g). It was shown that
although Schwann cells were able to grow well and orient on the
micropatterned/nanopatterned grooves, the nanoripples inhibited cell
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outgrowth. As a consequence, arbitrary patterns of neurons can be
formed via proper combination of different microtextures and nano-
textures. The simplicity of the laser texturing technique makes it
particularly attractive to facilitate the orientation of regenerating tissues,
as well as to enable spatial control of neuron cell growth with desired
shapes and patterns.

In contrast to the study by Scott et al. [189], a more robust analysis of
the effect of fiber alignment and neurite extension was made by Corey
et al. [195]. They proposed longitudinally aligned electrospun PLLA
nanofibers for nerve guidance [195]. Highly aligned fibers were fabri-
cated via electrospinning using a rotating wheel as a collector, with the
rotation spin of the wheel determining the degree of fiber alignment. The
wheel was rotated at 250 rpm, 110 rpm, and 30 rpm to produce fibers of
high, intermediate, and low alignment, respectively (Fig. 16a). Neurites
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from DRG explants cultured on these electrospun PLLA fibers showed
robust guidance, and the neurites that they grew on highly aligned fibers
had the longest length. In addition, Schwann cells grown on fibers
assumed a very narrow morphology compared with those on the sur-
rounding coverslip. With this work, Corey et al. [195] demonstrated for
the first time that neurite extension from DRGs follow the direction of the
aligned electrospun PLLA fibers of the scaffold. Moreover, they showed
the connection between fiber alignment and neurite extension: greater
fiber alignment resulted in more elongated extensions. Two more similar
works were published in this past year. In the first one, Chow et al. [196]
created polydioxanone (PDS) fibers and cultured the DRG on top of
electrospun fibers with adherent astrocytes. The length of neurites
extending from the DRG was significantly increased by the presence of
astrocytes. In the second, Schnell et al. [197] cultured DRG explants on
PCL and PCL/collagen electrospun nanofibers, confirming the ability of
electrospun fibers to guide the extension of neurites from DRGs
(Fig. 16b).

Several subsequent studies [172,198–201] using DRGs from different
species, different cell types, and different materials all corroborate the
aforementioned connection between fiber alignment and neurite orien-
tation and length in vitro. Hurtado et al. [202] fabricated films of elec-
trospun PLA fibers and conduits for in vivo experiments. For the conduits,
two films of the same type were placed back-to-back and rolled into
conduits in such a way as to create a middle insert within the conduit
lumen (Fig. 16c). Conduits made of randomly oriented and aligned PLA
nanofibers were transplanted in rat SC complete transections, in which
3-mm gaps had been created. Remarkably, after 4 weeks, they observed
robust CNS tissue growth, supported by migrating astrocytes.

In a similar study, Liu et al. [203] fabricated conduits of electrospun
collagen nanofibers. Again, films of randomly oriented and aligned
collagen fibers were created by electrospinning, and spiral-shaped nerve
guide conduits were subsequently prepared by rolling the collagen film
into tubes of 4–5 layers. Conduits were transplanted to cover 2.5-mm
gaps in rat SCs. Although in vitro experiments with astrocytes and DRG
explants showed good neurite extension and orientation, in vivo conduit
transplantation exhibited little neurite sprouting around the lesion site
and no astrocyte accumulation. In 2012, Downing et al. [204] created
patches of PLLA electrospun nanofibers that release rolipram, a neuro-
protective agent. PLLA fibers were collected in a rotating mandrel and
coated with an alginate hydrogel embedded with rolipram (16d). When
this scaffold was transplanted into hemisections of the SC in rats, a sig-
nificant improvement in motor function was exhibited by the group that
received electrospun fibers, which released a low dose of rolipram,
compared with other groups, including the group that released a high
dose of rolipram.

Three-dimensional printing also offers the ability to fabricate com-
plex structures resembling the natural microenvironment of the SC.
Recently, Koffler et al [205] introduced the use of a new technique,
known as microscale continuous projection printing method for regen-
erative medicine applications in the SC. The 3D printer was equipped
with a UV light source (365 nm) for photopolymerization of polyethylene
glycol-gelatin methacrylate (PEG-GelMA). Cross sections of the T3
vertebra in the rat SC were used to create digital images of gray andwhite
matter. The gray matter was designed as a solid block, and channels of
200 μm in diameter were incorporated into the white matter to provide
linear guidance for the axonal regeneration. Scaffolds were loaded with
NSCs and tested for their ability to support axon regeneration in complete
transection at the T3 vertebra of the SC. The findings showed evidence of
injured host axon regeneration into the scaffolds and synapse formation
with the implanted NSCs. In addition, implanted NSC axons were
extended out of the scaffold and into the host SC below the injury.

