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i

FOREWORD

This  book  provides  an  up-to-date,  comprehensive,  and  authoritative  overview  of
advancements  in  scaffold  manufacture  and  uses  in  tissue  engineering,  combining  the
foundations for a wide understanding of scaffolds for tissue growth and development. The
chapters cover a wide range of issues, including innovative materials and methodologies for
scaffold preparation, difficulties, and future prospects. The chapters include topics such as
novel  materials  and  techniques  for  scaffold  preparation,  challenges,  future  prospects,  and
much more. The authors have carefully analyzed and summarized recent research findings in
the aforementioned areas, providing an in-depth understanding of scaffold that maintains a
balance among a variety of topics related to tissue engineering, including biology, chemistry,
material science, and engineering, among others, while prioritizing study topics that are likely
to be useful in the future.

Professor Inn-Kyu Kang
Department of Polymer Science and Engineering,

Kyungpook National University,
Daegu, South Korea
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ii

PREFACE

This  book  is  a  collection  of  research  and  review articles  from various  parts  of  the  world,
highlighting the pivotal importance of biomaterials and their potential biomedical application.
The articles link new findings and critically review the fundamental concepts and principles
that  are  making  the  base  of  innovation.  The  book  comprises  ten  chapters;  the  first  two
chapters  deal  with  vital  information  about  biomaterials  and  the  strategies  used  for  their
fabrication. The rest of the chapters highlight the most widely used technique, their principle
and their application in detail. The book contains up-to-date knowledge of biomaterials, their
fabrication  technique  and  their  potential  application,  which  is  beneficial  both  for  the
experience  as  well  as  new  researchers.

Adnan Haider
Department of Biological Sciences

National University of Medical Sciences
Rawalpindi

Pakistan

Sajjad Haider
Department of Chemical Engineering

King Saud University
Riyadh

Saudi Arabia
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CHAPTER 8

Particulate Leaching (Salt Leaching) Technique for
Fabrication of Biomaterials
Nurhasni Hasan1,*, Aliyah Putranto1, Sumarheni  and Andi Arjuna1

1 Faculty of Pharmacy, Hasanuddin University, Jl. Perintis Kemerdekaan Km 1, Makassar 90245,
Republic of Indonesia

Abstract: The most important characteristic of a scaffold used in tissue engineering is
the possession of appropriate physical and mechanical properties to support or restore
the  biological  function  of  damaged  or  degenerated  tissue.  Pore  size,  porosity,  pore
interconnectivity, and mechanical strength are all physical and mechanical properties
that  must  be  considered.  Various  fabrication  techniques  have  been  investigated  to
create a scaffold suitable for tissue engineering. One example is the particulate leaching
(salt leaching) technique. The type of polymers and salts used, the particle size of the
salt,  and  the  fabrication  technique  all  affect  the  desired  physical  and  mechanical
properties of salt leaching scaffolds. Over the past decade, there have been numerous
studies on the fabrication of scaffolds for tissue engineering. This chapter reviews the
different  types  of  materials  used,  the  basic  salt  leaching  process,  and  its  new
modifications. It also discusses the advantages and disadvantages of the salt leaching
technique and its future prospects.

Keywords:  Interconnectivity,  Mechanical  strength,  Polymers,  Porosity,  Salt
leaching,  Scaffold,  Tissue  engineering.

INTRODUCTION

Tissue engineering is a discipline of biomedical engineering that aims to facilitate
cell  ingrowth  or  replace  damaged  or  diseased  tissue  with  a  combination  of
bioactive molecules,  biomaterials,  and cells or engineered cells [1].  To achieve
these  goals,  scaffolds  are  commonly  used  in  tissue  engineering.  Various
biomaterials,  from  biopolymers  to  bioceramics  to  biodegradable  metals,  have
been  shown  to  be  useful  in  the  fabrication  process  [2].

The  most  important  characteristics  of  a  scaffold  for  tissue  engineering  are
sufficient  mechanical  strength  to  support  biological  function  by  promoting  cell

* Corresponding author Nurhasni Hasan: Faculty of Pharmacy, Hasanuddin University, Jl. Perintis Kemerdekaan
Km 10, Makassar 90245, Republic of Indonesia; E-mail: nurhasni.hasan@unhas.ac.id
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adhesion, differentiation, and proliferation [3, 4]. Various techniques have been
investigated to fabricate such scaffolds, including particle leaching (salt leaching),
freeze-drying, solvent casting, self-assembly, phase separation, electrospinning,
rapid prototyping, melt molding, gas foaming, and membrane lamination [5]. This
chapter deals exclusively with the fabrication of a framework by particle leaching
(salt leaching).

Particulate leaching (salt leaching/porogen leaching) is one of the most common,
long-established  conventional  techniques  for  preparing  porous  biomaterials  for
tissue  engineering.  It  involves  dispersion  of  salts/porogens  in  a  polymeric  or
monomeric solution, followed by gelation or fixation in the template and removal
of salts/porogens to form an interconnecting porous architecture. The method has
several advantages and disadvantages, which are also discussed in this chapter.

The main goal of preparing biomaterials for tissue engineering is to create a well-
designed  three-dimensional  (3D)  scaffold.  The  scaffold  is  an  important  tool  to
facilitate tissue formation both in vitro  and in vivo.  To regenerate tissue,  tissue
engineering uses biodegradable or non-biodegradable polymers, with or without
the  inclusion  of  molecules  or  biological  cells.  Many  scaffolds  for  tissue
engineering  have  been  fabricated  using  the  particle  leaching  technique  (salt
leaching).  However,  different  tissues  require  different  scaffold  properties.  For
example, scaffolds for bone engineering may have different desirable properties
than  scaffolds  for  skin  substitutes  or  retinal  neural  progenitor  cells.  Therefore,
selecting  the  right  polymers,  salts,  and  salt  leaching  techniques  (simple  or
modified) is critical, especially if the scaffold is designed to allow the target cells
to  function  in  the  manner  required  for  tissue  regeneration.  In  this  chapter,
particle/salt  leaching  is  presented  for  the  preparation  of  biomaterials  for  tissue
engineering  applications.  The  materials  and  methods  used  and  their  new
modifications are compared. Recent studies on scaffold materials fabricated using
these techniques are summarized and discussed.

PARTICULATE LEACHING (SALT LEACHING) TECHNIQUE

The technique of particle leaching (salt leaching) involves the use of polymers or
a  combination  of  polymers  and  salt  particles  of  a  specific  size  to  produce  a
suitable  scaffold  for  tissue  engineering.  The  desired  physical  and  mechanical
properties of the scaffold depend largely on the choice of the type of polymer and
salt,  the  size  of  the  salt  particles,  and  the  fabrication  techniques.  The  types  of
polymers and salt typically used in the salt leaching technique, as well as the step-
by-step approach to the basic salt leaching technique and its modifications, have
been discussed in this section.
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Polymers

Natural  or  synthetic  biodegradable  polymeric  materials  are  widely used for  the
production  of  biomaterials  because  their  properties  offer  greater  advantages
compared to other materials, such as metal or ceramics. Apart from the fact that
biodegradable polymers are naturally absorbed by the human body, some of them
are also suitable for tissue regeneration, which is basically helpful in injuries and
reconstruction  of  damaged  or  aging  tissues.  Another  advantage  of  polymers  as
biodegradable drug carriers is their low cost and ability to adapt to target organs
or  tissues.  In  laboratory  processing,  the  particle  leaching  (or  salt  leaching)
technique  is  often  used  in  the  development  phase  to  produce  biodegradable  or
non-biodegradable polymeric scaffolds with sufficient porosity for use in tissue
engineering. The fabrication technique of this polymer can be easily extended to a
larger quantity through industrial production [6].

Polymers  are  available  with  different  mechanical  and  physical  properties.
Therefore,  the  basic  properties  of  scaffolds,  such  as  biocompatibility  with  the
human body, sterilizability, and a suitable degradation profile, must be considered
before  fabrication.  The  processing  of  polymers  into  scaffolds  for  tissue
engineering with specific properties for each application is highly dependent on
the type of polymer chosen. The most commonly used biodegradable polymers
for  salt  leaching  techniques  are  aliphatic  polyesters,  such  as  poly(lactic  acid)
(PLA), polyglycolic acid (PGA), polycaprolactone (PCL) and their copolymers.
However, there are also some other polymers, such as silk fibroin (SF), nylon and
many others that are used to produce biomaterials for tissue engineering. Table 1
summarizes the properties of the polymers used in the production of biomaterials
using the salt leaching technique.

Table 1. The properties of the polymer used in the preparation of biomaterial with the salt leaching
technique.

Materials
Density
(g/cm3) E (GPa) σ (MPa) ε (%) References

Biodegradable Polymers
Non-biodegradable
Polymers or Other

Material

Poly (glycolic acid) - 1.53 >6.9 >68.9 15-20 [7]

Poly (L-lactic acid) - 1.210–1.430 2.4-4.2 55.2-82.7 5-10 [8]

Poly (L-lactic-co-glycolic acid) - 1.3 1.4-2.08 41.4-55.2 3-10 [9]

Polycaprolactone - 1.14 0.21-0.34 20.7-34.5 300-700 [8, 10]

Chitosan - 0.15–0.3 - 30 - [11]

Starch - 1.5 116.42–294.98 4.48–8.14 35.41–100.34 [12]

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) - 1.17–1.2 0.7–3.5 20–60 6–8 [10]

polymethyl methacrylate - 1.17-1.20 1.8–3.1 48-76 2-10 [10]

Cellulose nanofiber - 0.96–1.02 138 10 - [13]

Silk fibroin - 1.40 9.860 513 23.4 [10, 14]
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Materials
Density
(g/cm3) E (GPa) σ (MPa) ε (%) References

Biodegradable Polymers
Non-biodegradable
Polymers or Other

Material

Gelatin - 1.3–1.4 1.09–1.57 50.68–128.37 5.86–18.4 [10]

Silk sericin - 0.00132–0.0014 1.09–1.57 50.68–128.37 5.86–18.4 [15]

PVA - 1.2–1.3 37–45
67–110 (98-

99%
hydrolyzed)

225–445 [10]

- Nylon 1.15 2.7 82.7 10.0–86.0 [16]

- Polyurethane 0.048–0.961 0.091–0.02 35 - [17, 18]

E, Young’s modulus; σ, tensile strength; ε, elongation at break.

Salt

A  variety  of  salts,  including  sodium  chloride  (NaCl),  sodium  bicarbonate
(NaHCO3),  sodium  acetate  (NaOAc),  and  calcium  chloride  (CaCl2),  have  been
used  in  salt  leaching  techniques  to  produce  biomaterials  [19].  They  are  also
known  as  porogens  due  to  their  ability  to  form  porous  structures,  which  is  an
important property of scaffolds for tissue engineering. The ideal salt that is mostly
used in this method is NaCl. Due to its high solubility in aqueous media, it can be
easily removed by the leaching process. Since plasma normally contains the ions
Na and Cl-, the remaining salt in the scaffold after leaching is not harmful to the
human body [20].

