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Interactions Between the Physiological
Environment and Titanium-Based Implant
Materials: From Understanding to Control

1

Sara Ferraris, Yolanda S. Hedberg, James J. Noël, and Silvia Spriano

Abstract

Titanium and titanium alloys are widely used in different biomedical applications
owing to their high biocompatibility, high corrosion resistance, good mechanical
properties, and good osseointegration ability. Titanium and its alloys rapidly form
a surface oxide layer in air and aqueous environments. This passive and thin
(a few nanometers) surface oxide hinders active corrosion and ensures a low
metal ion release, enhancing biocompatibility. Compared to that of other biomed-
ical alloys, this surface oxide is exceptionally resistant to chemical attack by
halides, primarily chlorides; the presence of fluorides can, in some cases, result in
localized corrosion of titanium and its alloys. However, the combination of
proteins, inflammatory conditions and bacteria, which for instance generate
hydrogen peroxide, can result in a reduction of the corrosion resistance of
titanium-based materials. Titanium and its alloying elements, such as aluminum
and vanadium, can then be released as ions, which might trigger an immune
system response and reduce biocompatibility. Several surface modifications have
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been proposed in order to improve the bone-bonding ability of titanium and its
alloys, facilitate the healing process, and enhance the success of the implant with
a decreased risk of micromotions. Moreover, antimicrobial ions/nanoparticles can
be added to the surface to reduce the infection risk. Surface modification of
titanium (e.g., with artificially grown, micrometer-thick, titanium oxide layers)
can significantly increase the corrosion resistance under critical conditions (e.g.,
inflammatory response and infection); however, the surfaces are not completely
inert and the effect of metal ion/nanoparticle release should be carefully taken into
account.

This chapter reviews and discusses the current strategies for modifying and
controlling the surface of titanium-based implant materials, with particular focus
on corrosion resistance, bone integration, inflammatory and infection control, and
interactions with the physiological environment.

Keywords

Titanium · Corrosion resistance · Inflammatory · Bone integration · Infection
control

1.1 Introduction

Titanium (Ti) and Ti alloy implant materials can release metal ions and particles into
the physiological environment. These can be simple metal ions, aqueous complexes,
ions bound to proteins or metal (oxide) particles. Their form (chemical speciation) is
decisive for any biological response and might be changed with time or upon a
changed environment.

While direct immune response to Ti species has been debated for a long time,
newer research shows clear evidence that T-cell-mediated hypersensitivity specific
to Ti(IV) exists (Chan et al. 2011; Hamann 2018; Evrard et al. 2010; Hosoki et al.
2016). Hypersensitivity reactions to Ti have traditionally been overshadowed by
those to other metals (Evrard et al. 2010; Hosoki et al. 2016) and are—due to
chemical limitations—difficult to diagnose by patch testing (Hamann 2018). While
Ti and its oxides, such as Ti dioxide (TiO2), have long been considered nontoxic and
biocompatible, newer studies show that this is not always true (Jin and Berlin 2015).
Small (<4 μm) released Ti oxide particles can be taken up in cells (Kumazawa et al.
2002), be enriched into the implant-adjacent tissue or distal organs (Swiatkowska
et al. 2018; Olmedo et al. 2008; Sarmiento-González et al. 2008), and cause different
immunological responses (Thewes et al. 2001). Due to the low solubility of TiO2,
TiO2 particles, comprising 80% of the total detected Ti, have been found in human
post-mortem studies in different organs, such as spleen, liver, and kidney (Peters
et al. 2020). TiO2 nanoparticles are of relatively low toxicity as compared to other
metal oxides or metal nanoparticles; however, it is now evident that they can cause
the generation of reactive oxygen species, inflammatory response, genotoxicity,

4 S. Ferraris et al.



metabolic changes, and potentially carcinogenesis (Grande and Tucci 2016; Shakeel
et al. 2016).

The alloying elements in Ti alloys, such as aluminum (Al), niobium (Nb), tin
(Sn), vanadium (V), nickel (Ni), or palladium (Pd), are often of greater short-term
health concern than Ti (Chen and Thyssen 2018). Other common alloying elements
of similar or lower health concern, as compared to Ti, are tantalum (Ta), zirconium
(Zr), iron (Fe), and molybdenum (Mo). Chromium (Cr), which is a common metal
allergen, can also be an alloying element for titanium alloys (Hamann 2018). These
and other alloying elements stabilize different phases of titanium, resulting in
different, or a mixture of, crystal structures with unique mechanical, machinability,
and corrosion properties (Noël et al. 2018). Commercially pure (cp) Ti is used as
coating material or for some dental applications (Gilbert 2017). For many biomedi-
cal applications, the use of Ti alloys is necessary, as the mechanical properties of
pure Ti are insufficient. The Ti alloy containing 6 wt% Al and 4 wt% V (Ti6Al4V) is
commonly used for parts of artificial joints (such as the stem of an artificial hip joint
prosthesis), which require high corrosion resistance and high fatigue strength, but
not necessarily high wear resistance (Gilbert 2017); titanium and its alloys have very
poor wear and fretting resistance. Ti and its alloys possess a comparably high
osseointegration (tight integration of the implant with the bone), relatively low
density (closer to that of natural bone), and relatively high biocompatibility com-
pared with alternative alloys.

The interface between the Ti (alloy) surface and the physiological environment is
dynamic and both sides are influenced by each other. For example, released metals
can cause immunological reactions, which in turn can cause a more corrosive
environment, triggering more metal release. Infections, specific diseases, and other
factors (such as implant design) can also cause aggressive environments leading to
corrosion and ultimately health effects or implant failure. This chapter will discuss
these corrosion processes, how they are affected by the physiological environment,
and how metal release, corrosion, and infections could be minimized by means of
surface engineering. A specific focus is on the complex physiological environment
in which corrosion resistance, modulation of the inflammatory response, bioactivity,
and ability of infection control play interconnected roles. The recent strategies of
surface modification of Ti in order to obtain a multifunctional action, which takes all
the above-cited parameters into account, are discussed.

1.2 Corrosion Resistance of Ti and Its Alloys in the Biological
Environment

1.2.1 Principles of Corrosion of Ti and Its Alloys

A metal is a conductive material, and as such, electrons can freely move within
it. Corrosion of metals occurs via the oxidation of the metal and the reduction of an
oxidant, most often oxygen, water, or protons. These two half-cell reactions are
balanced such that the number of electrons produced by metal oxidation is equal to

1 Interactions Between the Physiological Environment and Titanium-Based. . . 5



the number consumed in the reduction of oxidants. Due to the electron conductivity
of the metal, the reduction half–cell reaction can occur at a very different location
and over a differently sized surface area than the oxidation half-cell reaction; these
differences are critical for a number of localized corrosion types of Ti metal and its
alloys.

Ti metal is thermodynamically unstable in water or air. It is rapidly oxidized and
reacts even with hydrogen, nitrogen, and many other elements. Its high affinity for
oxygen is key to its ability to form a protective surface oxide that hinders further Ti
metal oxidation and ensures Ti and its alloys can withstand the relatively corrosive
physiological environment to a large extent. In order to understand the corrosion of
Ti and Ti alloys, we need to understand the conditions under which the Ti surface
oxide can form and reform.

At physiologically relevant pH values, Ti metal is oxidized to TiO2 in several
steps (McCafferty 2010; Schmets et al. 1974), with the following reactions showing
the equilibrium states under standard conditions:

Ti2þ þ 2e� Ð Ti E
� ¼ �1:630 V ð1:1Þ

Ti2O3 þ 6Hþ þ 2e� Ð 2Ti2þ þ 3H2O E
� ¼ �0:478 V� 0:1773 pH ð1:2aÞ

or

Ti OHð Þ3 þ 3Hþ þ e� Ð Ti2þ þ 3H2O E
� ¼ �0:248 V� 0:1773 pH ð1:2bÞ

2TiO2 þ 2Hþ þ 2e� Ð Ti2O3 þ H2O E
� ¼ �0:556 V� 0:0591 pH ð1:3aÞ

or

TiO2 þ H2Oþ Hþ þ e� Ð Ti OHð Þ3 E
� ¼ �0:786 V� 0:0591 pH ð1:3bÞ

where E� denotes the standard electrode potential in V vs. the standard hydrogen
electrode (SHE) and under standard conditions (25 �C, activity of 1, 1 atmosphere
gas pressure). For other solute concentrations, the reader is referred to the equations
given in Schmets et al. (1974).

All of these reactions occur at potentials far more negative than the stability range
of water, which means that the thermodynamic driving force for Ti oxidation to the
TiIV valence state is very high, compared to that of most other metals (Pourbaix
1974). This driving force ensures that a damaged surface oxide is rapidly repaired
under benign conditions. This further ensures a very low corrosion rate, under
so-called passive conditions, under which subsequent Ti oxidation is limited by
restricted mass transport through the formed Ti surface oxide. Under more aggres-
sive, nonpassive conditions, this high thermodynamic driving force toward Ti
oxidation can cause a high corrosion rate and large potential differences when
coupled with other metals, phases, or intermetallic precipitates, even within the
same alloy.

6 S. Ferraris et al.



Alloying elements can either improve or degrade the corrosion resistance com-
pared to commercially pure Ti metal.

The Ti-Ni alloy (commercial name “nitinol”), which is used for its shape memory
effect in cardiovascular stents and orthodontic appliances, is an example of a Ti alloy
with significantly lower corrosion resistance than Ti metal (Ding et al. 2018;
Noguchi et al. 2008), accompanied with some Ni release (Saylor et al. 2016;
Sullivan et al. 2015), approximately in the same range as, or lower than, austenitic
Ni-containing stainless steel (Hedberg and Odnevall Wallinder 2016; Eliades et al.
2004; Suárez et al. 2010). This Ni release can cause a number of clinical adverse
effects (Faccioni et al. 2003; Mani et al. 2007; Gong et al. 2013).

Ti alloys containing Al and either V or Nb are widely used for different biomedi-
cal applications, especially in orthopedic artificial joint prostheses (Gilbert 2017;
Milošev 2017). The Ti alloy containing 6 wt% Al and 4 wt% V (Ti6Al4V) has been
reported to have a slightly less protective passive layer than does commercially pure
Ti (Shukla et al. 2005). In the same study (Shukla et al. 2005), a higher alloyed Ti
alloy with 13.4 wt% Al and 29 wt% Nb (Ti13.4Al29Nb) showed improved corrosion
resistance compared with Ti metal over 1 week of exposure in Hank’s solution, a
simple physiological simulant containing a number of salts and glucose at a pH value
of about 7.4. A detailed X-ray photoelectron spectroscopy study of specimens
exposed to Hank’s solution revealed a spontaneous formation of primarily TiO2 in
the surface oxide of Ti6Al4V and small amounts of Al2O3 on its outermost surface at
the interface with the solution (Milošev et al. 2000). A similar study on Ti6Al7Nb
showed that the surface oxide on this alloy formed less sub-oxides of TiO and Ti2O3

as compared to Ti6Al4V and possessed a higher corrosion resistance (Milošev et al.
2008).

The formation of the passive surface oxide on Ti and Ti alloys is required for high
corrosion resistance. Its formation is, however, strongly dependent on environmental
conditions, as discussed in the following section.

1.2.2 Physiological Environments from a Corrosion Perspective

The physiological environment is highly complex, locally different, and dynamic
over time. Only recently, it has been acknowledged that simple salt-based solutions,
such as 0.9% sodium chloride, Hank’s solution, Ringer’s solution, and phosphate-
buffered saline, cannot simulate the physiological environment in a relevant and
sufficient way for Ti alloys (Gilbert 2017; Zhang et al. 2018a; Hedberg et al. 2019b).

Halides are important to many localized types of corrosion of passive metals. Ti
has been considered to have low susceptibility to chloride-induced corrosion; how-
ever, in combination with fluorides and other factors, the chlorides contribute to the
corrosion process in a synergistic manner (Li et al. 2007). Fluoride is actively used in
the cleaning and protection of natural teeth; therefore, especially Ti-based dental
implants and orthodontic Ni-Ti wires are regularly exposed to fluorides. The TiO2-
containing passive film of Ti and its alloys is susceptible to fluoride attack. It was
found that fluorides increase the corrosion rates of Ti and its alloys under conditions

1 Interactions Between the Physiological Environment and Titanium-Based. . . 7



of relevance for dental environments (Li et al. 2007; Mirjalili et al. 2013; Noguchi
et al. 2008; Reclaru and Meyer 1998).

The physiological environment also contains a high number of complexing
agents and proteins. The high ionic strength of the physiological environment
ensures their rapid adsorption even on similarly charged surfaces (Fukuzaki et al.
1995; Hedberg et al. 2014; Claesson et al. 1995). Proteins and other complexing
agents, such as peptides, amino acids, organic acids, or different anions, can form a
complex either directly with Ti or with any of its alloying elements. This can occur
either directly with the metal, with a metal ion in solution, or—most relevant for
passive conditions—directly with the surface oxide. It has been suggested that this
process plays an important role for the depletion of Al2O3 from the surface oxide of
Ti6Al4V, and that it is accelerated in the presence of hydrogen peroxide (Hedberg
et al. 2019b).

Inflammatory and immunological reactions can result in a chemical attack and a
very high redox potential in the in vivo environment or locally on the implant
surface. Most importantly, there is increasing evidence that the surface reactions
and corrosion trigger the biological response, which in turn increases the corrosion
rate (Hedberg 2018; Gilbert 2017; Milošev 2017). For example, immune and
inflammatory cells can produce a range of highly oxidizing species, including
hydrogen peroxide, hydroxyl radical, and hypochlorous acid, resulting in an
extremely oxidative environment (Gilbert and Kubacki 2016).

1.2.3 Pitting and Crevice Corrosion

Pitting and crevice corrosion are localized corrosion types that are important to most
passive metals and alloys. For Ti alloys, most pitting or crevice corrosion cases have
been found in conjunction with the crevice induced in modular tapered junctions
(Gilbert 2017), schematically illustrated in Fig. 1.1. The difference between pitting
and crevice corrosion is its initiation: pitting corrosion requires the damage of the
surface oxide, which is often unlikely to occur for Ti alloys, while the crevice already
provides the optimal conditions for initiation of this localized corrosion process.
Once initiated, the propagation and failure or repassivation steps of pitting and
crevice corrosion are similar and involve a large passive area providing the necessary
reaction surface area for the cathodic reaction and a very small confined space for the
anodic reaction (metal oxidation), which is also driven by significant amounts of
proton reduction within its interior (Noël 1999; He et al. 2009). If pitting corrosion
occurs, it is often located in the vicinity of a crevice (Gilbert 2017), as the local
chemical environment there is far more anaerobic, acidic and enriched in chlorides,
fluorides, or other anions able to attack the Ti surface oxide. The anodic half-cell
reactions inside the crevice or pit require cathodic half-cell reactions. These cathodic
half-cell reactions can involve the reduction of oxygen on passive surfaces of the Ti
metal or alloy—far away from the crevice or pit. Another even more important
cathodic reaction is the reduction of protons resulting in the formation of hydrogen
gas or absorbed hydrogen in the metal (Noël 1999, He et al. 2009), which embrittles
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the metal and can cause cracking, Fig. 1.1. Protons inside the confined space
originate from hydrolysis of the released metal ions. These positively charged
protons and metal ions also attract negatively charged counterions, such as chlorides,
fluorides, or sulfates, to maintain charge neutrality inside the crevice or pit. This
results in an extremely concentrated and aggressive solution chemistry. Although
crevice corrosion of CP Ti requires temperatures above ~60 �C (Noël 1999), it may
proceed at lower temperatures on more susceptible alloys. Crevice and pitting
corrosion are often combined with mechanically assisted corrosion types, which
then can result in cracking or faster propagation. A change in the geometry,
replenishing of the solution inside the confined space, and/or a shift in potential
due to oxidants may result in repassivation of the surface. Although crevice and
pitting corrosion are rarely observed directly from retrieved Ti alloy implant
materials, they are suspected to be part of the overall corrosion mechanism (Hall
et al. 2018; Gilbert 2017).

Fig. 1.1 Schematic illustration of the local chemical environment during pitting and crevice
corrosion of Ti or its alloys. Inside the confined space of the crevice or pit, the solution chemistry
is characterized by a very low pH, an anaerobic environment, and a very high concentration of ions.
Charge neutrality is ensured by the free movement of electrons inside the metal and the migration of
ions in and out of the confined spaces. The corrosion reactions result in the buildup of corrosion
products on the surface of the confined spaces and as particles. Micromotion is often present for
crevices of orthopedic and dental implants

1 Interactions Between the Physiological Environment and Titanium-Based. . . 9



1.2.4 Mechanically Assisted Corrosion Types

Ti and its alloys are usually not intended for wear-exposed parts of biomedical
implants due to their relatively low wear resistance, compared to cobalt-chromium
(Co-Cr) alloys or ceramic materials. Nevertheless, mechanically induced corrosion
types are still of high importance for biomedical Ti (alloys) and therefore an
important target for surface engineering.

An important type of corrosion of Ti alloys as biomedical materials is mechani-
cally assisted crevice corrosion (MACC) (Hall et al. 2018; Gilbert 2017), which is
the combination of fretting corrosion and crevice corrosion. Fretting corrosion
requires micromotion between the Ti (alloy) surface and a hard countersurface
able to damage the surface oxide (Swaminathan and Gilbert 2012). In implant
materials, such as dental implants (screws) or modular taper junctions of joint
prostheses, cyclic micromotions are common. The hard countersurface can, for
instance, be an oxide-coated metal, a ceramic material, or particles deriving from
the corrosion process (Fig. 1.1) or wear. This oxide damage then initiates or
accelerates localized corrosion, most often crevice corrosion.

Stress corrosion cracking can be a result of hydrogen embrittlement (“hydrogen-
induced cracking (HIC)” (Clarke et al. 1997; Tal-Gutelmacher and Eliezer 2005))
due to absorbed hydrogen (Fig. 1.1) or be related to the stresses that occur during
oxide growth (“oxide-induced stress corrosion cracking”—OISCC) (Gilbert 2017).
MACC and OISCC can ultimately result in the buildup of a relatively thick (several
hundreds of micrometers) Ti oxide layer, termed “direct conversion to oxide”
(Gilbert 2017; Gilbert et al. 2012). These thick Ti oxide layers have been found
in vivo (Gilbert et al. 2012), especially in modular taper junctions providing the
optimal geometry of a crevice in combination with micromotions. The combination
of OISCC and direct conversion to oxide can result in rapidly growing pits filled with
oxide. As these oxides have a higher volume than the metal (Pilling-Bedworth
ratio ¼ 1.73 (Nelson and Oriani 1993)), the material cracks, and the pit can
propagate further. This can result in millimeter-long oxide-filled pits and cracks
(Gilbert et al. 2012), Fig. 1.2.

1.2.5 Selective, Galvanic, and Intergranular Corrosion

Ti6Al4V contains both alpha (hexagonal closed-packed structure) and beta (body-
centered cubic structure) Ti phases. It has been shown for retrieved implants that pits
and directly converted oxide propagate along the beta phases and then convert the
alpha phases into oxide (Gilbert et al. 2012). This selective corrosion is due to a
lower corrosion resistance of the beta phase as compared to the alpha phase (Noël
et al. 2018). It has been hypothesized that the combination of hydrogen peroxide
(from inflammatory reactions) and active potentials, for example, due to crevice
corrosion, can provide conditions that selectively dissolve the beta phase of Ti6Al4V
alloys (Gilbert et al. 2012).
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Intergranular corrosion, for which the corrosion occurs preferentially along grain
boundaries, is relatively rare for Ti and its alloys in biomedical applications, but has
been observed as a consecutive corrosion mechanism following other corrosion
types such as MACC (Gilbert 2017).

Due to the very negative standard potential of Ti and its alloys (see Sect. 1.2.1),
this metal can be susceptible to galvanic corrosion when coupled with other metals
and when the oxide is damaged. Also, due to its high corrosion resistance in aqueous
environments, the surface of Ti and its alloys could act as the cathodic site when
coupled to another, less corrosion-resistant alloy. This could result in hydrogen
absorption. Coupling to other metals is common in most orthopedic and dental
implants (Cortada et al. 2000; Lucas et al. 1981). Galvanic corrosion has, however,
not been found to be a dominating corrosion type for biomedical Ti alloys (Cortada
et al. 2000; Lucas et al. 1981; Gilbert 2017). Any galvanic effects of incorporated
noble metal nanoparticles in the oxide of Ti alloys have recently been studied and are
discussed in Sect. 1.4.3.

1.2.6 The Role of Cells, Proteins, and Reactive Oxygen Species

The Ti (alloy) material is not only influenced by the physiological environment but
does also change the physiological environment by triggering different cell and
immune responses, which in turn influence corrosion mechanisms. This two-way
response is a relatively new paradigm within corrosion science and has been
supported and proposed by a number of recent scientific studies and discussions

Fig. 1.2 Example of OISCC: oxide-filled deep-plunging pit resulting in cracking in a Ti6Al4V/
Ti6Al4V taper region. (Reprinted with permission from John Wiley and Sons (Gilbert et al. 2012))
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(Gilbert 2017; Hedberg 2018; Hedberg et al. 2019a, b; Gilbert and Kubacki 2016;
Gilbert et al. 2015; Milošev 2017; Yu et al. 2015; Zhang et al. 2018a). There is a
large arsenal of chemical species and cells in the response of the human body to the
metal or alloy. Each of them alone is often not of great concern, but combined with
other factors, their action can be devastating to the corrosion process.

A recent study demonstrated a combined effect of mechanical stress and proteins
on the corrosion resistance of, and metal release from, Nitinol (Ni-Ti) alloys (Zhang
et al. 2020a).

Several studies have shown the combined action of proteins, such as serum
albumin, and hydrogen peroxide, which is one of the chemical species produced
under inflammatory conditions, on the corrosion resistance of, and metal release
from, Ti6Al4V (Yu et al. 2015; Zhang et al. 2018a; Hedberg et al. 2020, 2019b). It
has been hypothesized that hydrogen peroxide primarily forms a complex with TiO2,
weakening its bonds and chemical stability, while serum albumin primarily
complexes aluminum from the surface oxide (Hedberg et al. 2019b). These com-
plexation processes result first in the enrichment and then the depletion of aluminum
in the surface oxide and in the growth of a relatively thick oxide (Hedberg et al.
2019b), similar to those found in vivo. These complexation and metal complex
detachment processes take time and are not necessarily possible to detect in short-
term accelerated corrosion tests (Zhang et al. 2018a; Hedberg 2018).

It should be emphasized that proteins are not necessarily detrimental to the
corrosion process but can also be neutral or beneficial—this depends on the
circumstances (Hedberg 2018). In addition to their complexation abilities, they can
also have shielding effects, reducing the access to an oxidant, and they can also act as
biomarkers, attracting certain cells (both beneficial and detrimental to the corrosion
process).

As outlined in Sect. 1.2.2, inflammatory and infection conditions can be consid-
ered a worst-case environment. Direct etching tracks related to immune cells have
been observed on Co-Cr alloys (Hall et al. 2017), but would most probably result in a
thicker oxide, instead of etching, in the case of Ti alloys. The immune system also
reacts to protein aggregates, which can be induced by metal ions or nanoparticles
(Hedberg et al. 2019a), and wear particles (Sundfeldt et al. 2006). The immune
system also reacts to relatively low amounts of released metal ions in the case of
sensitization (allergy) to one or several of the metals in the alloys (Chen and Thyssen
2018).

From an engineering perspective, it is, hence, interesting to target the avoidance
of infections, the decreased release of metal ions and the increased wear resistance of
biomedical Ti alloys.
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1.3 Ti Surfaces and Inflammatory Reaction

1.3.1 Host Response to Ti Surfaces

The host response to an implanted biomaterial depends on the material
characteristics (e.g., composition, surface texture, degradability, mechanical
properties) and host-specific features (such as age, anatomic factors, comorbidities,
immune response). This response begins at implantation time and lasts for the whole
duration of the material’s presence in the human body (Londono and Badylak 2015).
The host response is of particular importance because it can affect the implant
properties (e.g., degradation, surface alteration) and its functional outcome (e.g.,
fibrous encapsulation vs. physiological integration).

Upon implantation, the biomaterial surface comes in contact with the physiologi-
cal fluids and water; ions and proteins sequentially interact within a few seconds.
The protein layer, which covers the surface, depends on the material surface
properties and affects the cellular/bacterial adhesion to it (Kasemo 2002). The first
cells to approach the protein-covered surfaces are neutrophils, with the aim of
remoinge bacteria and debris or damaged tissues in analogy to the conventional
wound-healing process in the absence of an implant (Ratner 2001; Londono and
Badylak 2015). In 1 day, macrophages reach the surface. As in wound-healing
without an implant, the macrophages modulate inflammation (inevitably associated
with wounds) to achieve tissue repair. In the presence of a foreign material, the
surface properties and host characteristics affect the macrophage response (Ratner
2001, Londono and Badylak 2015). Typically, macrophages can show a
pro-inflammatory polarization (M1 state) related to rapid immune activation or an
anti-inflammatory polarization (M2) related to wound healing and tissue remodeling.
A proper balance between these two states can guarantee a physiological healing,
assuring the removal of damaged tissues without the development of chronic
inflammatory response (Hotchkiss et al. 2016). In the presence of nondegradable
implants (e.g., Ti implants), the macrophages identify the implant as a possible
foreign body and try to engulf and digest it: a process often called “frustrated
phagocytosis,” which ultimately results in the fibrous encapsulation of the implant
(Ratner 2001, Londono and Badylak 2015). Metal ions and nanoparticles signifi-
cantly affect the host response to implants. For example, metal ions can bind host
proteins and cause an immunological response resulting in hypersensitivity (Yao
et al. 2015). These phenomena are particularly evident for toxic metals such as Ni,
Co, and Cr ions released from Co-Cr alloys, or their micro or nanosized particles
produced in metal-on-metal joint replacement (recently highly debated). Hypersen-
sitivity and excessive immune response are rarely reported for Ti alloys (Yao et al.
2015). In the case of Ti implants, it has been supposed that the collagenous capsule
can evolve into bone mineralization, due to the presence of ions and bone stem cells
at the implant site (Ratner 2001). Ti-bone bonding ability has been widely studied,
and several surface modifications have been proposed in order to improve it, such as
nano/micro textures, bioactive surface layers (obtained by chemical or electrochem-
ical treatments), bioactive coatings (e.g., bioactive glasses or hydroxyapatite), and
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surface grafting of bioactive molecules (Souza et al. 2019; Oliver et al. 2019;
Spriano et al. 2018, 2010; Kokubo and Yamaguchi 2016; Lugovskoy and
Lugovskoy 2014; Chen et al. 2013). The cited surface treatments can induce a
significant improvement in the biological response to Ti in terms of osteoblast
adhesion, proliferation, and differentiation (in vitro) and of bone formation
(in vivo). However, it has been reported that in certain cases a too rapid and
conspicuous bone apposition can be associated with an excessive inflammatory
response, which can even lead to late implant failure (Stanford 2010). Considering
these aspects, the development of Ti surfaces able to improve bone bonding and
healing in a physiological manner with strict control of the inflammatory host
response is of great interest in the biomaterials field. The strategies currently under
investigation for the modulation of inflammatory response to Ti surfaces are
discussed in the following section.

Finally, prosthetic infections are always coupled with a strong inflammatory
reaction, which can exacerbate the situation and lead to implant failure. The
strategies for the preparation of antibacterial surfaces are discussed in Sect. 1.4.

1.3.2 Surface Modifications for Inflammatory Control

The meaning of biocompatibility evolved away from the original concept of an inert,
mechanically resistant implant to the concept of a bioactive implant able to improve
and fasten tissue integration (especially in the bone contact field) and is today mainly
focused on the modulation of the host response to the implant: the goal is a
physiological healing, which arises from the modulation of the inflammatory
response.

As opposed to bioactivity, bone integration, and even antibacterial activity (see
Sect. 1.4), the immunomodulation is still less explored and is actually highly debated
in the scientific literature.

Some strategies for the control of the inflammatory response and foreign body
reaction have, however, been proposed, such as the tailoring of protein adsorption,
the modulation of macrophage polarization, the use of topographical patterns able to
modulate macrophage response, the use of biomimetic coatings, the local delivery of
anti-inflammatory drugs, the regulation of nitrogen monoxide (NO), and the induc-
tion of macrophage apoptosis (Spriano et al. 2018).

Some interesting strategies applied to Ti surfaces are briefly summarized below.
At first, an effect of surface topography on the host immunoresponse has been

widely documented in the literature. A reduced attachment of macrophages and the
production of anti-inflammatory factors (M2 polarization) have been documented on
sandblasted and acid etched surfaces (SLA type) plasma treated to be super-
hydrophilic (Hotchkiss et al. 2016) compared to standard tissue culture polystyrene.
A combined effect of roughness and wettability has been noticed for these materials.
Similarly, it has been observed that a nanotextured Ti oxide layer rich in OH groups
(hydrophilic, but not super hydrophilic) on the surface of Ti microbeads implants can
significantly reduce macrophage adhesion and increase the production of
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anti-inflammatory mediators (Barthes et al. 2020). An anti-inflammatory response of
macrophages, mediated by an enhancement of the endothelial cells response and by
the reduction of monocytes adhesion, has also been observed on nano- and sub-
micrometer-sized rough Ti coatings, intended for cardiovascular applications
(Lu and Webster 2015).