In another approach, a SLA-based 3D printing method was used for
the creation of guidance microchannels in transparent hydrogels to
promote the directional growth of neurites from DRGs in vitro (Fig. 16e)
[206]. Specifically, nanosecond and femtosecond laser pulses were used
for the photocuring of PEGylated fibrinogen hydrogels. The resulting
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structure consisted of photopatterned microchannels able to guide the
directional growth of neurites from the DRG.

At this point, it is worthmentioning that, although hundreds of millions
of peopleworldwide suffer fromneurological injuries and/or disorders that
affect the CNS, repairing the nervous system remains one of the greatest
challenges currently faced by regenerative medicine. Therefore, there is
growing interest for the discovery of novel therapeutic approaches to
promote regeneration of the CNS. These approaches should be combina-
torial, incorporating cell-based delivery strategies, biomolecule delivery
strategies, and scaffold-based therapeutic methods. Current approaches
and clinical trials are reviewed in other studies [207–209].

3.4. Lab-on-a-chip devices

To date, the study of neurological diseases relies heavily on animal
and human cellular models; however, this combination has proven to
provide insufficient information. Challenges in the field of translational
research, ethical concerns, and economic implications dictate the need
and intensify the search for microphysiological neural systems (MPNSs)
as models for human neurological diseases, disorders, and injuries.
Bioengineering can offer alternative scaffold-free and scaffold-based
MPNSs that exhibit structural and/or functional aspects of the neuronal
tissue. Some approaches to create MPNSs will be reviewed in the
following paragraphs.

A successful example of MPNSs is the chip-based systems, especially
when combined with self-organized neurospheroids. These chip-based
systems are 2D or 3D micropatterned platforms that incorporate scaf-
folding, mechanical, biochemical, and topographical cues to recreate the
physiological architecture and functions of the brain and the nervous
system. Soft lithography is a common method used for microfabrication
and therefore has been widely applied in chip manufacturing.

In 2012, Booth and Kim [210] introduced a microfluidic BBB (μBBB)
device that mimics the natural BBB. This μBBB system consisted of four
patterned PDMS layers, two embedded electrode glass layers, and a
sandwiched polycarbonate membrane, all sequentially bonded to
create a fully integrated device (Fig. 17a). For the fabrication of the
PDMS layers, prepolymer PDMS was first spin coated and cured to
create sheets, and the sheets were subsequently patterned using lasers
to create channels. The assembled device had two perpendicularly
crossing channels for dynamic flows and a porous membrane at the
intersection of the flow channels for cell culture. To form a dual-layer
BBB on the chip, a coculture was performed by seeding C8D1A astro-
cytes in the first channel on the one side of the porous membrane and
then by seeding b.End3 endothelial cells in the second channel on the
other side of the membrane. Both cell lines exhibited high viability and
expressed characteristic cellular markers. b.End3 cells formed tight
junctions with high transepithelial/transendothelial electrical resis-
tance, an index of high junction integrity. These results indicated that
the fabricated μBBB could be a valid option for preclinical studies. In
their follow-up study in 2014, the authors used the same device to
coculture b.End3 cells with glial cells (C6 cell line) in the two channels
coated with collagen IV/fibronectin and polylysine, respectively [211].
They performed permeability analysis of neuroactive drugs, and the
results showed good correlation of their model under dynamic condi-
tions with the in vivo conditions.

Park et al. [212] manufactured a 3D brain-on-a-chip for the culture of
neurospheroids as an in vitromodel of Alzheimer's disease. The chip had a
top flat chamber, a bottom layer with concave microwell arrays, and an
interstitial space (Fig. 17b). The top flat chamber and the backbone of the
bottom chamber containing 50 cylindrical wells were both fabricated
using a standard soft lithography procedure. To fabricate the concave
microwell array, the microwells of the backbone PDMS chamber were
entirely filled with the PDMS prepolymer and curing agent. The excess of
the prepolymer was removed using a glass slide and by applying slight
pressure to the soft PDMS microwell plate. Next, half of the PDMS pre-
polymer in each microwell was removed by wiping. The remaining half