Methods

1. Conventional Salt Leaching

The method involves the addition of a water-soluble porogen (leaching agent to
create a porous/channel) such as salt. The salt is crushed into small particles or
according  to  the  desired  size  and  poured  into  a  mold.  The  polymers  are  then
dissolved in an organic solvent before being cast into the mold filled with salt.
After evaporation of the solvent, the salt is leached in water for two days to form a
porous  structure  [5].  Fig.  (1)  shows  an  illustration  of  the  basic  salt  leaching
technique. In this method, the size of the salts significantly affects the size and
shape of the pores, while the porosity of the fabricated framework depends on the
amount of salt added during fabrication. It has also been reported that the pores
exhibit high interconnectivity when the salt content is 70% w/w or more [21].

Kwon  et  al.  recently  reported  the  preparation  of  poly(-caprolactone-ran  lactic
acid) (PCLA-F) scaffolds by the salt leaching method. The PCLA-F polymer was
dissolved  in  methylene  chloride  and  the  sieved  NaCl  particles  (200-250  µm
diameter) were added to the polymer solution. Then the mixture was poured into a
round silicone mold (diameter 10 mm and height 5 mm). The molded slurry was

(Table 1) cont.....
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then  dried  at  room  temperature  for  up  to  24  hours,  followed  by  leaching  in
deionized water at a constant stirring speed of 100 rotations per minute (rpm) for
24  hours.  The  resulting  scaffold  has  an  irregular  and  well-interconnected  pore
structure [22]. Fig. (2) shows the resulting scaffold as well as scanning electron
micrographs of the pores and the interconnectivity between the pores.

Fig. (1).  Schematic illustration of the preparation of scaffold by using conventional salt leaching technique.

Fig. (2). (A) Macroscopic image of scaffold. (B) Pore structure and interconnectivity of scaffold by SEM. (C)
The cross-sectional SEM image showed the degradation of scaffold after 16 weeks implanted in SD rats.
Reprinted with permission from [22].

2. Combination of Melt Mixing and Particulate Leaching

This  method  is  similar  to  the  traditional  salt  leaching  technique.  The  only
difference is that this method uses a batch/measurement mixer. Fig. (3) shows the
preparation of scaffold by using a combination of melt mixing and salt leaching
technique In short, the polymer is mixed with the salt and placed in a batch mixer,

For 
pe

rso
na

l p
riv

ate
 us

e o
nly

 

 
 

Not 
be

 di
str

ibu
ted

 or
 up

loa
de

d t
o a

ny
on

e o
r a

ny
whe

re



200   Biomaterial Fabrication Techniques Hasan et al.

where it is processed after a specified mixing time and temperature. The mixture
is  then  compressed  in  a  compression  molding  tool  (mold  diameter  10  mm and
height 3 mm) at 180 bar and 190-220 oC. The salt is then leached in demineralized
water  under  specific  pH,  time  and  temperature  conditions  determined  by  the
experimental design. The porous frameworks are then dried at room temperature
for  24  hours.  Scaffaro  et  al.  reported  using  this  method  to  produce  porous
scaffolds with a highly interconnected pore with suitable mechanical properties
for tissue engineering [23].

Fig. (3).  Schematic illustration of the preparation of scaffold by using a combination of melt mixing and salt
leaching technique.

3. High Compression Molding-Salt Leaching

This method combines salt leaching with compression molding. Fig. (4) shows the
preparation  of  scaffold  by  using  high  compression  molding-salt  leaching.  The
process  essentially  consists  of  using  a  high-pressure  compression  molding
machine in which temperature and pressure are controlled. This method results in
a strict, regular architecture and good mechanical properties of scaffolds due to
the effect of the melting process combined with the high pressure. In 2016, Zhang
et  al.  developed  a  home-built  high-pressure  press  molding  device  for  the
fabrication  of  poly(L-lactide)/poly(lactide-co-glycolide)/hydroxyapatite
composite  scaffolds  using  the  combination  technique  with  salt  leaching.  The
high-pressure cell has a guide column, a mold core and a sample chamber within
the main mold, which is heated by an electric heating jacket and tempered by a
thermocouple.  The  scaffold  is  prepared  by  dissolving  polymers  in  a  suitable
organic solvent and mixing them with sieved salt (sodium chloride) of the desired
particle size. The mixture is then mechanically mixed in an internal mixer at 50
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rpm and 180 oC. It is then molded under high pressure at a predetermined pressure
of 640 MPa for 10-15 minutes. The interconnected pore structure is maintained
after  lowering  the  temperature  to  room  temperature  by  leaching  the  salt  with
water  until  a  constant  weight  is  achieved.  This  method  results  in  a  framework
with  a  good  porous  structure  and  good  interconnectivity  between  pores.  The
porosity ranges from 81.5 to 82.7%, and the compressive modulus can reach up to
4.64 0.2 MPa, which is comparable to the modulus of human cancellous bone (2-
10 MPa) [24].

Fig.  (4).   Schematic  illustration  of  the  preparation  of  scaffold  by  using  high  compression  molding-salt
leaching.

4. Gas Foaming-Salt Leaching

This method offers a fast and solvent-free process. Fig. (5) shows the preparation
of scaffold by using gas foaming-salt leaching. Gas foam salt leaching technique
is  divided  into  three  steps:  First,  the  polymer/salt  mixture  is  prepared  by  melt
mixing. Second, the composite is foamed with dense CO2 gas, and finally, the salt
particles are leached out of the scaffold. In 2011, Annabi et al. used this method
to fabricate a porous PCL/elastin composite scaffold. The scaffold has an average
pore size of 540 m and a porosity of 91%. They used a CO2 pressure of 65 bar, a
temperature of 70°C to melt the polymer, a depressurization rate of 15 bar/min,
and a processing time of 1 h in a gas foaming reactor [25].

In another study, Bak et al. demonstrated the use of supercritical carbon dioxide
(scCO2) to produce a porous, solvent-free scaffold. In this method, gas foaming
was combined with a salt leaching process. The polymer was melted at the glass
transition  temperature  (Tg)  and  then  mixed  with  salt  at  a  suitable  ratio.  The
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mixture was then poured into a Teflon mold (diameter 2 cm and height 1 cm). The
gas  foaming  process  was  carried  out  in  a  gas  foaming  reactor  with  controlled
temperature and pressure. In their study, Bak et al.  used a temperature of 50°C
and a pressure of 8 MPa in a gas foaming reactor, and CO2 was dissolved in the
samples for 6 hours. Then, the pressure was quickly released to allow the scaffold
to form a bimodal pore structure.  After that,  the salt  was leached with distilled
water for one day. The prepared scaffold has an average pore size of 427.89 m
and  a  high  degree  of  pore  interconnectivity.  The  scaffold  also  promotes
proliferation  and  adhesion  of  MC3T3-E1,  indicating  a  potential  application  in
bone tissue engineering [26].

It  is  known  that  the  amount  of  gas  generated  and  expanded  in  the  internal
structure of a scaffold affects the percentage of porosity and the pore size of the
scaffold. The higher the percentage of porosity and the larger the pore size of the
scaffolds, the more gas is generated and expanded. However, in the fabrication of
silver  nanocomposite  scaffolds  by  El-Kady  et  al.  using  a  combination  of  gas
foams  and  salt  leaching,  the  addition  of  silver  nanoparticles  hindered  the
expansion  of  the  generated  gas  throughout  the  scaffold  matrix.  The  percent
porosity  and  pore  size  of  the  framework  were  reduced  by  this  process  [27].

Fig. (5).  Schematic illustration of the preparation of scaffold by using gas foaming-salt leaching.

5. Salt Leaching Electrospinning (SLE)

In  2016,  Park  et  al.  fabricated  a  scaffold  for  skin  tissue  engineering  using  a
combination  of  salt  leaching  and  3D  electrospinning  techniques.  Since  the
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structure and physical properties of the skin scaffold fabricated by this method are
similar  to  those  of  an  extracellular  matrix  (ECM),  the  scaffold  can  mimic  the
ECM. The preparation of scaffold by using salt leaching electrospinning can be
seen in the Fig. (6). To obtain stable nozzles, the polymer solution was placed in a
syringe with the proper needle size, and the electrospinning device was set at an
appropriate voltage and distance between the needle tip and the collector. The salt
with  the  appropriate  particle  size  was  then  released  from  the  rotating  cylinder
above the drum collector at the desired rate. After the fabrication process, the salt
from the nanofiber scaffold was leached in distilled water for one day and then
freeze-dried.  The  scaffolds  have  advantageous  properties  such  as  high
interconnectivity between pores, porosity and water uptake capacity. Therefore,
the scaffold can support cell infiltration and proliferation, which could be useful
for skin tissue engineering [28].

Fig. (6).  Schematic illustration of the preparation of scaffold by using salt leaching electrospinning.

6. Salt Leaching Using Powder (SLUP)

Fig. (7) shows the preparation of scaffold by using salt  leaching using powder.
The  heat  treatment  used  in  several  previously  described  methods  to  alter  salt
leaching can be avoided in this method. In the SLUP method, the sieved powder
(e.g.,  Bioglass  46S6)  was  mixed  with  a  polymer.  The  salt  was  then  applied
homogeneously and stirred continuously for 10-15 minutes. The mixture was then
poured into a mold and dried. The salt was then leached from the framework with
distilled water for at least two days. The finished scaffold was then allowed to dry
for  24  hours.  Recently,  Refifi  et  al.  reported  the  application  of  this  method  to
fabricate  hybrid  biomaterials  from bioglass  (46S6)  and  chitosan  scaffolds.  The
fabricated scaffold exhibited high porosity (90%) and well-interconnected pores
in the internal networks of the scaffold [29].
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Advantage  and  Disadvantage  of  Scaffolds  Produced  by  Salt  Leaching
Technique

Scaffolds  produced  by  the  salt  leaching  technique  have  several  merits  and
demerits  that  can  be  seen  in  Table  2.

Fig. (7).  Schematic illustration of the preparation of scaffold by using salt leaching using powder.

Table 2. Advantage and disadvantage of particulate leaching (salt leaching) technique [5, 30, 31].