On the other hand, M1 macrophage polarization has been observed on TiO2

nanotubes with a diameter around 100 nm (He et al. 2020, Shen et al. 2019a).
However, under oxidative stress, a shift to M2 polarization has been observed in
coculture with mesenchymal stem cells (MSc) (Shen et al. 2019b), upon higher MSc
recruitment followed by osteogenic differentiation. Moreover, it has been observed
that different nanotextures, produced on commercially pure Ti by anodization, able
to give an analogous osteogenic activity in vitro, promote different osteointegration
in vivo. This effect has been explained by different macrophage polarization
mediated by surface roughness.

Ti surfaces have been enriched with various ions, for example, copper (Cu), silver
(Ag), and zinc (Zn), in order to promote a multifunctional response (e.g., addition of
antibacterial activity) to the implant. Cu2+ ions have been introduced on micro-arc
oxidized (MAO) Ti by hydrothermal treatment (Huang et al. 2019), by addition of
Cu2+ ions into the anodization electrolyte (Huang et al. 2018), by selective laser
melting of pure Cu (Xu et al. 2018), or by plasma immersion ion implantation (PIII)
(Chen et al. 2021). The effect of Cu on the inflammatory response is controversial.
Cu addition onto MAO Ti surfaces (Huang et al. 2018, 2019) induced macrophage
polarization to the non-favorable inflammatory M1 state, however, a favorable
microenvironment for osteogenesis, has been reported due to the release of the
pro-osteogenic factor by macrophages cultured on these surfaces. Moreover, an
antibacterial activity mediated by macrophages has been observed on these
materials. On the other hand, an anti-inflammatory effect has been observed on
Ti6Al4V alloy enriched with Cu by selective laser melting (Xu et al. 2018) and on
PIII Ti (Chen et al. 2021). It has been observed that the addition of magnesium
(Mg) to MAO Ti surfaces is able to promote M2 macrophage polarization (Li et al.
2018a).

An anti-inflammatory effect modulated by calcium (Ca) ions can be cited,
considering the reduction of pro-inflammatory factors produced by macrophages
on acid etched Ti, enriched with nanoscaled Ca phosphates (Nanotite, Biomet 3i)
(Hamlet and Ivanovski 2011). A particular hybrid M1-M2 polarization of
macrophages has been observed on hydroxyapatite-coated rough Ti surfaces
(Zhang et al. 2019). Finally, ceria (CeO2) coatings on Ti substrates showed the
ability to affect fibronectin orientation and macrophage polarization (M2 state)
mediated by the valence state of the Ce ions (Shao et al. 2020).

At last, the strategy of grafting specific organic molecules on Ti surfaces can be
reported. The effect of some coupling agents, often used for grafting of
biomolecules, on the inflammatory response has been tested. It has been observed
that (3-glycodoxypropyl)trimethoxy silane (GPTMS) increases the adsorption of
complement proteins and the pro-inflammatory polarization (M1) of macrophages
and reduces osteointegration of sandblasted, acid etched Ti, in a dose-dependent
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manner (Araújo-Gomes et al. 2019). On the other hand, amino propyl triethoxy
silane (APTES) induced M2 macrophage polarization on NaOH treated Ti (Zhang
et al. 2018b). A reduction of the inflammatory response has been observed on TiO2

nanotubes loaded with anti-inflammatory agents such as dexamethasone (Shen et al.
2020) or Interleukin 4(IL4) (Yin et al. 2019). Different peptides, such as a mussel-
inspired peptide (Bai et al. 2020) or the cationic peptide cecropin B (Xu et al. 2013),
have been coupled with Ti by coordination chemistry or polydopamine-mediated
grafting, respectively. Both peptides enabled anti-inflammatory macrophage activ-
ity, improvement of osteoblast adhesion and activity, and antibacterial action. A
macrophage recruitment agent (SEW2871), intercalated in layer-by-layer chitosan-
gelatin coatings on dual acid-etched Ti (He et al. 2020), promoted rapid macrophage
recruitment, anti-inflammatory activity, and osteogenesis in in vivo tests. Finally, a
multifunctional response (anti-inflammatory, antibacterial, and pro-osteogenic) has
been observed after surface grafting of two antibiotics: bacitracin (polydopamine-
mediated covalent grafting to Ti6Al4V; Nie et al. 2016) or minocycline (introduced
in layer-by-layer chitosan/gelatin coating onto Ti substrates; Shen et al. 2019b).

All these strategies are interesting and promising, but they are often difficult to
implement due to the complexity of the biological system to be controlled. In fact, it
should be remembered that inflammatory response should be controlled, but not
completely suppressed, because it is necessary for tissue healing. Proteins (such as
fibronectin), which act as pro-inflammatory agents, can also act as tissue repairing
agents and their adsorption must not be completely avoided. The in vivo protein
adsorption conditions and cross-talk among different cell types are complex
mechanisms, usually different from the ones reproduced in conventional simple
in vitro experiments. Moreover, it should be considered that surface modifications,
which involve the use of active molecules, can significantly increase the complexity
of the regulatory processes of the medical devices.

1.3.3 Inflammatory Response and Corrosion Resistance

As outlined in Sect. 1.2, there is increasing evidence that inflammatory response,
which results in high redox potentials and the presence of hydrogen peroxide, has a
considerable role in the degradation of Ti (alloys) and the release of metal ions. This
is also true for Ti alloys that were optimized for osseointegration, although their
corrosion resistance is higher and their metal release is lower, than that of Ti alloys
with a thin, native, passive surface oxide (Hedberg et al. 2020).
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1.4 Ti Surfaces for Bone Integration and Infection Control

1.4.1 Recent Strategies to Combine Bioactivity and Antibacterial
Activity

Prosthetic infections concern 1–2% of hip and knee replacements, and the percent-
age increases in the case of revision surgery or fixation of open fractures (up to
30–40%) (Trampuz and Widmer 2006). Moreover, prosthetic infections are among
the most critical complications in orthopedic surgery because they are associated
with both high morbidity and high hospital costs (Trampuz and Widmer 2006;
Zimmerli et al. 2004). Even if a strict antibiotic and antibacterial perioperative
prophylaxis is currently applied, which can significantly reduce the risk of infection,
both orthopedic and dental implant-associated infections are mainly related to
bacterial contamination of the implanted surfaces by the formation of a bacterial
biofilm (Zimmerli et al. 2004; Subramani et al. 2009). The biofilm is a
polysaccharidic structure, in which bacteria can grow and remain mostly unreached
by systemic antibiotics and antimicrobial treatments. In this context, the develop-
ment of antibacterial surfaces able to limit bacterial adhesion and proliferation is
particularly promising.

A first strategy can be the reduction of bacterial adhesion to Ti surfaces without
the introduction of any active antibacterial agent. This solution has the advantage
that it is not time-limited (no consumption of antibacterial agent due to release), it
does not involve potentially toxic substances, and does not require complex certifi-
cation procedures associated with the release of active agents. On the other hand, it
hardly fights infections in cases of severe bacterial contamination (e.g., septic
situations). In this scenario, nanotextures have been proposed as potential anti-
adhesive Ti surfaces. Nanopatterns, 10–100 nm in depth, have been reported to
reduce bacterial adhesion and to impart mechanical stresses to bacterial cell walls,
reducing bacterial viability (Linklater et al. 2020). The flexibility and the geometric
features (e.g., sharp edges) of these nanotextures can further improve their effective-
ness against bacteria. Mammalian cells, in contrast, can better accommodate stresses
on nanotextured surfaces due to the higher deformability of their membrane, with
resulting high biocompatibility and even cell stimulation ability (focal contact
formation) for the host cells. Similarly, a reduced bacterial adhesion has been
documented on bioactive nanotextured Ti oxide layers, even in the absence of any
antibacterial agent (Ferraris et al. 2019). Recently, the role of surface microstructure
of metal surfaces (induced by electron beam or thermal treatments) in reducing
bacterial adhesion has also been reported (Ferraris et al. 2019b, 2020).

Several strategies have also been proposed for the realization of bactericidal Ti
surfaces. The introduction of inorganic antibacterial agents (e.g., Ag, Cu, and Zn) by
means of surface doping (e.g., ion implantation, in situ reduction, or alloys), growth
and doping of TiO2 layers (e.g., anodization), or deposition of doped coatings (e.g.,
plasma spray, sputtering, or sol-gel), grafting of antimicrobial polymers, antimicro-
bial peptides, biomolecules, or antibiotics (by direct grafting, covalent grafting
mediated by silanes, catechol or phosphates, or entrapment into coatings) can be
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cited among the most popular ones (Ferraris and Spriano 2016; Chouirfa et al. 2019;
Hickok and Shapiro 2012).

There is a bacterial competition with host cells for surface colonization of
implanted biomaterials, as reported in the well-known “race for the surface”
(Gristina 1987). Therefore, implant surfaces able to reduce bacterial contamination
and at the same time improve tissue adhesion (bioactive and antibacterial) can be of
particular interest.

In this view, inorganic antibacterial agents, as well as antibiotics, have been
coupled to bioactive Ti surfaces, such as Ca phosphates, hydroxyapatite, or bioactive
glass coatings, bioactive TiO2 layers (obtained in the form of thick coatings,
chemically modified thin layers, or nanotubes), porous coatings intended for bone
ingrowth, or complex multilayer coatings (Ferraris and Spriano 2016; Chouirfa et al.
2019; Spriano et al. 2018; Raphel et al. 2016).

The above-cited solutions can simultaneously counteract bacterial infection and
promote bone regeneration; however, it has been pointed out that in some cases
infections can activate macrophages (lipopolysaccharide (LPS) stimulation) to
recruit osteoclasts and induce infection-mediated osteolysis (Raphel et al. 2016).
In these cases, the immunomodulation strategies discussed in Sect. 1.3 can be of
interest to overcome the problem.

All the solutions discussed above are generally tested on bulk plane Ti (alloy)
samples or model implants. Currently, additive manufacturing (AM) is becoming
popular for the realization of customized Ti implants and the transfer of the devel-
oped technologies for generating bioactive and antibacterial surfaces on AM
implants is under investigation (Li et al. 2020). Strategies able to modify both the
inner and outer surfaces of pores are advantageous for this purpose.

1.4.2 Mechanical Stability

In order to be suitable for clinical applications, innovative antibacterial and bioactive
surfaces should be able to sustain implantation loads and friction, as well as
mechanical stresses, for the whole implant life. Otherwise, the effective surface
exposed to the biological environment will not be the designed one (with
antibacterial and bioactive functionalities) and the formation of wear debris can
stimulate inflammatory reactions.

Adhesion and mechanical stability have been pointed out as critical issues in the
application of anti-adhesive polymers (Raphel et al. 2016); however, they are not
always well described for innovative multifunctional surfaces.

Coating adhesion is one of the key factors for the applicability of a coating to
implantable medical devices. It can be measured in vitro by means of tensile tests, as
suggested by ISO standard 13779-4, indentation, scratch, tape, pull-out or bending
tests, as reported in the scientific literature for various antibacterial and bioactive
coatings (Verné et al. 2008; Utku et al. 2015; Onoki et al. 2008; Ferraris et al. 2020b;
Stan et al. 2013; Surmeneva et al. 2017). Moreover, the realization of customized
implant simulation tests in non-vital animal bone has been reported as a successful
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strategy to test the resistance of new surfaces to implantation friction and loads
(Ferraris et al. 2015; Li et al. 2018b).

The adhesion strength of coatings and modified surface layers is strongly affected
by the surface pretreatment before coating deposition (e.g., realization of intermedi-
ate layers, chemical and electrochemical pretreatments aimed at improving the
coating-substrate affinity, and mechanical interlocking), as well as by the process
parameters (e.g., in the preparation of TiO2 nanotubes) or by post-treatments (such
as thermal treatments or sterilization processes) and by coating thickness (Stan et al.
2013; Onoki et al. 2008; Utku et al. 2015; Li et al. 2018b; Surmeneva et al. 2017).
Recently, it has been evidenced that the addition of graphene oxide to vancomycin-
loaded strontium (Sr)doped hydroxyapatite electrodeposited on Ti surfaces can
significantly improve the coating’s mechanical properties, such as hardness, elastic
modulus, and adhesion (Zhang et al. 2020b). Considering bioactive and antibacterial
surfaces, the reactivity in physiological environment is another critical factor to be
considered, because it can affect their mechanical and chemical stability (Ferraris
et al. 2020c).

1.4.3 Chemical Stability and Corrosion Resistance

For surface oxides incorporated with antimicrobial metal nanoparticles, such as Ag
(Hedberg et al. 2020) and Cu (Bernstein et al. 2017) nanoparticles, galvanic effects
could occur under certain circumstances. While only a slight effect was found in a
study on Ti6Al4V with an artificially grown oxide with embedded Ag nanoparticles
(Hedberg et al. 2020), a more pronounced galvanic effect was found for Ti6Al4V
without such a thick oxide and coated with silver (Furko et al. 2016).

All in all, it is more likely that such surface engineering efforts would benefit the
overall corrosion performance by reducing the extent of infection/inflammation;
however, under certain circumstances, this galvanic couple could be a triggering
factor for other corrosion types.

1.4.4 Ion/Nanoparticles Release

Infection control requires a certain release of antibacterial metal ions, such as Ag and
Cu (Spriano et al. 2018). Ideally, this release is limited to ions, and does not include
the metal nanoparticles themselves. However, some release of metal nanoparticles
can be expected. Indeed, an increased release of particles was observed in vitro for
Ti6Al4V with embedded Ag nanoparticles as compared to a Ag-free counterpart;
however, it was unclear if this was due to released Ag nanoparticles or due to Ag-
ion-induced protein aggregation (Hedberg et al. 2020). The actual measurable and
stable ion release is strongly influenced by the solution chemistry of the metal. Ti
ions are very unstable in most aqueous and physiologically relevant solutions, while
the stability of Al, Ag, and V ions is strongly influenced by the presence of
complexing agents such as proteins (Hedberg et al. 2020) and that of Cr ions can
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be influenced by the redox potential. This may result in the underestimation of Ti ion
release and be a main explanation for the primarily TiO2-rich oxide growth and the
frequently observed presence of TiO2 particles in vivo.

1.5 Conclusions

Even if Ti and Ti alloys are well-known for their high corrosion resistance and
biocompatibility because they are usually greater than those of other metals used for
biomedical implants, environmental conditions, especially infections and inflamma-
tory conditions, can strongly affect their surface condition and corrosion. Relevant
corrosion types are often caused by a combination of geometrical factors (i.e.,
crevices), mechanical factors, such as micromotions and fretting, physiological
factors, such as inflammation and the presence of complexing proteins, and/or the
coupling to other metals. Considering the importance of the physiological environ-
ment, the development of new Ti surfaces able to improve tissue bonding and
physiological healing with a modulation of the inflammatory host response and
control of infection development is of great interest.

Bioactive and antibacterial titanium surfaces have been widely explored in the
scientific literature and some surface treatments are already on the market and there
is clinical application with encouraging results. However, some concerns related to
excessive inflammatory response and possibly infection-mediated osteolysis still
exist. In this scenario, surfaces able to promote physiological healing, and also
taking the inflammatory response to the implant into account, seem to be very
promising. This topic is less explored and its clinical application is not yet ready.
For this reason, it is worthy to be investigated in further scientific research.
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Abstract

Natural or synthetic materials that interact with biological environments for
medical applications such as to support, enhance, repair, and regulate biological
functions are termed as biomaterials. The functionality and applicability of these
materials depend on both bulk and the surface properties. While bulk properties
are the intrinsic properties of the material, surface properties can be tailored to
enhance material performances and functions. Surface properties highly regulate
initial processes (i.e., protein adsorption and cell adhesion) taking place on
material’s surface as soon as they come in contact with biological systems.
Thus, surface properties play crucial role in regulating biomolecular and cellular
responses. In this chapter, we highlight different approaches such as physical,
chemical, and biological methods employed to modify surface properties. State-
of-the-art techniques employed for characterizing surfaces after modifications
have also been detailed. Finally, we discuss the effect of self assembled
monolayers (SAMs) on protein adsorption and cell behavior to provide mecha-
nistic insights to the readers on these phenomenon.
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2.1 Introduction

Progress in material science over the past few decades have offered a plethora of
advanced materials with improved functionalities particularly in the biomedical
field. Biomaterials, in particular, are widely explored for various applications such
as tissue repair and regeneration, regenerative medicine, drug delivery, antifouling
applications, environmental applications, wound healing, and diagnostic
applications (Fenton et al. 2018; Langer and Peppas 2003; Hasan et al. 2017,
2018d, 2020a, b; Sharma et al. 2018; Tiwari et al. 2017; Saxena et al. 2018a, b;
Deka et al. 2018; Kaur et al. 2014; Nair et al. 2015; Balde et al. 2020).
“Biomaterials” are defined as a class of synthetic or natural materials that comes in
contact with biological fluids for the course of any therapeutic or diagnostic proce-
dure (Ratner et al. 2004). However, a material that fulfills all the requirements for a
given specific application is rare. For instance, materials required for load bearing
applications such as bone replacement or prosthetic components for total hip
replacement are primarily of good mechanical strength but may suffer from poor
biocompatibility and vice versa (Kurella and Dahotre 2005). Thus, a material that
strikes a balance with bulk and surface properties are desirable. Varying the bulk
properties may not be a viable option given the economic and technological
limitations and can severely affect the performance of the material.

Despite several decades of research in tissue replacement and biomedical devices,
many implanted biomaterials suffer from poor biocompatibility and thus fail to elicit
the desired responses in vivo (Chen and Liu 2016). Biomolecular interactions at the
interface between surfaces and the biological environment mainly rely on the
physicochemical properties of the surfaces which in turn define the biocompatibility
and finally decide the fate of the biomaterial. Protein adsorption followed by cell
adhesion is the initial most phenomenon that occurs at the interface as soon as any
material encounters the biological environment. Nonspecific protein adsorption is
deleterious as it may initiate cascades of immunological responses that lead to the
failure of the material and implant rejection. However, modulating surface properties
can overcome such issues by offering application-specific possibilities with
improved functionalities in terms of biocompatibility, shelf life, and overall perfor-
mance of the materials. Furthermore, surface modifications are desirable in
applications wherein polymeric and metallic biomaterials particularly in bone tissue
engineering undergo unexpected degradation resulting in the leaching of metal ions
and other particulate debris from bulk materials (Eliaz 2019). Such implanted
materials can be detrimental to human health. Thus, much emphasis has been
given to surface modification techniques in order to shield such unwanted and
deleterious process taking place in vitro and in vivo. Various techniques such as
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physical, chemical functionalization, biological, physiochemical, and biochemical
(biomolecule immobilization) methods (Fig. 2.1) have been reported in the recent
past to address the blood-compatibility, osseointegration, and toxicity-related issues
(Hasan and Pandey 2015; Rahmati et al. 2020).

2.1.1 Scope of This Chapter

This chapter aims to provide insights on the effect of surface properties of the
biomaterials on biomolecular and cellular responses. Various modification
techniques for modulating physicochemical properties of the surface to elicit a
desirable biological response are detailed with minimal technical jargon for better
understanding of the readers, especially beginners in the field of surface science and
material engineering.

2.2 Surface Modification

Bulk properties of the materials decide their suitability for an application while the
physicochemical properties of these surfaces define their functional properties and
behavior under biological microenvironment to elicit an appropriate and desirable
host response. Thus, it is crucial to have materials that offer advanced surface
properties such as biocompatibility to successfully deliver their application. Various
modification techniques have been developed in the past few decades to regulate
surface properties such as topographical features like roughness and patterns, surface

Fig. 2.1 Illustration showing various forms of surface modification and physicochemical
properties to regulate surface properties. (Adapted with permission from Rahmati et al. (2020)
Copyright 2020 Royal Society of Chemistry)
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stiffness, surface wettability, surface potential, and energy and nanoscale surface
chemistry (Hasan and Pandey 2015; Rahmati et al. 2020). These surface properties
regulate and affect biophysical and biochemical signals during host-material
interactions. Different modification techniques are discussed in detail below.

2.2.1 Physical Modification

Physical modifications are carried out to mainly control macro- and microscopic
surface features such as surface topology, roughness, and surface patterns with
negligible or no effect on surface chemistry (Bose et al. 2018). Various physical
techniques have been developed for modifying metallic surfaces such as etching
(Ban et al. 2006), grid-blasting (Citeau et al. 2005), micromachining (Cei et al.
2011), sputtering (Behera et al. 2018, 2020a, b), and their subsequent combinations.
Surface etching involves rigorous treatment with various concentrated acids such as
hydrofluoric acid, hydrochloric acid, nitric acid, sulfuric acid, and phosphoric acid to
induce metallic hydride and nano- and micro-surface roughness. This collectively
alters the surface energy which in turn tunes cell adhesion, proliferation, and tissue
integration (Conforto et al. 2002; Ban et al. 2006). Grid-blasting involves blasting
the implant surfaces with Al2O3, SiC, hydroxyapatite, and β-tricalcium phosphate
particles to induce uniform and submicron surface roughness over large and uneven
implant area to facilitate osseointegration during orthopedic and dental applications
(Citeau et al. 2005). Laser micromachining is of great interest to attain
non-stochastic surfaces using a laser such as Q-switched diode-pumped solid-state
Nd-YAG laser (DPSS). This generates a pulse laser beam, which attains controlled
and regular size pores on implant surfaces (Cei et al. 2011). Several techniques are
used to produce uniform coating thickness such as electrophoretic deposition, laser
cladding, ion-beam and magnetron sputtering, and plasma spraying. A detailed
explanation of the abovementioned techniques is out of the scope of this chapter
but can be found elsewhere (Su et al. 2019; Surmenev and Surmeneva 2019;
Narayanan et al. 2008). Calcium-phosphate based coatings on implant surfaces
using these techniques are of great interest as they exhibit similar mineral composi-
tion found in teeth and bones and thus ease the coated surfaces to integrate with
underline native tissues and also prevent corrosion (Behera et al. 2018).

2.2.2 Chemical Modification

2.2.2.1 Plasma Treatment
Plasma is a widely used and preferred choice of the treatment process for modifying
polymeric and metallic surfaces due to its attractive features such as: (1) nanoscale
modification without altering bulk properties, (2) faster surface modification, (3) cost
effective, (4) nonspecific surface activator, and (5) sterile preparation (Yoshida et al.
2013; Richbourg et al. 2019). Choice of plasma source gases such as CO2, O2, Ar,
N2, NH3, and H2 and treatment methods such as plasma sputtering, plasma etching,
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ion beam, plasma polymerization, and spraying vary from application to application
(Hasan and Pandey 2015). While plasma alone enhances cell adhesion due to
improved surface wettability, fibronectin-rich serum coating was found to enhance
cell adhesion, proliferation, and cell differentiation (Yildirim et al. 2010). NH3

plasma-treated polylactic acid surface exhibited lesser protein adsorption during
in vitro studies (Sarapirom et al. 2014) which could be due to reduced surface
energy in the presence of amine groups.

2.2.2.2 Chemical Vapor Deposition (CVD)
This approach involves simultaneous deposition and polymerization of reactive
monomeric molecules on surfaces. CVD offers advantages over solvent-based
methods by directly forming thin mono- or multilayers on surfaces, thereby
eliminating surface defects such as surface dewetting, aggregate formation, surface
nonuniformity, and risks of toxicity toward cells and tissues due to leftover solvents
(Khlyustova et al. 2020). Advancements in CVD techniques such as initiated CVD
(iCVD), plasma-enhanced CVD, and oxidative CVD have been widely used to
deposit thin films via the chain-growth or the step-growth polymerization
mechanisms using ionized gas particles.

2.2.2.3 Atomic Layer Deposition (ALD)
This technique is similar to CVD in depositing a thin film on surfaces but uses a
different approach. ALD involves the layer-by-layer deposition of two precursor
gases on a substrate surface. The monolayer of the first precursor gas (such as metal
halide) adsorbed via chemisorption is followed by the second precursor gas (such as
oxygen or nitrogen source) in the presence of an inert atmosphere. The interaction
between these two precursor gases results in the formation of a thin layer on the
surface. Because of its uniform surface functionalization capabilities, this technique
has been widely used for bioelectronic devices, implant devices for tissue engineer-
ing and drug delivery, and biosensors applications (Skoog et al. 2013).

2.2.2.4 Electrochemical Deposition (ECD)
ECD or electroplating is a liquid-based technique for depositing conductive
materials based on electrochemical properties using an electrode cell apparatus in
the presence of electric current. In polymer chemistry, ECD is categorized into
electro-polymerization and electrophoretic deposition. In electro-polymerization,
monomer deposition and subsequent polymerization occur on the surface of a
metal electrode from an electrolyte solution whereas in electrophoretic deposition
polymers are directly deposited on a metallic electrode from the electrolyte under the
effect of electric charge (Milan and Mordechay 2006).

2.2.2.5 Self-Assembled Monolayers (SAMs)
SAMs are highly organized 2D molecular structures formed on the surfaces in the
form of thin films as a result of spontaneous adsorption of monomers (Hasan and
Pandey 2018). Most of the SAMs formed on the surfaces are derived from silane- or
thiol-based monomers which were first introduced by Sagiv (1980) and Nuzzo and
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Allara (1983), respectively. Thiols are mainly limited to modify gold surfaces
whereas organosilanes can be used to modify metal and ceramic substrates. In this
section, we will mainly focus on SAMs of organosilanes, the kinetics of formation
and their subsequent effect on protein adsorption and cell adhesion.

SAMs of organosilanes have been widely used for modifying surface properties
of various substrates such as metallic, ceramic, and polymeric materials at the
nanoscale level for various applications such as bioelectronics, implants surfaces,
biosensor, and diagnostic devices. The salient features offered by this versatile
system have widened their scope in nanoscience and nanotechnology with the
molecular level precision which has now been used to understand macroscopic
phenomenon on these surfaces (Park et al. 2010; Pandey et al. 2013). SAM forma-
tion primarily involves the use of amphiphilic monomers that comprise of three
parts: (1) head group, (2) spacer chain, and (3) free terminal group (Fig. 2.2a). While
the head group attaches and helps in packing onto the substrate due to their affinity,
the terminal group helps in further functionalization based on the required applica-
tion (Fig. 2.2b, c). The length of the spacer chain can vary from 1 nm up to several
nanometers (Hasan and Pandey 2018).

Fig. 2.2 (a) Schematic illustration demonstrating the silanization process and composition of
silane molecule, (b, c) show further modification to preformed SAM surface. (Adapted with
permission from Hasan et al. (2018b). Copyright 2018 American Chemical Society)

32 A. Hasan and L. M. Pandey



2.2.2.6 Effect of Self-Assembled Monolayers on Protein Adsorption
and Cell Adhesion

Organosilane SAMs Formation and Characterization Tools
SAM formation on substrates is a two-stage process. The first stage of SAM
formation is fast and takes only a few minutes to adsorb monomers to form a
monolayer from the bulk solution on the surface. The second stage is slower and
takes a few hours to complete the rearrangement and reorientation of the attached
molecules to form a uniform and defect free monolayer. The rate and quality of SAM
formation depend on several factors such as type of solvent, monomer concentration,
temperature, size of spacer group (carbon chain), and humidity (Yang et al. 2008;
Rozlosnik et al. 2003; Desbief et al. 2011; Hasan and Pandey 2016; Pasternack et al.
2008). Various techniques such as attenuated total reflection-Fourier transform
infrared spectroscopy (ATR-FTIR), goniometer, ellipsometer, atomic force micros-
copy (AFM), quartz crystal microbalance (QCM), and X-ray photoelectron spec-
troscopy (XPS) have been used in the recent past to characterize SAM quality and
the kinetics of formation (Pasternack et al. 2008; Hasan and Pandey 2016; Pandey
and Pattanayek 2011, 2013). Estimation of surface charge using zeta-potential is an
alternative way of quantifying and confirming the surface modification, as
highlighted in the work by Lee and colleagues (Lee et al. 2011).

Effect on Protein Adsorption
SAMs formed on the surfaces regulate physiochemical properties such as surface
wettability, roughness, surface potential, and energy, which are known to play a
crucial role in controlling biological behavior on modified surfaces. These properties
are mainly controlled by the functional terminal groups and spacer length of SAMs
(as shown in Fig. 2.2a). By varying the type of functional groups, Hasan et al.
showed how pronounced effects can be imparted to surface properties which in turn
control protein and cell behavior (Hasan et al. 2018a, b, c; Hasan and Pandey 2020).
Water contact angle analysis of carboxy (–COOH) silane, amino (–NH2) silane, and
octyl (–CH3) silane modified surfaces revealed the formation of hydrophilic (water
contact angle, θ of 40�), moderately hydrophilic (θ of 60�), and hydrophobic (θ of
103�) surfaces, respectively. Mixed and hybrid SAMs of amino and octyl SAMs
were also prepared that produced moderately hydrophobic (θ of 82�–86�) surfaces.
These surfaces were tested for adsorption behavior of bovine serum albumin (BSA),
fibrinogen (FB), immunoglobulin G (IgG) proteins, and their binary mixed protein
solutions. It was found that the adsorbed mass increased with the increase in the
surface hydrophobicity (Hasan et al. 2018c) (Fig. 2.3a, b). However, the amount of
adsorbed protein may vary from protein to protein based on their intrinsic properties
like charge and hydrophobicity.