Fig. 17. Use of soft lithography for the fabrication of lab-on-a-chip devices for neuronal applications. (a) A microfluidic device mimicking the natural BBB [210], (b) a
brain-on-a-chip as the in vitro model of Alzheimer'’s disease [212], (c) a 3D human BBB-on-a-chip as the in vitro model for neurovascular inflammation [213], (d) a
microfluidic chip for studying neural stem cell fate determination [214], and (e) a 3D neurovascular microfluidic system as a model for BBB [215]. Images adapted
with permission from (a) Booth and Kim [210], (b) Park et al. [212], (c) Herland et al. [213], (d) Wang et al. [214], and (e) Adriani et al. [215]. BBB, blood-brain
barrier; μBBB, microfluidic BBB; PDMS, polydimethylsiloxane; NSC, neural stem cell; ECM, extracellular matrix; 3D, three-dimensional; HUVEC, human umbilical vein
endothelial cells; hCMEC/D3, human cerebral microvascular endothelial cells; AD, Alzheimer's Disease.
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of the PDMS prepolymer formed a concave meniscus in each well
through surface tension. The prepolymer in the wells was polymerized by
thermal curing, forming the final concave structure. Finally, the top and
the bottom layer were bonded by treating with oxygen plasma for 20 s,
creating an interstitial space for culture media flow. An osmotic micro-
pump system was attached to maintain a slow interstitial level of flow.
For the formation of neurospheroids inside the microwells, primary
cortical neurons were isolated and seeded inside the chip using a
micropipette. Cells were left to sink and become trapped inside the
microwells, whereas the untrapped cells were washed away by applying
constant flow. Finally, the NPCs were cultured for 10 days to allow
neurospheroid formation. Using this platform, the authors showed that
neurospheroid growth was enhanced under flow and that treatment with
β-amyloids was more destructive in comparison with the one occurring in
the culture under static conditions.

A 3D human BBB-on-a-chip was developed as an in vitro model for
neurovascular inflammation (Fig. 17c) [213]. First, a single
square-shaped microchannel was created on PDMS mounted on a stan-
dard glass microscope slide, by soft lithography. Within this
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microchannel, a cylindrical collagen gel was formed using the viscous
fingering method, which is the process of the unstable displacement of a
more viscous fluid by a less viscous fluid. The entire process took about
30 s and resulted in the creation of a well-defined lumen with a diameter
of approximately 600–800 μm protruding all the way through the
2-cm-long channel of the microfluidic chip. For the 3D cell culture,
human astroglia cells were incorporated into the collagen gel.

In 2017,Wang et al. [214] fabricated amicrofluidic chip for application
in studies of NSC fate determination. The entire chip was made of PDMS
and had two PDMS-coated glass slides as the cover (Fig. 17d). The lower
layer, which had an array of microchannels and microwells, was con-
structed using the standard soft lithography technique. For the creation of
the cover, PDMSwas spin coated and solidified on the two clear glass slides
which served as substrates for cell adherence. Primary cortical neurons
were seeded on the two top glass slides under different conditions andwere
assembled onto the lower chamber of the chip using stainless steel clamps.
Dynamic and static cultures were performed to evaluate the efficiency of
the culture on viability, self-renewal, proliferation, and differentiation of
NSCs into neurons, astrocytes, or oligodendrocytes.
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In another application using soft lithography, Adriani et al [215]
created a 3D neurovascular microfluidic system as a model for the BBB.
The microfluidic device had a single layer made of PDMS with 4 different
channels: two for 3D hydrogels embedded with cells and two fluidic
channels for culture media (Fig. 17e). Collagen hydrogel mixed with
primary astrocytes was first injected in device and left to polymerize for
30 min. Next, the neuron hydrogel was injected in the lateral fluidic
channel, close to the astrocyte hydrogel and polymerized for 30 min.
Appropriate media were added into the fluidic channels on either side of
the hydrogels. After 7 days in culture, the fluidic channel adjacent to the
astrocyte hydrogel was seeded with human umbilical vein endothelial
cells (HUVEC) or human cerebral microvascular endothelial cells
(hCMEC/D3), and the culture was continued for an additional 7 days.
Immunostaining showed that each cell type in the coculture system
exhibited a cell-type–specific morphology and expressed characteristic
cellular markers. In addition, permeability tests proved the selectivity of
the endothelial cell monolayer. All the aforementioned results were
indicative of the functionality of the 3D microfluidic system.