Advantage Disadvantage

Relatively easy technique Result in Thin Membranes (up to 3 mm Thick)

Porous 3D structure A brief period of use

Low cost Limited porous size

High porosity (50%–90%) Toxicity due to the use of solvent (solvent residue)

Capable of tailoring 3D cell growth by
tuning pore size Time consuming (evaporation of solvent takes days to weeks)

A variety of polymers can be us Particle entrapment in the polymer matrix prevents the
formation of open cell structures

Possibility of controlling porosity and
crystallinity Irregular shaped pores

- Inter-pore openings are difficult to control
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PHYSICAL AND MECHANICAL CHARACTERISTICS

1. Pore Size

A scaffold produced by particulate leaching (salt leaching) was reported to have a
thickness of less than 3 mm. The average pore diameter has been reported to be
up to 500 μm [32]. The larger porous matrix can be used, for example, to fabricate
complex geometric tissue scaffolds such as bone models and ear models [33]. The
pores in tissue engineering scaffolds serve several important functions, including
facilitating  the  transfer  of  metabolites  and  nutrients  for  cells  during  cell
development,  improving  cell  visibility  and  adhesion,  and  accelerating  scaffold
degradation. The preferred pore size of scaffolds that provide a suitable structure
for tissue engineering is on the microscale [34]. Scaffolds with a pore diameter of
50-300 μm are generally well suited for cell penetration and neovascularization,
while smaller pore diameters of 0.5-10 μm are required to facilitate the transport
of  nutrients  and physical  stimuli  that  can stimulate cell  function and accelerate
healing  [35  -  37].  Based  on  this  fact,  several  studies  have  proposed  the
development  of  a  scaffold  with  a  hierarchical  porous  structure  that  is  more
advantageous,  especially  for  tissue  engineering.  Lao  et  al.  fabricated
hierarchically  porous  PLLA/-TCP  nanocomposites  that  promoted  MG  -63
osteoblast  proliferation,  penetration,  and  deposition  of  ECM,  suggesting  the
possibility of bone tissue engineering [38]. Zhang et al. proposed a hierarchical
3D poly(-caprolactone) scaffold (pore size 3-250 μm), which showed potential for
the neo-tissue formation and uniform cell distribution in another study [39].

2. Porosity

One  of  the  most  important  properties  of  scaffolds  for  tissue  engineering,
especially for tissue engineering of cartilage, is their porosity. Porosity serves a
number  of  functions,  including  ensuring  uniform  distribution  of  physiological
cells, facilitating the organization of the new extracellular matrix (ECM) formed
by cells, and effectively facilitating nutrient supply and waste removal during in
vitro cell culture [40].

The  salt  leaching  method  has  been  used  to  produce  scaffolds  with  porosity
ranging  from 50% to  over  90% [41].  It  has  been  reported  that  porosity  greater
than 70% is highly recommended for the regeneration of bone tissue, especially
cartilage. This allows ECM distribution similar to that in physiological tissue [42].
In  2014,  Nasri-Nasrabadi  et  al.  discovered  that  increasing  the  sodium chloride
content  leads to  increased interconnectivity  of  the pores.  A scaffold containing
90% salt had a higher percentage of  porosity than a  scaffold containing  70% salt
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[21].  However,  it  has  also  been  reported  that  higher  porosity  can  lead  to  poor
mechanical properties and is therefore unsuitable for bone tissue engineering [43].

3. Mechanical Properties

The mechanical properties of a prepared scaffold are determined by the host tissue
to be regenerated. Therefore, the more similar the mechanical properties are, the
more  suitable  the  scaffold  is  for  tissue  engineering.  It  is  known  that  the
mechanical  strength  of  a  scaffold  has  a  major  impact  on  inter/intracellular
signaling, motility, cell ingrowth and response to stimulation or inhibition [44].

4. Interconnected 3D Structures

The interconnectivity of pores in the internal structures of the scaffold is another
important  feature  of  tissue  engineering.  A  good  or  well-connected  pore  can
facilitate cell ingrowth or cell proliferation. If a scaffold has pore structures but
they are not interconnected, it is useless and unsuitable for tissue engineering. A
scaffold with 100 percent contiguous pore volume can support cell migration and
proliferation while enhancing the diffusion and exchange of nutrients within the
scaffold's pore networks. ECM infiltration of the target tissue is also supported by
the highly interconnected pores [45].

BIOMATERIALS  PREPARED  WITH  PARTICULATE  LEACHING
TECHNIQUE

A  modification  of  the  conventional  salt  leaching  technique  was  developed  to
improve the current scaffold design by controlling the parameters affecting pore
size,  porosity,  pore  interconnectivity,  and  pore  properties  for  better  and
appropriate cell attachment and nutrient diffusion. Table 3 summarizes the latest
scaffold-based  salt  leaching  techniques  that  can  be  considered  for  tissue
engineering applications.  Based on the scaffolds listed in the table,  readers can
learn about the types of polymers and salts used, potential applications, scaffold
properties, and toxicological experiments and results.
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Table 3. Biomaterials-based salt leaching techniques and toxicological evaluations.

Biomaterials
Material Component Porous 3D

Scaffold
Applications

Outcomes Toxicological
Experiment

Toxicology
Result ReferencesPolymer/Other

Materials
Salt

Particle

Bioglass®45S5-
Polycaprolactone (PCL)

composite scaffolds
PCL

Sodium
chloride
(NaCl) +
Sodium

bicarbonate
(NaHCO3)

Bone
regeneration and
vascularization

-a high degree of
interconnected porosity
-excellent mechanical

properties
-the addition of bio glass had

no effect on mechanical
properties

-simple to use
-good cell proliferation

-good cytoplasmic continuity

- - [19]

Porous HA/nylon 6,6 scaffold Nylon NaCl Bone
regeneration

-a well-developed
interconnected porosity

-pore size is around 200-
500μm

-ideal for bone regeneration
and vascularization

-the mechanical strength is
comparable to cortical bone

- - [20]

Porous starch/cellulose
nanofibers composite

Starch +
cellulose
nanofiber

NaCl Tissue
engineering

-the diameter of nanofibers is
between 40-90 nm

-interconnected porous
morphology

-good hydrophilicity
-uniform porous structure

-good mechanical properties
-good biodegradability

MTT assay No toxicity [21]

Polylactic
acid/hydroxyapatite porous

nanocomposites (PLA/HAp)
PLA

Ammonium
bicarbonate
(NH4HCO3)

Bone engineering
(bone implant)

-↑porosity by 39%
-↑hydrophilicity of

nanocomposite
-↑surface area capable of

improving mechanical
properties

-after immersing the
nanocomposite in simulated
body fluid, hydroxyapatite

shaped on its surfaces

- - [46]

Poros Poly (Lactide-c-
-glycolic acid) (PLGA)

scaffolds
PLGA

Sodium
chloride
(NaCl)

Pluripotent stem
cells and neural
retinal precursor

cells

-Pore size is less than 10 μm
-Scaffolds have amorphous

smooth and irregularly
shaped pores

-cells can attach to the
scaffolds and proliferate well

-successful early retinal
development

-beneficial to neural
phenotypes

- - [47]

Porous Poly(3-
hydroxybutyrate-co-3-

hydroxyvalerate) (PHBV)
scaffolds

PHBV

Sieved
sodium
chloride
(NaCl)

Tissue
engineering

(particularly bone
engineering)

-high porosity (88.8%)
-good mechanical properties

for 3D cell culture
-elevate the proliferation of
MG-63 human osteoblast-
like cells and MC3T3-E1

pre-osteoblast cells
-up-regulated transcription of

extracellular matrix and
growth factors genes

- - [48]
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Biomaterials
Material Component Porous 3D

Scaffold
Applications

Outcomes Toxicological
Experiment

Toxicology
Result ReferencesPolymer/Other

Materials
Salt

Particle

Solvent-casting particulate
leaching (SCPL) polymer

scaffolds

polymethyl
methacrylate

(PMMA),
Polyurethane

(PU)

NaCl Bone marrow

-well-interconnected and
high porosity

(82.1vol%–91.3vol%)
-easy control of pore size
-mechanical properties are
determined by the polymer

matrix and the architecture of
the scaffold

-improved 3D stromal cell
support

-capable of stimulating the
bone marrow

microenvironment

- - [49]

Porous PLGA scaffolds-
impregnated small intestinal

submucosa (SIS)
PLGA NaCl

particles
Tissue-engineered

bio discs

-good mechanical properties
-seeding of cells uniformly
-good attachment of cells
-↑cell growth and ECM

synthesis
-easy adjustment of pore size
and scaffold area for nucleus

pulposus regeneration.

- - [50]

3D electrospun silk-fibroin
nanofiber Silk fibroin NaCl

crystal

Skin tissue
engineering (Skin

substitutes)

-larger pores
-high interconnectivity

between pores
-high porosity and water

uptake
-↑Proliferation of fibroblast

in the deep layer
-↑keratinocytes

differentiation in the
superficial layer

- - [28]

Porous polycaprolactone
(PCL)/elastin composite

scaffold
PCL NaCl

Tissue
engineering (bone

regeneration)

-high porosity (91%)
-large pores size (average

540μm)
-high degree of

interconnectivity and
homogenous 3D scaffolds

- - [25]

PCL scaffolds with dual
leaching method PCL NaCl Bone tissue

engineering

-high interconnectivity of the
pores

-3D structure
-high porosity

-high water uptake
-uniform pore size
-support bone cell
proliferation and

differentiation in culture
media

MTT assay No toxicity [51]

Porous poly (lactic acid)
(PLA) scaffolds PLA Stable salt

stack
Tissue

engineering

           -PLA foams are less
crystallizable than the bulk

materials
           -the pores and caves

have a diameter of about 250
μm

-polymer foam can be
crystallized without

damaging the structure of
scaffolds

- - [52]

Poly (ε-caprolactone-r-
n-lactic acid) (PCLA-F)

scaffolds
PCLA-F Sieved

NaCl
Tissue

regeneration

-irregular structure
-rapid bulk erosion

-the resulting scaffold
degrades quickly in vivo

- - [52]

(Table 3) cont.....
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Biomaterials
Material Component Porous 3D

Scaffold
Applications

Outcomes Toxicological
Experiment

Toxicology
Result ReferencesPolymer/Other

Materials
Salt

Particle

Composite glass/chitosan
(BG-CH) scaffold CH NaCl Tissue

engineering

-high porosity
-no solvent residue due to

SLUP method
-↑pore size interconnectivity
- three-layer scaffolds with
varying porosity and pore

size in each layer

- - [29]

Porous PCL scaffolds PCL NaCl Bone tissue
engineering

-the mean pore size is ~420
μm

-high degree of pore
interconnectivity

-↑adhesion and proliferation
of MC3T3-E1 cells

MTT assay No toxicity [26]

PLA nanofibrous
microporous scaffolds with

bioactive glass nanoparticles
PLA NaCl Bone tissue

engineering

-high porosity with size of
~90 nm

-nanofibrous structure with
90-95% porosities
-↑hydrophilicity

-rapid hydrolytic degradation
-↑formation of apatite

throughout the scaffolds

- - [53]

PCL/starch nanocomposite
scaffold PCL, starch NaCl Bone tissue

engineering

-uniform pore morphology
and structure

-good comprehensive-loa-
-resisting capabilities in
human cancellous bone

-the porosity ranges from 50
to 90%

-↑porosity results in
decreased mechanical

properties
-appropriate pore size and

pore interconnectivity
-adequate mechanical

properties

- - [54]