Apart from the amount of adsorbed protein, the secondary structure conformation
of adsorbed protein is directly related to its function. Significant changes in the
conformation may lead to complete loss of function of a protein. Secondary
structures of proteins such as α-helix, β-sheet, β-turn, random, and side chain after
adsorption on modified surfaces were analyzed in the amide I region, that is, between
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1600 and 1700 cm�1 wavenumber using ATR-FTIR (Fig. 2.3c–e). The percentage
content of α-helix for BSA on NH2– and –COOHmodified surfaces increased due to
enhanced hydrogen bonding with carboxyl and amino groups, respectively, of amino
acids present in BSA (Fig. 2.3c). The amount of the β-sheet increased significantly
while β-turn content reduced on all the surfaces for BSA. However, the opposite
behavior of β-sheet, β-turn content was observed for adsorbed FB and IgG as
compared to BSA. β-sheet content reduced while β-turn content increased signifi-
cantly for FB and IgG on all the surfaces (Fig. 2.3d, e). These observations highlight
the role of surface properties in protein-surface interactions.

Effect on Cell Behavior
Cell behavior (i.e., cell adhesion, spreading, proliferation, and differentiation)
depends on properties such as surface hydrophilicity, stiffness, potential, roughness,
charge, and type of cells used (Arima and Iwata 2007). The general consensus
among the scientific community for cell behavior on the surface is that surfaces
with wettability range 40�–60� exhibit the best cell response; however, it does not
hold true for all surface types. Surface potential along with surface wettability are
known to play a cumulative effect that decides the cell behavior (Hasan et al. 2018b).
Hasan et al. demonstrated the role of surface chemistry on the adsorption of the
extracellular matrix and cell adhesive protein fibronectin (FN) on different modified
surfaces and their subsequent effect on cell adhesion and spreading. FN upon
adsorption resulted in the exposure of the RGD loops which is located in the
β-turn and known to adhere to cells via integrin interactions. It was found that the
content of β-turn in FN increased as the surface hydrophobicity increased (Hasan

Fig. 2.3 (a, b) show the adsorbed mass of BSA, FB, IgG, from single and their mixed solutions on
different modified surfaces. Secondary structure analysis of (c) BSA, (d) FB, and (e) IgG proteins
on modified surfaces. (Adapted with permission from Hasan et al. (2018c). Copyright 2018
American Chemical Society)
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et al. 2018b). Among all the modified surfaces (carboxyl, amine, octyl, mixed, and
hybrid) reported above, it was observed that hybrid surface is the best modifier due
to the increased number of adhered cells and higher proliferation rate. Cells also
exhibit higher nuclei area on hybrid surfaces as compared to other surfaces which
also indicates their tendency toward cell proliferation (Fig. 2.4).

The cell adhesion is mediated by various proteins. Among them, integrins play
critical roles. Integrins are heterodimeric protein ligands (comprises of two subunits:
α and β) found across the cell membrane. Integrin ligands recognize and interact with
other cells (i.e., cell-cell) and extracellular matrix (ECM, i.e., cell-matrix) proteins
and cellular receptors to initiate a cascade of intracellular reactions. They interact to
perform various cellular functions such as the assembly of actin filaments for signal
transduction, cell morphology, migration, and differentiation (Plow et al. 2000;
Hynes 2002). Various ECM proteins for example albumins, vitronectin, fibronectin,
laminins, and fibronectin play a central role in the integrin-mediated binding for
cellular communication via intracellular cell-responsive signaling. These ECM
proteins are folded and held by disulfide bonds and interact with surface topologies
via hydrophobic interactions (Jin and Yuan 2011). Different surface chemistries
have been reported to exhibit different integrin expression. For instance, Shen et al.
reported the higher expression of α2, αV, and α5 subunits on surfaces with higher
wettability as compared to hydrophobic surfaces (Shen et al. 2015).

2.2.3 Biological Modification: Protein Immobilization

Material scientists have employed various biological routes to modify surfaces so as
to mimic ECM microenvironment to the adhering cells. Various molecules and
macromolecules such as ECM, cell adhesion molecules (CAMs), and growth factors
have been immobilized to achieve desired cellular functions by regulating cell-
surface interactions. These cell adhesion molecules are classified into four types,
that is, integrins, cadherins, selectins, and immunoglobulin superfamily molecules.
They are found on the cell membranes and interact with the surfaces or with other
adjacent cells. These CAMs are known to interact and recognize surfaces and ECM
molecules/matrix that trigger intracellular signaling and thus regulate cellular
responses such as cell adhesion, spreading, differentiation, migration, and cell-cell
communication (Schwartz et al. 1995).

ECM, ECM-mimetic peptides, growth factors, and enzymes have been
immobilized on a wide range of surfaces by modifying them chemically using
self-assembled monolayers (SAMs) (Wilkinson et al. 2014; Hoarau et al. 2017;
Mansur et al. 2005). Protein molecules can be immobilized via several interactive
ways such as physical adsorption, covalent bonding, coordination complexes, and
charge-charge interactions as shown in Fig. 2.5. Types of protein immobilization
change with the change in the application as each method offers its own advantages/
disadvantages. The effect of surface properties greatly affects the conformation and
orientation of the protein adsorbed or immobilized on it. The conformation and
orientation of a protein also depend upon its properties such as charge, size,
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hydrophobicity, and rigidity. Other experimental conditions that play role in protein-
surface interactions are protein concentration, solution pH, and temperature. Protein-
adsorbed mass on the surface varies with initial time points, however, becomes
stationary at later time points. This change in protein-adsorbed mass is accompanied
by changes in conformation and orientation of the adsorbed protein to attain a stable
state and minimum energy.

2.3 Techniques to Characterize Surface Modifications

Advancement in surface science and engineering has resulted in the development of
state-of-the-art techniques (Table 2.1) to characterize and confirm successful surface
modifications.

2.3.1 X-Ray Photoelectron Spectroscopy (XPS)

XPS, also referred as electron spectroscopy for chemical analysis (ESCA), is a
widely used surface analytical technique in material science. It is based on the
principle of photoelectric effect and measures the elemental identity, empirical
formula, chemical, and electronic state of the elements present in the underlying
surface of the materials. Samples are irradiated with X-ray radiation which results in
the ejection of photoelectrons, and core electron vacancies are created. These emitted
photoelectrons with kinetic energies typically below 2000 keV are measured or
detected. The kinetic energies (KE) of these ejected photoelectrons are measured
based on the incident X-ray photon, hν (using Mg or Al Kα radiations) using a

Fig. 2.5 Different methods employed in the immobilization of proteins to the surface. (Reprinted
with permission from Castner (2017). Copyright 2017, American Vacuum Society)
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Table 2.1 Summary of techniques used for surface characterization, their working principle,
advantages, disadvantages, and applications

Techniques Principle Advantages Disadvantages Applications

X-ray
photoelectron
spectroscopy

Based on
photoemission/
photoelectric
principle

Nondestructive;
surface
sensitive;
elemental
mapping

Expensive; high
vacuum is
required;
processing time
and data
collection are
very slow

To analyze the
elemental
composition of
materials

Ellipsometry Relies on the
measurement of
the change in
polarization of
light reflected or
transmitted by a
material’s
surface

Noncontact and
nondestructive;
information on
film thickness
and refractive
index; simple
hardware; no
coherent source
needed

Difficult and
time expensive
data analysis;
low spatial
resolution of the
measurement

Surface
properties such
as chemical
composition,
surface
thickness,
roughness,
conductivity

Fourier
transform
infrared
spectroscopy

Detects the
absorption of
light by a
specimen in the
infrared region
of
electromagnetic
spectrum

Sensitive, fast,
and easy;
relatively
inexpensive;
high
wavenumber
accuracy; better
sensitivity; high
resolution
spectra

CO2 and H2O
sensitive;
complex spectra
for complex
mixtures; cannot
detect atoms and
monoatomic
ions

Analysis of thin
films and
coatings; to
identify
contaminants;
pharmaceutical
research;
forensic
investigation

Raman
spectrometer

Relies upon
inelastic
scattering of
photons, known
as Raman
scattering

Less sensitive to
H2O and
temperature
change; high
specificity

Low sensitivity
for samples with
weak Raman
scattering;
cannot be used
for alloys;
expensive, time-
consuming
analysis

Material science;
forensic science;
nanotechnology;
mineralogy;
detecting
polymorphism;
analysis of
crystalline
structure

Atomic force
microscopy

Based on
piezoelectric
effect, a laser
beam is focused
at back of
cantilever that
moves up and
down on the
surface of
specimen and
the deflection of
beam are
captured by
diode

Sample
preparation is
easy;
nondestructive;
accurate height
information;
works in air,
vacuum, and
liquids

Limited
magnification
range; limited
scanning speed;
high risks of
damaging tip
and samples

To characterize
surface
modifications;
surface
topography and
stiffness; protein
adsorption and
conformation;
cell morphology

(continued)
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binding energy (BE) relationship as KE ¼ hν � BE. The advantage of XPS is that
photoelectrons do not suffer from inelastic scattering and energy loss due to the
short-ranged. This makes XPS a highly precise surface technique. Each element on
the surface has characteristic binding energy associated with its core electron levels,
thus making this technique highly specific for elemental detection. Moreover, XPS is
a user-friendly technique as it does not involve any sophisticated sample preparation
and can directly use as-synthesized materials for analysis.

2.3.2 Ellipsometry

Ellipsometry is a highly sensitive and nondestructive surface characterization tech-
nique to measure optical reflectance of thin films providing information about their
optical constants, chemical composition, surface thickness, roughness, doping con-
centration, surface porosity, conductivity, and other various surface properties. The
working principle of ellipsometry relies on the measurement of the change in
polarization of light (represented by amplitude ratio and the phase difference)
reflected or transmitted by a material’s surface depending upon the surface thickness
and optical properties. Since the first report on this technique in the 1960s, it has
been widely used by material scientists owing to its versatile surface characterization

Table 2.1 (continued)

Techniques Principle Advantages Disadvantages Applications

Contact angle
measurement

Based on
Young’s
equation;
examine
surface’s
wettability by
measuring
contact angle at
the interface of
solid-liquid-
vapor

Fast analysis;
relatively
straightforward
technique;
inexpensive;
provide
information on
surface energies;
hydrated
samples can be
observed

Dry samples can
damage;
swelling of
samples may
give incorrect
results; artifact
prone; liquid
purity is
important

Surface
wettability;
surface energies

Secondary ion
mass
spectrometry

Bombardment of
surface by ion
beam and
followed by
mass
spectrometry

Highly
sensitive; little
or no sample
preparation;
rapid ionization

Destructive;
very expensive;
mass
interferences;
needs highly
skilled operator

To characterize
surface and
subsurface
region of
materials

Zeta potential/
surface charge

Measurement of
the
concentration of
ions of opposite
charge bound to
the surface of the
sample

Cheap, wide
time range,
simple to
perform

Very clean and
transparent
samples are
needed;
sensitive to
mechanical
disturbances

To determine
surface charge
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properties even for nano-thick films. Currently, it is being widely exploited in
various fields such as electronic devices (semi- and super-conductors), surface
coatings (such as silanization and thiolization), and biological coatings (such as
physical and chemical immobilization of biomolecules).

2.3.3 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is a qualitative analytical tool to analyze surface modification such as
functionalization by providing fingerprints of the samples. It measures the infrared
spectrum of absorption or emission peaks corresponding to the frequencies of
vibrations between the bonds of the atoms making up the material. Its spectrum is
recorded between 400 and 4000 cm�1 wavenumber based on the molecular finger-
print of the samples. Based on the required applications, FTIR technique had been
advanced by coupling with other techniques such as attenuated total reflectance
(ATR) (called as FTIR-ATR). It measures absorption or emission spectra up to few
microns (0.5–3 μm) on surfaces based on the distance travelled by the effervescent
wave generated by an Internal Reflection element. Likewise, other advanced
techniques such as FTIR-microscopy, FTIR-photo acoustic spectroscopy (FTIR-
PAS), FTIR-polarized optical microscopy, and nano-FTIR spectroscopy have been
widely used for material characterization.

2.3.4 Raman Spectrometer

Raman spectroscopy is a nondestructive molecular spectroscopic technique named
after Indian physicist C. V. Raman. It is based on the principle that when light
interacts with the sample molecules, the majority of the photons scatter at the same
energy as that of incident photons while a small number of incident photons scatter at
a different frequency. This is called the Raman effect. It investigates the chemical or
molecular fingerprints of the samples and relies on the interaction of light with the
chemical bonds of the molecules comprising the material. It provides information
from the vibrational and rotational states of the molecules to provide details on
chemical structure, phase, crystallinity, polymerization, polymorphism, and molec-
ular interactions. Due to its versatile properties, Raman spectroscopy has been
widely exploited for characterization in various applications such as food
processing, material science, surface modifications, energy storage, and medical
diagnostics.

2.3.5 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is a powerful surface analytical technique that
enables the imaging of micro- and nanostructured surfaces/coatings of any type of
materials such as polymers, ceramics, metallic, composites, glass, and even

40 A. Hasan and L. M. Pandey



biological samples. AFM is based on the interactions of the piezoelectric cantilever
fitted with the tip with the sample. The interaction results in the up-down and side-to-
side movement of the tip as it scans through the surface. AFM tips are about
10–20 nm in diameter and are micro-fabricated from silicon or silicon nitride. The
surface topology is generated through a laser beam reflected off the cantilever which
is monitored by a position-sensitive photodetector (PSPD) that detects the motion of
the probe. AFM is nowadays widely used to study protein-protein and protein-
surface interactions particularly for determining protein distribution, aggregation,
and orientation (Hasan et al. 2018c; Migliorini et al. 2018).

2.3.6 Contact Angle Measurement

Contact angle measurements are commonly carried out to analyze surface properties
such as wettability (i.e., hydrophilicity and hydrophobicity). A contact angle refers
to the angle measured at the interface where a liquid-vapor meets a solid surface.
This technique provides information about the surface hydrophobicity, morphology,
roughness, and surface potential/energy at a given temperature and pressure. Contact
angle (θ) mainly depends on interfacial tensions at the liquid-vapor (LV),
solid�liquid (SL), and solid-vapor (SV) interfaces and is related by Young’s
equation (2.1):

γSV � γSL ¼ γLV cos θ ð2:1Þ
These three phases can be simply created by adding a liquid droplet on a solid

surface in the air. The angle produced as a function of surface property can be easily
recorded and measured using a contact angle goniometer.

2.3.7 Secondary Ion Mass Spectrometry (SIMS)

SIMS is a destructive but highly sensitive surface analysis technique used to analyze
the chemical composition of the surfaces to a depth of 10 nm, with the detection
limits ranging from parts per million (ppm) to parts per billion (ppb). Analysis of the
surfaces of the samples require sputtering with a highly focused beam of ions
(primary) and collecting and analyzing the ejected secondary ions using sensitive
detectors under high vacuum such as 10�4 Pa. A high vacuum is required to ensure
that the secondary electrons do not collide with the background gases while reaching
to the detector. It also helps in preventing surface contamination due to the adsorp-
tion of gas particles during detection. The m/z (mass per charge ratio) ratios of the
ejected secondary ions are analyzed using a mass spectrometer and compared against
established standards in order to provide accurate quantitative results on the chemi-
cal (elemental and molecular) composition of the surface of the solid samples or thin
films.
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2.3.8 Zeta Potential/Surface Charge

Role of surface charge in regulating surface processes at the interface is crucial in
several scientific and biomedical applications such as biosensors and other diagnos-
tic tools. Techniques to measure this surface property have gained significant
advancement over last few decades. Zeta potential is used to measure the effective
electric charge on the surface of the material. The basic principle relies on the
measurement of the concentration of ions of opposite charge which are in close
proximity of the sample’s surface bearing net surface charge. For instance, a layer of
opposite charged ions binds strongly to the surface when charged particles are
suspended in aqueous medium. The thin layer of ions that forms around the particle
is called a “Stern layer.” This layer further forms a second layer of ions which are
loosely associated with the first layer and is referred as “diffusive ion layer.” These
two layers are collectively called as EDL, or electrical double layer, which regulates
and determines the physical-chemical behavior of the particles in aqueous medium
such as stability, aggregation, interaction with proteins, cells, and other biological
systems. Zeta potential is measured by applying an electric field which results in the
random movement of the particles. The ratio of the velocity of the particles and the
applied electric field is referred as electrophoretic mobility (μe) is measured and used
to calculate zeta potential using the Henry’s equation (2.2) shown below:

μe ¼
2 � ε � z � f � k � αð Þ

3 � η ð2:2Þ

where z is zeta potential, and ɛ and η are the dielectric constant and the absolute zero
shear viscosity of the medium, respectively.

2.4 Conclusions

Surface properties such as wettability, nano- and micro-topographical features
(roughness and topological patterns), surface energy, surface charge, and surface
potential mainly regulate protein adsorption, cell behavior, and tissue formation.
Various surface modification techniques such as physical, chemical, and biological
methods have been employed to modify all types of materials (ceramic, polymeric,
and metallic) irrespective of their nature. The type of surface modification varies
from application-to-application. For instance, certain applications require no protein
adsorption (anti-fouling surfaces), while some applications such as biosensors
require specific conformation of adsorbed proteins for optimum sensing and recog-
nition for integrin mediated cell adhesion. However, while scientists have been
successful in tailoring surface properties, there still exist the knowledge gap to
understand the fundamental mechanisms that control the protein and cell behavior
and opens scope for further investigations. Development of the surface modification
processes that offer biocompatibility, tissue integration, and antimicrobial properties
in a single modified surface are highly desirable for the advancement of the
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functional materials particularly in bone tissue engineering. Furthermore, surface
modification processes are restricted to the small-scale synthesis in the laboratory.
Development and scaling-up of such processes with low capital investment will
boost the material science market and will provide better outreach to the consumers.
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Progress of Nanotechnology-Based
Detection and Treatment of Alzheimer’s
Disease Biomarkers
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Abstract

Alzheimer’s disease (AD), responsible for memory loss, language, and learning
problems, may lead to a patient’s death. Many biomarkers have been identified
for disease progressions, such as amyloid-beta, tau proteins, hyperphosphorylated
tau protein, oxidative stress, reactive oxygen species, inflammatory cytokines,
and some neurotransmitter. Existing expensive techniques like enzyme-linked
immunosorbent assay (ELISA), flexible multi-analyte profiling (xMAP), mass
spectrometry, single-photon emission computed tomography (SPECT), positron
emission tomography (PET), and magnetic resonance imaging (MRI) are being
used for the diagnosis of AD. Nanotechnology-based techniques like bio-barcode
assay, fluorescence resonance energy transfer microscopy, scanning tunneling
microscopy, NanoSIMS microscopy, and iron oxide nanoparticles as a contrast
agent in MRI can be used for early diagnosis and detection of AD biomarkers.
Various nanoparticles with a biorecognition element are used in sensors such as
electrochemical, localized surface plasmon resonance, or molecularly imprinted
polymer sensors. These methods can detect AD biomarkers’ concentration in real
biological fluid samples such as blood, plasma, serum, and cerebrospinal fluid. In
addition, nanocarriers (carbon-based nanocarrier, nanoparticles, dendrimers,
liposomes, solid lipid nanoparticles, and nanogels) conjugated with drugs are
developed for drug delivery to the targeted biomarkers in both in vivo and in vitro
models to treat AD.
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3.1 Introduction

The advancement of molecular detection, drug delivery, and drug discoveries require
an appropriate combination of nanotechnology and biology. The effective binding
between appropriately modified nanoparticles (NPs) and biomolecules such as
proteins, nucleic acids, or biomarkers offers promises in advancing molecular
diagnosis and treatment through molecular targets (Cheng et al. 2006). Biomarkers
can be any substance, structure, or process that can be measured in the body and
predict the occurrence of disease and affect the treatment of disease (Strimbu and
Tavel 2010). In particular, the diagnosis and detection of Alzheimer’s disease
(AD) are based on the variation of various biomarkers connected to
it. Identification of the AD responsible biomarkers (Nazem and Mansoori 2011) is
essential.

AD is a progressive neurodegenerative disorder with various symptoms, such as
memory loss, poor judgment, difficulties in remembering names, and other mental
abilities (Raskin et al. 2015). AD begins many years before the manifestation of
clinical symptoms. Early detection of AD helps in presymptomatic disease recogni-
tion and improves the diagnostic accuracy in the progress of mild cognitive
impairment to the diagnosis of dementia (Small 2000). More than 50 million people
have dementia worldwide, and in the age of the increasing population, it is expected
to affect 152 million people by 2050 (Patterson 2018). Depending on the AD
patients’ family history, AD is classified into two groups: familial AD (FAD) and
sporadic AD (SAD), as shown in Fig. 3.1. The e4 allele of apolipoprotein E (APOE)
is the most vital genetic risk factor and associated with late-onset FAD. FAD
accounts for 1–5% of cases, and SAD accounts for about 95% of all AD cases
(Reitz and Mayeux 2014). FAD may be found to appear in the age of 40s or 50s,
while SAD appears at the age of more than 65 years (Yuan et al. 2013).

Based on the present understanding of AD’s mechanism, a large number of
biomarkers have been identified. We have looked into various biomarkers’
concentrations in various biological fluids to optimize the target biomarker and
biological fluid. The detection of AD-related biomarkers using conventional
methods and nanotechnology-based methods has been reviewed. This review also
covered the possible treatment with nanomaterials’ help (liposomes, dendrimers,
nanoparticles, etc.) used with drugs to treat AD. A few crucial reviews (Fonseca-
Santos et al. 2015; Hettiarachchi et al. 2019; Nazem and Mansoori 2011; Sangubotla
and Kim 2018; Scarano et al. 2016; Shui et al. 2018b) have targeted a specific issue
in this area. A considerable number of combinations of biomarkers, biological fluids,
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cost of methods, and ease of doing detection have encouraged us to do this
review work.

3.2 Biomarkers in AD

This section provides various biomarkers of AD present in various biological fluids
and their detection using conventional methods. This section also elaborates on the
problems of various detection methods, cost of detection.

Various hypotheses proposed for the appearance of sporadic AD are as follows:
(1) neurotransmitters hypothesis (acetylcholine, glutamate, GABA, 5-HT, and DA),
(2) mitochondrial cascade hypothesis (oxidative stress), (3) metal ion hypothesis
(increase in iron, copper, and zinc levels which increase the Aβ and toxicity),
(4) amyloid hypothesis (Aβ 40, Aβ 42), (5) tau hypothesis (tau, p-tau), (6) inflamma-
tory hypothesis (TNF-α, (IL)-1β, IL-6, IL-12, IL-13), (7) calcium homeostasis
hypothesis (Aβ increases ca+2 levels), and (8) neurovascular hypothesis (inappropri-
ate Aβ clearance across blood-brain barrier (BBB) (Liu et al. 2019). Schematics of
the interrelations of a few hypotheses are shown in Fig. 3.2. The different colors
correspond to the hypotheses in the production of Aβ, which is the cause of neuronal
death (Nd) and subsequent reduction in synaptic plasticity. The associated
biomarkers to the proposed hypotheses are described in Table 3.1.

The AD biomarkers can be found in various biological fluids such as cerebrospi-
nal fluid (CSF), blood, salivary, and urinary, as listed in Table 3.2. It also lists
biomarkers’ approximate molecular weight, concentration in a healthy person, the
effect of AD on the concentration in the affected person, and the techniques used to
detect the effect. The detection of the main three biomarkers, namely, Aβ 42, total
tau (Tau), and p-tau 181, present in CSF, is well developed by using the ELISA
technique. Early detections were based on the biomarkers present in CSF. Various
other methods such as molecular imaging have been developed.

Fig. 3.1 Classification of AD into various types
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In molecular imaging, the images of the specific tracer bound to the targeted
biomarkers are taken. Three basic molecular imaging techniques are in use: single-
photon emission computed tomography (SPECT), positron emission tomography
(PET), and magnetic resonance imaging (MRI). SPECT measures the tau accumula-
tion with reduced regional cerebral blood flow (rCBF). Amyloid PET imaging with
specific ligands F florbetapir, F florbetaben, and F flutemetamol for amyloid deposi-
tion shows good correlations with autopsy measurements. The PET imaging of the
specific biomarkers in the neuroinflammatory process like activated microglia,
reactive astrocytes is possible. The PET tracers 18 fluorodeoxyglucose is used to
measure the acetylcholine synaptic density. PET (FDG PET) and MRI are more
accurate than amyloid PET imaging in predicting dementia (Narayanan and Murray
2016). Diffusion MRI investigates the microstructure of white matter and its loss of
integrity with aging due to myelinated fiber degeneration throughout the brain, with
most changes occurred for the temporal lobe region in MCI. Structural MRI studies
show the decrease in the brain’s total volume resulting from cortical thinning and
gyral atrophy such that both the entorhinal cortex and the hippocampus show the loss
of volume in MCI and AD (Márquez and Yassa 2019). In the imaging technique, one
cannot get a correct idea of the concentration of biomarkers.

Fig. 3.2 A schematic of the hypotheses of the cause of AD and neuronal death. Neurotransmitters
hypothesis: gold color circle; mitochondrial cascade hypothesis and calcium homeostasis hypothe-
sis: yellow; metal ion hypothesis: gray; amyloid hypothesis and neurovascular hypothesis: blue; tau
hypothesis: orange; inflammatory hypothesis: green (see also Table 3.1)
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Table 3.1 Function of biomarkers in AD

Biomarker Role in AD Refs.

Aβ Aβ 40 or Aβ 42 are formed due to proteolytic cleavage
of APP by β and γ secretase. This insoluble Aβ forms
extracellular amyloid plaques. The soluble
amyloid-β-derived diffusible ligands (ADDLs) are the
precursors of the formed Aβ and can be considered a
biomarker

Georganopoulou et al.
(2005), Szemraj
(2014)

ACh Acetylcholine (ACh) has a role in attention, learning,
memory, stress response, wakefulness and sleep, and
sensory information. It has two receptors: Nicotinic
and muscarinic. The concentration levels of ACh
decrease due to AD, and synaptic loss is found for
disease onset

Ferreira-Vieira et al.
(2016)

APOE The e4 allele of apolipoprotein E (APOE) accelerates
the Aβ aggregation at the early onset of AD. The e4
allele of APOE also presents in the form of the APOE-
Aβ complex in the periphery and transports the Aβ
into brain capillaries for more accumulation of Aβ
through the blood. It also has other mechanisms on
synaptic plasticity, inflammatory, tau
phosphorylation, and neurotoxicity

Kim et al. (2009)

APP Amyloid precursor protein (APP) is present such that
one end is outside the cell and has a β secretase
cleavage while the other end is inside a
transmembrane and has a γ secretase cleavage and
releases insoluble monomer Aβ

Thinakaran and Koo
(2008)

Astrocytes Activated astrocytes produce Aβ, and they are
involved in the neuroinflammatory component of AD
through the release of cytokines and ROS (nitric
oxide)

Verkhratsky et al.
(2010)

BACE1 β site APP cleaving enzyme 1 (BACE1) is a
membrane-bound protein. The sequence preference of
β secretase depends upon the mutation in amino acids
surrounding the cleavage site of APP such that the
substitution of more hydrophobic amino acids
improves the efficiency of β secretase cleavage

Cole and Vassar
(2007)

DA Low concentration level of dopamine (DA) found in
the striatum, amygdala, substantia nigra, cingulate
gyrus, and raphe nucleus of postmortem AD brain in
comparison to normal. Dopaminergic neurons have
five receptors D1, D2, D3, D4, D5. The density
distribution of D2, D3, D4 receptors is decreased and
that of D1 and D5 receptors is increased in the striatum
and frontal cortex

Mitchell et al. (2011)

GABA γ-Aminobutyric acid (GABA) has two receptors:
Inotropic (GABAA and GABAC) and metabotropic
(GABAB) receptors. GABABR is present in
presynaptic and postsynaptic hippocampal neurons.
AD activation of GABABR in presynaptic neurons
inhibits the neurotransmitter release, and in the

Prakash et al. (2015)

(continued)
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Table 3.1 (continued)

Biomarker Role in AD Refs.

postsynaptic neurons, it inhibits the postsynaptic
potential

GSK-3 Glycogen synthase kinase 3 is activated by Aβ and
causes hyperphosphorylation of tau proteins

Llorens-Martín et al.
(2014)

GLu It has two receptors: Ionotropic and metabotropic.
Alteration in the glutamate receptor signaling causes
neurodegeneration like AD such that alteration in
metabotropic receptors group I mGluR signaling
regulates Aβ 42 toxicity

(Ribeiro et al. 2017)

5-HT Serotonin (5-HT) concentration level decreases in the
AD brain and decreases memory storage and learning
processes. It has specific receptors (5-HTRs) such that
5-HT4R receptor activation helps in
non-amyloidogenic cleavage of APP and slows down
the production of Aβ plaques, and 5-HT6R activation
can be responsible for the tau phosphorylation

Butzlaff and
Ponimaskin (2016)

LRP and
RAGE

Lipoprotein receptor-related protein (LRP) is involved
in several ways; firstly, it binds with APP to regulate
Aβ. Secondly, LRP binds with APOE to degrade the
Aβ. Lastly, LRP has another role; it binds with Aβ at
BBB and transfers it to the peripheral circulation. The
receptor for advanced glycation end products (RAGE)
imports Aβ from the peripheral circulation into the
brain

Anastasio (2011)

MCP-1 and
macrophage

Monocyte chemoattractant/chemotactic protein
(MCP)-1 is activated by the astrocytes and attracts the
monocytes from the blood to the brain. It activates the
macrophages into two phenotypes: Pro-inflammatory
cM1 and anti-inflammatory cM2. cM1 helps in Aβ
aggregation, while cM2 macrophage supports Aβ
clearance

Hao and Friedman
(2016)

Microglia The amyloid-beta activates the microglia. Activated
microglia release cytokines and phagocytosis.
Microglia have two phenotypes such that M1 is
involved in pro-inflammatory action while M2 is
involved in anti-inflammatory and tissue repair

Thériault et al. (2015)

OS Iron accumulation in the AD brain generates hydroxyl
radical by Fenton reaction, and Aβ binds with iron
increases oxidative stress (OS). Poor antioxidants,
mitochondrial dysfunction, microglial activation, and
ROS also increase the OS and cause memory loss

Manoharan et al.
(2016)

PSEN1 and
PSEN2

PSEN1 and PSEN2 mutation changes the processing
of APP and favors more production of long-tailed Aβ
40 or Aβ 42

Fraser et al. (2000)

ROS Reactive oxygen species (ROS) like superoxide anion
(O2

�), hydroxyl radical (OH), and H2O2 have a role in
DNA mutations, lipid peroxidation, protein oxidation,
microglial proteasome malfunction, astrocyte

Mohsenzadegan and
Mirshafiey (2012)

(continued)
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The detection of biomarkers present in the blood is aimed to determine its
concentration. The immunoprecipitation method detects the conformation and
immunomagnetic reduction (IMR) used to quantify Aβ, while MS methods measure
some sorts of aggregation of Aβ in AD plasma. The single-molecule array (SIMOA)
is an ultrasensitive technique that measures the tau in the blood (Zetterberg 2019).
Aβ is also recognized in the platelets using immunoprecipitation (IP) combined with
MS. Aβ is degraded with time in plasma since hydrophobic Aβ concentration is ten
times lower than CSF due to the formation of a complex with other proteins.
MALDI–TOF/TOF mass spectra differentiate the Aβ 38, Aβ 40, and Aβ 42 peptides,
quantified using selected reaction monitoring (SRM) (Pannee et al. 2014). The
methods used to measure all proteome-based biomarkers (α-2-macroglobulin,
monoamine oxidase B, isoprostane 8,12-iso-iPF2α-VI, hemopexin, CCL-1, comple-
ment C3, plasminogen, folic acid, fibrinogen gamma chain, etc.) of AD in plasma
and serum are antibodies array, radioimmunoassay (RIA), two-dimensional poly-
acrylamide gel electrophoresis (2D-PAGE), GC/MS, LC/MS/MS, MALDI-TOF/
MS, multiplex fluorescent immunoassay, etc. (Altuna-Azkargorta and Mendioroz-
Iriarte 2020; Lista et al. 2013).