A microfluidic device able to support the structuring of a multinodal
neural network in vitrowas presented by van de Wijdeven et al [216]. This
microfluidic chip consisted of multiple cell compartments (4-nodal chip or
6-nodal chip), interconnected by funnel-shaped micrometer-sized tunnels.
The cell compartmentswere almost entirely open on top, whereas the areas
where the compartments connected to the tunnels were enclosed within
the microfluidic chip. The mold for the chip was formed in a two-step
photolithography process, using an SU8 series photoresist, and the chip
was fabricated by pouring PDMS into the mold. The authors showed that
by culturing DRGs in this microfluidic chip, they were able to structure a
neural network in vitro in which neuronal aggregates were formed in the
cell compartments, with their axons entering the tunnels, while some of
them had even crossed to the opposite compartment.
Fig. 18. Three-dimensional printed lab-on-a-chip devices for neuroscience applicatio
viral infection in the nervous system [217]. (b) Use of SLA-based and inkjet-based 3D
monitoring of the chemical changes in the human brain [219]. Images adapted wi
peripheral nervous system; 3D, three-dimensional; SLA, stereolithography.
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Johnson et al [217] printed a 3D biomimetic system reconstituting
the critical function of glial cell-axon interfaces to study viral infections
within the nervous system. They used a microextrusion custom-made
printer to manufacture a platform comprising three different parts: a
substrate of parallel microchannels (made out of PCL), a sealant layer,
and a top trichamber (Fig. 18a). Both of the latter parts were made out of
silicone and had the same shape. After the chip assembly, three different
compartments for cell isolation were created. Printing was conducted
directly on poly-L-ornithine– and laminin-coated Petri dishes. After
printing, the different compartments were functionalized with primary
hippocampal neurons, SCG neurons, Schwann cells, and epithelial cells.
Neurons were seeded in the first chamber and were left to grow axons
that penetrated each of the individual chambers after 10–14 days.
Schwann cells and epithelial cells were added later on in the other two
compartments, which contained robust axonal networks, spreading out
from the neurons in the first compartment. After the establishment of a
complete network, viral particles were added only in the middle (second)
chamber. The results showed that although Schwann cells were re-
fractory to axon-to-cell infection, they appeared to participate in the
infection response through axonal interaction.

Yi et al. [218] created the glioblastoma-on-a-chip, which represents a
patient-specific tumor-on-a-chip model useful for the identification of the
most effective treatment or for testing new drug therapies. An in-house
3D printer system based on solid freeform fabrication technology was
equipped with a multihead deposition system and used to deposit the
inks on a sterilized surface-modified glass slide. Three different types of
inks were loaded into different slots and deposited sequentially in spec-
ified directions to recapitulate the biochemical and biophysical cues of
the glioblastoma microenvironment. The outer layer of the chip was
printed out of modified silicone, the intermediate layer was made out of a
mixture of brain decellularized ECM (BdECM) and vascular endothelial
ns. (a) Microextrusion-based 3D printing of an in vitro platform for the study of
printers for the manufacturing of a microfluidic biosensing platform for online

th permission from (a) Johnson et al. [217] and (b) Samper et al. [219]. PNS,
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cells (HUVEC), and the core was made out of BdECM mixed with
patient-derived glioblastoma cells. Tumor cells on the glio-
blastoma-on-a-chip showed the expected treatment resistance with the
patients from whom the cells had been isolated. Moreover, this ex vivo
glioblastoma model was capable of identifying the best treatment with
the help of personal bioinformatics analysis.

Very recently, Samper et al. [219] fabricated a 3D printed micro-
fluidic biosensing platform for the in vivo real-time recording of the
neurochemical changes in the human brain. The systemwas based on the
microdialysis technique for the detection of neurotransmitters and other
molecules in interstitial tissue fluid, and it could easily monitor bio-
markers such as glutamate, glucose, and lactate inside the brain, using
electrochemical biosensors. The microfluidic platform consisted of three
needle electrodes that were modified to work as biosensors and secured
on a microfluidic channel, through which the dialysate flows (Fig. 18b).
For the simulation experiments, the microfluidic channel used was a 3D
printed hard chip, which was replaced by a soft chip made of PDMS for
clinical monitoring. Several methodologies were combined for the
fabrication of this device. For the creation of the biosensor, two layers of
different hydrogels were added onto the electrode surface: First, a pro-
tective poly(m-phenylenediamine) (poly(mPD)) film was electro-
polymerized onto the working electrode surface. To do that, the needle
tip was placed into the mPD solution and held at 0.7 V for 20 min. A
second layer of hydrogel was added later to immobilize enzymes onto the
electrode surface. For the PDMS microfluidic channel, soft lithography
was used to create a hollow tube. Once the PDMS had been cured, holes
were pierced for the inlet/outlet tubing and for the sensors. For the hard
microfluidic channel fabrication, two different 3D printers were used: an
SLA-based and a polyjet 3D printer. Both printers fabricated chips of the
same shape and of approximately the same size but with slightly different
microfluidic characteristics owing to the different technology they use.
The 3D printing technology was also used for the fabrication of the
electrode holders. This microfluidic device was first used for in vitro
simulation of spreading depolarization (SD) events that often occurred in
many pathophysiological conditions or trauma. More specifically, the
levels of glutamate, glucose, and lactate were monitored under physio-
logical conditions and after an SD-like event. In the next step, the chip
was used to monitor, for 4 days continuously, a patient with intracerebral
hemorrhage. Using this microfluidic device, it was possible to detect
transient metabolite concentration changes that took place in as short as
8 s, as well as a dynamic glutamate change in a living human brain in real
time for the first time.