Silk fibroin/hyaluronic acid
(SF/HA) 3D matrices SF, HA NaCl Cartilage tissue

engineering

-sponge-like structure
-high porosity

-the porosity is in the range
of 61–72%

-decrease pore volume due to
the presence of HA
-high crystallinity

-scaffold porosity, micro
porosity of the pore wall, and
material inhomogeneity all

had an effect on water
absorption and mechanical

strength

- - [40]

Biomimetic hybrid porous
scaffold of chitosan/polyvinyl

alcohol/carboxymethyl
cellulose (CH/PVA/CMC)

CH, PVA,
CMC NaCl Soft tissue

engineering

-a pore structure that is
uniformly distributed and

interconnected
-the pore size is 13.6 μm to

15.5 μm
-the porosity is 90%

-addition of CMC increased
hydrophilicity

-good mechanical strength
-facilitate cell migration and

proliferation

- - [55]

Polylactic acid porous
scaffolds PLA NaCl,

CaCl2

Tissue
engineering

-highly interconnected pores
-appropriate mechanical

properties
MTT assay No toxicity [23]

(Table 3) cont.....
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Biomaterials
Material Component Porous 3D

Scaffold
Applications

Outcomes Toxicological
Experiment

Toxicology
Result ReferencesPolymer/Other

Materials
Salt

Particle

Cell-loaded gelatin/chitosan
scaffolds Gelatin/CH NaCl Skin tissue

engineering

-high porosity
-uniform pores morphology
inside and on the surface of

the scaffold
-highly interconnected pores

-support cell proliferation
-appropriate mechanical

properties
-great potential for skin

tissue engineering

MTT assay No toxicity [56]

Sericin/PVA/glycerin
scaffolds

Silk Sericin,
PVA, Glycerin NaCl Wound dressing

-large porous structure
-good interconnectivity

structure
-fast biodegradation rate

-less adhesive to the wound
site

-support fibroblast
proliferation

MTT assay No toxicity [57]

Nanocomposite scaffold-
releasing silver (Ag)

Neat polymer
(Poly (L-

lactide) + Ag

Sodium
bicarbonate
(NaHCO3)

Bone treatment

-good-interconnected
structures

-pore size is in the range of
100-250 μm

-high porosity
-the scaffold induced an

apatite layer on its surface

- - [27]

PLLA/β-TCP nanocomposite
scaffolds PLLA NaCl Bone tissue

engineering

-hierarchical porosity
-500 nm to 300 μm pore

diameter
-PLLA nanofibrous matrix

with fiber diameters ranging
from 70-300 nm

-good mechanical properties
-↑bioactivity of the PLLA

matrix
-support cells proliferation
and penetration, as well as

ECM deposition

- - [38]

POROUS  3D  SCAFFOLD  APPLICATIONS  WITH  SALT  LEACHING
TECHNIQUE

Bone Engineering

The new gold standard for the treatment of bone defects (e.g.,  autologous bone
grafts) is limited by the lack of donor sources, the body's response to the graft,
and,  most  importantly,  the  patient's  resources  [58].  The  advancement  of  tissue
engineering  technology  can  overcome  this  limitation.  In  the  tissue  engineering
concept, the scaffold of biodegradable polymers combined with autologous cells
is  a  promising  strategy  to  obtain  an  ideal  bone  graft.  The  patient's  cells  were
isolated  and  grown  in  vitro  before  being  seeded  into  3D  scaffolds.  After
successfully culturing the cells to a specific cell number in vitro, the cells were
transplanted to the patients. The development of native tissue is then followed by
biodegradation  of  the  scaffold  [59].  In  this  method,  newly  formed  tissue  from
patients would be used to replace the implanted scaffold and eventually treat the

(Table 3) cont.....
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bone defects.

Scaffolds  for  bone  implants  must  have  a  variety  of  properties,  including
compatibility,  mechanical  strength  and  stability,  and  a  highly  open  porous
structure that allows tissue regeneration. Careful consideration must also be given
to the size and distribution of pores for new cell growth [60 - 62].

Neuronal Retinal Precursor Cells

Stem  cells  are  a  viable  treatment  option  for  patients  suffering  from
neurodegenerative  diseases  or  age-related  macular  degeneration,  which  is
characterized  by  the  death  of  light-sensitive  photoreceptor  cells  in  the  outer
neuronal retina. However, there are still limitations with this approach, such as the
minimal number of surviving and integrated cells after subretinal bolus injection
in patients, especially in patients with end-stage disease. The main reason is that
the donor cells do not receive physical support during bolus injection [63, 64]. In
this case, making a scaffold to support the donor cells during transplantation could
solve the stem cell problem. Several porous PLGA scaffolds have been reported
to  improve  the  survival  rates  of  retinal  progenitor  cells  (RPCs)  after
transplantation and even promote the integration of the cells into the host retina
[65, 66]. The salt leaching scaffold has also been used in the treatment of retinal
degeneration as a cell replacement therapy. In 2016, Worthington et al. developed
PLGA scaffolds using a salt leaching/solvent evaporation process. The resulting
scaffold  product  was  shown  to  have  the  ability  to  support  and  facilitate  the
proliferation  of  induced  pluripotent  stem  cells  (iPSCs)  within  the  amorphous
smooth pore network of the scaffold. Therefore, this scaffold represents a promis-
ing approach for the treatment of retinal degeneration prior to transplantation [47].

Skin Substitutes

Skin tissue engineering has emerged as a new and promising strategy for wound
healing because autograft implantation is associated with limitations, such as the
occurrence of infection, pain, slow healing at the donor site, scarring, and major
skin loss. It must have appropriate physical, biological, and mechanical properties
for nutrient and gas exchange, just like scaffolds for another tissue engineering
[67]. An example of skin tissue engineering is the regeneration of the skin layer
by culturing fibroblast cells on polymeric scaffolds that mimic ECM to accelerate
the healing of skin wounds [68]. Park et al. developed a skin substitute using 3D
electrospun  silk  fibroin  nanofiber  scaffolds.  NIH  3T3  fibroblast  cells  were
successfully cultured in silk fibroin scaffolds,  and the metabolic  activity of  the
cells within the pore structure of the scaffold increased significantly from day 1 to
day  14.  The  salt  leaching  technique  was  also  used  in  combination  with
electrospinning  to  artificially  create  larger  pores  for  better  cell  adhesion  and
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nutrient and gas exchange [28]. Thus, the scaffold produced by the salt leaching
technique has great potential for tissue engineering of the skin.

FUTURE PROSPECT

Future research should focus on modifying the salt leaching technique to improve
the physical properties of the scaffold for better application or efficiency in tissue
engineering. As mentioned earlier, mechanical strength, pore size, porosity, and
interconnectivity are important properties of the scaffold to provide a desirable
platform for tissue engineering. According to Cheng et al., the incorporation of
two-dimensional  nanomaterials  into  silk  fibroin-based  scaffolds  enables  the
delivery of chondrogenic growth factors to the target site of cartilage regeneration
[69].

In addition, further studies should be conducted to completely remove the organic
solvent from the scaffold without affecting the pore architecture of the scaffold.
Reportedly,  one  of  the  alternative  methods  to  remove  residual  solvent  from
biodegradable polymers is carbon dioxide extraction. However, this method had
an  impact  on  the  pore  architecture  of  the  scaffold  matrix  [70].  Future  research
needs to address the potential toxicity of the remaining organic solvent without
affecting the physical and mechanical properties of the scaffold by broadening the
choice of polymers and solvents.

CONCLUDING REMARK

The  purpose  of  this  chapter  was  to  describe  how  particulate  leaching  (salt
leaching) is  used to prepare biomaterials for tissue engineering, as well  as new
discoveries  in  the  methods  and  polymers  used.  The  salt  leaching  method  is
undoubtedly  the  most  widely  used  and  relatively  simple  method  for  preparing
scaffolds  for  tissue  engineering  applications  such  as  bone  regeneration,  skin
replacement,  and neural  retinal  progenitor cells.  However,  because this method
uses  organic  solvents,  the  risk  of  these  scaffolds  being  toxic  due  to  solvent
residues  must  be  carefully  considered.  For  example,  the  solvents
(hexafluoroacetone  and  hexafluoroisopropanol)  used  to  dissolve  PGA  are  both
extremely toxic to cells. Many of the examples discussed previously, which were
from recent  studies,  lacked an assessment of  toxicity.  Therefore,  before further
recommendations can be made regarding their potential uses and applications in
tissue engineering, scaffolds prepared using salt leaching techniques need to be
evaluated for toxicology, safety risks, and potential effects on damaged tissue.
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Cellulose 4, 31, 107, 141, 177, 197, 207, 244, 

247, 248 

   bacterial 177 

   fibers 248 
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  nanocrystals 247 

  nanofiber 197 

Ceramics 2, 3, 4, 6, 7, 24, 26, 29, 34, 36, 39, 

53, 54, 81, 83, 84, 142, 143 

  nanofibers 84 

  natural polymer 7 

  scaffolds 29, 54 

Chemical 254 

  blowing agents 254 

Chemical vapor deposition (CVD) 59 

Chitin 5, 31, 51 

   nanosized 51 

Chitosan 5, 11, 31, 50, 104, 107, 118, 120, 

122, 230, 231, 232, 244, 246, 247 

  based nanofiber mats, developed 118 

  fiber mesh scaffolds 231 

  modified montmorillonite 246 

  nanoparticles 11 

Chloroform 121, 122, 123, 247 

CNT microspheres 228 

Collagen fibers 28, 31 

Colloidal suspensions 47, 52 

Commercial 171 

  microscopes 171 

  multiphoton microscopes 171 

Compression molding 248, 249 

  process 248 

  technologies 249 

Computed tomography (CT) 147 

Computer-aided design (CAD) 11, 38, 135, 

139, 170, 171 

Conventional 13, 74, 75, 80, 88, 168 

  fabrication techniques 13, 74 

  techniques 74, 75, 80, 88, 168 

Corrosion 5, 7, 33, 36 

Cotton candy 83 

Coumarins 179, 180 

Critical micellar concentration (CMC) 209, 

224 

Crosslinking 35, 182 

   activated enzyme 182 

Cross-linking agent 232, 247 

Curcumin 107, 108, 122 

 