Various methods used to detect biomarkers present in both CSF and blood are
based on the measurement of their concentration. Using the ELISA technique, it was
reported (Mulder et al. 2010) that there is a fall in the concentration of Aβ and a rise
in the concentration of tau and p-tau in cerebrospinal fluid of AD patients. xMAP
measures the binding of specific capture mAbs 4D7A3 (Aβ 42), AT120 (Tau), or

Table 3.1 (continued)

Biomarker Role in AD Refs.

activation, inflammation, and cell death. Aβ induces
the ROS in the presence of Fe or Cu

Tau The hyperphosphorylation of tau proteins, which have
six different isoforms (Tau-441, Tau-412, Tau-410,
Tau-383, Tau-381, Tau-353) leads to the formation of
NFTs (neurofibrillary tangle) in the human brain

Andreadis (2012)

TGF-β Transforming growth factor (TGF-β) is an anti-
inflammatory cytokine activated by M2 phenotype
microglia and helps in the protection of neurons
against damage, and overexpression of it reduces the
formation of the plaques and Aβ

Chen et al. (2015)

TNF-α The pro-inflammatory cytokines such as tumor
necrosis factor (TNF-α) and interleukin (IL-1β, IL-6,
IL-12, IL-13) are activated by microglia (M1

phenotype) and cause the loss of neurons. M2

phenotype microglia activates the anti-inflammatory
cytokines (IL-10, IL-4, IL-13) that help in tissue repair
and angiogenesis

Wang et al. (2015)
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AT270 (p-tau 181) with epitope region of antigen in cerebrospinal fluid for Aβ, Tau,
and p-tau 181. Electrochemiluminescence (ECL) detection method also measures
the concentration of Aβ 42 and tau protein in CSF (Kang et al. 2013). Western blot
analysis (WB) technique in platelets with a monoclonal antibody (mAb) for APP got
three molecular weight forms: 130, 110, and 106 kDa. WB with polyclonal antibody
(pAb) for BACE 1 forms (BACE 36 kDa/ BACE 57 kDa) (Di Luca et al. 2005). The
developed semi-sensitive electrochemiluminescence based assay of p-tau 181 in the
CSF fluid has been used for the assay of the p-tau in the plasma fluid. A slightly
increased concentration of p-tau 181 in the plasma of AD subjects is reported. The
enzymatic degradation of tau protein in plasma, its half-life is shorter (about 10 h) in
plasma than in CSF (a few weeks) (Zetterberg 2019).

The studies of biological and pathological changes in AD-related proteins in the
urine are limited. A higher concentration in human urinary albumin and urinary
creatinine in AD than control subjects are reported using SPOTCHEM D-01 ana-
lyzer ((Watanabe et al. 2019). Alzheimer-associated neural thread protein (AD7c-
NTP), a potential biomarker for AD in urine, was detected using the ELISA AD7c-
NTP kit. Due to AD in subjects, the biomarkers’ concentration level decreases
(Zhang et al. 2018). Ultra-performance liquid chromatography coupled with triple-
quadrupole linear ion-trap tandem mass spectrometry (HILIC-UHPLC–
QTRAP®/MS2) technique is developed for detection of stages of dementia, such
as mild cognitive impairment (MCI), mild dementia, and moderate dementia from
the data of neurotransmitter concentration in urine samples. The concentrations of
ACh, 5-HT, and GABA in subjects with MCI were two times higher than moderate
dementia. The GLu concentration in moderate dementia was approximately two
times higher than that in MCI patients (Zhou et al. 2020).

It is expected that any effect in CSF can change the level of AD biomarkers in
saliva. Aβ shows an increment in levels as compared to healthy controls measured by
ELISA and nanoparticle immunoassay. The concentration of p-tau in the saliva
increases as detected by WB or ultrasensitive single-molecule array techniques.
However, tau’s concentration decreases in saliva. The effect of AD on the concen-
tration level of AChe in the saliva is controversial: some researchers reported no
statistical difference, while some researchers reported an increase in its value.
Inflammatory factors like TNF-α and IL-1β in the salivary were increased in AD
as measured by the Luminex assay method (Liang and Lu 2019). Lactoferrin is an
antimicrobial peptide with Aβ binding properties, and concentration level decreased
for AD compared to age-matched control as measured by sandwich ELISA (Ashton
et al. 2019).

Collection of CSF by a lumbar puncture is an invasive process with side effects
and difficulty in screening, so detection of AD biomarkers in blood can be helpful in
following and screening of patients for many years (Humpel 2011). The collection of
blood-based AD biomarker samples is time- and cost-efficient, which a patient can
easily accept. Its poor reproducibility due to differences in sample concentrations
limits clinical utilization (O’Bryant et al. 2017).

The detection techniques are expected to be reproducible, inexpensive, and
reliable with sensitivity and specificity greater than 80% (Hrubešová et al. 2019).
The biomarker should differentiate with other types of dementia like vascular
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dementia, mild cognitive impairment, frontotemporal lobe dementia, and Lewy body
dementia to identify the required treatments. Some techniques are available to detect
at early stages and during AD, but these detection techniques have some advantages
and limitations as listed in Table 3.3. The available techniques, such as ELISA,
xMAP, and ECL, have the advantage of measuring a concentration of AD
biomarkers in biological fluid over other fluid-based techniques owing to the
requirement of less sample volume and short processing time.

The cost of conventional methods of detection techniques is described in
Table 3.4. Here, we have listed various targeted biomarkers, the instruments used,
manufactures of the instruments, and a typical measurement cost. The cost varies
with time and process of manufacturing. In general, the imaging-based methods are
costlier than the concentration-based methods.

3.3 Nanotechnology in Early Detection of AD

There are two broad classifications of nanotechnology-based approaches; namely,
molecular imaging probes-based approach and protein binding-based approach.

The techniques used or tested in the molecular imaging probes-based approach
are bio-barcode assay, single-molecule fluorescence microscopy, fluorescence reso-
nance energy transfer (FRET), scanning tunneling microscopy, atomic force micros-
copy, and NanoSIMS microscopy. Nanotechnology in imaging and detection
depends on the designed nanoparticles’ electrical, optical, chemical, and biological
quality. An early diagnosis is based on the development of nanoparticles for imaging
and molecular detection of AD biomarkers. Early detection may help stop the
progression because conventional techniques like ELISA or western blot do not
precisely measure the concentration. The concentration is quite low in CSF or blood
at early stages and can overlap between control and AD subjects (Ahmad et al.
2017).

In the protein binding-based approach using the principle of protein binding, the
techniques being developed are two-photon Rayleigh scattering assay, localized
surface plasmon resonance, and nanocomposite-based biosensors. The various
nanocomposites used in the electrochemical detection are listed in Table 3.5. Nano-
technology has a vital role in the development of biosensors in terms of sensitivity
and performance. The use of nanomaterials has improved signal transducer
technologies owing to the submicron level, nanosensor, nanoprobes, and other
nanosystems that have allowed the rapid multiple analysis of substances in vivo
(Jianrong et al. 2004). Gold nanoparticles (AuNPs), magnetic nanoparticles (Fe3O4),
polymers, CNT, graphene, dendrimers, quantum dots, and others are commonly
used in the development of a biosensor for the detection of biomolecules owing to
exhibit unique and specific properties (Carneiro et al. 2019).
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3.3.1 Molecular Imaging Probes-Based Approach

3.3.1.1 Bio-Barcode Assay
Bio-barcode assay (BCA) is a nanogold diagnostic technology that consists of two
probes: one has a monoclonal antibody for adsorption of proteins, nucleic acid, or
small molecules, while another contains AuNPs coated with anti-target antibody and
thiol-modified DNA as the barcode. Bio-barcode assay has a high sensitivity (5–6
times) than conventional ELISA, and the signal can also be amplified using the
polymerase chain reaction (PCR) technique (Wang et al. 2019). The concentration
levels of ADDLs and other CSF biomarkers are significantly less (<1 � 10�3 nM) at
the early AD stages. The known volume of CSF sample from AD subjects was
mixed with AuNPs (0.5 nm) modified with double-stranded oligonucleotides and
functionalized magnetic microparticles with antigen-specific Ab (M90) in BCA for
detection of ADDLs (Georganopoulou et al. 2005).

3.3.1.2 Scanning Tunneling Microscopy
Scanning tunneling microscopy (STM) is used to investigate materials by quantum
mechanical tunneling effect, and tunneling current is highly sensitive to the distance
between tip and sample. The vertical STM-based electrical detection technique was
developed in which AuNPs (5 nm) antibody fragment complex was bound to
antibody fragments against Aβ immobilized on a gold surface, and after that
biosurface was monitored by surface plasmon resonance, while STM characterized
current profile to know the concentration (10�6 ng/ml) of Aβ 1–40 (Lee et al. 2009).
Choi et al. (2011) developed STM-based electrical detection of Aβ 1–42 using
AuNPs (5 nm)-antibody complex immobilized on indium tin oxide glass patterned
with Au nanodot array. STM can measure the concentration of Aβ as low as 10�4 ng/
ml.

3.3.1.3 NanoSIMS Microscopy
Nano secondary ion mass spectroscopy (SIMS)-50 instrument has high sensitivity
and spatial resolution of 50–100 nm with Cs+ source and 150–200 nm with O�

source at the subcellular level. NanoSIMS gives new information about the tissue
alterations and morphological and chemical modification and can simultaneously
identify the presence of five elements such as N, S, P, Fe, Ca in amyloid-beta,
pyramidal neurons, glial cells, and neuropilin regions in hippocampal regions of
human AD brain as well as in APP/PS1 mice brain. NanoSIMS confirms the
presence of low iron content in Aβ and high calcium content in thalamus regions
of APP/PSI mice (Quintana et al. 2007).

3.3.1.4 Fluorescence Resonance Energy Transfer (FRET) Microscopy
FRET depends upon the interaction of two fluorophores, such as donor (fluorescein)
and (rhodamine) acceptor, while the distance between them on a spatial scale should
be less than 10 nm. Bacskai et al. (2003) analyzed FRET interactions by applying
double immunofluorescence and fluorescence lifetime imaging microscopy (FLIM)
instrument in conjunction with a commercial laser scanning multiphoton
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microscope. One can obtain different morphological conformation of Aβ forms as β
sheet structures within the senile plaques on the spatial scale in the transgenic mouse
model of AD. This technique can be used to study the early formation of senile
plaques and their variation with time in the transgenic mice using different anti-Aβ
antibodies that can recognize specific epitopes within Aβ (Bacskai et al. 2003).

3.3.1.5 MRI and PET
The brain imaging techniques are operated at higher spatiotemporal sensitivity levels
than fluid biomarkers and can distinguish different phases of disease from early to
late onset. (Márquez and Yassa 2019). Aβ peptides present in the form of Aβ 40 and
Aβ 42 are the main components of senile plaques in AD. To image Aβ in vivo by
11C-based Pittsburgh compound B PET and 18F-based compounds PET techniques
have been developed at preclinical stages (Gong et al. 2019). Phosphorylated tau
protein aggregation, NFTs in AD, starts from the transentorhinal/entorhinal cortex to
the hippocampus region, and after that, it extends to the temporal lobe and neocorti-
cal regions while this pattern helps in stages of AD. PET tracers like 18F THK523,
18F THK5117, 18F THK5105 18F THK5351, 18F AV1451 (T807), and 11C PBB3
have been developed for human tau imaging in recent years for future clinical
progression (Sheikh-Bahaei et al. 2017). MRI shows a higher spatial and temporal
resolution but lower sensitivity than PET in the detection of amyloid plaques present
in different sections of the brain. The sensitivity can be improved by using contrast
agents. In the MRI, paramagnetic agent gadolinium complex Gd+3 or Mn+2 chelates
increase the T1 relaxation rate (1/T1) and gives a positive contrast image in
T1-weighted scans. Superparamagnetic iron oxide NPs (60–150 nm) affect the T2
relaxation rate, giving a negative contrast image in T2- and T2*-weighted scans and
can visualize at a lower concentration than Gd+3 (Salerno et al. 2016).

3.3.2 Proteins Binding-Based Approach

3.3.2.1 Two-Photon Rayleigh Scattering Assay
Two-photon Rayleigh scattering (TPRS) generates results in less than 35 min,
starting from proteins’ binding till detection and analysis. The advantage of this
assay is that it is three times more sensitive than any colorimetric technique. AuNps
(size 4 nm)-based TPRS assay for the detection of tau proteins has been reported.
AuNps is conveniently used in biomarker application and biological imaging owing
to lack of toxicity, including shape- and size-dependent optical properties (Neely
et al. 2009).

3.3.2.2 Localized Surface Plasmon Resonance
The biomarkers Aβ 40, Aβ 42, and tau in human plasma have been detected in the
presence of gold nanoparticles of different shapes using localized surface plasmon
resonance (LSPR). Three different shapes of AuNPs are (1) spherical (dia. of 50 nm)
for Aβ 40, (2) short rods (aspect ratio 1.6) for Aβ 42, and (3) long rods (aspect ratio
3.6) for tau protein. Each shape code AuNPs give LSPR peak shift after interaction
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of their respective biomarkers, and the limit of detection (LOD) has obtained
34.9� 10�6 nM, 26� 10�6 nM, and 23.6� 10�6 nM for a linear range of logarithm
concentration 10�5 to 102 nM in mimicked blood (Kim et al. 2018).

Sandwich assay of the SPR chip was functionalized using a self-assembled
monolayer of mixed COOH- and OH-thiols. Primary antibody Ab (Tau) was
immobilized on the surface by incorporating functionalized gold nanoparticles
(AuNPs) to detect the tau-Aβ complex in CSF. The sensor response was obtained
in terms of the shift in wavelength when an SPR dip occurs and is proportional to a
change in refractive index caused by the binding of proteins to the sensor surface.
The limit of detection (LOD) for the tau-Aβ complex was obtained 1 � 10�3 nM for
linear concentration up to ~5 � 10�3 nM (Špringer et al. 2020).

3.3.2.3 Electrochemical Sensor
Electroanalytical techniques like electrochemical impedance spectroscopy (EIS),
voltammetry, potentiometry, field-effect transistor (FET), and conductometric
biosensors are being used to measure the electric signals. EIS can give the informa-
tion of change in charging capacity, conductivity, or resistivity of an electrochemical
interface. The potentiometric biosensor is based on the ion-selective electrode and
the reference electrode to measure the charge accumulation on the electrode such
that ISE is a membrane-based electrode and potential response according to the
concentration of ions (Luo and Davis 2013). The various elements in voltammetric
techniques are (1) an electrochemical cell consisting of working, counter, and
reference electrodes and (2) potentiostat. Various variants of the techniques are
cyclic voltammetry (CV), differential pulse voltammetry (DPV), and square wave
voltammetry (SWV). The techniques for sensing an analyte in a linear concentration
range (10�3 to 108 nM). CV is widely used to study the redox process, reaction
intermediates, and product stability. The important part is peak potential (Epc, Epa)
and peak current (ipc and ipa) of cathodic and anodic peaks. This technique is based
on variation in potential applied to both forward and reverse direction with some
scan rate to monitor the current. DPV is based on a series of fixed pulse potentials of
small amplitude (10–100 mV). The potentials are superimposed on slowly changing
base potential. A graph is plotted between the current difference obtained through
pulse and base potential. SWV consists of a square wave pulse superimposed on the
staircase waveform of ΔE step height, and the net current (inet) is obtained from the
difference between forward and reverse current (ifor � irev). SWV has several
advantages like high sensitivity, repeatability, high signal-to-noise ratio, and rejec-
tion of background currents (Kounaves 2007). The electrochemical biosensor
produces an electric signal with the interaction of the target analyte and
biorecognition element. The electrochemical sensors are of low cost with high
sensitivity. It can provide better target analyte information. Electrochemical
biosensors can be biocatalytic and affinity-based. In biocatalytic, an enzyme is a
sensing element with a catalytic reaction that produces an electric signal. In affinity-
based, a selective binding interaction takes place between the analyte and the sensing
element such as an antibodies, aptamer, or nucleic acid (Ameri et al. 2020).
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3.3.2.4 Molecularly Imprinted Polymer-Based Sensor
The electrochemical sensor is developed for the determination of analyte with
ion-exchange membrane, and polymer-modified electrodes with further modification
in molecularly imprinted polymer-based sensors (MIPs) are now largely used by the
researchers. MIP sensor has high selectivity for a particular analyte that can easily
differentiate between analyte and interfering species, a biomolecule present, and the
target molecule even at its highest concentration. In MIPs, the monomer interacts
with the template, and the initiator is added to start the polymerization process. After
polymerization, the template removal takes place, leaving behind the recognition
sites (Li et al. 2009). The high stability and reusability of MIPs are the alternatives to
biomolecule recognition of elements such as enzymes, antibodies, cell receptor,
nucleic acid, and natural receptors. The lifetime of antibodies is 6–12 months and
cannot be regenerated after ten cycles and may require refrigeration. MIPs can be
stored at ambient temperature for years without a loss in affinity toward proteins and
regenerated. MIPs can sustain a high temperature (up to 180 �C), while a biomole-
cule recognition element can sustain low temperature (below 40 �C). In the bio-
chemical recognition, using elements such as antibodies, cell receptors, and nucleic
acid have some inherent limitations like poor reproducibility and instability during
the manufacturing process (Whitcombe et al. 2011).

3.4 Nanocarriers in Treatment of AD

Several types of nanocarriers like nanotubes, nanoparticles, nanogels, and nanofibers
are available, which can enter through BBB owing to a high chemical, biological
stability, and feasibility of allowing both hydrophobic and hydrophilic molecules
(Re et al. 2012). Figure 3.3 lists a few nanocarriers tested to deliver drugs through
BBB as in vivo and in vitro methods for treating AD. Nanoparticles and drugs used
for the treatment of AD are listed in Table 3.6.

3.4.1 Carbon-Based Nanocarriers

3.4.1.1 Carbon Nanotubes
Carbon nanotubes (CNT) are hollow cylindrical sheets whose diameter is in the
range of 1–10 nm. This is being used for drug delivery, diagnosis, imaging, tissue
engineering, and cancer therapy. The MWCNTs have the potential to deliver a drug
overcoming the BBB. Researchers have shown promising results for the drug
berberine, loaded in MWCNTs and coated with phospholipid and polysorbate
(overall particle size 186 nm) for the treatment of AD. The reported drug absorption
and release time are 68.6% and 16 h respectively. This functionalized MWCNT also
decreases the amyloid plaques accumulation into the brain (Bilal et al. 2020).

3.4.1.2 Carbon Dots
Carbon dots (CDs) are carbon-based nanoparticles whose size is 1–10 nm. CDs are
nontoxic, high biocompatibility, and high photoluminescence. Their high surface to
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volume ratio increases the drug loading capacity. Amphiphilic yellow-emissive CDs
(Y-CDs) were developed of size 3 nm, which have hydrophilic and hydrophobic
surfaces such that hydrophilic surfaces can inhibit the Aβ formation, while more
hydrophobic functionalities help to cross the BBB through passive diffusion. Y-CDs
inhibit APP production and Aβ fibrillation in the Chinese hamster ovary (CHO) cells
(Zhou et al. 2019). CDs were functionalized with transferrin to cross the BBB as
confirmed by CNS imaging in a zebrafish. The results were also confirmed by green
fluorescent protein-labeled neurons (Ashrafizadeh et al. 2020).

3.4.1.3 Graphene Quantum Dots
Graphene quantum dots (GQD) can be a promising new nanocarrier for drug
delivery due to the small size (18 nm), low cost, large specific surface area, high
solubility, and nontoxic in both the in vivo and in vitro models. The peptide drug
glycine-proline-glutamate conjugated GQD shows inhibition of Aβ plaques forma-
tion and improvement in learning and memory of transgenic mice having APP/PS1.
The drug-conjugated GQD helps in the decrease in pro-inflammatory cytokines
(IL-1α, IL-1β, IL-6, IL-33, IL-17α, MIP-1β, and TNF-α). It also helps to increase
anti-inflammatory cytokines (IL-4, IL-10). These can stop Aβ aggregation and
protect the synapses as confirmed by the Morris water maze test, immunohistochem-
ical, ELISA, and suspension array (Xiao et al. 2016).

3.4.2 Dendrimers

Dendrimers of size 10–20 nm are highly branched molecules with an initial core,
several internal layers, repetitive units, and terminal active surface groups, making

Fig. 3.3 A schematic depiction of the nanocarriers commonly used with drugs for the treatment
of AD
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dendrimers used for drug delivery systems due to low dispersion, high performance,
and hydrophobic core. Poly-amidoamine (PAMAM) and poly-propylene imine
(PPI)-based dendrimers can be used for AD diagnosis, specific targets for drug
delivery, and gene therapy. The challenges are the existing cytotoxic effect and
inadequate BBB permeability. The polyester-copolyether dendrimers’ (PEPE) struc-
ture and properties can overcome the issue of BBB permeability. PAMAM 3, 4, and
5 have hydrolytic properties, which can remove aggregated proteins on incubation
with cells. This in turn can inhibit the Aβ aggregation. It may be due to dendrimers
nanomolecules that may bind with Aβ or increase dissolution or lock the end of
amyloid fibrils. Cationic phosphorus dendrimers (CPDs) also show the disruption in
Aβ fibrils and aggregation of other proteins and inhibit the aggregation of MAP-tau
(microtubule-associated protein). CPDs also show some qualities like anti-
inflammatory process, stop hydrolysis of ACh, and inhibit ROS forming (Aliev
et al. 2018).

3.4.3 Nanoparticles

Different nanoparticles have been developed to diagnose and treat AD, which
differentiate each other by composition and diagnosis that aim to detect and visualize
the pathologies. The fluorescent dye thioflavin-T (ThT) is mostly used in both
in vivo and in vitro to detect Aβ, which emits fluorescence when binds with amyloid
fibrils, and mainly Nps are used for therapeutic purposes in the clinics. The disad-
vantage of ThT is its low permeation through the BBB owing to its hydrophilicity.
ThT-loaded nanocapsules containing polybutylcyanoacrylate were introduced in
achieving high permeation through BBB. The curcumin-loaded NPs can bind with
tau protein and Aβ in both in vivo and in vitro and inhibit the tau
hyperphosphorylation. However, it is easily oxidized, photodegraded, and has
poor stability due to hydrolysis in acidic and alkaline medium. New efforts are
developed using curcumin-loaded polybutylcyanoacrylate (PBCA). PBCA NPs can
increase the half-life of curcumin and concentration in the mice brain as compared to
free curcumin. In contrast, curcumin-loaded poly(lactide-co-glycolide) (PLGA) NPs
may reverse the memory and learning declined by Aβ. NPs loaded with the iron
chelators and copper chelators are applied to remove the brain’s metal ions to
decrease oxidative stress, but limitations are hepatotoxicity and low transference
across the BBB. The development of chelator such as 2-methyl-N-(20-aminoethyl)-
3-hydroxyl-4-pyridinone (MAEHP) is conjugated with NPs and have a high affinity
toward iron, aluminum, copper, and zinc. In vitro, it inhibits the Aβ aggregate
formation. Clioquinol or 5-chloro-7-iodo-8-hydroxyquinoline (CQ), a metal chela-
tor, can be solubilized and inhibits Aβ accumulation in vitro, and CQ-loaded PBCA
nanoparticles can cross the BBB at a higher threshold and can be used for the
treatment of AD (Gupta et al. 2019).
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3.4.3.1 Gold Nanoparticles
Gold nanoparticles (AuNPs) are used in drug delivery since their size varies from
1 to 150 nm, which helps control their dispersion and has SPR, optical, and tunable
properties. AuNPs can be functionalized using drugs, targeting ligands and genes,
because a negative charge on the surface helps in the modification (Singh et al.
2018). The negatively charged AuNps can adsorb the Aβ monomers, which inhibit
the Aβ fibrillation process, and dissociates Aβ formed in vitro. However, in vivo, its
effect on progressive cognitive decline and memory is poorly investigated. After
intrahippocampal (IH) and intraperitoneal (IP) injections of AuNPs in a rat animal
model of AD shows that AuNPs have improved the acquisition and retention of
spatial learning and memory in Aβ (Sanati et al. 2019).

3.4.3.2 Iron Oxide Nanoparticles
Iron oxide nanoparticles (Fe3O4 NPs) of size 60–150 nm conjugated with Aβ
oligomer aptamer can measure the Aβ oligomer in the artificial CSF.
Superparamagnetic iron oxide nanoparticles (SPIONs) with 1,1-dicyano-2-
[6-(dimethylamino) naphthalene-2-yl propene (DDNP) have a high binding affinity
toward Aβ 40 aggregates. The amyloid imaging is done through injection of DDNP-
SPIONs in the hippocampal area of brain of the tested rat. This leads to to the
binding of DDNP-SPIONs to the Aβ plaques. Due to this binding, a significant
decrease in the signal intensity was reported in coronal T2*-weighted images in
MRI. The amyloid imaging is also reported using natural drug curcumin in conjuga-
tion with superparamagnetic iron oxides (SPIOs). γ-Fe2O3 NPs can inhibit the
microglial cells in rTg4510 tau-mutant mice, and SPIONs coated with poly(ethylene
glycol) methyl ether amine (PEG-NH2) can decrease the Aβ aggregation (Luo et al.
2020).

3.4.3.3 Nanogels and Polymeric Nanoparticles
Nanogels of size 20–200 nm are the nanosized polymer network. They have both
hydrogels and NPs characteristics, which make them useful for specific drug deliv-
ery systems. Nanogels have the advantage of having a high loading capacity
(40–60%), which is difficult for NPs (Saeedi et al. 2019).

The size range of Polymeric nanoparticles varies from 50 nm to a few hundred
nanometers. The loading of drugs can be done through different methods such as
surface adsorption, chemical conjugation, and encapsulation. Chitosan NPs loaded
with tacrine and galantamine hydrobromide (GH) are mostly used to target the
cholinergic system to inhibit the AChe and increase the ACh levels.
GH-containing chitosan NPs bind with nicotinic receptors and increase the receptor
sensitivity of ACh. Synthetic polymeric NPs are mainly colloidal particles tuned to
lipophilicity, charge, and biocompatibility in the synthetic process, and they have
low toxicity and high loading drug capacity. Synthetic polymeric NPs coated with
polylactide-co-glycolide (PLGA), polyethylene glycol (PEG)-phospholipid
copolymers, and PEGylated are investigated for AD treatment. PEGylated poly-
meric NPs can prevent Aβ aggregation in the brain. polyethylene glycol-polylactic
acid (PEG-PLA) NPs can penetrate the BBB. Its efficiency in the clearance of Aβ
peptides was tested in an AD mouse model (Hettiarachchi et al. 2019).
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3.4.4 Liposomes and Lipid NPs

Liposomes are vesicles consisting of single or multiple lipid bilayers around the
inner aqueous compartment and are categorized as unilamellar and multilamellar,
respectively. These are used as carriers of lipophilic or hydrophilic drugs. The size of
liposomes is classified based on lamellar sizes. These are as follows: small
unilamellar vesicles (20–100 nm), large unilamellar vesicles (>100 nm), giant
unilamellar vesicles (~1 μm), oligolamellar vesicles (0.1–1 μm), and multilamellar
vesicles (~500 nm) (Fonseca-Santos et al. 2015). Liposomes can carry bioactive
molecules inside or outside the particle owing to a highly flexible and biocompatible
drug delivery system. The nontargeted liposomes transfer the compounds directly.
The targeted liposomes are designed according to interaction with specific targets
related to AD’s diagnosis and treatment. Liposomes with phosphatidic acid (PA) and
cardiolipin can reduce Aβ levels in APP/PS1 transgenic mice. NPs of poly(lactide-
co-glycolide)-poly (ethylene glycol) conjugated with curcumin derivate (PLGA-
PEG-B6/Cur) can increase the learning and memory in APP/PS1 transgenic mice.
The bifunctionalized liposomes (mApoE-PA-Lipo) with ApoE peptides show a
decrease in Aβ 42 in APP23 transgenic mice confirmed by PET imaging with
[11C] Pittsburgh compound B (PIB) (Ordóñez-Gutiérrez and Wandosell 2020).

