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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
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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.
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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 each method, 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-
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Table 1

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

Structural characteristics

Advantages

Disadvantages

Potential impact in NTE

Conventional methods

Solvent casting/particulate
leaching [9]

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

Self-assembly [12]

Freeze-drying [13]

Gas foaming [14]

Hydrogel formation [15]

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 pm with ~95% porosity.

Porous scaffolds with possible
integration of bioactive molecules

Nanofibers with amino acid
residues that can be modified by
the addition of bioactive
molecules

Porous scaffolds without the
presence of potentially harmful
solvents

Creation of porous scaffolds with
pore sizes ranging from 100 to
500 pm

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

Simple, easy, inexpensive

Does not require large equipment
Controllable pore size

Less amount of polymer required for
scaffold creation

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)
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

Controllable pore size through
controlling the freezing rate and pH
Does not require high temperatures
Does not require a separate leaching
step

Does not require the use of organic
solvents and high temperatures
Controllable porosity dependent on
the amount of gas dissolved in the
polymer

Tunable mechanical strength
Mostly biocompatible and
biodegradable

Can offer controllable drug release
rates

Incorporation of biological material
(DNA, proteins, cells)

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)

Difficult to control the
precise scaffold morphology
- Limited material selection

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
Small pore sizes

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

- Limited mechanical
property control
Possibility of creating a non-
porous external surface

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

Fabrication of scaffolds, in
conjunction with molding
techniques

Formation of injectable
materials for nerve
regeneration

Design of scaffolds for nerve
repair using biocompatible
and biodegradable materials

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

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

Molding and texturing methods

Compression molding/
injection molding [9]

Photolithography [16]

Soft lithography [17]

Laser texturing [18]

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

Scaffolds with details in the
nanometer and micrometer scale
printed on photoresists

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

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

Control of pore size,
interconnectivity, and geometry
Does not require organic solvents

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

Wide range of materials
Easy and straightforward process
Low cost

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

High temperatures required
for non-amorphous
polymers

Possibility of residual
porogens

High cost

Limited control over surface
properties

Compatible with a limited
number of materials

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

Requires specialized and
expensive equipment

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

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

Precise and controllable
micropatterning/
nanopatterning of scaffolds
for nerve regeneration

(continued on next page)
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Table 1 (continued)
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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]

Electrospinning [21]

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

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.

- 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

- 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

- Requires specialized
equipment

Difficult to control the
droplet's size

Can induce macromolecule
degradation

- 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

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

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

Solid freeform fabrication/rapid prototyping

Photolithography-based
techniques [22]

Selective laser sintering/
selective laser melting [23]

Microsphere sintering
(subcategory of sintering)
[24]

Fused deposition modeling
[25]

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

Fabrication of complex geometries
with intricate and controllable
internal architectures

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

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

- 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.

- 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.

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

Low cost

Good mechanical strength
Versatile pattern design

Does not require any solvent

- 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.

- Elevated temperatures

- Local high energy input

- Uncontrolled porosity

Laser beam diameter

(~400 pm) 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.)

-Very expensive because large

quantities of raw materials are

needed

- Requires specialized

equipment

Microspheres may stick

together or may not spread

evenly in successive layers

Elevated temperatures

Small range of bulk

materials

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

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

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

(continued on next page)
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Techniques Structural characteristics Advantages

Disadvantages Potential impact in NTE

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

variety of uses.

conditions

Broad range of materials and

Incorporation of cells and
macromolecules

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

- Thermal degradation and
spatial resolution

- 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.

modeling for nerve
regeneration applications.
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-i-lactic acid; 3D, three-dimensional.

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 der Waals 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.

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 (H0) 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
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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.
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molded polymer together with a gas-foaming agent, such as carbon di-
oxide (COy), nitrogen (N2), or HyO. 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 pm to
500 pm, 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., N3), foaming is rapidly induced,
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