D 
 

Degeneration 47, 211, 245 

   age-related macular 211 

Degradation 4, 8, 31, 35, 90, 116, 177, 199, 

205, 229, 231 

   accelerating scaffold 205 

   enzymatic 231 

Delivery 56, 116, 117, 224 

   gene 116, 224 

   growth factor 117 

   protein 56 

Density 7, 46, 56, 197, 198, 247 

   crosslink 7 

Deposition 3, 4, 24, 38, 59 

   biomimetic 3 

   chemical vapor 59 

   progressive calcium 4 

Dermal fibroblasts 9 

Devices 26, 53, 121, 134, 135, 136, 171, 200 

   high-pressure press molding 200 

   medical 26 

Dialysis 121 

Differential scanning calorimetry (DSC) 115 

Differentiation 1, 3, 9, 26, 27, 29, 39, 54, 73, 

89, 90, 117, 134, 208 

   keratinocytes 208 

   osteogenic 3, 29 

Digital light processing (DLP) 141 

Disease 1, 103, 104, 111, 116, 120, 211, 233 

   autoimmune 116 

   musculoskeletal 233 

   neurodegenerative 211 

   periodontal 116 

Dispersants, oligomeric polyester 55 

DNA 114, 122, 123, 175, 222, 224, 225 

   cellular 175 

   nanostructures 225 

   plasmid 122 

Domesticated plants 233 

Doxorubicin, anticancer drug 228 

Driven energy deposition (DED) 136 

Drug carriers 51, 114, 197 

   biodegradable 197 
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Drug delivery 10, 11, 103, 104, 107, 111, 114, 

116, 120, 151, 166, 168, 219, 223, 224, 

231, 233 

   antimicrobial 120 

   transdermal 151 

   systems 114, 166, 168, 223, 224, 233 

Drying 48, 60, 61, 78, 231,  

  coffee 61 

  method 231 

  process 60 

  technique 61 

 

E 

 
ECM 2, 6, 9, 73, 89, 117, 118, 119, 140, 141, 

181, 203, 205, 206, 208, 210 

  deposition 205, 210 

  infiltration 206 

  mechanisms 2 

     natural 181 

     skin 118 

  synthesis 208 

Effects 84, 248 

   synergistic 84 

   toxic 248 

Efficacy of local chemotherapy 119 

Electrohydrodynamic techniques 12 

Electrospinning 11, 58, 72, 73, 74, 75, 76, 80, 

88, 91, 103, 104, 105, 106, 108, 109, 

112, 116, 117, 123, 202 

     emulsion 106, 117 

  method 11, 58 

  process 73, 74, 105, 106, 108, 109, 123 

  system 80 

  techniques 75, 104, 105, 112, 202 

  technology 73 

Electrospun nanofibers 76, 103, 104, 114, 121 

   biomaterials-based 103 

Embryonic fibroblasts 50 

Emulsifying cyclohexane 58 

Emulsions 46, 47, 56, 60, 62, 106, 123 

   freeze-drying of 46, 60 

Encapsulation methods 112 

Endodontic therapy 120 

Energy 12, 62, 88, 91, 119 

  consumption 88 

  generation 12 

  storage 62, 88, 91 

  thermal 119 

Enzymatic methods 8 

Epidermal layers 151 

Eri silk fibres 61 

Erosion 36 

ESNFs 103, 104, 105, 106, 107, 110, 111, 

112, 113, 114, 115, 117, 118, 119, 120, 

121, 123 

   biomedical applications of 103, 114, 115, 

121 

   developed 115 

   drug-loaded 111 

   fabricated 111 

   fabrication of 105, 106, 107, 123 

   for dentistry applications 120 

   in cancer therapy 118 

   in tissue engineering 117 

   in wound healing 118 

   preparation technique 106 

Excitation 169, 170, 171, 174 

   molecular 174 

   single-photon 170 

Extrusion 248, 255 

  process 248 

  techniques 255 

 

F 

 
Fabric 8, 82 

   seamless nanofiber 82 

Fabrication 81, 135, 140, 168, 195, 203, 244 

  of core-shell nanofiber 81 

  process 140, 168, 195, 203 

  prosthesis 135 

  technologies, conventional 244 

Fabrication methods 39, 135, 136, 149, 244 

   conventional 149 

   fiber-based 136 

Fabrication techniques 8, 10, 13, 39, 195, 196, 

197, 243, 245 
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   nonwoven fiber 8 

FDA 135 

   approval for implantable device fabrication 

135 

FDM-printed scaffolds 148 

FD 47, 48 

  process 48 

  technologies 47 

Fiber(s) 24, 25, 30, 31, 38, 58, 59, 78, 112, 

113, 115, 116, 117, 119, 139, 229, 231, 

232 

   bonding technique 38 

   electrospun 119 

   hollow carbon 59 

   plant 24, 25 

Fibroblast growth 9 

Fibronectin nanoclusters 148 

Fibronectins 2, 26, 119 

Fibrous tissue 29 

Filtration 60, 72, 91, 121, 228 

   glomerular 228 

Finite element analysis (FEA) 144 

Food industry 47, 60 

Forces 9, 85, 86, 218, 220, 222, 223, 225, 227, 

254 

   air friction 85, 86 

   frictional 86 

   rheological 85 

Fourier transform 113 

Freeform reversible embedding (FRE) 142 

Freeze 53, 61 

  casting process 53 

  dried foods 61 

Freeze-dried 61 

  fruits 61 

  ice cream 61 

Freezing 11, 47, 48, 51, 52, 59 

  method 11, 51, 52, 59 

  process 48 

  techniques 47 

Freeze-drying (FD) 11, 31, 37, 38, 46, 47, 48, 

49, 50, 53, 54, 56, 57, 58, 59, 60, 61, 62 

  method 38 

  process 37, 46, 47, 48 

  technique 31, 61 

Functionality 106, 147 

   enhancing biomolecule 106 

Fused deposition modelling (FDM) 11, 12, 13, 

38, 136, 148, 150 

 

G 
 

Gas 37, 81, 118, 202, 211, 212, 225, 254 

   assisted microcellular injection molding 

(GAMIM) 255 

   exchange 118, 211, 212 

   nitrogen 254 

Gas foaming 8, 13, 37, 47, 196, 201, 202, 245 

  process 202 

  reactor 201, 202 

  salt leaching 201, 202 

Gas foam(s) 11, 37, 202 

  method 11 

  technique 37 

Gaseous fluorocarbons 254 

Gelatin 12, 104, 107, 119, 141, 146, 177, 198, 

232, 249 

     methacrylated 146 

  methacrylate 12, 141 

  microspheres 249 

Gels 51, 52, 150, 183, 227 

   hydroalcoholic 150 

   monolithic micro-honeycomb silica 51 

   water-swollen 183 

Glass wool process 80 

Glucosaminoglycan 141 

Glycerin 210 

Glycerol cryoprotectant 53 

Gold microwires 58 

Green 122, 123 

  fluorescent protein-tagged adenovirus 123 

  tea polyphenols (GTP) 122 

Grinding, cryogenic 251 

Growth 1, 24, 26, 28, 31, 50, 54, 55, 57, 62, 

117, 120, 173, 182 

   hepatocyte 28 

   hormone arginine glycine aspartate 182 

   traditional gradual 173 
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Growth factors 2, 5, 7, 9, 25, 35, 57, 112, 117, 

123, 141, 145, 149, 182, 207, 212 

   chondrogenic 212 

   genes 207 

   vascular endothelial 5, 117, 141, 182 

 

H 

 
Head 86, 226 

   hydrophilic pentapeptide 226 

   rotating spinning 86 

Heating oven 81 

Heatless compression 250 

Hemodialysis, conventional 121 

Heparin 57, 117 

Hepatocytes 9, 146 

Heterogeneity 182, 245 

   dynamic 182 

High 36, 168, 200, 201 

   compression molding-salt leaching 200, 201 

   mechanical strength biocompatibility 36 

   resolution photo coverage 168 

Hip prosthesis dental prosthesis bone and 36 

   cartilages 36 

Horseradish peroxide 56 

Human 31, 123 

  nerve growth factor 123 

  osteoblast cells 31 

Human bone marrow 3, 31, 141 

   natural 3 

Hydrocolloids 118 

Hydrophilicity 207, 209, 225, 247 

Hydrophilic 6, 51, 58, 115, 176 

  polymeric nanofibers 115 

  polymers 6, 51, 58, 176 

Hydrophobicity 115, 225, 232 

Hydrophobic polymer combinations 112 

Hydroxyapatite 3, 29, 35, 53, 120, 141, 143, 

200, 207, 244 

   natural 29 

 

 

 

I 

 
Ice-segregation induced self-assembly 52 

    (ISISA) 52 

Imaging 103, 114, 120, 152, 149, 170, 171, 

228, 233 

   fluorescence 170 

   medical 228 

   radiologic 152 

   radiological 149 

Imaging technology 147, 149 

   radiological 147 

Immune response 3, 26, 90 

Immunogenicity 140 

Implantable device fabrication 135 

Impregnating freeze casting method 53 

Industries 47, 73, 80, 81, 135, 142, 168 

   glass fibre 80, 81 

   microelectronics 168 

Infections, preventing microbial 118 

Initiation 167, 173 

   single-photon 173 

Initiator-facilitated photo polymerization 178 

Injection molding 244, 248, 252, 253, 254, 

255 

   conventional 254 

   foam 254 

   gas-assisted 254 

   gas-assisted microcellular 255 

   process 248 

   techniques 244 

Inks 12, 142 

   synthetic 142 

   thermal 12 

Inorganic nanoparticle 59 

Instability 114, 254 

   thermodynamic 254 

Insulin 107 

Interactions 4, 74, 115, 120, 141, 148, 182, 

218, 220, 222, 223, 225, 226, 227, 228 

   cell-drug 120 

   dipole-dipole 220 

   electrostatic 220, 227 

   hydrophobic 220, 222, 225 
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   intense interfacial 74 

Interconnected pore networks 250, 252 

 

K 

 
Kitchen herbs 61 

 

L 

 
Laser 12, 13, 136, 138, 139, 171 

  assisted bioprinting method 13 

     sapphire 171 

Laser scanning 169, 170 

  lithography (LSL) 169, 170 

  microscopy (LSM) 170 

Leaching 37, 56, 174, 195, 196, 197, 198, 199, 

200, 201, 203, 204, 205, 206, 207, 208, 

211, 212, 246, 252, 256, 257 

  agents 174, 198 

  electrospinning 203 

  method 37, 56, 205, 208, 212, 252 

  process 195, 198, 201, 256 

  techniques 195, 196, 197, 198, 199, 200, 

201, 204, 206, 207, 211, 212, 246, 256, 

257 

Light-induced 178, 179 

  copper-catalysed azide-alkyne 

cycloaddition 178 

  decomposition 179 

Limitation of conventional techniques 80 

Liquid 13, 47, 48, 49, 50, 51, 52, 56, 58, 59, 

60, 75, 82, 86, 135, 136, 139, 166, 169 

     cryogenic 49, 59 

  droplets 13 

  nitrogen 47, 48, 49, 50, 51, 52, 56, 58, 60 

  photopolymer resin 139 

Lithography 141, 168 

   soft 168 

Liver 119, 146, 147, 220 

  carcinoma 119 

Low 7, 29 

  immunogenicity 29 

  mechanical properties 7 

Lyophilization 11 

Lysozyme 118, 123 

 