Lipid NPs of size 30–1000 nm consists of solid lipid NPs (SLNs) and
nanostructured lipid carriers (NLCs). Lipid NPs exhibits low toxicity, drug entrap-
ment, prolonged drug release, and high stability. The limitation is that incorporating
a drug into SLNs and NLCs depends on lipophilic character, type of lipids, and
surfactants. Lipoyl-memantine drug loaded with SLNs shows a decrease in oxidative
damage and increases antioxidant capacity in mouse N2a neuroblastoma. Also,
ferulic acid was incorporated in SLNs and NLCs, decreasing oxidative stress (Wen
et al. 2017).

3.5 Conclusion and Future Strategies

The existing techniques can detect AD biomarkers using brain imaging techniques
(MRI, PET, CT, SPECT, IHC, etc.) and fluid-based biomarker techniques (ELISA,
xMAP, WB, MS-methods, etc.). These techniques are expensive, tedious, and
require highly skilled personnel. Often, the low sensitivity and specificity of methods
lead to the scientist finding alternative tools for detection. The concentration level of
AD biomarkers is much higher in CSF. The collection of samples from blood, urine,
and saliva are noninvasive processes. AD biomarkers detection in the blood is the
best alternative to avoid the lumbar puncture process in CSF. There are variations in
concentration levels of AD biomarkers in blood since standard calibration methods
are still not developed.

The nanomaterials on a surface improve immobilization of biorecognition
elements. Further development in MIP-based sensors such as MIP/analyte/
nanocomposite-modified GCE can be a promising biosensor in detecting AD
biomarkers to detect a low concentration accurately.
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Bio-barcode assay, superparamagnetic iron oxide NPs with DDNP as a contrast
agent in MRI, AuNPs in (LSPR, TPRS) and carbon NPs (CNT, graphene), and
AuNPs in situ polymerization in MIP sensor can be the best alternatives to replace
available detection techniques.

Using nanocarriers conjugated with a drug can have a high permeability. Thus the
drug can pass through BBB. The bi-functionalized liposomes mApoE-PA-Lipo,
liposomes with phosphatidic acid (PA), and cardiolipin can reduce the Aβ levels.
Poly-amidoamine (PAMAM)-based dendrimers can inhibit the Aβ and remove the
toxicity of aggregated proteins. However, it has a poor property to cross BBB.
Polyester-copolyether dendrimers (PEPE) were reported to have better BBB perme-
ability. Nanoparticles-based drug delivery using a carrier such as (PEG-PLA) NPs,
PBCA NPs, and poly (lactide-co-glycolide) (PLGA) NPs can be the best alternatives
to cross the BBB and target the specific AD biomarkers for treatment. The
nanocarriers’ size should be optimized to have high drug loading capacity and
sufficiently high diffusion to overcome BBB.
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Abstract

Advancement in the field of biomedicine led to futuristic research in biomaterial
fabrication. Biomaterials are the material mediators tackling the issues faced in
the field of life science. It comprises materials as varied as metals, polymers,
ceramics and composites. This chapter addresses the impact of biomaterials in the
field of biomedicine, specifically implants. Implants are designed to aid in the
normal functioning of a damaged body part. Under the physiological microenvi-
ronment, interfacial interactions are quite complicated at the implant site. Present
implants are susceptible to degradation in the body, leading to the generation of
the debris that ultimately attracts the site’s immunological agents. Micromotion,
biocompatibility and bone interlocking are key aspects determining the
osseointegration and thus the implant’s success in the long run. Biomaterials
can be easily engineered to address the biocompatibility, osseointegration, bacte-
rial invasion and biofouling issues currently faced by the various implants.
Various biomaterials and their potential applications have been explored in
great detail. Current limitations and biomimetic inspired alternate strategies for
eradicating the limitations have also been presented in this chapter. Biomaterial
fabrication to mimic the natural bone or part thereof, one of the hot topics of the
ongoing research, has also been highlighted.
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4.1 Introduction

Biomaterials are synthetic or nature-derived materials that aid in the normal func-
tioning of a diseased or lost body part for enhancing longevity and normal well-
being either directly or indirectly (Rahmati et al. 2016). Few applications of
biomaterials include orthopaedics, dental implants, soft/hard bone implants, blood
vessels, artificial heart valves, stents, pacemakers and hip or knee replacement
(Rahmati et al. 2016; Hu et al. 2019; Jemat et al. 2015; Zhao et al. 2015; Dangas
et al. 2016; Zhang et al. 2018; Cui et al. 2016; Chen and Thouas 2015). Apart from
implant material, biomaterials find applications in other fields of biomedical engi-
neering also such as in surgical instruments, artificial organs, blood storage bags,
drug delivery, tissue engineering and others (Tan et al. 2020; Xu et al. 2015; dos
Santos et al. 2017; Hadjesfandiari et al. 2018). At the biomaterial interface in the
physiological microenvironment, protein-surface interactions, protein-protein
interactions, inflammatory reactions and many other dynamic interactions occur
simultaneously (Pacelli et al. 2016). For effectiveness, biomaterials need to be
integrated with the surrounding tissues/bones without intervening fibrous tissue
material (Augustine et al. 2017). This can be achieved by tuning the bio-interfacial
interactions by applying the surface engineering approaches.

Developments of the biomaterials have been divided into four generations, as
shown in Fig. 4.1. The first generation of biomaterials was developed in the 1960s–
1970s and focused on implant-body integration. The common feature of the first-
generation biomaterials was bio-inertness, and they were designed to minimize the
immunological response to the foreign material. The first biomaterial developed was
vanadium steel that was adapted to manufacture bone fracture plates and screws.
Other examples comprise stainless steel, cobalt-chromium alloys, titanium and

Fig. 4.1 Different generations of the biomaterials based on bioinert, bioactive, bioactive,
resorbable and biomimetic properties
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alloys. The second-generation biomaterials were developed to enhance the
shortcomings of the existing biomaterials and comprised of bioactive or resorbable
materials. These biomaterials are readily used for orthopaedic and dental implants.
Second-generation biomaterials comprise various ceramic and polymeric
biomaterials. Resorption in the physiological microenvironment is not enough for
the effective integration of the biomaterials in the body. Biomaterial capable
of stimulating specific responses at the molecular level necessitated the development
of the third generation of biomaterials. These biomaterials comprise the features of
bioactivity and resorption and activate the genes stimulating the tissue regeneration
in the host. The fourth generation of biomaterials are referred as ‘biomimetic’ and
‘smart’ materials. These biomaterials interact at molecular, cellular and tissue levels
and are used for regenerative medicine, tissue engineering and repair. The fourth
generation of biomaterials are hybrid materials designed to monitor extracellular and
intracellular responses using bioelectric signals and manipulate these signals for
tissue regeneration (Ning et al. 2016).

Metallic biomaterials have excellent mechanical and other surface properties that
make them the ideal material for implant fabrication. Stainless steel and cobalt-
chromium are used for implant-related applications (Hayes et al. 2018). With the
advent of technology, new metallic materials like magnesium alloys and titanium
alloys have been developed. Ti6Al4V alloy of titanium is the routinely applied
biomaterial for implant-related applications (Hasan and Pandey 2020). However,
these metallic biomaterials suffer from certain issues like poor osseointegration,
which paved the way for the surface engineering and development of other binary
and ternary metallic biomaterials.

Polymer biomaterials are also utilized for various biomedical-related
applications. It provides the ease of tunability and manufacturability. They can be
cast into any desired shape depending on applications (Guo and Ma 2018). Natural,
semisynthetic and synthetic polymeric materials have been developed for different
applications. Further, the surface properties of these polymeric biomaterials can be
modulated easily by surface modification strategies. Two or more polymers can also
be combined in different ratios to fabricate polymer composites with hybrid
properties. Polymer behaviour in the physiological environment is quite complicated
and undergoes degradation, leading to the polymer constituents’ release; these
restrict polymers in the long run (Shen et al. 2015).

Ceramics biomaterials are mostly utilized as surface coatings to enhance the
bioactivity of other implant materials. Many ceramics materials such as calcium
hydrogen phosphate (CAP) and hydroxyapatite (HAP) resemble the constituents of
natural bones (Borkowski et al. 2015). Ceramics are brittle and susceptible to cracks
and mostly utilized for biodegradable implant fabrication. Ceramics are known to
enhance the implant’s osseointegration, but they suffer from poor mechanical
properties and degradation in physiological conditions (Bona et al. 2015; Li and
Hastings 2016). Composite materials are fabricated by combining two or more
biomaterials keeping their individual properties intact to generate material with
enhanced properties (De Santis et al. 2019). Such composites are classified as
particulate and fibrous, depending on the constituents.
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This chapter highlights the various biomaterials currently applied in the field of
biomedical engineering. It briefly focuses on implant development using different
biomaterials. Salient features for implants have been outlined. Current progress in
tissue engineering and orthopaedic implants development have been highlighted.

4.2 Types of Biomaterials

In this section, different biomaterials utilized for the various biomedical applications
have been thoroughly discussed. Key features and the limitations of biomaterials
have also been highlighted, along with the mentioned biomaterials’ applications.
Biomaterials have been discussed with implant development as the prime focus.
Table 4.1 summarizes the various biomaterials utilized for biomedical applications.
The intent of this section is to introduce the various biomaterials in a simplified
manner.

4.2.1 Metallic Biomaterials

Various metals and their alloys have been explored for different biomedical
applications based on mechanical, chemical and surface properties. 316L stainless
steel exhibits remarkable mechanical and electrochemical properties such as better
corrosion resistance, work hardening and formability (Correa et al. 2018;
Bagherifard et al. 2016). Stainless steel with Young’s modulus of 210 GPa is utilized
to develop orthopaedic and dental implants (Nnamchi 2016). CoCrMo alloys’
application as the dental material was initially started in the late 1990s and now
are used as an orthopaedic implant material. These alloys are widely used for the
augmentation, replacement and repair of the damaged bones. For example, CoCrMo
wrought grade alloys are frequently used to manufacture the knee and hip joints
(Alemón et al. 2015). However, recent concerns regarding corrosion and the gener-
ation of toxic wear debris limited their utilization (Gilbert et al. 2015). It has been
observed that corrosion is also mediated by the inflammatory agents that are attracted
at the implant site (Gilbert et al. 2015). Besides, the lack of interaction between
tissue and implants led to exploring other strategies for implant fabrication (Correa
et al. 2018). In this regard, various surface modification strategies have been utilized
for improving the tribo-corrosion behaviour, such as the multilayer coating of
TiAlVCN/CNx on the CoCrMo alloys. Multilayer coating comprised one layer of
TiAlV, nine layers of carbon nitride (CNx), nine layers of TiAlVCN and a top layer
of CNx on CoCrMo substrate, as visible by the cross-sectional SEM image in
Fig. 4.2 (Alemón et al. 2015).

Ti alloys’ lower rigidity compared to CoCr alloys and stainless steel makes them
a suitable material for implant development, particularly for orthopaedic and dental
implants (Nnamchi et al. 2016; Santos et al. 2015). Titanium and alloys display good
biocompatibility, corrosion resistance and lower elastic modulus (Xie et al. 2015).
Passive TiO2 layer present on the surface of Ti6Al4V imparts corrosion resistance
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(Costa et al. 2019). β phase titanium alloys are the most promising candidates for
implant development due to good biocompatibility and superior mechanical property
(Neacsu et al. 2015). Titanium alloys occur in the β phase at a higher temperature,
and β phase stabilizers are used to obtain the β phase at a lower temperature
(Nnamchi et al. 2016).

The addition of Mo to titanium imparts the low elasticity with superior strength
for implant development and is a most efficient β phase stabilizer (Nnamchi 2016).
However, Mo addition has ductility and density issues that alloying Zr and Nb can
address to Ti-Mo-based binary alloy to form Ti6Mo4Nb4Zr, which resulted in

Table 4.1 Biomedical applications of the various biomaterials

Biomaterial

Application ReferencesType Name

Metal 316 L Orthopaedic implants Bagherifard et al.
(2016)

CoCr Hip/knee joints Alemón et al. (2015)

CoCrMo Orthopaedic implants Gilbert et al. (2015)

AZ31 Degradable bone implants Ren et al. (2015)

Ti6Al4V Orthopaedic/dental implants Jain and Bajpai (2019)

Polymer PVC Catheters Lucas et al. (2016)

UHMWPE Acetabular cup Shahemi et al. (2018)

Polypropylene Sutures López-Saucedo et al.
(2018)

PMMA Ocular lenses Ko et al. (2017)

Polyurethanes Implant coating Kondyurina et al.
(2015)

Polycaprolactone Tissue engineering Mondal et al. (2016)

Polylactic acid Orthopaedic regenerative
medicine

Narayanan et al.
(2016)

PEKK Bone tissue engineering Adamzyk et al. (2016)

Polyester Cardiac tissue engineering Davenport Huyer et al.
(2016)

Ceramics HAp Bioactivity enhancement Behera et al. (2018b)

Calcium
phosphate

Bioactivity/tribological features
enhancement

Behera et al. (2018a)

Bioceramic Bone healing Ginebra et al. (2018)

Ceravital Middle ear surgery Bose et al. (2017)

Composites Chitosan/TiO2 Wound dressing/skin regeneration Behera et al. (2017)

HAp/β glucan Bone substitute Borkowski et al.
(2015)

PMMA/silica Corrosion resistant coating Harb et al. (2020)

Alumina/
zirconia

Dental implant Schierano et al. (2015)

Zn/HAp Orthopaedic applications Yang et al. (2018)

PVC polyvinyl chloride, UHMWPE ultra-high molecular weight polyethylene, PMMA polymeth-
ylmethacrylate, PEKK polyetherketone ketone, HAp hydroxyapatite
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Young’s modulus of 32.3 GPa (Nnamchi 2016). Nb addition improves the hot
workability and mechanical performance, while strength is increased by Zr addition
(Nnamchi 2016). β alloy Ti-(3–18)Mn, low-cost and biocompatible alloys, exhibit
high tensile strength and performance comparable to widely utilized Ti6Al4V alloys
(Santos et al. 2015).

However, Ti6Al4V suffers from poor wear resistance, stress shielding and
micromotion at the implant site, which causes the detachment of the debris. Cyclic
load-bearing areas such as plates and screws lead to the generation of debris
(Rahmati et al. 2016). This leads to the release of metal leachate in the vicinity.
The release of aluminium and vanadium from the Ti6Al4V is toxic to the human
body. Al release results in neurotoxic effects in the body (Santos et al. 2015).
Vanadium ions above the concentration of 23 μM become toxic to the physiological
microenvironment (Costa et al. 2019). The released metal leachates interact with
surrounding tissues, which causes the immunological response and failure of the
implant (Toptan et al. 2016). Toxicity issues of Al and V led to the exploration of
other non-toxic β phase stabilizers such as tantalum (Ta), zirconium (Zr) and
niobium (Nb) for alloy fabrication. Ti13Nb13Zr, Ti-Mo, Ti12Mo6Zr2Fe and
Ti29Nb13Ta4.6Zr are some of the recently developed biomaterials to address the
leaching issues of the titanium alloys (Correa et al. 2018). However, the higher cost
of Ta and Nb steered the examination of low-cost candidates such as manganese
(Santos et al. 2015; Correa et al. 2018).

Further, mismatch in Young’s modulus of cortical bone (10–30 GPa) and the
metallic implant such as Ti6Al4V (110 GPa) cause stress shielding effect leading to
bone resorption (Santos et al. 2015). This causes weak interfacial interactions
between the implant and host bone, bone atrophy, and premature rejection of the
implants (Neacsu et al. 2015). The development of alloys with Young’s modulus
closer to the bone might address the stress shielding issue. Recently binary and

Fig. 4.2 SEM image showing the cross-section of multilayer coating of TiAlVCN/CNx on the
CoCrMo alloys containing the layers from the bottom as one layer of TiAlV, nine layers of carbon
nitride, nine layers of TiAlVCN and a top layer of carbon nitride. (Adapted with permission from
Tribology International 81 (2015): 159–168 (Alemón et al. 2015))
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ternary titanium alloys were developed with desirable Young’s modulus such as
Ti35Nb4Sn (43 GPa), Ti15Mo (78 GPa) and Ti15Mo5Zr3Al (80 GPa) (Santos et al.
2015). Non-toxic β stabilizers-based binary (Ti-Mo, Ti-Nb) and ternary (Ti-Mo-Nb
and Ti-Ta-Nb) alloys provide the low modulus (~80 GPa) suitable for implants with
low-stress shielding effect (Neacsu et al. 2015). Alloying Mo, Zr and Nb with Ti
resulted in Ti8Mo4Nb2Zr with Young’s modulus of 35 GPa comparable to that of
cortical bone, making it suitable for implant development (Nnamchi et al. 2016).

Besides, Ti6Al4V suffers from fretting wear and poor tribological features. Metal
ions released from the surface may infiltrate the intercellular spaces or penetrate the
cellular structures leading to metallosis (Jamrozik et al. 2015). This challenge is
addressed by applying surface modification strategies such as shot peening, water jet
peening, case hardening, low plasticity burnishing, plasma nitriding and LASER
peening (Kumar et al. 2015; Samanta et al. 2018). The tribological behaviour of Ti
alloys can be addressed by reinforcing with B4C particles by a hot pressing method
(Toptan et al. 2016). Anodization based surface modification strategy can be used to
block cellular infiltration. This process involves forming a thin oxide layer onto the
outermost surface whose properties are dependent on the production method, time of
oxidation, electrolyte and electric parameters used for the process (Jamrozik et al.
2015). Plasma nitriding also improves wear resistance, which in turn prevents
inflammation at the site (Samanta et al. 2018). Various other surface modification
techniques like thermal oxidation, etching, sputtering, silanization, surface roughen-
ing and surface coatings are reported to improve the integration of the implant
surface with the host tissues (Wang et al. 2016; Khanlou et al. 2015; Nouri and
Wen 2015; Behera et al. 2018a; Hasan et al. 2018a).

To mimic the natural Extracellular Matrix (ECM) in the metallic biomaterials,
various porous metallic biomaterials are developed using selective laser melting
(SLM) to improve the biological properties of the metallic biomaterials (Van
Hooreweder et al. 2017; Xie et al. 2015). Porous metallic biomaterials mimic the
natural bones’ mechanical and topological properties, making them a suitable
candidate for orthopaedic applications (Bobbert et al. 2017). Porous titanium alloys
were developed with non-toxic alloying elements to transfer stress from the implant
to the host bone (Xie et al. 2015). Porous structure enhances the electrochemical and
mechanical properties of the implants (Xie et al. 2015). Ti-(Ta, Nb)-Fe alloys based
development of porous Ti with reduced processing can be a promising biomaterial
for orthopaedic applications (Biesiekierski et al. 2016).

The promising biodegradable ability of Mg alloys enabled the design of implants
with better stiffness and mechanical strength (Cifuentes et al. 2016). Implants
fabricated using magnesium and biodegradable alloys possess mechanical properties
comparable to the natural bone and high biocompatibility and strength/weight ratio.
Magnesium ions in magnesium-based implants stimulate new bone formation and
osteogenesis (Ren et al. 2015). However, these biodegradable Mg alloys suffer from
drawbacks such as a faster degradation rate due to the elevated pH of the surrounding
microenvironment. The formation of hydroxide as the degradation product causes
the release of hydrogen from the site leading to irritation to the surrounding tissues.
These challenges have compromised the long-term biocompatibility of the Mg
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alloys. Degradation of the alloys depends on the alloying material, grain size and
metal purity (Cifuentes et al. 2016). The presence of chloride ions in the physiologi-
cal microenvironment elevates the corrosion rate of AZ31 Mg alloys. Various
strategies like anodization, sputtering, electroplating, thermal spraying, micro-arc
oxidation and organic coatings enhance the corrosion resistance of the magnesium
and alloys (Ren et al. 2015; Tang and Gao 2016). Yadav et al. studied the degrada-
tion behaviour of pristine and coated AZ31 surfaces in simulated body fluid (SBF).
They monitored the decrease in the weight and liberation of the magnesium ions
from the surface with time as shown in Fig. 4.3. Degradation studies exhibited an
exponential loss of the weight for all the surfaces; however, the degradation rate
decreased by 20% after coating as compared to the pristine surfaces (Yadav et al.
2020). The corrosion resistance of the magnesium-based biomaterials can also be
improved by alloying with zinc or calcium, but the low solubility of other metals in
magnesium limits this approach (Tang and Gao 2016). In this direction, alloying
magnesium to form binary (Mg-Ca) and ternary (Mg-Zn-Ca) alloys resulted in
enhanced corrosion resistance (Bian et al. 2016; Jang et al. 2015).

4.2.2 Polymeric Biomaterials

Polymeric biomaterials exhibit many advantages compared to other biomaterials
such as Young’s modulus similar to the human bone and radio-transparency (Hasan
and Pandey 2015). But they also possess a few drawbacks, such as lack of adequate
bone integration and unregulated degradation rates (Vergnol et al. 2016). Both
natural and synthetic polymers are utilized as biomaterials for the fabrication of
implants. Chitosan is a natural biocompatible and osteoconductive polymer and
explored for wound healing applications (Khoshakhlagh et al. 2017). Natural hydro-
philic polymer gelatin is a derivative of collagen protein. Thus along with

Fig. 4.3 (a) Weight loss of the uncoated and HAp coated AZ31 alloys at different periods, (b)
amount of magnesium ions released from the uncoated and HAp coated AZ31 alloys. (Adapted with
permission from Materials Letters 270 (2020): 127732 (Yadav et al. 2020))
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biocompatibility, gelatin exhibits a tunable degradation rate in the physiological
environment (Ren et al. 2017). These polymeric biomaterials such as collagen,
polyamide, gelatin, polyester and chitosan also suffer from low physical and
mechanical properties compared to natural bones (Barrioni et al. 2015).

Many synthetic polymers are utilized for application in bone tissue engineering
like poly(lactic acid) (PLA), poly(caprolactone) (PCL), poly(glycolic acid) (PGA)
and copolymers due to better mechanical strength, biocompatibility and
bioresorbability (Gao et al. 2016). In the standard design of the artificial hip joint,
an acetabular cup is lined with a polymer liner, usually ultra-high molecular weight
polyethylene (UHMWPE) (Samanta et al. 2018). Polyetheretherketone (PEEK) and
polyetherketoneketone (PEKK) are the members of the high-temperature thermo-
plastic polyaryletherketone (PAEK) polymers. PEKK is a promising candidate for
the fabrication of implants with stiffness and density comparable to the natural bone,
good biocompatibility and ease of patient-specific implant fabrication using the 3D
laser sintering technique (Adamzyk et al. 2016). However, these PAEK family
polymers suffer from poor osseointegration at the bone-implant interface due to
the formation of the fibrous tissue layers on the implant surface (Adamzyk et al.
2016).

Polyurethane (PUs) is the widely utilized synthetic polymer for biomedical
applications due to its mechanical, biological and physicochemical properties tun-
ability. Biodegradable PU films can be fabricated using PCL triol and poly(ethylene
glycol) (PEG) as the soft segment and glycerol and hexamethylene diisocyanate
(HDI) as the hard segment (Barrioni et al. 2015). PU polymers display better
versatility and mechanical properties due to the presence of both hard and soft
segments. The soft segment is usually composed of polycarbonate polyols, polyether
or polyester, and add elastomeric features to the PU polymer backbone. Hard
segments arise due to reaction between diamine/diol chain extender and diisocyanate
and are responsible for the mechanical strength due to urethane linkage mediated
hydrogen bonds (Barrioni et al. 2015). Figure 4.4 shows the synthesis of PU from its
precursors, including polytetramethylene ether glycol (PTMG 1000), isophorone
diisocyanate (IPDI), and 2,2-bis(hydroxymethyl) butyric acid (DMBA) via three
steps: pre-polymerization, chain reaction and neutralization (Da et al. 2017). PUs can
be easily tuned by varying the hard to soft segment ratio, molecular weight and
chemical composition (Barrioni et al. 2015). PUs are effectively processed into
fibrous scaffolds and films (Xu et al. 2015).

PCL is a biocompatible hydrolysable hydrophobic polymer with a slower degra-
dation rate in the physiological microenvironment and high tensile strength and
releases non-toxic products on degradation (Barrioni et al. 2015; Ren et al. 2017).
PCL has a low melting point (55–60 �C) and offers good blend capability with other
additives, enabling the fabrication of scaffolds with a specific shape. However, PCL
lacks bioactivity that can be addressed by blending with bioactive materials like
ceramics (Gao et al. 2016). In contrast, PEG is a hydrophilic polymer soluble in
organic solvents and water, non-antigenic and non-immunogenic and releases
non-toxic degradation molecules (Barrioni et al. 2015). PEG is widely reported to
resist non-specific adsorption via its strong hydration layer and steric repulsion
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(Hasan and Pandey 2015). However, the poor stability of PEG in physiological
environments limits its practical in vivo biomedical applications.

Aliphatic polyester family member PLA contains ester groups that make them
vulnerable to hydrolytic degradation in the physiological microenvironment. This
degradation leads to a decrease in the molecular weight due to ester bond cleavage in
the polymeric chain and secretion of the lactic acid in the tissue vicinity, converted to
carbon dioxide and water via the citric acid cycle (Cifuentes et al. 2016). The
degradation of polyester polymers releases acidic products that cause tissue necrosis
and enhance the immunological response at the site (Manavitehrani et al. 2015). The
degradation of polyesters is complex and depends on the size, shape, molecular

Fig. 4.4 Schematic showing the polyurethane synthesis via bulk polymerization of
polytetramethylene ether glycol (PTMG 1000), isophorone diisocyanate (IPDI), and 2,2-bis
(hydroxymethyl) butyric acid (DMBA) species. (Adapted with permission from Acta biomaterials
59 (2017): 45–57 (Da et al. 2017))
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weight, crystallinity, chirality and processing conditions (Vergnol et al. 2016).
Biodegradable polymers like PLA and PGA hold promise in the field of dental
and orthopaedic implants for bone replacement (Vergnol et al. 2016). Bioresorbable
polymers exhibit an uncontrolled dissolution rate in the microenvironment, which
increases due to a decrease in the pH because of the presence of inflammatory agents
at the site. Bio-resorption might cause fibrous capsule formation and inflammation
leading to implant failure (Vergnol et al. 2016). These drawbacks of the
bioresorbable polymers is addressed by incorporating carbon nanotubes or ceramic
materials, which decreases the degradation rate in the physiological environment
(Cifuentes et al. 2016).

4.2.3 Ceramic Biomaterials

Ceramic biomaterials are composed of metallic/non-metallic elements and are clas-
sified based on physiological microenvironment behaviour. Ceramics are classified
as bioinert ceramics, biodegradable/bioresorbable ceramics and bioactive ceramics
(Hench 2015; Piconi 2017; Vallet-Regí and Salinas 2019; Monsees et al. 2017). The
main constituent of the natural bone matrix is nano-hydroxyapatite (nano-HAP)
[(Ca10(PO4)6(OH)2)], which is applied extensively for fabricating biomimicking
biomaterials for implant-related applications. HAP is also used as a bone substitute
as it resembles the nanocrystals present in the natural bone (Gao et al. 2016).
Morphology, crystallinity, size and surface properties of the nano-HAP can be easily
tailored for the desired applications (Gao et al. 2016). The stronger bond formation
capability of bioglass bioceramics makes it ideal for bone grafting applications
because of its similarity with the inorganic component of the natural bone
(Khoshakhlagh et al. 2017). Bioactive glass interacts with the body fluids and creates
an alkaline environment due to salting out of bioactive glass (Vergnol et al. 2016).
Bioglass was observed to precipitate the calcium phosphates in the physiological
solutions (Khoshakhlagh et al. 2017). This leads to the formation of an apatite layer
on the surface. Bio-ceramics based surface coatings are known to enhance the
bioactivity of titanium and alloys (Rahmati et al. 2016). Ceramics such as Al2O3/
Si3N4 are used in combination with metallic biomaterials to enhance the wear
resistance of the artificial hip joints (Samanta et al. 2018). Ceramics are also widely
utilized for the fabrication of orbital and dental implant (Alkharrat et al. 2018; Chen
et al. 2016; Elsayed et al. 2017; Schierano et al. 2015; Baino 2018; Kammermeier
et al. 2016). However, ceramics suffer from surface cracking under stress conditions,
leading to implant failure (Toptan et al. 2016).