4. Challenges and future outlook

NTE, a subfield of tissue engineering, focuses on the formation of
graft scaffolds and systems that can promote nerve regeneration and
repair of damage caused to nervous tissue of both the CNS and PNS.

It is well known today that cellular behavior—both structurally and
functionally—is different when seeded on 2D surfaces compared with a
3D environment, which more closely mimics the one in vivo. Thus, the
ultimate goal is the fabrication of structures that can mimic the natural
environment constituting the ECM, which is a complex microenviron-
ment/nanoenvironment that can mechanically support cell adhesion and
migration and can provide topochemical signals via specific receptors,
thereby determining cellular responses. The synthesis of novel and the
utilization of natural biomaterials, as well as the fabrication of bio-
mimetic scaffolds, are key objectives in this respect. These 3D cell plat-
forms can be used as experimental models, but also as implantable
constructs. Recently, several approaches have shown the use of bio-
materials for the repair of peripheral nerve injuries; however, it is still
quite limited to fabrication of scaffolds for nerve autografts. Bio-
engineered materials containing acellular nerve matrices and/or syn-
thetic substances, alongside the addition of neurotrophic factors or the
seeding of neural cells (e.g., NSCs), have shown great promise and could
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be ideal for repair of nervous system damage.
In the first part of this review article, we have outlined the most well-

known techniques that have been developed for scaffold fabrication for
tissue engineering applications. The underlying concept during fabrica-
tion is the mimicking of the natural neural tissue structure and envi-
ronment, which not only supports but also directs the development and
maturation of tissue. The idea behind this is that if you manage to create
the proper structural form, then eventually, the cells and tissue should be
able to regain functionality. Some main features that appear in neural
tissue are pores, fibers, and channels and are all organized in different
ways throughout the various layers of the nervous system. As perceived
from the literature, there is great effort going into reproducing all these
natural structural elements to imitate the local microenvironment. The
challenge in all these approaches remains the creation of scaffolds with
precisely controlled, tunable topography, chemistry and thus surface
energy, to be able to predict, direct, and control the function of neuronal
cells [59]. Furthermore, of particular interest in biomimetic scaffold
fabrication for NTE is the ability to spatially pattern growth factors,
neurotrophic factors, and bioactive proteins to create concentration
gradients of these molecules so that their spatial distribution and tem-
poral release profile could mimic the complex developmental profiles of
native tissues [150,220,221].

In both the PNS and CNS, the spatiotemporally dynamic nature of the
ECM composition and structure helps to regulate many neural processes
including cell migration, differentiation, and regeneration. Thus, a
deeper understanding of the structural anatomy and the microenviron-
ment/nanoenvironment of the nervous system is immensely useful for
more informed construct design. The clear relationship between chemi-
cal composition and functional architecture still needs to be determined,
along with a better understanding of surface topography functions [222].
Despite what has been achieved so far in the fields of engineering and
materials technology, a consistent understanding from a biological point
of view is missing. Indeed, the critical question that needs to be answered
is ‘how do neuronal cells sense and interact with micro-
structures/nanostructures of well-defined sizes and how do they respond
at the cellular and molecular level?’

As an attempt to answer these questions and to unravel the underlying
mechanisms of physicochemical cues on adhesion, migration, and dif-
ferentiation, scaffolds with defined chemistry and topographical patterns
at the microscale and nanoscale have been used. In this context, the
thorough study of the topography-, chemistry-, and surface energy–re-
lated mechanobiological mechanisms activated in nerves, neuroglia, and
NSCs will contribute to a better understanding of biological processes
and trigger the development of advanced biomimetic scaffolds for nerve
regeneration.

All in all, the broader insight that will be gained through studying
either the functionality of the microenvironment/nanoenvironment of
the cells in a spatiotemporal manner on neuronal cell responses or the
temporal behavior of topographies on neural stem cells will aid in con-
trolling the outgrowth and patterning of nerve and neuroglial cells, as
well as in the development of systems capable of forming functional
matured neurons.
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