M 

 
Machine 83, 134, 200 

   cotton candy 83 

   high-pressure compression molding 200 

Macromonomer 173, 174, 176 

   multifunctional 173 

Malignancies 119 

Malignant 119, 147 

  gliomas 119 

  tumors 147 

Manufacturing methods, traditional 135 

Materials 4, 12, 25, 38, 47, 53, 146, 168, 169, 

229, 249, 254 

   biodegradable 229 

   ceramic 4, 53 

   extrusion bioprinting technology 146 

   jet techniques 12 

   sensitive 47 

   synthesis techniques 168 

   synthetic 25, 38 

   ultraviolet 12 

   viscoelastic 169 

   waste 146, 249 

   water-soluble 254 

Mechanical stress 4, 77 

Melt casting 243, 244, 248, 249 

  method 249 

  process 248 

  techniques 243, 244 

Melt electrospinning 106, 136, 138 

  process 136 

  technique 106 

Metabolic 181, 211, 232, 257 

  activity 211, 232 

  fate 181 

  wastes 257 

Metals 3, 5, 6, 26, 29, 32, 33, 34, 36, 39, 136, 

138, 139, 142, 143, 195 

   biodegradable 195 

Metformin hydrochloride 107 

Method 12, 60, 181, 248 
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   emulsion 60 

   polymerization-based 181 

   printing 12 

   robocasting 248 

   stereolithographic 12 

   stereolithography 12 

Michael 178 

   addition 178 

   type addition 178 

Micro-and nanoparticles 59 

Microcellular 253, 255 

  foaming technique 255 

  injection molding (MIM) 253, 255 

Microenvironment, natural 90 

Microextrusion 12, 13 

Micro-nanostructured scaffolds 4 

Micro nanowires 62 

Microparticles 46, 47, 59, 60 

   organic 60 

Mitigate problems 114 

Molecules 25, 79, 80, 115, 142, 168, 169, 170, 

172, 220, 222, 223, 224, 226, 233 

   dendritic 223 

   ligand 115 

   natural 220 

   photoactive 169 

   signaling 25, 168 

   therapeutic 142 

MPL 169, 171 

  photo polymerization technique 171 

  technique 169 

MTT assay 207, 208, 209, 210 

Multiphoton 169, 170, 171 

  lasers 169, 171 

  microscopy 170 

  polymerization tools 171 

 

N 

 
Nanocomposites 54, 120, 207, 210, 254 

Nanofabrication 139, 140 

Nanofiber(s) 58, 72, 74, 75, 76, 79, 80, 82, 83, 

84, 85, 87, 88, 90, 91, 114, 116, 117, 

118, 203, 207, 208, 226 

   carbon 83, 90 

   collecting system 82 

   chitosan 116 

   dressings 118 

   electrospun silk-fibroin 208 

   fabrication of 72, 74, 79, 83, 88, 114 

   fabrication techniques 72, 80 

   influence 76 

   morphology of 85, 87 

   nonwovens 82 

   parallel silica 58 

   scaffold 58, 90, 117, 203 

   webs 82 

Nanofibrous 13, 58, 90 

   polymeric scaffolds 58 

   scaffolds 13, 90 

Nanoparticles 46, 47, 58, 59, 60, 62, 202, 209, 

224, 232, 254 

   aggregating gold 58 

   bioactive glass 209 

   metal oxide 59 

   organic 60, 62 

   silver 202 

Nanotubes, halloysite 254 

Natural 2, 8, 11, 36, 73, 104, 107, 120, 177, 

244, 247 

  cellulose-hydroxyapatite 8 

  polymers 2, 11, 36, 73, 104, 107, 120, 177, 

244, 247 

Necrosis 26, 116 

Nerve growth factor (NGF) 122, 123 

Network 89, 114, 145, 179, 227, 248, 252 

   connective tissue 145 

   depolymerization 179 

   protein 89 

   robust storage 114 

Neural 196, 207 

   phenotypes 207 

   progenitor cells 196 

Neuronal 211 

   retina, outer 211 

   retinal precursor cells 211 

Niobium molybdenum 33 

Nozzle-less laser-assisted techniques 139 

Nuclear magnetic resonance (NMR) 113 
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Nutrient  10, 134, 146, 206,  

  diffusion 206 

  starvation 146 

  transfer 134 

  transport 10 

 

O 

 
Oligo, biodegradable 8 

Organoids 145, 146, 147, 152 

   bioprinted 147 

Orthodontics 149 

Osteoblast(s) 90, 205, 231 

  proliferation 90, 205 

Osteochondral lesions 4 

Osteogenesis 5 

Osteogenic differentiation factors 5 

Osteointegration 6 

Oxygen 28, 114, 175 

  content 175 

     elemental 114 

 

P 

 
PAN concentration 113 

PEG 56, 183 

  assisted hydrogels 183 

  on channel morphology and channel pores 

56 

Peptide(s) 73, 182, 219, 222, 223, 224, 225, 

226, 227, 244 

   amphiphiles 219, 225 

   acrylic functionalized 182 

   amphiphilic 223, 225, 226 

   design 227 

Phagocytosis 3 

Phosphate 3, 29, 116, 143, 225, 227 

   beta-tricalcium 3, 29 

   bovine ribbon 3 

   buffered saline (PBS) 116 

Photodynamics 175 

Photoexcitation, multiple 174 

Photoinitiator-mediated polymerization 177 

   reactions 177 

Photolithography 142, 168 

Photolysis 178, 182 

Photonic crystals 170, 181 

   visible-scale 181 

Photonics 180 

Photon(s) 169, 170, 172, 179 

  irradiation 179 

     low-energy 170 

Photo polymerization 167, 168, 169, 170, 171, 

172, 173, 175, 177, 181, 183 

   of biomaterials 169, 171 

   process 167 

     single-photon 172 

   techniques 168, 169 

   technology, conventional 183 

Photosensitive 166, 174 

  polymers 166 

Plasma, platelet-rich 5 

PLGA 5, 104, 108, 114, 122, 123, 207, 208, 

244, 250, 256 

   biodegradable tubular 256 

PLGA scaffolds 38, 57, 211 

   developed 211 

PLLA scaffolds 56, 256 

PL techniques 250, 252 

Pluripotent stem cells 207 

Polyacrylonitrile 113 

Polyaniline 119 

Polycarbosilane 56 

Polyester 12, 31, 107, 114 

   biodegradable 107 

Polymer(s) 3, 4, 6, 30, 31, 37, 77, 80, 81, 83, 

86, 106, 107, 109, 112, 114, 115, 121, 

143, 166, 167, 168, 171, 176, 196, 197, 

230, 245, 247, 249, 255 

  foam replications 3, 30 

  gelation 80 

  industry 166 

  membrane 245 

  molecules 114, 255 

  nanofibers 81, 83, 86, 115 

     nonwoven 230 

  precursors 83 

  resins 176 

     semi-crystalline 249 
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  synthesis 168 

  systems 171 

Polymeric 78, 83, 85, 89, 90, 115, 121, 197, 

211 

  chain linkages 85 

  nanofibers 78, 83, 90, 115, 121 

  scaffolds 89, 211 

     non-biodegradable 197 

Polymerization 6, 34, 56, 167, 172, 173, 174, 

175, 176, 177, 178, 182, 183 

     light-induced radical 167 

  process 183 

  reaction 167, 173, 174, 175, 178, 182 

Polymer scaffolds 11, 246 

   thermoplastic crystalline 11 

Polymethyl methacrylate 53, 143, 197, 208 

Polypeptides and polysaccharides 6, 34 

Polysaccharides 2, 5, 6, 31, 34, 61, 106, 107, 

141, 244, 246 

Polyvinyl carbazole polymers 113 

Porogen-based techniques 8 

Porous 5, 50, 53, 55, 208 

  ceramics 53, 55 

  chitosan scaffolds 5, 50 

  polycaprolactone 208 

Porous scaffolds 7, 8, 37, 47, 56, 57, 58, 61, 

148, 200, 247, 249, 252, 254, 256 

   cross-linked 247 

   fabrication of 8, 37 

   solvent-releasing 249 

Powder 54, 135, 136, 138, 143, 203, 250 

   ceramic 54, 143 

Pressure 37, 48, 200, 202, 248, 249, 254, 255 

   atmospheric 255 

   microcellular process 255 

Printing 11, 12, 38, 133, 134, 135, 136, 140, 

141, 142, 143, 145, 146, 147, 148, 149, 

150, 152 

     extrusion-based 140 

  manufacturing 152 

  techniques 136, 150 

Process 10, 11, 36, 47, 48, 49, 60, 61, 73, 74, 

84, 88, 136, 138, 139, 141, 231, 248, 

249 

   adsorp-tion 61 

   decellularization 141 

   engineering 10 

   fiber-binding 231 

   melt-blowing 88 

   pore-generating 249 

   robocasting 248 

Processing 84, 255 

  centrifugal spinning 84 

  techniques 255 

Production 1, 53, 54, 77, 81, 82, 85, 118, 141, 

148, 149, 151, 197, 225, 231, 232 

   aligned nanofibers 81 

   healthy bone 149 

   industrial 197 

   techniques 1 

Proinflammatory response 2 

Properties 1, 3, 9, 26, 27, 29, 30, 36, 37, 53, 

54, 77, 88, 89, 90, 113, 114, 118, 144, 

197, 209, 225, 228, 232, 245 

   adhesive 245 

   antimicrobial 118 

   architectural 113 

   biodegradable 114 

   biomimetic 3 

   cardio-protective 232 

   fiber 88 

   hydrophilic 118 

   intrinsic 77 

   macrostructural 26, 27 

   tribological 30 

Prosthesis 7, 30, 36 

   orthopedic 36 

Prosthetic limbs 1, 25 

   sculpting wooden 25 

Prosthodontics 149 

Protein(s) 2, 9, 59, 60, 62, 90, 106, 107, 114, 

175, 181, 182, 222, 227, 244, 246 

   adsorbed 90 

   denaturation 59 

   folding 227 

   natural 181 

   unfolding mechanisms 9 

Proteoglycans 2, 31, 119 

Pyrolysis 52, 56, 59 
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R 

 
Radioactive isotopes 228 

Reaction kinetics 178 

Reactions 9, 26, 143, 167, 173, 177, 178, 179, 

182, 183, 218, 244 

   chemical conjugation 179 

   immune 9 

   inflammatory 26, 244 

   light-induced 182 

   light-promoted thiol-ene addition 182 

   nucleation 178 

   photocage-assisted photoconjugation 178 

Regenerative medicine 1, 2, 26, 181, 183, 218, 

219, 229, 233, 243, 249 

Release 5, 7, 51, 59, 73, 111, 112, 117, 119, 

150, 218, 249, 254 

   explosive 117 

   sustained 112 

Release profile 110, 112 

   sustained drug 110 

Remodelling process 9 

Renal insufficiency 121 

Resin 12, 136, 139, 142 

   photopolymer 136 

Resistance 4, 253 

   thermomechanical 253 

Resorbable ceramics 29 

Resorcinol-formaldehyde hydrogels 51 

Retinal 211, 212 

  degeneration 211 

  progenitor cells (RPCs) 211 

  progenitor cells, neural 212 

Revocable photoconjugation 180 

Rheological properties 80, 256 

 