4.2.4 Composite Biomaterials

Composite biomaterials are composed of two or more materials to fabricate an
implant material with desired/hybrid features (Ünal et al. 2016). This enables the
design of biomaterials with combined features originated from the constituents of
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composites. In turn, this addresses the limitations of individual materials to quite an
extent. The composites are found to offer improved mechanical properties, wear-
resistance and degradation behaviour, along with multifunctionality. Various
composites are used for load-bearing, dental and orthopaedic implants along with
drug delivery applications (Nemati et al. 2019; Yang et al. 2018; Vallittu 2018;
Janićijević et al. 2019).

The incorporation of hard ceramics particles with metals results in metal matrix
composites (MMCs) which improves the wear-resistant and load-bearing properties
of the composite; for example, the addition of boron carbide to titanium results in
MMCs (Toptan et al. 2016). Cifuentes et al. investigated the degradation behaviour
of the fabricated biodegradable composites with magnesium microparticles (10 wt
%) reinforced polylactic acid (PLA) matrix. Mg reinforcement regulated the degra-
dation behaviour of the PLA/Mg composites, and the shape of the microparticles
controlled the degradation rate of the composite as shown in Fig. 4.5. Hydrogen
release was faster for initial 5–6 days and started to stabilize after 20 days of
immersion in the PBS solution. The reinforcement of spherical microparticles
resulted in a slower degradation rate than the irregular shaped microparticles due
to the lower surface area to volume ratio. Irregular microparticles resulted in surface
cracks leading to a faster dissolution rate (Cifuentes et al. 2016). Manavitehrani et al.
fabricated a composite of poly(propylene carbonate) and starch to eradicate the risk
of harmful product leaching in the tissue vicinity. The fabricated composite
properties were tuned by varying the concentration of the starch in the composite,
as the compression strength varied depending on the starch content (0.2–33.9 MPa)
(Manavitehrani et al. 2015).

Tuning the degradation rate of the composites is a prerequisite for the develop-
ment of composite biomaterials (Cifuentes et al. 2016). The main disadvantage of
the conventional bioresorbable material is the lack of bioactivity, low mechanical
properties and uncontrolled degradation of the material in the physiological

Fig. 4.5 The degradation
behaviour of the Mg/PLA
composites as a function of
the hydrogen release after
immersion in PBS for a span
of time where IRR means
irregularly shaped and SPH
refers to spherical particle
composite. (Adapted with
permission from Acta
biomaterialia 32 (2016):
348–357 (Cifuentes et al.
2016))
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environment (Yan et al. 2018; Bohnenberger and Schmid 2014). Healing of the bone
can be met only when the degradation of the biomaterial and bone healing rate are in
synchrony with each other. Further understanding of the degradation kinetics,
especially the underlying mechanisms such as corrosion behaviour and matrix
hydrolysis, led to tuning the composite properties for better bone healing (Cifuentes
et al. 2016; Majoni and Chaparadza 2018). The incorporation of metallic biomaterial
with bio-resorbable polymers (poly (α-hydroxy acid)) to form composites enhanced
the degradation behaviour (Cifuentes et al. 2016). Besides, polymer properties can
be enhanced by incorporating the polymeric matrix with bioactive ceramic fillers
such as HAP and tricalcium phosphates. Bioactive ceramic fillers form a calcium
phosphate layer on interaction with the body fluids that improve the bone-bonding
ability. PLA properties were tuned by the addition of the bioactive mineral to form
the organic-inorganic composites. Bioactive ceramic fillers decreased the degrada-
tion rate and neutralized the released lactic acid (Vergnol et al. 2016). Composite of
bioglass/chitosan has been utilized as injectable bone substituent material due to
better biological properties (Khoshakhlagh et al. 2017).

Nowadays, scaffolds with tunable properties based on hybrid composites devel-
oped that contains both synthetic and natural polymers. Natural polymers such as
gelatin, chitosan and collagen simulate the natural physiological micro-structures,
thus stimulating the attachment, proliferation and differentiation of the cells. Syn-
thetic polymers aid the mechanical properties of the composites (Da et al. 2017).
These nanofibrous scaffolds can be fabricated using many techniques such as dry
spinning, wet spinning, electrospinning, phase separation and self-assembly (Ren
et al. 2017). Hart et al. utilized a 3D printing technique to fabricate the composite
based on the self-assembled supramolecular polymeric network impregnated with
silica nanoparticles that were non-toxic towards the chondrogenic cell line (Hart
et al. 2016). Ke et al. fabricated a guided bone regeneration membrane via
electrospinning based on the PCL-gelatin hybrid nanofibres using genipin as the
crosslinker. Acetic acid was used to make a homogeneous membrane by resolving
the phase separation of PCL and gelatin. Nanofibrous membranes mimicked the
natural ECM with high surface area and porosity that resulted in better cellular
interactions. Surface properties were easily modified by varying the ratio of PCL to
gelatin. Electrospun PCL/gelatin nanofibres are shown in Fig. 4.6. Nanofibres
exhibited an average diameter of 200–600 nm and were relatively uniform and
smooth. The introduction of gelatin resulted in a decrease in the viscosity of the
spinning solution, leading to reduced diameters of nanofibres. Samples with 3:7 ratio
of PCL to gelatin (P3G7 and cP3G7) resulted in the most densely packed nanofibres
(Ren et al. 2017).

The nanocomposite (CCNWs-AgNPs) of silver nanoparticles (AgNPs) decorated
on carboxylated CNWs (CCNWs) exhibited dual functions of improved mechanical
strength and induced antimicrobial activity (Hasan et al. 2018b). In another study, a
composite film of chitosan (CS) and polyvinylpyrrolidone (PVP) with incorporated
cellulose nanowhiskers (CNWs) was explored for drug delivery application (Hasan
et al. 2017). The integration of CNWs enhanced the thermal and mechanical
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properties of films. The prepared composite films also resulted in high biocompati-
bility with excellent antibacterial activities.

4.3 Biomaterials for Implant Fabrication

The implant site undergoes inflammation and migration, and subsequent prolifera-
tion of the immunological mediators occurs at the site. The immunological response
is quite complex at the implantation site. Post implantation, the interactions of
immune cells with the implant surfaces initiate the immunological cascade that
ultimately determines the fate of the implant material. The integration and long-
term implant survival depend on the immune system’s initial response to the implant
surface (Hotchkiss et al. 2016; Gilbert et al. 2015). Innate immune response agents,
namely platelets, neutrophils and macrophages, migrate to the implant site and
attract other immune cells by releasing cytokines and chemokines. This leads to
phagocytosis of the damaged cells/tissues. Macrophages are the critical mediator of
the initial immune response and inflammation at the site, along with normal tissue
homeostasis maintenance (Hotchkiss et al. 2016). The prolonged immune response
may damage the proximal healthy tissues due to chronic immune response (Shao
et al. 2020). Moreover, collagen network formation and angiogenesis also occur as a
part of the healing process. Loading of the inflammatory agents causes the genera-
tion of the reactive oxygen species (ROS) that impairs the proper wound healing
(Geesala et al. 2016).

Cell response to the implant is determined by the surface properties such as
wettability, surface topography and chemistry. Implant surface interactions with

Fig. 4.6 Fabrication of the electrospun PCL/gelatin nanofibres with varying ratio of PCL to gelatin
shown in the SEM images; cP7G3, cP5G5 and cP3G7 shows the change in the nanofibres post
crosslinking with genipin where c before the name depicts the crosslinked nanofibres. (Adapted
with permission from Materials Science and Engineering: C 78 (2017): 324–332 nanofibers (Ren
et al. 2017))
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the physiological surrounding further get complicated due to the calcium, phosphate
and chloride ions in the microenvironment (Cifuentes et al. 2016). A study on the
effect of surface roughness and wettability of implant material concluded that an
increase in hydrophilicity and surface roughness resulted in synergism with
increased osseointegration and reduced healing times, thus increasing the success
rate (Hotchkiss et al. 2016). Thus, osteogenic differentiation is promoted by surface
modification strategies, which enhance the wettability and surface roughness.
Keeping the complex interfacial phenomenon at the implant surface, various features
crucial for implant fabrication are discussed in this section.

4.3.1 Features of Ideal Biomaterials

The biomaterial selection for implant fabrication depends on the volume, size and
shape of the affected site and the patient-related ailments for an ideal bone substitute
material. Biocompatibility, osseointegration and biomechanics are among the main
features of an ideal biomaterial (Adamzyk et al. 2016). Biocompatibility of the
implant material determines the success of the material that dependent on the
implant-tissue/bone interlocking, lack of micromotion, biofouling and bacterial
invasion at the implant site (Kumar et al. 2015; Rahimizadeh et al. 2018; Cai et al.
2016). Few general criteria are listed below.

(a) As cell-surface interactions are mediated by proteins, mimicking the ECM
might enhance bone regeneration at a fast pace. ECM being a complex dynamic
structure with various proteins (fibrin, collagen and elastin), hormones, signal-
ling molecules, growth factors and glycosaminoglycans becomes challenging to
be mimicked easily (Da et al. 2017). Instead of mimicking the natural ECM, it
can be incorporated in biomaterials like an amalgamation of the ECM in
synthetic polymers to prepare a scaffold (Da et al. 2017). Surfaces
pre-adsorbed with adhesive proteins like fibronectin and collagen exhibit better
cell adhesion and spreading (Hasan et al. 2018a; Hasan and Pandey 2020).

(b) Surface microstructure, chemistry, topography and surface energy of the
biomaterials determine the response of the fabricated implant material for
response in the biological microenvironment (Bagherifard et al. 2016). Nano-/
microscale surface roughness improves the osteoblast adhesion, proliferation
and spreading along with deposition of the calcium-containing mineral and
alkaline phosphatase production (Bagherifard et al. 2016). Implant surface and
biomacromolecule interactions are also modulated by the grain size and crystal
structure of the implant materials (Bagherifard et al. 2016).

(c) Reconstruction and reorganization of functional tissues are required to recover
the damaged bone tissue (Gao et al. 2016). Faster growth of cell and tissue on
the damaged site is one of the prerequisites for developing the implant materials
(Chakraborty et al. 2016). The development of biomaterial with surface
properties comparable to the diseased/damaged site’s tissues/bone amplifies
the healing process. In this direction, selecting a biomaterial for implant
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fabrication with no stress shielding prevents bone degradation/resorption at the
site due to osteoclast activity (Rahimizadeh et al. 2018).

(d) Bone-implant direct interactions occur only in the case of an implant without
fibrous tissue growth at the site. Direct interaction leads to the spreading, growth
and differentiation of the osteoblasts on the implant surface, thus assuring and
eliminating the biofouling agents from the site.

(e) Applications of the antimicrobial agents on the implant surface eliminate the
pathogenic contamination at the site, thus contributing to the success of the
implant (Parmar et al. 2018).

4.4 Applications

Biomaterials with desirable features are used for a varied number of applications in
the biomedical field. This section discusses the applications of different biomaterials
in the field of orthopaedic implants and tissue engineering.

4.4.1 Orthopaedic Implants

The advancements in surface engineering have enabled us to tune the physical,
chemical, surface and biological properties of implant biomaterials. Bock et al.
modified the properties of silicon carbide ceramic for orthopaedic implant applica-
tion. Silicon carbide is unique as it possesses higher fracture toughness, strength,
scratch resistance, biocompatibility and resistance to bacterial adhesion. Changes in
the surface composition and properties of silicon carbide were investigated to vary
the chemical, thermal and mechanical treatments. Thermal treatment in air/N2

reduced the contact angle to 9 � 1�, compared to etched in hydrofluoric acid
(HF) (60 � 13�) and control sample (66 � 12�). Surface roughness enhanced for
the HF etched surface (341 nm) compared to control (336 nm) and decreased for
air/N2 thermal treated surfaces (287–296 nm) (Bock et al. 2015). Yazdi et al.
investigated the effect of the biodegradable magnesium-based ternary alloy
(Mg-Zn-Ca) on the adipose-derived behaviour of mesenchymal stem cells (ASCs)
for orthopaedic applications. Alloying of Mg with Zn and Ca improved the corrosion
resistance of alloys as compared to pure Mg. The viability and proliferation of the
ASCs enhanced with no observed toxic effects of the Zn, Ca and Mg (Fazel Anvari-
Yazdi et al. 2016).

To enhance the tissue growth at the implant site, Chakraborty et al. utilized a
pulsed electro-deposition method for the coating of HAP and calcium hydrogen
phosphate on the SS316 surface at different current densities from the diluted
calcium phosphate solution (Chakraborty et al. 2016). A mixture of CAP and HAP
were deposited using this method with 70% crystallinity. Lower current density
(5 mA/cm2) produced surfaces with 400–500 nm flakes, whereas the current density
of 10 mA/cm2 produced a highly porous surface with nano-crystallite size. The
deposited coating consisted of nano-crystalline HAP, similar to the human bone
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(Chakraborty et al. 2016). In a study, biphasic calcium phosphate (BCP) film was
deposited on bare as well as textured Ti6Al4V specimens by radio frequency
(RF) sputtering (Behera et al. 2020a). The texturing resulted in the enhanced
wettability of Ti6Al4V because of increased surface roughness from 94 nm to
1.84 μm. The water contact angle decreased from 89� to 71�. BCP deposited textured
surfaces resulted in better adhesion and proliferation of osteoblast cells compared to
bare Ti6Al4V and BCP deposited bare Ti6Al4V surfaces. This indicated improved
cellular behaviour with increased roughness of surfaces with the same surface
chemistry as displayed in Fig. 4.7 (Behera et al. 2020a).

In another study, BCP and titania (TiO2) composite films were deposited on
Ti6Al4V substrates by RF magnetron sputtering (Behera et al. 2020b). The wetta-
bility and bonding strength of composite films were improved with an increase in
TiO2 contents. Cell adhesion and proliferation significantly improved on coated
Ti6Al4V as compared to the uncoated surface. In a separate investigation, Pradhan
et al. investigated the effect of TiO2 and niobium oxide (Nb2O5) on the biocompati-
bility enhancement of Ti6Al4V alloys for orthopaedic implants. The effect of the
crystallinity on the surface bioactivity was evaluated by varying the heating temper-
ature. Both Nb2O5 (525 �C) and TiO2 (500 �C) showed CaP precipitation in the
simulated body fluid, which is used as an indicator of bioactivity. Additionally, cell
viabilities on both surfaces were above 100% (Pradhan et al. 2016).

Fig. 4.7 Schematic showing the deposition of the calcium phosphate by laser texturing; (b, c)
surface textures as analysed using a 2D profilometer and SEM; (d) contact angle measurement
performed to determine the surface wettability; (e, f) cell adhesion and proliferation studies.
(Adapted with permission from Journal of Alloys and Compounds 842 (2020): 155683 (Behera
et al. 2020a))
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4.4.2 Tissue Engineering

Usually, bone reconstruction is preferred using autogenous bone, but it involves
increased operative procedures along with the morbidity of the donor. To address
this issue, 3D scaffolds have been prepared for tissue engineering applications.
Scaffolds with 3D configuration can be fabricated using electrospinning, phase
separation, tomography mediated deposition and extrusion (Gao et al. 2016). Scaf-
fold architecture regulates the cellular behaviour of attachment, migration, prolifera-
tion and differentiation (Gao et al. 2016).

Adamzyk et al. fabricated biocompatible 3D polyetherketoneketone (PEKK)
scaffolds. It was observed that human MSCs were successfully differentiated into
different cell lineages such as adipogenic, osteogenic and chondrogenic under
suitable stimulations. The fabricated scaffold was conducive to human and ovine
MSCs that is supporting attachment, growth and differentiation required for tissue
engineering applications (Adamzyk et al. 2016). Goncalves et al. fabricated a 3D
scaffold based on PCL and starch incorporated with iron oxide magnetic
nanoparticles (MNPs) for tissue engineering applications. The effect of MNPs on
the tenogenic differentiation capability of the adipose stem cells was investigated,
and magnetic-driven stimulation was found to influence the stem cell response
(Goncalves et al. 2016). The hierarchical structure of the aligned fibres was respon-
sible for the functionality and mechanical properties of the tendon (Goncalves et al.
2016). In a separate study, Gao et al. fabricated a novel mussel-inspired nano-HAP
using polydopamine as the template and was electrospun with PCL to form a
nanofibrous scaffold for bone regeneration applications (Gao et al. 2016). This
scaffold enhanced the adhesion, proliferation and spreading of the human mesen-
chymal stem cells (hMSCs) along with enhancement of the osteogenesis in the
hMSCs (Gao et al. 2016). In another investigation, Cheng et al. fabricated a blood
vessel mimicking scaffold of PCL and poly(lactide-co-glycolide) (PLGA) with a
multilayered tubular structure. It contained an outer shrinkable PLGA layer and an
inner expandable PCL layer for artificial blood vessels. These fabricated scaffolds
retained the size/shape during the degradation over months due to expansion of the
inner PCL layer and shrinkage of the outer PLGA layer as illustrated in Fig. 4.8
(Cheng et al. 2017).

Conventional soft tissue replacement suffers from many drawbacks, such as lack
of mechanical integrity, fibrous capsular contraction and resilience. Tissue regener-
ation can be stimulated using resorbable scaffolds. Further, the optimal degradation
rate is a crucial asset for scaffold fabrication as a higher degradation rate minimizes
the foreign body interactions with the immunological agents. In contrast, a slower
degradation rate allows cell infiltration and growth with mechanical support
(Xu et al. 2015). In a study, Da et al. fabricated a 3D scaffold using small intestinal
submucosa (SIS) containing bioactive ECM with PU for soft tissue engineering
purpose. SIS is an acellular matrix with an intact natural composition that enhanced
tissue regeneration and differentiation (Da et al. 2017). Geesala et al. fabricated a
porous scaffold of PEG-PUs with an interpenetrating polymer network for tissue
repair enhancement and cell delivery. These fabricated scaffolds prevented the

106 A. Bhardwaj and L. M. Pandey



cellular oxidative stress at the injured sites and were highly cytocompatible, thermo-
stable with better porosity and undergo biodegradation at an acidic pH of 5.8
(Geesala et al. 2016). In another study, Xu et al. fabricated a bioactive/biodegradable
scaffold based on reduction sensitive elastomeric PUs to control the scaffold degra-
dation rate according to an application. An antioxidant such as glutathione was
incorporated in the scaffold for initializing and controlling the scaffold degradation
rate, which was dependent on the disulphide amount in the PUs backbone (Xu et al.
2015).

In a study, Buyuksungur et al. fabricated PCL scaffolds based on fused deposition
modelling. They modified them with poly(propylene fumarate) and nano-HAP to
control the porosity, mechanical strength, osteoconductivity and surface wettability
(Buyuksungur et al. 2017). These scaffolds were implanted in rabbits’ femurs with
and without seeding with rabbit Bone Marrow Stem Cells (BMSC). BMSC seeded
scaffolds exhibited improved tissue regeneration after 4 and 8 weeks (Buyuksungur
et al. 2017). In another study, Bassous et al. fabricated 3D printed Ti6Al4V-based
Hive™ interbody fusion scaffolds to investigate the osteoblast adhesion and prolif-
eration capability of the 3D scaffold along with the bone mineralization (Bassous
et al. 2019). The surface roughness regulated the surface wettability (surface
energy), which tuned the adhesion and proliferation of human fetal osteoblasts
(hFOBs). The scaffolds also showed substantial deposition of calcium from
metabolizing hFOBs, which restricted the attachment of bacteria. Further,
pre-adsorption of casein proteins and the Hive™ substrates also restricted the
bacterial attachment (Bassous et al. 2019).

4.5 Conclusion and Future Scope

In recent times, biomaterials have been extensively utilized in the field of biomedical
engineering like orthopaedic and dental implants, hip and knee joints and many other
load-bearing applications. Different metals and alloys, polymers, ceramics and
composites are being explored as biomaterials. Various metallic implants such as

Fig. 4.8 Schematic showing the swelling behaviour of the cell-laden multilayered PCL-PLGA
tubes. A long-term culture resulted in the shrinking of the outer PLGA layer and swelling of the
inner PCL layer. (Adapted with permission from Adv Mater, 29 (2017), 1700171 (Cheng et al.
2017))
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stainless steel, cobalt-chromium alloys, magnesium alloys and titanium alloys pro-
vide better mechanical and surface properties. However, they suffer from certain
limitations, which are addressed by physical and chemical modification techniques.
Tuning the surface properties of the implant materials is carried out to a certain
degree depending on the desired applications. Polymers, both natural and synthetic,
are utilized for a wide range of biomedical applications. Ease of tunability,
manufacturability and availability make them the most versatile biomaterials.
Polymers easily mimic the natural ECM of the body, thus enhancing the success
rate of the fabricated implants. Many ceramic materials mimic the natural bone
constituent and appear promising candidates for the fabrication of implants with
bone-like surface properties. Composite material combines two or more biomaterials
to suit the needs of the desired applications. This enables design of biomaterials with
hybrid features.

Satisfactory progress has been made in the field of biomaterials development for
different biomedical applications. However, certain issues and scopes need to be
resolved for the betterment of implant development, like the fabrication of implants
with reduced side effects and immunological responses. Biomaterials with self-
antibacterial properties are needed to addresses the challenges of antimicrobial
resistance and hospital-acquired infections. Thus, multifunctional biomaterials
need to be designed for a given application. Cost and durability of the implants are
a concern that need to be addressed simultaneously. Reducing the need for implant
replacement and enhancing the osseointegration of implant with minimized
micromotion are the properties that should to be incorporated in future implant
materials.
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Abstract

Titanium (Ti) and its alloys are the common biometals used for the manufacturing
of various bioimplants for orthopedic and dental applications. These biometals
are having fascinating physical and biological properties, such as high mechani-
cal strength, high corrosion resistance and excellent biocompatibility. Commer-
cially available pure titanium (CP-Ti) and (α + β)Ti-6Al-4 V are few typical
Ti-commercially available biometals used for manufacturing of Ti-bioimplants.
Recently, β-titanium with low modulus and innocuous elemental composition has
been evolved as a new group of Ti for manufacturing bioimplants for specific
orthopedic applications. Ti-bioimplants are manufactured via non-economic and
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conventional subtractive machining processes. Advanced manufacturing
techniques, such as additive manufacturing (AM) provides an ideal platform to
investigate and create more customized and complex bioimplant with porous
structures. In addition, AM manufactured bioimplants have shown enhanced
osseointegration over the preceding generation Ti-biomplants. This chapter
reviews the current AM-technologies for manufacturing of Ti-bioimplants with
an emphasis on processing parameters, developed microstructure and associated
mechanical properties of the final product. The chapter also highlights the effect
of porous structure on the mechanical performances of the manufactured
Ti-bioimplants.

Keywords

Additive manufacturing · Bioimplants · Ti and Ti-alloys · Mechanical properties ·
Porous structure · Orthopedic

5.1 Introduction

Biomedical materials are amalgamated products of natural or artificial materials.
These materials are mostly used as the support structures, for example,
bioimplants for othopedic fractures and resorbable materials or porous scaffolds for
regenerative therapies (Liu et al. 2015). Mechanical stability of the bioimplants is
very crucial for their specific application, for example, orthopedic fractures and
dental implants. In some cases, bioimplants need to be flexible, with high plasticity
and adequate rigidity to allow the necessary expansion like cardiac stents and breast
implants. Orthopedic bioimplants are having high mechanical strength and meant to
withstand continuous loading. Therefore, materials involved should be either metal-
lic (biometals) or any other material with similar materials and mechanical
properties. In this context, biometals have high corrosion resistance and excellent
mechanical properties, exhibit biocompatible characteristics such as non-toxicity,
non-immunogenicity and non-allergic properties (Hermawan et al. 2011). In some
cases, biometals are prone to corrosion due to the presence of various types of
proteins, amino acids and inorganic ions in the blood. The released metal ions from
the implanted materials may combine with the other biologically available molecules
to form metal oxides, metal hydroxides and other chemical compounds to cause
further cytotoxicity, allergic reactions, cancer and so on (Hanawa 2004).

The commonly used biometals are usually Ti and Ti-alloys, stainless steel
(SS) and cobalt-chromium (Co-Cr) alloys. Table 5.1 summarizes the properties
and application of these common biometals in bioimplant manufacturing. In the
past few years, 316 L type of SS and Ti as well as Ti-alloys are used for
manufacturing bioimplants for orthopedic applications. The application of the com-
mon biometals ranges from cardiovascular (stents) to orthopedic (in the form of
screws, plates, rods, pins, etc.) (Taljanovic et al. 2003; Mantripragada et al. 2013;
Bordji et al. 1996). Due to the poor fatigue strength, SS is commonly used as
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non-permanent bioimplants. Earlier, Co-Cr alloys were preferred over SS for per-
manent bioimplants due to their high corrosion resistance properties. However,
Co-Cr alloys are known to release the ions in vivo, leading to carcinogenic
consequences. The potential limitation of Co-Cr bioimplants elicits the use of Ti
as an alternative and better substitute.

Ti and Ti-alloys have emerged as an ideal choice for the manufacturing of
bioimplants because of their high biocompatibility and excellent corrosion-resistant
properties (Shi et al. 2017). Ti-alloys are generally preferred for manufacturing
cardiovascular stents and other bioimplants such as dental, craniomaxillofacial and
orthopaedic domains as shown in Fig. 5.1. The surface of the Ti-based bioimplants is
usually covered with a non-stoichiometric layer of titanium oxide (TiO2-x). The
oxide layer is generally formed by the reaction of atmospheric O2 with pure Ti at the
surface of the bioimplants (Kumar et al. 2015). This passive oxide layer usually
protects the Ti-bioimplants from surface-induced corrosion.

This book chapter summarizes the development and manufacturing of Ti-based
bioimplants fabricated by advanced AM technique. Ti and Ti- alloy bioimplants
produced by AM technology were comparatively studied with consideration of
various fabrication processing parameters.

5.2 Additive Manufacturing of Ti Bioimplants

In the recent decade, AM has emerged as a promising technology to stimulate and
improve the development of biomedical products (Das 2003). AM technology aids
the fabrication of the patient-specific bioimplants in a relatively shorter duration. In
accordance with the ASTM F42 technical committee, AM is the process of consoli-
dation of materials to form a three-dimensional (3D) object from 3D model data. It is
achieved by a layer-upon-layer approach (Gong et al. 2014). AM technology
provides the flexibility to manufacture complex geometries which usually cannot
be achieved by a traditional machining process, such as casting, forging and
subtractive machining (Telang et al. 2021). Porous bioimplants fabricated using
AM technology are light weighted products having lower Young’s modulus, which

Table 5.1 Comparision of mechanical properties and applications of Ti-biometal with other
biometals (Trevisan et al. 2018)

Properties and applications

Material

Pure
Ti

Ti-alloy
(Ti-6Al-4 V)

Stainless steel
316 L

Co-Cr
alloys

Elastic modulus (Gpa) 110 116 193 232

Yield strength (Mpa) 485 795 190 190

Ultimate tensile strength
(Mpa)

550 860 490 490

Cardiovascular Yes Yes Yes Yes

Orthopaedic Yes Yes Yes Yes

Craniofacial Yes Yes Yes Yes
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supports the ingrowth of bone tissue. AM technology also offers structural accuracy,
superior strength and geometrical flexibility, better integrity along with the ease of
multi-material fabrication.

Until now most of the Ti-bioimplants are manufactured using conventional
manufacturing techniques such as investment casting, forging, hot rolling and
subtractive machining. In recent decades, AM of Ti-bioimplants has received greater
attention due to its wide range of applications start from orthopaedic to dental. The
most common AM processes used for the metals are direct energy deposition (DED)
and powder bed fusion (PBF). These processes are based on technologies such as
laser metal deposition (LMD), selective laser melting (SLM) and electron beam
melting (EBM).

5.2.1 Laser Metal Deposition

The laser metal deposition technique is a form of direct energy deposition process
that injects the metal powder into the focused high power laser beam in a controlled
atmosphere (Stavropoulos and Foteinopoulos 2018). The high power beam is guided

Fig. 5.1 A schematic representation illustrating the various application of titanium and its alloys in
biomedical applications

120 V. S. Telang et al.



through a narrow-focused region, where the metal deposition and melting occur
simultaneously as shown in Fig. 5.2. The focused laser beam melts the feed metal
powder and produces a molten pool. In this process, the laser beam nozzle moves
along the Z-axis, whereas the workpiece moves in the XY direction to form the
desired geometry (Ryu et al. 2020). After completion of all tracks in the XY plane,
the nozzle is further elevated along Z-axis to deposit the subsequent layer. The
process is repeated till the component with desired geometry is achieved. Laser
power, powder flow rate, shielding gas flow rate and scanning speed are the
processing parameters that affect the quality, surface finish, metallurgical and
mechanical properties of the fabricated bioimplant. The laser energy density is
usually calculated from the following equation.

Energy density ¼ Laser power
Scan speed laser � spot diameter

This process has been used to process different biometal-based bioimplants such
as SS and Ti. The components produced are having graded compositions and good
porosity (Ahsan et al. 2011). This process can also be used to build a new structure
over an existing component (Gao et al. 2007). Woo et al. fabricated a 3D structure of
Ti-6Al-4 V by laser-assisted melting (LAM) technique (Woo et al. 2020). The
Ti-6Al-4 V powder of particle size 150–200 μm was transported continuously
through a three-way coaxial nozzle with argon (Ar) gas shielding. Nitrogen (N2)

Fig. 5.2 Schematic showing a typical LMD process for fabrication of Ti-Bioimplants.
(Figure adapted with permission from Junker et al. (2018))
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and Ar can be used as shielding gases during the fabrication of these components.
The LMD fabricated components usually have certain surface roughness, but they
can be further reduced by preheating the feed material. The components fabricated
by this process has improved mechanical strength over ASTM specification
standards. It was also observed that the component had a uniform and similar
grain structure beneath the machined surface. Microstructure does not only influence
the material hardness but also significantly affect the mechanical strength and
ductility (Junker et al. 2018).

One of the major challenges in LMD-based AM of Ti is to develop strategies or
methods for the successful deposition of the metal powder on the substrate.
Bhardwaj et al. studied the DED-laser AM technique, which is also considered as
a modified LMD (Bhardwaj et al. 2019). A 3D component was manufactured using
Ti and molybdenum (Mo) powder mixture. The size and shape of the feedstock
powder affect the behaviour of the fabricated component. In order to get better
flowability, the spherical-shaped powder was used as a feedstock. Spherical shaped
powder enables the facile flow of the particles across the nozzle orifice. It was
also observed that a high feed rate could cause an increase in track width and decreas-
ing in the laser energy per unit mass of the powder and also the fusion rate. The
porosity of the manufactured bioimplant was also increased due to the availability of
a surplus amount of feed material. The components fabricated using this process
demonstrated small and uniform grains with columnar dendritic structure. The
microvoids were generated due to the entrapment of gas in the melt pool during
the fabrication process. Further, these microvoids could be reduced with the appli-
cation of various scan strategies. The mechanical strength of the component was
lower than that of casting components, which could reduce the stress shielding
effect.

Further, the effective development of various types of Ti alloys creates futuristic
opportunities in the improvement and advancement of the LMD technique to
fabricate innovative Ti-bioimplants. The future work should be concentrated on
the implementation of various scan strategies and build orientation of the micro-
structure without affecting the mechanical behaviour of Ti-bioimplants.

5.2.2 Selective Laser Melting

Selective laser melting (SLM) works on the phenomenon closer to that of selective
laser sintering (SLS). It is based on the powder melting and fusion with a very high
energy power source (Spears and Gold 2016). In a controlled inert environment, a
high energy laser beam is directed towards the uppermost layer of a powder bed, thus
concealing the selective cross-sectional geometry of the component. After melting of
the first layer, the built platform is lowered along the Z-axis by a certain distance
equal to the layer thickness of the print. A fresh layer of powder is dispersed over the
past layer. The process is rehashed until the ideal and desired geometry is achieved.

Figure 5.3 represents a schematic of the process flow of a typical SLM technique.
In this process, the motion of the laser beam is governed by an F-theta lens, and the
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focus is controlled by a galvanometer (Reiff et al. 2018). The whole solid part is
obtained with the help of gravity, capillary forces and thermal effect (Zhang and
Attar 2016). The laser power, scanning speed, scan strategy, layer thickness and
hatching distance are the major printing parameters that influence the build quality
and mechanical behaviour of the fabricated component. Since numerous processing
parameters are involved in this process, an appropriate control over certain
parameters can result in the fabrication of a high-quality component. Hence by
determining the laser energy density, it is possible to predict the dimensional
accuracy of the bioimplant or bioimplant component. The laser energy density in
SLM can be determined by the following equation (Wu et al. 2017).

Energy density ¼ Laser power
Scan speed� Layer thickness � Scan spacing

SLM technique has already been successfully employed to process and fabricate a
variety of Ti-bioimplants such as Ti-6Al-4 V, Ti-24Nb-4Zr-8Sn and CP-Ti (Hao
et al. 2016). Zhen Wang et al. built a 3D component by SLM technique using
spherical sized gas-atomized Ti-6Al-4 V powder (Wang et al. 2019). The powder
bed was preheated and Ar gas was used for shielding. It was observed that the
surface roughness was dependent on the laser scanning speed. The increase in
scanning speed could result in the reduction of surface roughness. The components
fabricated at low scan speed showed coarsened and near-equiaxial grain
microstructures, while a high scan speed could result in the formation of columnar

Fig. 5.3 Schematic showing the process flow diagram of typical SLM process for fabrication of
Ti-Bioimplants. (Figure adapted with permission from Reiff et al. (2018))

5 Overview of Current Additive Manufacturing Technologies for. . . 123



and epitaxial grains. It is evident that the microstructure of the fabricated component
is directly influenced by the processing parameters. It was also found that the
components fabricated by the SLM process were having improved mechanical
strength than those of the forged samples.

Fousová et al. fabricated a fully dense porous bioimplant using Ti-6Al-4 V
(Fousová et al. 2017). The gas atomized particles of the metal alloy are shown in
(Fig. 5.4a). The product surface of semi-melted metal powder is demonstrated in
(Fig. 5.4b). The rapid cooling of the metal melt pool forms acicular grains in the
martensitic phase. The acicular grains in the martensitic phase could be transformed
into a mixture of α and β phase after treated with heat. During this solidification
process, small pores were also observed making the bioimplant surface porous. The
gradient porosity of the bioimplant significantly reduces the mechanical strength of
the fabricated components. In vitro cell culture experiments demonstrated most of
the cells over the bioimpant are living cells (gree fluorescent) with few dead cells
(red fluorescent) indicating an improved biocompatibility of the fabricated
bioimplants (Fig. 5.4c).

Zhou et al. used the gas atomized Ti6Al4V powder to fabricate a 3D component
by the SLM technique (Zhou et al. 2018). In order to enhance the product quality, the
whole fabrication process was conducted under the vacuum condition followed by
the post-processing steps such as hot isostatic pressing. It was observed that the bulk
energy density could significantly influence the grain structure. As the bulk energy
density was increased, heat energy supplied to the melt pool was also increased
leading to the formation of a deeper melt pool. The uniform grain structure was
achieved at low energy density. However, the coarse grain structure was observed at
a higher energy density. The porosity of the sample was reduced significantly
compared to conventional SLM specimens. Schulze et al. additively manufactured
Ti-alloy specimen using the SLM technique (Schulze et al. 2018). The pre-alloyed
powder of β-phase Ti-42Nb was used as feed material to form a 3D structure and
subsequent post-processing was followed. It was observed that the post-processing
thermal treatment could result in the formation of coarse grain microstructure. The
tensile strength of the fabricated component was significantly improved compared to
commercially pure Ti or Ti-6Al-4 V.

Fig. 5.4 (a) SEM image of spherical shaped gas atomized particles of Ti-6Al-4 V, (b) SLM
product surface in semi melted powder form, (c) SLM specimen after 24 h of cell culture
(green ¼ live cell, red ¼ dead cell). (Figure adapted with permission from Fousová et al. (2017)
from Elsevier)
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Although the SLM has a high potential to produce Ti- bioimplants, further
experimentation is still required to ensure the authenticity of the components for
practical applications. Further by optimizing the processing parameters, there is a
greater probability to enhance the residual stress, thermal gradient, surface rough-
ness and molten liquid behaviour of Ti and Ti-alloys.

5.2.3 Electron Beam Melting

Electron beam melting (EBM) or electron powder bed fusion melting is an AM
process in which the electron beam energy is utilized to melt the metal powder
(Trevisan et al. 2018). It can be used to fabricate nearly full density parts in a vacuum
environment as shown in Fig. 5.5. The metal or metal alloy -powder bed is preheated
and sintered using the defocused electron beam, offering electrical conductivity to
the powder layer. After sintering the layer, the build platform is lowered by a certain
distance equal to the layer thickness of the component. A fresh layer of powder is
dispersed over the previous layer. This whole procedure is repeated until the desired
geometry is achieved. The EBM provides an ideal contamination-free environment

Fig. 5.5 Schematic of a typical EBM process for fabrication of Ti-Bioimplants. (Figure adapted
with permission from ISAAC ANDERSON (n.d.))
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for the fabrication of highly reactive materials. These reactive materials (biometal or
biometal-alloys) have an affinity for oxygen, such as Ti-6Al-4 V (Liu et al. 2019).
The EBM has a faster-built rate compared to DED and SLM because of its high
scanning speed and superior energy input.

Li et al. used the EBM method to manufacture an orthogonal structured 3D
porous bioimplant of Ti-6Al-4 V (Li et al. 2010). Ti and Ti-alloys are bioinert in
nature, and these materials are generally encapsulated by fibrous tissue after being
implanted inside the body. The bioactivity of the preheated component was
evaluated by means of apatite-forming ability after soaking the sample in simulated
body fluid (SBF) solution up to a certain period under static conditions. It was
observed that the mechanical properties of orthogonal structured components pro-
duced by EBM are similar to a cortical bone. The resulted specimen further
demonstrated enhanced biocompatibility after the surface treatment.

The other biocompatible Ti-alloy such as Ti-24Nb-4Zr-8Sn (Ti2448) exhibiting a
low uniaxial tensile elastic modulus of approximately 45 GPa is being used for the
fabrication of bone bioimplants and some of them have shown future clinical
prospects (Liu et al, 2018). β-Ti alloys are non-toxic and bio-corrosion resistant.
Liu et al. fabricated a dodecahedron structured porous bioimplant by EBM using
β-type Ti2448 alloy (Liu et al. 2017). The powder used was having the composition
of Ti-23.9Nb-3.9Zr-8.2Sn-0.190 in weight percentage. The samples fabricated
exhibited an excellent elasticity and porosity with a decrease in yield strength. It
was observed that due to a decrease in the yield strength, most of the cracks could
appear at the nod of the component (Fig. 5.6a, b).

The mechanical strength of the bioimplants is also influenced by their design
pattern. In order to withstand different loading conditions, the trabecular pattern is
preferred. Marin et al. used the EBM technique to fabricate a 3D porous structure of
Ti-6Al-4 V (Marin et al. 2010). The trabecular porous components were produced to
maximize the osseointegration of the bioimplant.

Fig. 5.6 SEM images of 3D printed (a, b) rhombic dodecahedron structured Ti2448 surface after
fatigue test. (Yellow arrows indicate the position of fatigue cracks.) (Figure adapted with permis-
sion from Liu et al. (2017) from Elsevier)
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EBM technology has significant potential to revolutionize the biomedical indus-
try. EBM relies on electric charge and hence non-conducting material cannot be used
with this technique (ISAAC ANDERSON n.d.). The complex structure generated by
EBM offers improved bone ingrowth and excellent mechanical properties. Future
work should be focused on enhancing the surface morphology of the Ti bioimplants
by reducing the defects in fabricated products. Additional efforts are also required on
the creation of reliable bioimplants and novel designs to get better outcomes in terms
of their performances.

5.3 Challenges in AM of Ti Bioimplants

The recent development in AM techniques has empowered us to explore the modern
manufacturing concepts to fabricate the dense metallic complex structure. Despite
the progress, there are still several challenges associated with the manufacturing of
Ti bioimplants. Ti has poor thermal conductivity, making itself difficult to process
under the high heat source fabrication methods. These fabrication processes also
affect the dimensional accuracy and topological resolution of the fabricated
components. Further, it also causes the formation of air pockets due to the entrap-
ment of the gases inside the melt pool. In addition, these air pockets tend to develop
cracks during post-processing heat treatment. The spherically shaped powder is
always a better choice as the flowability of the feed material affects the bioimplant
behaviour. However, the use of Ti and Ti-alloy spherical shape powder is limited
(Attar et al. 2020). Generally, the Ti-metal matrix upon alloying has different
melting temperature, viscosities and solidification behaviour, making them compli-
cated to process inside the laser-based AM process.

5.4 Methods to Control Ti Bioimplant Failure

Ti and Ti-alloys have exceptional biocompatibility and mechanical properties.
However, the exposure of Ti bioimplants surface to the body fluids may lead to
various complications in the long-term. Therefore, it is important to enhance the
consistency of the bioimplants to reduce biological and biomechanical failure
(Chakraborty et al. 2019; Bosco et al. 2012). There are various methods to overcome
the uncontrolled ion release from Ti bioimplants. These include alloying, purifica-
tion, surface treatment and protective film coating. The pure Ti can be prone to
severe plastic deformation at room temperature, leading to a thickness reduction up
to 90% without cracking (Elias et al. 2019). The bioimplants should possess
sufficient stiffness to reduce bone stress shielding which is crucial for orthopedic
applications. The stress shielding can be reduced up to a certain extent by the usage
of bioimplants with mechanical strength similar to that of a natural bone. Alloying
the biometals with other metal impurities could allow to achieve an adequate
mechanical strength similar to that of a natural bone. Alloying the Ti bioimplants
with the elements such as niobium (Koike et al. 2007), manganese (Zhang et al.
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2009), zirconium (Cremasco et al. 2011), magnesium (Gu et al. 2017), aluminium
(Bǎrbînţǎ et al. 2014) and vanadium (Costa et al. 2019) in a considerable amount has
reported to improve the biocompatibility via biochemical and biomechanical effects.
Experimental studies have demonstrated that the Ti-biometal surfaces coated with
the bioactive glass and the bioceramic has shown an improved bonding strength,
corrosion and wear resistance (Zafar et al. 2019).

5.5 Conclusion

Ti and Ti-alloys have excellent biocompatibility, corrosion resistance and mechani-
cal properties, making it an interesting biometal for orthopedic applications. AM
techniques such as LMD, SLM and EBM are gaining popularity in the biomedical
field due to their flexibility to build patient-specific bioimplants and customized
porous structures or components that enable bone ingrowth with sufficient cell
proliferation and differentiation. The porous structure can enhance the biocompati-
bility of the Ti bioimplants by reducing the Young’s modulus of the components.
The fabricated bioimplants are also known for their lower stress shieling effect.
Ti-6Al-4 V, Ti2448 and other Ti- alloys with high bioactivity, low cytotoxicity and
high corrosion resistance would be promising materials for the next generation of
biomedical applications. Besides, the complex structures generated by the AM
techniques deliver an improved mechanical behaviour. However, extensive in vitro
and in vivo examinations are still in progress to analyse the accurate material
behaviour of the additively manufactured bioimplants throughout their service.

References

Ahsan MN, Paul CP, Kukreja LM, Pinkerton AJ (2011) Porous structures fabrication by continuous
and pulsed laser metal deposition for biomedical applications; modelling and experimental
investigation. J Mater Process Technol 211(4):602–609

Attar H, Ehtemam-Haghighi S, Soro N, Kent D, Dargusch MS (2020) Additive manufacturing of
low-cost porous titanium-based composites for biomedical applications: Advantages,
challenges and opinion for future development. J Alloys Compd 827:154263

Bǎrbînţǎ AC, Earar K, Crimu CI, Drǎgan LA, Munteanu C (2014) In vitro evaluation of the
cytotoxicity of some new titanium alloys. Key Eng Mater 587:303–308

Bhardwaj T, Shukla M, Paul CP, Bindra KS (2019) Direct energy deposition - laser additive
manufacturing of titanium-molybdenum alloy: parametric studies, microstructure and mechani-
cal properties. J Alloys Compd 787:1238–1248

Bordji K, Jouzeau JY, Mainard D, Payan E, Delagoutte JP, Netter P (1996) Evaluation of the effect
of three surface treatments on the biocompatibility of 316L stainless steel using human
differentiated cells. Biomaterials 17(5):491–500

Bosco R, Van Den Beucken JV, Leeuwenburgh S, Jansen J (2012) Surface engineering for bone
implants: a trend from passive to active surfaces. Coatings 2(3):95–119

Chakraborty R, Raza MS, Datta S, Saha P (2019) Synthesis and characterization of nickel free
titanium–hydroxyapatite composite coating over Nitinol surface through in-situ laser cladding
and alloying. Surf Coatings Technol 358:539–550

128 V. S. Telang et al.



Costa BC, Tokuhara CK, Rocha LA, Oliveira RC, Lisboa-Filho PN, Costa Pessoa J (2019)
Vanadium ionic species from degradation of Ti-6Al-4V metallic implants: In vitro cytotoxicity
and speciation evaluation. Mater Sci Eng C 96:730–739

Cremasco A, Messias AD, Esposito AR, Duek EADR, Caram R (2011) Effects of alloying elements
on the cytotoxic response of titanium alloys. Mater Sci Eng C 31(5):833–839

Das S (2003) Physical aspects of process control in selective laser sintering of metals. Adv Eng
Mater 5(10):701–711

Elias CN, Fernandes DJ, De Souza FM, Monteiro EDS, De Biasi RS (2019) Mechanical and clinical
properties of titanium and titanium-based alloys (Ti G2, Ti G4 cold worked nanostructured and
Ti G5) for biomedical applications. J Mater Res Technol 8(1):1060–1069

FousováM, Vojtěch D, Kubásek J, Jablonská E, Fojt J (2017) Promising characteristics of gradient
porosity Ti-6Al-4V alloy prepared by SLM process. J Mech Behav Biomed Mater 69:368–376

Gao SY, Zhang YZ, Shi LK, Du BL, Xi MZ, Ji HZ (2007) Research on laser direct deposition
process of Ti-6Al-4V alloy. Acta Metallurgica Sinica (English Letters) 20(3):171–180

Gong H, Rafi K, Gu H, Starr T, Stucker B (2014) Analysis of defect generation in Ti-6Al-4V parts
made using powder bed fusion additive manufacturing processes. Addit Manuf 1:87–98

Gu XN et al (2017) Degradation, hemolysis, and cytotoxicity of silane coatings on biodegradable
magnesium alloy. Mater Lett 193:266–269

Hanawa T (2004) Metal ion release from metal implants. Mater Sci Eng C 24(6–8 Spec.
Iss.):745–752

Hao YL, Li SJ, Yang R (2016) Biomedical titanium alloys and their additive manufacturing. Rare
Met 35(9):661–671

Hermawan H, Ramdan D, Djuansjah JR (2011) Metals for biomedical applications. In: Biomedical
engineering from theory to applications, vol 1, pp 411–430

ISAAC ANDERSON. Electron beam melting. https://www.isaacanderson.co.uk/portfolio/electron-
beam-melting

Junker D, Hentschel O, Schmidt M, Merklein M (2018) Investigation of heat treatment strategies for
additively-manufactured tools of X37CrMoV5-1. Metals (Basel) 8(10):1–13

Koike M, Lockwood PE, Wataha JC, Okabe T (2007) Initial cytotoxicity of novel titanium alloys. J
Biomed Mater Res B Appl Biomater 83(2):327–331

Kumar A, Biswas K, Basu B (2015) Hydroxyapatite-titanium bulk composites for bone tissue
engineering applications. J Biomed Mater Res A 103(2):791–806

Li X, Wang C, Wang L, Zhang W, Li Y (2010) Fabrication of bioactive titanium with controlled
porous structure and cell culture in vitro. Xiyou Jinshu Cailiao Yu Gongcheng/Rare Met Mater
Eng 39(10):1697–1701

Liu CF, Lee TH, Liu JF et al (2018) A unique hybrid-structured surface produced by rapid
electrochemical anodization enhances bio-corrosion resistance and bone cell responses of β-
type Ti-24Nb-4Zr-8Sn alloy. Sci Rep 8:6623. https://doi.org/10.1038/s41598-018-24590-x

Liu LH et al (2015) Ultrafine grained Ti-based composites with ultrahigh strength and ductility
achieved by equiaxing microstructure. Mater Des 79:1–5

Liu YJ et al (2017) Compressive and fatigue behavior of beta-type titanium porous structures
fabricated by electron beam melting. Acta Mater 126:58–66

Liu W et al (2019) Surface modification of biomedical titanium alloy: micromorphology, micro-
structure evolution and biomedical applications. Adv Eng Mater 9(4):249

Mantripragada VP, Lecka-Czernik B, Ebraheim NA, Jayasuriya AC (2013) An overview of recent
advances in designing orthopedic and craniofacial implants. J Biomed Mater Res A 101
(11):3349–3364

Marin E, Fusi S, Pressacco M, Paussa L, Fedrizzi L (2010) Characterization of cellular solids in
Ti6Al4V for orthopaedic implant applications: Trabecular titanium. J Mech Behav Biomed
Mater 3(5):373–381

Reiff, C, Wulle, F, Riedel, O, Epple, S, Onuseit, V (2018) On inline process control for selective
laser sintering. In: Eighth international conference on mass customization and personalisation –
community of Europe (MCP-CE 2018), vol 141, pp 230–239

5 Overview of Current Additive Manufacturing Technologies for. . . 129

https://www.isaacanderson.co.uk/portfolio/electron-beam-melting
https://www.isaacanderson.co.uk/portfolio/electron-beam-melting
https://doi.org/10.1038/s41598-018-24590-x


Ryu DJ et al (2020) Titanium porous coating using 3D direct energy deposition (DED) printing for
cementless TKA implants: does it induce chronic inflammation? Materials (Basel) 13(2):1–13

Schulze C, Weinmann M, Schweigel C, Keßler O, Bader R (2018) Mechanical properties of a
newly additive manufactured implant material based on Ti-42Nb. Materials (Basel) 11(1):13–16

Shi Q, Qian Z, Liu D, Liu H (2017) Surface modification of dental titanium implant by layer-by-
layer electrostatic self-assembly. Front Physiol 8:1–7

Spears TG, Gold SA (2016) In-process sensing in selective laser melting (SLM) additive
manufacturing. Integr Mater Manuf Innov 5(1):16–40

Stavropoulos P, Foteinopoulos P (2018) Modelling of additive manufacturing processes: a review
and classification. Manuf Rev 5:2

Taljanovic MS et al (2003) Joint arthroplasties and prostheses. Radiographics 23(5):1295–1314
Telang VS, Pemmada R, Thomas V, Ramakrishna S, Tandon P, Nanda HS (2021) Harnessing

additive manufacturing for magnesium based metallic bioimplants: recent advances and future
perspectives. Curr Opin Biomed Eng 17:100264

Trevisan F et al (2018) Additive manufacturing of titanium alloys in the biomedical field: processes,
properties and applications. J Appl Biomater Funct Mater 16(2):57–67

Wang Z, Xiao Z, Tse Y, Huang C, Zhang W (2019) Optimization of processing parameters and
establishment of a relationship between microstructure and mechanical properties of SLM
titanium alloy. Opt Laser Technol 112:159–167

Woo WS, Kim EJ, Jeong HI, Lee CM (2020) Laser-assisted machining of Ti-6Al-4V fabricated by
DED additive manufacturing. Int J Precis Eng Manuf Green Technol 7(3):559–572

Wu Z et al (2017) Preparation and application of starch/polyvinyl alcohol/citric acid ternary blend
antimicrobial functional food packaging films. Polymers (Basel) 9(3):1–19

Zafar MS, Farooq I, Awais M, Najeeb S, Khurshid Z, Zohaib S (2019) Bioactive surface coatings
for enhancing osseointegration of dental implants. Elsevier, Amsterdam

Zhang LC, Attar H (2016) Selective laser melting of titanium alloys and titanium matrix composites
for biomedical applications: a review. Adv Eng Mater 18(4):463–475

Zhang F, Weidmann A, Nebe BJ, Burkel E (2009) Preparation of TiMn alloy by mechanical
alloying and spark plasma sintering for biomedical applications. J Phys Conf Ser 144:012007

Zhou B, Zhou J, Li H, Lin F (2018) A study of the microstructures and mechanical properties of
Ti6Al4V fabricated by SLM under vacuum. Mater Sci Eng A 724:1–10

130 V. S. Telang et al.



Physico-chemical Modifications
of Magnesium and Alloys for Biomedical
Applications

6

Satish Jaiswal, Anshu Dubey, and Debrupa Lahiri

Abstract

A unique combination of impressive biodegradability and biocompatibility
makes magnesium (Mg) and its alloys a promising candidate in biomedical
applications, considering the issue of resurgery associated with the conventional
metallic implants. Unfortunately, due to high electrochemical potential
(�2.37 V), Mg shows limited corrosion resistance in the physiological environ-
ment. Surface properties, such as reactivity (inert or active), surface free energy
and surface roughness, play a significant role in the corrosion behaviour of
Mg-based alloys. Additionally, cellular interaction, such as protein adsorption,
cell adhesion, proliferation and tissue formation, primarily depends on the surface
characteristics of the Mg-based implants. Thus, it is vital to engineer the surfaces
of the implants, while preserving the bulk properties, in order to control the
biodegradation and simultaneously enhancing the subsequent interaction of
implants surfaces with the host tissues. Engineered surfaces of the Mg implants,
with appropriate corrosion resistance, surface chemistry and topography, might
improve the response of the host organism at macroscopic, cellular and protein
level at the tissue-implant interface. Various surface modification approaches like
physico-chemical, mechanical and biological techniques have been invented to
enhance the degradation resistance and bioactivity of Mg-based materials.
Physico-chemical modifications such as surface coating, heat treatment, micro-
arc oxidation, plasma surface modification, laser surface modification and elec-
trode deposition have been explored to alter the surface characteristics of Mg and
its alloys for biomedical applications. In this chapter, efforts have been taken to
present a critical status of contemporary research and development on
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physico-chemical surface modification methods of the Mg-based material system
for biomedical applications.
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6.1 Introduction

In biomedical research, the development of biomaterials represents a fast-growing
domain and is a cornerstone of modern medical practise, saving millions of lives
every year. As per the report of Grand View Research, Inc., the worldwide
biomaterials market size is anticipated to grow up to approximately USD 348 billion
by 2027, with a compound annual growth rate (CAGR) of 15.9% (Grand View
Research 2020). The recent advancement in the biomaterials field show significant
promise to provide implants for better treatment/replacement of damaged and
diseased tissues with improved functionalities. As per the type of materials used,
biomaterials can be classified into three different types, namely metallic, polymeric
and ceramic-based biomaterials. Due to the limited mechanical attributes of poly-
meric and ceramic biomaterials, especially early in the tissue development process,
the use of these biomaterials is not suitable for load-bearing implants (Love 2017).
Metallic biomaterials are primarily used in a situation where significant mechanical
integrity is required (Prasad et al. 2017). Given the current problems such as higher
rejection of implants from the host tissues, high demand is placed on the surface
engineering of biomedical implants (Nouri and Wen 2015). Apart from the bulk
properties of metallic biomaterials, the surface characteristics of materials are crucial
to clinical success. Recent advances in the surface modification to improve bioactiv-
ity, biocompatibility and mechanical integrity of biomedical materials have
established a new opportunity for their use in tissue engineering. In order to cater
to the specific need and application, the surface modification of existing biomaterials
to tailor the physical and biological properties are more economical and less time
consuming, as compared to the development of new biomaterials (Nouri and Wen
2015).

Surface chemistry and surface morphology of the biomaterials play a critical role
in maximising the biocompatibility and service reliability during contact with the
body fluids (Tang et al. 2008). Specifically, in the case of load-bearing application,
besides the mechanical properties, the biomaterials must also be non-toxic to cells
and living tissues in the human body (Kasuga 2010; Niinomi 2019). So, the surface
of biomaterials should be designed in such a way that it would encourage the
attachment and growth of bone cells and newly formed bone during service condi-
tion (Gobbi et al. 2019). Surface modification of the implants has become an
increasingly popular method to enhance the implant’s multifunctionality, tribologi-
cal behaviour, topography and biocompatibility.

132 S. Jaiswal et al.



Once a biomaterial is implanted in the human body, there is a series of events that
take place between the host tissue and implanted materials. This series of events in
sequential order is shown on the fracture fixing accessories for a fractured bone in the
schematic diagram (Fig. 6.1). Surface modification methods of biomaterials facilitate
stabilising the bioactivity of implants at the tissue-implant interface, while simulta-
neously maintaining sufficient mechanical properties.

6.1.1 Metallic Biomaterials, Surfaces and Biocompatibility

Nowadays, significant emphasis has been given to the multifunctionality of the
adopted biomaterials. For example, a load-bearing implant is designed to provide
mechanical support for bone regeneration along with the capability to stimulate cell
attachment and tissue formation. Current commercially available metallic implants,
such as stainless steel (SS), titanium (Ti) alloys and cobalt-chromium (Co-Cr) alloys,
fall under the bio-inert category (Poinern et al. 2012). These metallic implants are
used for several load-bearing orthopaedic applications owing to their significant
corrosion resistance, which offers excellent long-term mechanical stability (Poinern
et al. 2012). Such characteristics of materials allow for selection to meet the specific
objective for permanent replacement of the tissue, which has lost the function.
However, the reports are also available that the long duration exposure of these
materials (SS, Co-Cr and Ti-based alloys) inside the body may increase the possi-
bility of cutaneous and systemic hypersensitivity reactions (Jaiswal et al. 2019a, b).
Further, the lack of osseointegration on the surface of material systems leads to the

Fig. 6.1 Schematic showing the sequence of events occurring at the biomaterials surfaces during
immediate contact with the body fluid
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loosening of the implants. Osseointegration generally depends on factors such as
surgical-, patient- and implant-related factors (Vootla and Reddy 2017). The features
of the implant material influence the loosening, as shown in Fig. 6.2. Implant surface
design and topography play a significant role in controlling the loosening of the
implants (Vootla and Reddy 2017). For instance, moderately rough implant surfaces
develop the best bone fixation. Therefore, the surface modification of biomedical
implants is necessary to:

• Increase surface area.
• Remove surface contaminants.
• Offer better bonding.
• Increase surface roughness.
• Increase corrosion resistance.
• Make surface more bioactive.