S 

 
Safety 72, 74, 83, 119, 212, 219 

  fabrics 72 

     occupational 83 

  risks 212 

Salt 199, 201, 206 

   gas foam 201 

   scaffold-based 206 

   traditional 199 

Salt leaching 202, 203, 204, 210, 211 

  electrospinning (SLE) 202 

  technique 204, 210 

  using powder (SLUP) 203, 204 

Scaffold(s) 5, 13, 31, 37, 50, 56, 73, 117, 166, 

167, 168, 181, 182, 195, 202, 203, 211, 

228, 247, 249, 250, 251, 253 

   biocompatible 167 

   biodegradable 181, 228 

   chitosan 5, 50, 203 

   chitosan-alginate 50 

   chitosan-based 31 

   for regenerative medicine 249 

   leaching 195, 211 

   nanofibers 73 

   nasal 253 

   polymer-based 37, 247, 250, 251 

   polymer-based tissue 166 

   polymeric hydrogel 182 

   protein-loaded 56 

   silk fibroin 211 

   silver nanocomposite 202 

   skin 203 

   thermoplastic 13 

   tissue-engineered 117, 168 

Scaffold fabrication 9, 10, 11, 13, 251   

  materials 11 

  methods 10, 13 

  technique 251 

  technologies 9 

Scanning electron microscope 113 

SCPL techniques 247 

Selective laser 11, 13, 136, 144 

  melting (SLM) 144 

  sintering (SLS) 11, 13, 136 

SFD method 59 

SFL 50, 59 

  methods 50, 59 

  process 59 

Silica 51, 52, 54, 62, 142 

   hierarchical porous 51 

   honeycomb 54 

   microparticles 52 

For 
pe

rso
na

l p
riv

ate
 us

e o
nly

 

 
 

Not 
be

 di
str

ibu
ted

 or
 up

loa
de

d t
o a

ny
on

e o
r a

ny
whe

re



Subject Index Biomaterial Fabrication Techniques  277 

 

  nanoparticles 54 

Silk 50, 54, 55, 107, 197, 208, 209 

  fibroin (SF) 50, 54, 55, 197, 208, 209 

  proteins 107 

Single 121, 122 

  chloroform 121 

  dichloromethane 122 

  dimethylformamide 122 

Skin 211 

  layer 211 

  loss 211 

  wounds 211 

SLA techniques 136 

SLS method 12 

SLUP method 203, 209 

Small intestinal submucosa (SIS) 208 

Smooth muscle cells 247 

Sodium 3, 29, 116, 198, 207, 210 

  bicarbonate 198, 207, 210 

   diclofenac 116 

Sol-gel 30, 51, 168 

   precursors 51 

   process 30 

   transitions 168 

Solid(s) 38, 172, 173, 180 

   amorphous 180 

   free form fabrication 38 

   intertwined polymeric 173 

Solvent(s) 11, 36, 83, 85, 109, 112, 121, 122, 

123, 208, 212, 244, 246, 247, 248, 249, 

257 

  casting particulate leaching (SCPL) 208 

  casting process 246, 248 

  casting technology 244, 257 

     toxic 11, 36, 257 

Sound absorptions 104 

Sources 136, 169 

   high energy power 136 

   high-energy pulsed femtosecond laser 169 

Spectroscopy 115 

Spheroids 146, 147 

   epithelial 147 

   thyroid 146, 147 

Spinneret orifice 77 

Spinning 8, 72, 73, 74, 77, 80, 81, 82, 83, 84, 

85, 86, 88, 230 

  precursor polymers 83 

  processes 8, 88 

  technique, wet 230 

SPLA 231 

  fibers 231 

  scaffolds 231 

Sponges 37, 53, 61 

   polyurethane 53 

Spray 49, 59 

  freeze drying (SFD) 59 

  freezing into liquid (SFL) 49, 59 

Spraying, conventional plasma 148 

Stability, thermodynamic 220 

Stacking 222, 228 

   aromatic 222, 228 

Stem cells 60, 145, 146, 152, 182, 183, 211 

   embryonic 60, 146 

   mesenchymal 182 

Stereolithography 11, 139, 146, 149 

Stereolithogrphy 13 

Sterilizability 197 

Steriolithography 136 

Stimulate 73, 117, 149 

  bone growth 149 

  cell response 73, 117 

Stress 144, 178 

  promoting azide-alkyne cycloadditone 

(SPAAC) 178 

  shielding problems 144 

Structures 79, 142, 170, 209, 223, 245 

   hollow 79, 142 

   microcellular 245 

   nanofibrous 209 

   photopolymer 170 

   protein 223 

Surface 26, 54, 84, 85, 86, 105, 108, 148, 223, 

232, 257 

  migration 26 

  properties 223, 257 

  roughness 54, 148, 232 

  tension 84, 85, 86, 105, 108 

Surgery 73, 90, 149, 230 

   maxillofacial 149 

For 
pe

rso
na

l p
riv

ate
 us

e o
nly

 

 
 

Not 
be

 di
str

ibu
ted

 or
 up

loa
de

d t
o a

ny
on

e o
r a

ny
whe

re



278   Biomaterial Fabrication Techniques                                                                                          Haider and Haider 

 

Surgical 26, 135, 152 

  instruments 152 

  manipulations 26 

  planning 135 

Suspensions 52, 53, 54, 59, 60 

   ceramic 54 

   freeze-drying graphene 54 

   frozen 60 

   inorganic 52 

   solid-in-oil 59 

   stable ceramic 53 

Synthesis 1, 3, 4, 7, 51, 80, 166, 167, 175, 

177, 178, 179, 182, 183, 233, 247, 249 

   macromolecule 233 

   polymerization-assisted 182 

   prototype 80 

Synthetic polymers 2, 5, 31, 32, 34, 36, 39, 

104, 106, 107, 120, 123, 176, 177 

System 35, 38, 89, 116, 121, 143, 171, 178, 

222, 223, 226, 227 

   biopolymer 178 

   computer-aided designing 38 

   drug encapsulation 223 

   immune 227 

   multidisciplinary 89 

   oral drug release 116 

   portable chip-based hemodialysis 121 

   portable hemolysis 121 

 

T 

 
Techniques 148, 168, 243, 

   lithographic 168 

   melt-casting 243 

   nanofabrication 148 

   photolithographic 168 

Technology, stereolithography 146 

Teflon container 247 

Template synthesis technique 78 

Tensile strength 24, 198, 230, 254, 255 

Tetracycline hydrochloride 116 

Textile technique 8 

Therapy 119, 211 

   cell replacement 211 

Thermoplastic polymers 136, 252 

Thyroid homeostasis 147 

Tissue 1, 2, 5, 10, 24, 25, 26, 28, 29, 31, 34, 

39, 73, 89, 90, 108, 117, 143, 147, 148, 

195, 196, 197, 205, 206, 208, 211, 212, 

228, 229, 233, 243, 256, 257 

   aging 197 

   diseased 143, 195 

   engineering 256 

    formation 2, 196 

 growth 24, 26, 229 

 healthy 117 

 loss 243 

   mammalian 24 

 necrosis 5 

 reconstruction 233 

 recovery 147 

 regeneration 5, 10, 24, 29, 34, 147, 148, 

196, 197, 208, 211 

Tissue repair 152, 232 

   articular cartilage 232 

Titanium-based frameworks 6 

Toxicity 33, 111, 112, 204, 207, 208, 209, 

210, 212, 228, 245 

   reduced 112 

Transfer 117, 173, 180, 205 

   addition-fragmentation chain 180 

Transforming growth factor 148 

Transmission electron microscope 113 

Transport 114, 177, 182, 205, 228 

   natural tissue 177 

Trauma 120, 134, 230 

Treatment 83, 84, 116, 118, 119, 120, 121, 

146, 203, 210, 211 

   heat 83, 84, 203 

   of retinal degeneration 211 

   rapamycin 146 

   root canal 120 

   therapeutic wound 118 

   thermal 83 

   wound 118 

 

 

 

For 
pe

rso
na

l p
riv

ate
 us

e o
nly

 

 
 

Not 
be

 di
str

ibu
ted

 or
 up

loa
de

d t
o a

ny
on

e o
r a

ny
whe

re



Subject Index Biomaterial Fabrication Techniques  279 

 

U 

 
Ultrasonic additive manufacturing (UAM) 136 

Up-regulated transcription 207 

UV 135, 139, 141, 142 

  cross-linking 141, 142 

  polymerization 141 

 

V 

 
Vacuum 38, 46, 48, 246, 247 

  drying 247 

  processing 246 

Vascular 5, 117, 123, 141, 182, 256 

  endothelial growth factor (VEGF) 5, 117, 

123, 141, 182 

  smooth muscle cells (VSMCs) 256 

 

W 

 
Waals 80, 220 

  forces 80, 220 

Waste 168, 205 

  products 168 

  removal 205 

Water 10, 11, 48, 50, 51, 54, 56, 58, 59, 60, 

61, 104, 175, 177, 198, 209, 246, 248, 

254 

  absorption 209 

  based systems 50 

  filtration 104 

  in-oil 56 

Wire network molding 252 

Wound dehydration 118 

Wound dressings 11, 104, 118, 210, 231, 243, 

248 

   efficient 118 

 

X 

 
X-ray 114, 115 

  diffraction (XRD) 115 

  photoelectron spectroscopy 114 

For 
pe

rso
na

l p
riv

ate
 us

e o
nly

 

 
 

Not 
be

 di
str

ibu
ted

 or
 up

loa
de

d t
o a

ny
on

e o
r a

ny
whe

re



For 
pe

rso
na

l p
riv

ate
 us

e o
nly

 

 
 

Not 
be

 di
str

ibu
ted

 or
 up

loa
de

d t
o a

ny
on

e o
r a

ny
whe

re


	Cover
	Title
	Copyright
	End User License Agreement
	Contents
	Foreword
	Preface

	List of Contributors 
	Introduction to Biomaterials and Scaffolds for Tissue Engineering 
	Khalil K. Hussain1,* and Muhammad Naeem2
	INTRODUCTION
	BIOMATERIALS FOR SCAFFOLD FABRICATION
	Ceramics
	Polymers
	Metals
	Composites
	Hydrogels
	Methodologies for Scaffold Production
	Scaffold Design and Properties Relationship
	Current Scaffold Fabrication Technologies

	CONCLUSION AND FUTURE DIRECTIONS
	CONSENT FOR PUBLICATION
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENT
	REFERENCES

	Biocomposites for Tissue Engineering 
	Amjad Khan1,* and Naeem Khan2
	INTRODUCTION
	BIOMATERIALS FOR TISSUE ENGINEERING

	SCAFFOLDS FOR TISSUE ENGINEERING
	BIOMATERIALS FOR SCAFFOLD PREPARATION
	Ceramics
	Bio Glass
	Alumina (Al2O3)
	Zirconia oxide (ZrO2)
	Polymers
	Collagen and its Derivatives
	Polysaccharides
	Synthetic Polymers

	Metals
	Stainless Steel

	Composite
	Hydrogel
	Natural Hydrogels
	Synthetic Hydrogels
	Semi-Synthetic Hydrogels
	Durable Hydrogels
	Biodegradable Hydrogels


	TECHNIQUES USED FOR THE PREPARATION OF SCAFFOLDS
	Solvent Casting / Particulate Leaching
	Melt Molding / Particulate Leaching
	Gas Foaming
	Phase Inversion / Particulate Leaching
	Fiber Bonding
	Freeze Drying Method
	Solid Free Form Fabrication
	Three Dimensional Printing
	Fused Deposition Modeling


	CONCLUSION
	CONSENT FOR PUBLICATION
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENT
	REFERENCES

	Freeze Drying: A Versatile Technique for Fabrication of Porous Biomaterials 
	Shaukat Khan1,*, Muhammad Umar Aslam Khan2,3,4 and Zahoor Ullah5
	INTRODUCTION
	THE FREEZE-DRYING PROCESS
	CONTROLLED FREEZING
	Directional Freezing
	Spray-Freezing into Liquid (SFL)

	POROUS STRUCTURES
	Aqueous Solutions
	Aqueous Colloidal Suspensions
	Organic Solutions
	Emulsions

	MICRO- AND NANOWIRES
	Micro- And Nanoparticles
	Potential Application of Freeze Drying

	CONCLUSION AND PROSPECTS
	CONSENT FOR PUBLICATION
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENT
	REFERENCES

	Centrifugal and Solution Blow Spinning Techniques in Tissue Engineering 
	Muhammad Umar Aslam Khan1,*, Saiful Izwan Abd. Razak1,2, Rawaiz Khan1,3, Sajjad Haider4, Mohsin Ali Raza5, Rashid Amin6, Saqlain A. Shah7 and Anwarul Hasan8,9
	INTRODUCTION
	CONVENTIONAL FABRICATION TECHNIQUES
	Electrospinning Technique
	Melt Blowing Technique
	Bicomponent Fibre Spinning
	Phase Separation Technique
	Template Synthesis Technique
	Self-Assembly Technique
	Limitation of Conventional Techniques
	Centrifugal Spinning
	Centrifugal Spinning Systems
	Rotating Head
	Nanofiber Collecting System

	Types of Centrifugal Spinning Nanofibers
	Polymer Nanofibers
	Carbon Nanofibers
	Ceramic Nanofibers
	Processing Centrifugal Spinning
	Fluid Properties
	Operational Conditions


	BRIEF INTRODUCTION OF SBS
	APPLICATION IN TISSUE ENGINEERING
	Synthetic Extracellular Matrix
	Biological Response to Nanofibrous

	CONCLUSION AND PROSPECTS
	CONSENT FOR PUBLICATION
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENT
	REFERENCES

	Electrospun Nanofibers Scaffolds: Fabrication, Characterization and Biomedical Applications 
	Murtada A. Oshi1, Abdul Muhaymin2, Ammara Safdar2, Meshal Gul3, Kainat Tufail3, Fazli Khuda3, Sultan Ullah4, Fakhar-ud-Din5, Fazli Subhan6 and Muhammad Naeem6,*
	INTRODUCTION
	Fundamental Aspects of Electrospinning
	Electrospinning Techniques for ESNFs Fabrication
	Blending Electrospinning
	Coaxial Electrospinning
	Emulsion Electrospinning
	Melt Electrospinning

	Materials used for Fabrication of ESNFs
	Parameters Affect Electrospinning
	Solution Parameters
	Processing Parameters
	Environmental Parameters

	Mechanisms of Drug Loading into ESNFs
	Blending Method
	Core/Sheath Method
	Encapsulation Method
	Attachment Method
	Characterization of ESNFs

	Physical Characterization
	Morphology
	Surface Area
	Tool used for Chemical Characterization of ESNFs
	Biomedical Applications of ESNFs
	ESNFs as Drug Delivery Carrier
	ESNFs in Tissue Engineering
	ESNFs in Wound Healing
	ESNFs in Cancer Therapy
	ESNFs for Dentistry Applications
	ESNFs in Imaging and Biosensing for Disease Diagnostics/Prognosis
	ESNFs in Membranes for Medical Filtration and Dialysis

	CONCLUSION
	CONSENT FOR PUBLICATION
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENT
	REFERENCES

	3D Printed Biomaterials and their Scaffolds for Biomedical Engineering 
	Rabail Zehra Raza1, Arun Kumar Jaiswal2,3, Muhammad Faheem1, Sandeep Tiwari2, Raees Khan1, Siomar de Castro Soares3, Asmat Ullah Khan4, Vasco Azevedo2 and Syed Babar Jamal1,*
	INTRODUCTION
	Three-Dimensional Printing (3DP) Technologies
	3D Printing Types in Biomedical Applications
	Powder-Based Printing
	Liquid Reservoir
	Sheets of Material
	Nanofabrication
	Biocompatible 3D Printing Materials
	Bioinks
	Biomaterial Inks
	Synthetic Hydrogels
	Thermoplastics and Resins
	Ceramics
	Metal Implants

	HEALTHCARE APPLICATIONS
	Tissue Engineering
	3D Models and Organoids
	Implants
	Tissue Regeneration
	Implant-Tissue Interface
	Dentistry
	Orthopedics
	Drug Delivery
	Tablets
	Transdermal Delivery
	Drug-Releasing Implants
	Surgical Tools
	CONCLUSION

	CONSENT FOR PUBLICATION
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES

	Fabrication of Photosensitive Polymers-based Biomaterials through Multiphoton Lithography 
	Mohammad Sherjeel Javed Khan1, Sehrish Manan2, Ronan R. McCarthy3 and Muhammad Wajid Ullah2,*
	INTRODUCTION
	MULTIPHOTON LITHOGRAPHIC PHOTOPOLYMERIZATION
	MULTIPHOTON POLYMERIZATION TOOLS FOR THE SYNTHESIS OF BIOMATERIALS
	CHEMISTRY OF MPL PHOTOPOLYMERIZATION
	Photo Polymerization
	Photoinitiators
	Photopolymer Chemistry

	PHOTOCHEMICAL DECOMPOSITION AND POLYMERIZATION
	Initiator-Facilitated Photo Polymerization
	Photocage-Facilitated Photoconjugation
	General Photoconjugation
	Light-Induced Decomposition
	Revocable Photoconjugation

	APPLICATIONS
	Biomaterials Synthesis
	Modulation of Biological Materials

	LIMITATIONS OF MPL TO BIOLOGICAL DESIGN
	CONCLUSIONS
	CONSENT FOR PUBLICATION
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENT
	REFERENCES

	Particulate Leaching (Salt Leaching) Technique for Fabrication of Biomaterials 
	Nurhasni Hasan1,*, Aliyah Putranto1, Sumarheni  and Andi Arjuna1
	INTRODUCTION
	PARTICULATE LEACHING (SALT LEACHING) TECHNIQUE
	Polymers
	Salt
	Methods
	1. Conventional Salt Leaching 
	2. Combination of Melt Mixing and Particulate Leaching 
	3. High Compression Molding-Salt Leaching 
	4. Gas Foaming-Salt Leaching 
	5. Salt Leaching Electrospinning (SLE) 
	6. Salt Leaching Using Powder (SLUP) 

	Advantage and Disadvantage of Scaffolds Produced by Salt Leaching Technique

	PHYSICAL AND MECHANICAL CHARACTERISTICS
	1. Pore Size 
	2. Porosity 
	3. Mechanical Properties 
	4. Interconnected 3D Structures 

	BIOMATERIALS PREPARED WITH PARTICULATE LEACHING TECHNIQUE
	POROUS 3D SCAFFOLD APPLICATIONS WITH SALT LEACHING TECHNIQUE
	Bone Engineering
	Neuronal Retinal Precursor Cells
	Skin Substitutes

	FUTURE PROSPECT
	CONCLUDING REMARK
	CONSENT FOR PUBLICATION
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENT
	REFERENCES

	Principles of Supra Molecular Self Assembly and Use of Fiber mesh Scaffolds in the Fabrication of Biomaterials 
	Haseeb Ahsan1,2, Salman Ul Islam1,3, Muhammad Bilal Ahmed1, Adeeb Shehzad4, Mazhar Ul Islam5, Young Sup Lee1 and Jong Kyung Sonn1,*
	INTRODUCTION TO SELF ASSEMBLY
	Molecular Forces Responsible for Self-Assembly
	Electrostatic Forces
	Hydrophobic Interactions
	Aromatic Stacking (Pi-Pi Stacking)
	Hydrogen Bonding


	DESIGNING SUPRAMOLECULAR BIOMATERIALS
	Dendritic Molecules
	Surfactants
	Lipids
	Amphiphilic Peptides
	Surfactant-Like Peptides
	Peptide Amphiphiles (PAs)

	Drug Amphiphiles
	Multi-Domain Peptides
	Aromatic Peptides and Derivatives
	Nanogels

	SELF-ASSEMBLY OF CARBON-BASED NANOSTRUCTURED MATERIALS
	Carbon Nanotubes (CNTs)
	Graphene

	FIBERMESH SCAFFOLDS IN TISSUE ENGINEERING
	CHITOSAN FIBER MESH SCAFFOLDS
	CHITOSAN/POLYCAPROLACTONE (CHT/PCL) BLEND FIBER MESH SCAFFOLDS
	CONCLUDING REMARKS
	CONSENT FOR PUBLICATION
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENT
	REFERENCES

	Solvent Casting and Melt Molding Techniques for Fabrication of Biomaterials 
	Atiya Fatima1, Md. Wasi Ahmed1, Muhammad Wajid Ullah2,3, Sehrish Manan2,3, Shaukat Khan1, Aref Ahmad Wazwaz1 and Mazhar Ul-Islam1,*
	INTRODUCTION
	Biomaterials

	FABRICATION TECHNIQUES
	Solvent Casting
	Melt Casting/Molding
	Compression Molding Technologies
	Compression Molding/Particulate Leaching
	Compression Molding/Phase Separation
	Compression Molding/Solvent Casting/Particulate Leaching
	Wire-Network Molding
	Injection Molding Technologies
	Extrusion Techniques


	CONCLUSION AND FUTURE REMARKS
	CONSENT FOR PUBLICATION
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES

	Subject Index