So, the problem of implant loosening can be minimised with proper effort in
place. Several methods are being examined for enhancing and maintaining the
fixation. Surface engineering is one of the well-known techniques to stabilise
bone-implant interface, and simultaneously retain the adequate mechanical
properties for load-bearing implants (Kasemo and Lausmaa 1994; Hornberger
et al. 2012; Qiu et al. 2014).

Besides the application in bone implants, metallic cardiovascular stents are also
preferred over polymeric counterparts due to the superior mechanical properties and
radiopacity. However, the metallic stents are lacking the ideal clinical needs due to
the late restenosis, thrombosis and other clinical limitations (Fu et al. 2020). Bio-
compatibility represents the predominant factor in the development of metallic
implants. It is imperative to understand the mechanism through which the implant
materials transform their structural configuration to tailor the response of proteins,

Fig. 6.2 The features of implant materials influencing the loosening
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cells and organisms. In general practise, the implant materials are considered to be
compatible with the body for specific biomedical applications when they do not
release toxic materials in significant amounts to affect tissues and cells (Niinomi
2019). Leaching of undesirable substances may occur via the surface morphology of
implants. Further, the body fluids read the surface morphology and respond. Thus,
the understanding of biomaterials surfaces is a prerequisite for the development of
implants (Sodhi 1996).

6.1.2 Surface Properties and Analysis

Atoms residing at the outermost surfaces of the biomaterials have unique
organisation and reactivity. This unique arrangement of the atoms at the biomaterial
surfaces drives most of the biological reactions that occur, namely, cell adhesion,
blood compatibility, cell growth and protein adsorption. There are various
parameters listed in Fig. 6.3 for describing the surface of the biomaterials. A
complete description of the surfaces can be provided by measuring more of these
parameters.

In general, the surface properties of biomedical materials are critical at governing
biological interactions. Several studies have been performed to show the importance
of roughness, wettability, chemical composition, crystallinity, electrical charge,
surface mobility and inhomogeneity to real body environment (Elias et al. 2008,
Rosales-Leal et al. 2010, Deng et al. 2015). In general, bulk properties of implants
tailor mechanical integrity. However, the surface characteristics play a significant

Fig. 6.3 A list of parameters defining the surfaces of a biomaterials
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role in many physico-chemical processes, such as the interaction of body fluids and
adhesion of cells and biomolecules to implants, which initiate degradation of
implants and release of foreign ions in the body fluids. So, in-depth analysis of the
surface properties is a prerequisite for the development of biomedical implants.

Modern surface science presents several surface analysis methods for assessing
the surface characteristics of the biomaterials. However, the major techniques like
contact angle measurements (to find out the wettability and surface energy), X-ray
photoelectron spectroscopy (XPS, X-ray induced emission of electrons of character-
istic energy), secondary ion mass spectroscopy (SIMS, secondary ions are sputtered
on solid films), Fourier-transform infrared spectroscopy (FTIR, IR radiation is
adsorbed and excites molecular vibrations), scanning tunnelling microscopy
(STM, use of electrical voltage to tip/sample), scanning electron microscopy
(SEM, sample surface is scanned with the focused beam of electrons) and atomic
force microscopy (AFM, measures the force between the sample and probe) are
utilised to examine the surface properties of the biomaterials.

6.1.3 Insight into the Biological Activity of the Surfaces
of the Implant

The major limitation in the design and development of superior implants is the lack
of insights into the primary interaction between tissue and implant surfaces. An
implant surface meets tissues after implantation inside the human body. These
surfaces are highly perturbed by the preceding handling of the materials and surgical
procedure. So, the immediate focus of scientific curiosity would be the interface
between the artificial implant and human tissue. The initial interaction between
implant and tissue surfaces occurs at the molecular level. The adsorption of proteins,
reactions of biomolecules, inorganic ions, water from the dissolution of ionic, atomic
or molecular chunks from implant surfaces are the initial reactions occur between
implants and tissue surfaces (Bruinink et al. 2014). Schematic representation of
primary interactions of implant and tissue is depicted in Fig. 6.4.

The tissue-implant interface is a dynamic, non-reversible system. It is due to the
continuous healing process, where the condition of bone tissue and surface
characteristics of the implants frequently changes in the body fluid (Kasemo and
Lausmaa 1986, 1988). The surface of implants, stabilised in the ambient condition, is
prone to react in the physiological environment to lower the energy of the system
further (Kasemo and Lausmaa 1994). Thus, there is a built-in thermodynamic drive
in implants to react at the tissue-implants interface in the body fluid environment.

6.1.4 Magnesium and Its Alloys as Biomedical Materials

Bone tissue is continuously experiencing remodelling in response to the imposed
stresses generated by daily human activities (Grand View Research 2020). Metallic
biomaterials, like Ti6Al4V, Co-Cr alloys and stainless steel (SS), are currently used
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as temporary implants (Nayak et al. 2016; Jaiswal et al. 2018, 2019a, b). These
materials do not degrade in the body environment and often result in stress-shielding
phenomenon due to the mismatch of elastic modulus with the natural human bone
(Jaiswal et al. 2018; Dubey et al. 2019a, b, c). The stress-shielding effect can be
observed under the non-uniform loading condition. The bulk of the mechanical
loading is bear by metallic implants, whereas the surrounding tissues undergo
comparatively minimum loading stress. This reduced stress loading condition
leads to bone resorption (Rashmir-Raven et al. 1995; Nagels et al. 2003). The
mechanical wear and degradation of the metallic implants release toxic metal ions
(e.g. cobalt (Co), chromium (Cr) and nickel (Ni)) into the human body (Poinern et al.
2012; Jacobs et al. 1991). These toxic metallic ions deteriorate the biocompatibility
of implants (Poinern et al. 2012; Lhotka et al. 2003; Woodman et al. 1983).
Consequently, the implant loosening occurs after some time of implantation.
Besides, following the complete healing of the fractured bone or allergic response
due to the released metallic ions, revision surgery is needed to take out these implant
materials (Jaiswal et al. 2018).

In contrast to this, biodegradable implants are considered revolutionary biomedi-
cal materials due to their bioactive and multi-biofunctional characteristics. Recently,
Mg-based materials are emerging as new potential biodegradable temporary ortho-
paedic implants. While comparing with the traditional biodegradable implants, such
as polymers and bioglass, Mg-based materials possess unique properties like light-
weight, density similar to human bone and significant mechanical strength. In
addition to this, the degradation products of Mg-based implants are physiologically

Fig. 6.4 The schematic illustration of the insight of the tissue-implant interface in the body fluid
environment
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beneficial, considering the fact that a healthy adult human body stores ~30 g of Mg
ions in both bone tissue and muscle (Saris et al. 2000). In addition, the bivalent ion
characteristic of Mg ions helps in apatite formation in the bone matrix and is also
beneficial in several metabolic reactions within the human body (Kim et al. 2003). In
addition, one of the recent studies showed the novel antibacterial behaviour of
Mg-based implant against Pseudomonas aeruginosa, Escherichia coli and Staphy-
lococcus aureus (Robinson et al. 2010).

Keeping the above-mentioned comparatively favourable properties of Mg metals,
the biomedical community has lately explored the Mg-based implants as potential
biodegradable implants for temporary biomedical application. The development of
biodegradable Mg-based stents has shown the potential to reduce long-term issues
like late restenosis, thrombosis and mechanical instability (Fu et al. 2020). However,
the Mg-based implants, proposed for biomedical applications, should meet a number
of strict requirements. Figure 6.5 shows a schematic representation of the desirable
kinetics required for the combination of properties for Mg-based biodegradable
implants until the total healing of the fractured bone tissue takes place.

6.1.5 Limitations with Mg-Based Implants

The biodegradable nature of Mg-based materials in the physiological environment is
the major advantage over permanent conventional metallic implants, which
originates due to the high standard electrode potential of Mg (�2.37 V) (Jaiswal
et al. 2018; Dubey et al. 2019a, b, c). Unfortunately, the major limitation with the
Mg-based implants is the severe degradation rate in the physiological environment
(Dubey et al. 2019a, b, c). Rapid degradation of the Mg-based implants generates
significant hydrogen gas (H2), which accumulates in the form of gas bubbles

Fig. 6.5 Schematic illustration of the kinetics desired for Mg-based biodegradable implants.
(Reprinted by permission from Springer Nature (Jaiswal et al. 2019a, b))
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surrounding the implant sites. Additionally, due to the severe degradation, a sudden
localised increase in the pH is also observed. In general, it corrodes relatively faster
in the in vivo environment. An electrochemical reaction occurs at the surfaces of
Mg-based implants in the aqueous environment, which yields the magnesium
hydroxide Mg(OH)2 and H2 gas as the degradation product (Dubey et al.
2019a, b, c). Mg(OH)2 gets deposited as a thin protective layer on the exposed
surface of Mg-based implants. In the presence of a high concentration (>30 mM) of
chloride ions (Cl�) in the physiological environment, Mg(OH)2 gets converted into
highly soluble magnesium chloride (MgCl2). Thus, continuous corrosion of
Mg-based implants could be observed in the in vivo environment (Cl� content in
body fluid is ~150 mM). The following electrochemical reactions elucidate the
degradation mechanism of the Mg metals (Virtanen 2011; Jaiswal et al. 2019a, b;
Xin 2011).

Mgþ 2H2O ! Mg OHð Þ2 þ H2 " ð6:1Þ
Mg OHð Þ2 þ 2Cl� ! MgCl2 þ 2OH� ð6:2Þ

The schematic representation of the degradation mechanism of Mg-based
implants is depicted in Fig. 6.6.

It has been observed that Mg-based implants degrade faster at the early stage of
the implantation, due to the absence of a protective layer, leading to the continuous
reduction of mechanical integrity and, finally, the implant failure. Several efforts
such as alloying (with aluminium (Al), zinc (Zn), calcium (Ca), zirconium (Zr) and
rare-earth), surface modification and fabrication of composites have been tried to
tailor the degradation rate of Mg implants (Virtanen 2011; Xin et al. 2011; Kania
et al. 2020; Willumeit et al. 2011; Sezer et al. 2018; Rahim et al. 2018; Jaiswal et al.
2019a, b). Several promising techniques related to each field have been explored in
the recent years. However, a further in-depth organised study is still required before
using these material systems in vivo (Guo 2010).

It has been observed that the alloying of Mg is quite challenging because of low
solubility of many alloying elements in Mg. In contrast to this, surface modification
is of high importance and an appropriate way to enhance the degradation resistance
(Hornberger et al. 2012). In surface modification techniques, the substrate is
modified without any changes in the chemical composition of the substrate. Surface
modification of Mg-based implants has been extensively studied as one of the major
strategies to prevent severe corrosion. It also offers to tailor the mechanical
properties and biocompatibility of Mg-based materials focusing to obtain a
temporospatial complementary relationship between the degradation of implant
and bone regeneration. Several surface modification techniques have been explored,
till date, to prevent degradation and enhance the biocompatibility of Mg-based
materials.
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6.2 Surface Modification Techniques of Mg-Based Implants

The fabrication of Mg-based implants necessitates amalgamation of a multitude of
attributes, including desirable surface properties, to encourage significant biocom-
patibility. These implant materials are intended to interact with the biological
environment to augment, treat or replace any tissue, organ or function of human
body (John et al. 2015). The primary concern with Mg-based implants is the severe
corrosion rate (Jaiswal et al. 2019a, b). A controlled and uniform corrosion rate
needs to be maintained before using in the real body environment. Besides, signifi-
cant mechanical integrity, biocompatibility and bioactivity are needed until the
affected part of the body is fully healed to ensure the durability, functionality and
biological response of biomedical implants. These issues need to be addressed
before proceeding the Mg-based implants to market or implanting in the human
body. The ability to alter the surface properties to maintain the significant degrada-
tion resistance and biocompatibility, while maintaining the bulk properties of
implants, is the unique advantage of surface modification methods.

Fig. 6.6 Schematic representation of corrosion mechanism at the Mg implant surfaces in the
physiological environment
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In general, the surface modification of implants can be classified into three
exclusively different categories:

• Physically or chemically tailoring the surface atoms, molecules or compounds
(e.g. mechanical roughening, etching, chemical modification).

• Surface coating with materials having a different composition (e.g. thin film
deposition, grafting coating).

• Generating surface texture or pattern.

The biological response to Mg-based implants can be altered due to the changes
in the surface chemistry and physical structure, after surface modification (Qiu et al.
2014). To enhance the degradation resistance and biocompatibility of Mg-based
implants, a multitude of elaborate surface modification strategies like physico-
chemical, mechanical and biological modification techniques are being exercised
nowadays to generate desired surface characteristics. These are intuitive and
straightforward approaches to obtain modified implant surfaces. Physico-chemical
modification of Mg-based implants is widely researched throughout the globe. In
this chapter, the major focus is on the physico-chemical modification of Mg-based
implants for temporary orthopaedic applications. The details about the physico-
chemical modification techniques are presented in the following section.

6.2.1 Physico-chemical Modification of Mg and Its Alloys

Physico-chemical modification is a versatile technology in surface engineering to
enhance the surface properties and biocompatibility of biomedical implants. Bio-
medical implant surfaces are modified by physico-chemical methods to:

• Modulate cell adhesion and proliferation.
• Control protein adsorption.
• Modify blood compatibility.
• Improve wear and corrosion resistance.
• Improve lubricity.
• Alter transport properties.
• Modify electrical characteristics.

Based on the modification’s reinforcement, surface alteration of biomedical
implants by physico-chemical methods can be classified into two different heads:
surface coating/film deposition and coating-free methods. Figure 6.7 shows the chart
for different types of physico-chemical surface modification techniques categorised
in both heads.

Detailed strategies behind the different types of physico-chemical surface modi-
fication are presented in Table 6.1. Detailed elaboration of each physico-chemical
surface modification technique on Mg-based implants is discussed in the following
subheadings.
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6.2.1.1 Coating/Film Deposition Techniques
A plausible approach to improve the degradation resistance and biocompatibility of
Mg-based materials is to cover the exposed surfaces via surface coating techniques
(John et al. 2015). The coating technique is used to tailor the surface characteristics
of implants without changing the bulk properties of the implants (Matthews and
Holmberg et al. 1994). The schematic representation of the concept of surface
coating on the Mg-based orthopaedic implants is shown in Fig. 6.8.

Coating acts as an effective barrier to impede the penetration of vicious ions
(e.g. Cl�), which attribute severe corrosion in Mg-based materials (Antunes and De
Oliveira 2009; Wood 2007). Numerous methods have been developed to coat the
surfaces of the biomedical implant (orthopaedic and cardiovascular stent) with
various types of coating materials. Coating methods, such as plasma spraying,
sol-gel coating, sputter deposition, electrophoretic deposition and dip coating, are
widely used to modify the surfaces of Mg-based implants. A detailed elaboration of
the different types of coating materials and their method on Mg-based implants
surfaces is mentioned in the following section.

Polymer/Polymer-Based Composite Coatings
Based on the intended application of the Mg-based temporary implants, the prereq-
uisite of the polymer-based coatings is biodegradability in the physiological envi-
ronment (Lenz 1993). In addition to this, the polymer coatings should have

Fig. 6.7 Different types of physico-chemical techniques available for surface modification of
implants

Table 6.1 Strategies behind the different types of physico-chemical surface modification
techniques

Serial
no.

Surface modification
technique Strategies

1. Surface coating The implant surface is coated to avoid the direct exposure to
the physiological environment

2. Surface grafting The polymer chains are added to the substate surfaces

3. Abrasive blasting and
surface etching

Surfaces are deformed plastically, removing particles from
the surfaces and etching with acid

4. High-temperature
treatment

The substrate surfaces are converted into the oxide layers
via vapour or steam treatments
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significant mechanical strength and corrosion resistance during the essential time to
adapt and complete the implant performance in the human body. In general, the
biodegradable polymer with the corrosion rate lower than the Mg-based implants is
used as the best way to impede severe corrosion in the body fluid (Lenz 1993).
Several biodegradable polymers such as polycaprolactone (PCL), polylactic acid
(PLA), polyglycolide (PGA), polylactic-co-glycolic acid (PLGA), poly(lactic acid)
(PLLA), polyethylenimine (PEI) and the combination of the polymers like
PLA-PCL and PCL-PLLA have been used as the coating polymers for Mg-based
implants (Hornberger et al. 2012). Polymers such as PLA, PGA and chitosan have
shown significant biocompatibility and biodegradability in the physiological envi-
ronment (Li et al. 2016). In addition, these polymers have been used as suitable
carriers for controlled drug release (Li et al. 2016). The use of biodegradable
polymer coatings on cardiovascular stents facilitates the complete elution of drugs,
reduces inflammatory response and decreases risk of endothelial dysfunction and
thrombosis (Amruthaluri 2014). Rahimi-Roshan et al. (2020) coated AZ31 Mg
alloys with biodegradable PLA-cellulose nanoparticles (CNs) composite via dip
immersion method with a withdrawal speed of 80 mm/min. Different composition
of CNs (1, 5 and 10 wt.%) was used to make different coating solutions. Polymer
composite solution was thoroughly homogenised via ultrasonic homogeniser, prior
to coating on the Mg alloy. The coating of 10 wt.% CNs polymer composite solution
reduced the adhesion to the Mg substrate due to the agglomeration of CNs (Fig. 6.9).
In another study, PEI was applied to the AZ31 Mg alloy sheet via the spin coating
technique (Conceicao et al. 2010). The coating solution was prepared using two
different solvents (Dimethylacetamide (DMAc) and N-methyl-2-pyrrolidone
(NMP)). The effect of various parameters (solvent type and spin speed) on the
efficacy of coating was evaluated in terms of corrosion protection. The maximum
coating thickness of ~3.2 μm was obtained at the spin speed of 1000 rpm (produced

Fig. 6.8 Schematic showing the concept of surface coating on the Mg-based implants
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by the solution PEI/DMAc (15/85)) (Fig. 6.10b). The hydroxide produced by the
chemical reaction of Mg surfaces and water reacts with the PEI and forms a
protective layer of Mg polyamate and polyamic acid. PEI coating prepared using
DMAc solvent showed comparatively better corrosion resistance due to the lower
diffusion.

Wong et al. (2010) coated AZ91 Mg alloy with two different concentrations of
PCL (3.33 and 2.5% w/v) in dichloromethane (DCM) solution. The two different
solvents were chosen to fabricate various porous sizes and porosities. The coating
was deposited layer by layer on the alloy surfaces via a custom-designed spraying
device. The low porosity membrane (LPM) and high porosity membrane (HPM)
were deposited on the alloy surfaces. The pores formed on the LPM and HPM
surfaces of the alloy are shown in Fig. 6.11. Gu et al. (2016) performed elastomeric
coating on AZ31 Mg stent with poly (carbonate urethane) urea (PCUU) for possible
application in the cardiovascular stent. The efficacy of these coatings was compared
with the PLGA coating on the AZ31 Mg stent. The PCUU- and PLGA-coated
AZ31 Mg stents were expanded from 4 to 6 mm using the balloon catheter

Fig. 6.9 SEM micrographs of the coatings on AZ31 Mg alloy: (a) PLA, (b) PLA-1 wt.% CNs, (c)
PLA-5 wt.% CNs and (d) PLA-10 wt.% CNs. (Reprinted by permission from Taylor and Francis
Ltd. (Rahimi-Roshan et al. 2020))
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(expansion ratio 50%). PCUU coating on AZ31 Mg stent maintained the coating
integrity, while PLGA coating delaminated at the same expansion ratio (Fig. 6.12).

Li et al. (2010) have coated Mg-6Zn alloys surfaces with PLGA to enhance the
degradation resistance and cell attachment in the physiological environment. The
dip-coating techniques were used to coat alloy surfaces with two different
concentrations (2 and 4 wt.%) of the PLGA in chloroform solvent. The mass gain
of the samples was considered to evaluate the coating thickness of the samples. In
another study on ZM21 Mg alloy, a phosphate-doped polyaniline (PANI) coating
was employed to enhance the degradation resistance (Sathiyanarayanan et al. 2006).
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and (b) nitrogen (N2) atmosphere. (Reprinted from Conceicao et al. (2010) with permission from
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The chemical oxidative technique was followed to get aniline’s reaction with
ammonium per sulphate in a phosphoric acid solution, resulting in the polyaniline
coating on the alloy.

Calcium–Phosphate (Ca-P)-Based Compound Coatings
The Ca-P-based compounds belong to the orthophosphate family and naturally
found in many biological structures. Ca-P-based minerals are the main inorganic
substances in the human bone tissue and widespread coating materials for the
Mg-based materials system for the orthopaedic application. It has shown significant
biocompatibility, bone inductivity, bioactivity and non-toxicity in the in vivo appli-
cation (Shadanbaz and Dias 2012; Xu et al. 2009; Liu et al. 2011). Additionally, Ca-
P-based coatings improve the corrosion and wear resistance properties of the
Mg-based implants (Dinu et al. 2017; Bala Srinivasan et al. 2010; Ali et al. 2020).
There are several types of Ca-P-based compounds coatings, such as:

1. Hydroxyapatite (HA) ! Ca10(PO4)6(OH)2.
2. Dicalcium phosphate dehydrate (Brushite, DCPD) ! CaHPO4�2H2O.
3. Amorphous calcium phosphate (ACP) ! Ca8(PO4)6�nH2O.
4. Tricalcium phosphate (TCP)

Fig. 6.12 The expansion of AZ31 Mg alloy stent coated with PCUU and PLGA polymer (SEM
image have a scale bar of 500 μm). (Reprinted from Gu et al. (2016) with permission from Elsevier)
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• α-TCP (α-whitlockite) ! α-Ca3(PO4)2,
• β-TCP (β-whitlockite) ! β-Ca3(PO4)2.

5. Octacalcium phosphate (OCP) ! Ca8H2(PO4)6.
6. Fluorapatite (FHA) ! Ca10(PO4)6F2.
7. Anhydrous calcium phosphate (monetite) ! CaHPO4.

They are being deposited on the Mg-based materials system for the orthopaedic
application. Formation of Ca-P-based compound coating on Mg-based implants
proceeds by the following chemical reactions:

2H2Oþ 2e� ! H2 þ 2OH� ð6:3Þ
H2PO4 þ OH� ! HPO�

4 þ H2O ð6:4Þ

H2PO4 þ 2OH� ! PO3�
4 þ 2H2O ð6:5Þ

Ca2þ þ HPO�
4 þ 2H2O ! Ca PO4ð Þ � 2H2O DCPDð Þ ð6:6Þ

3Ca2þ þ 2PO3�
4 þ nH2O ! Ca3 PO4ð Þ2 � 2H2O TCPð Þ ð6:7Þ

7Ca2þ þ 4PO3�
4 þ 2HPO�

4 þ 5H2 ! Ca7H2 PO4ð Þ6 � 5H2O OCPð Þ ð6:8Þ

10Ca2þ þ 6PO3�
4 þ 2OH� ! Ca10 PO4ð Þ6 OHð Þ2 HAð Þ ð6:9Þ

Several coating techniques, such as biomimetic, sol-gel, electrodeposition and
hydrothermal treatment, have been extensively used for the surface coating of
Mg-based materials via Ca-P compound coatings.

HA is a naturally found mineral form of Ca apatites and is found in a significant
amount in the human bone and teeth. The biological and synthetic stoichiometric
structure of HA has shown hexagonal symmetry, as proven via X-ray structural
analysis (De Leeuw 2001; McLean and Nelson 1982). HA is thermally stable up to
1300 �C, and no phase change was observed below this temperature (Rapacz-Kmita
et al. 2005). The hydroxyl group of HA structure is generally substituted by fluoride,
chloride and carbonate to produce non-stoichiometric HA (Shadanbaz and Dias
2012). Singh et al. (2015) coated the Mg-3Zn alloy substrate with HA via sol-gel
coating techniques to enhance the mechanical integrity, corrosion resistance and
bioactivity of the Mg-3Zn alloy. The effect of various surface roughness of substrate
and sintering temperature of HA coatings on the mechanical properties of
synthesised coatings has been established. SEM images of the cross-section of
coatings on the substrate at different surface roughness and sintering temperatures
are shown in Fig. 6.13. Figure 6.13b, d shows comparatively higher coating thick-
ness than Fig. 6.13 a and c due to the high surface roughness of the samples. A very
robust interface without delamination can be observed in Fig. 6.13c. A clear sign of
delamination was observed in Fig. 6.13a due to low surface roughness and compar-
atively lower sintering temperature (i.e. 300 �C). It was observed that the surface
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roughness of the Mg-3Zn alloy substrate and the sintering temperature of the HA
coating played a major role in deciding the coating thickness and integrity.

In another coating fabrication method, Kumar et al. (2016) have electrophoreti-
cally deposited HA on the Mg-3Zn alloy substrate. The coatings with the lower
surface roughness (i.e. 15–20 nm) of the substrate have shown a uniform coating
layers with very few minor cracks. This study has demonstrated the potential of
electrophoretic deposition technique on the Mg-based alloy to enhance the mechani-
cal and corrosion resistance. The morphology of the coating surfaces at various
surface roughness and sintering temperatures is shown in Fig. 6.14. It can be seen
that the coating at comparatively higher surface roughness and lower annealing
temperature resulted into the improper integrity and inhomogeneous shrinkage
(Fig. 6.14a, a0). Pores and micro-cracks were also seen in these micrographs.
However, increasing the annealing temperature and lowering the surface roughness
of substrate resulted in to the better coating integration due to the higher diffusion of
HA particles into the substrate at interface (Fig. 6.14d, d0).

In another study, tin dioxide (SnO2)-doped Ca-P coating was fabricated on
Mg-1Li-1Ca alloy using hydrothermal process (Cui et al. 2019). Doping of SnO2

nanoparticles in Ca-P coating enhanced the compactness and crystallinity of the
coatings. In addition to this, the crystallinity and morphology of the coatings can be
varied by tailoring the hydrothermal processing parameters. In vitro corrosion and
antibacterial efficacy of the coatings were evaluated. A three-layered structure,
which consists of Ca3(PO4)2, (Ca, Mg)3(PO4)2, SnO2 and MgHPO4�3H2O, led to
the formation of Ca10(PO4)6(OH)2 in Hank’s solution. The cross-section images of

Fig. 6.13 The cross-sectional SEM images of the coating at 300 �C and surface roughness (a)
15–20 nm, (b) 130–150 nm, and sintering at 400 �C and surface roughness (c) 15–20 nm, (d)
130–150 nm. (Reprinted by permission from Springer Nature, (Singh et al. 2015))
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the coating and energy-dispersive X-ray spectroscopy (EDS) line scanning data are
shown in Fig. 6.15.

Plasma Surface Modification
Several factors would be involved in choosing the suitable coating methods for
Mg-based alloy. The factors such as geometry, substrate material, product design,
cost and the intended applications are taken into consideration for choosing the best
suitable coating for Mg-based implants. The process parameter and coating thick-
ness are two critical factors frequently highlighted for designing the useful coatings
on the Mg-based alloys. Depending on the substrate materials, feedstock form
(powder, precursor) and deposition method, the coating thickness can be varied.
The typical thickness range obtained in the various surface modification techniques
is presented in Fig. 6.16.

The synergistic effect of the ion beam technology and conventional plasma is
obtained in the plasma surface modification technique and has significant medical
implants with intricate shapes. The thermal spraying coating/plasma spraying pro-
cess involves the spraying of melted (or heated) materials onto the surface of the
substrate. The coating precursor is heated by high-temperature and high-energy
electrical source (plasma or arc) followed by the spraying of high-velocity precursor
particles on a substrate in an inert atmosphere (such as argon). A coating is deposited
onto the substrate by the accumulation of sprayed particles. The types of different
plasma surface modification techniques are presented in Fig. 6.17.

Fig. 6.14 SEM images showing the morphology of the HA coating (electrophoretically deposited)
on Mg substrate, sintered at 300 �C and surface roughness of (a and a0) 130–150 nm and (b and b0)
15–20 nm. HA-coated Mg substrate sintered at 400 �C and surface roughness of (c and c0)
130–150 nm and (d and d0) 15–20 nm. SEM micrograph of the bare substrates showing surface
roughness of (e) 130–150 nm and (f) 15–20 nm. (Reprinted from Kumar et al. (2016) with
permission from Elsevier)
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Fig. 6.15 The cross-section image of the coatings (a) and EDS line scanning analysis of the
coatings (b–j). (Reprinted from Cui et al. (2019) with permission from Elsevier)

Fig. 6.16 Typical thickness range of the various surface coating technique. (Reprinted from Yang
et al. (2010) with permission from Elsevier)
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With regards to the Mg and its alloy for medical implants, plasma surface
modifications methods offer several benefits as follows (Sodhi 1996):

• Simple fabrication technique.
• Unique film chemistry.
• The better adhesion strength between coatings and substrate.
• Conformal and pinhole-free coatings.
• Excellent permeation barrier with low levels of leachable.
• Sterile upon preparation.

In the case of PVD coatings, atoms, ions and molecules of the intended coating
materials are physically deposited onto the substrate in a chamber containing a
controlled atmosphere at reduced pressure. It has been observed that controlling
the deposition temperature in Mg-based implants is quite challenging. Besides, the
adhesion strength of the coating is significantly dependent on the deposition temper-
ature of the PVD coatings (Yang et al. 2010). In one of the previous studies,
significant adhesion of titanium nitride (TiN) coating was achieved on AZ91 Mg
alloy, using a pulsed bias voltage during deposition (Yang et al. 2010). The Ca-P
coating was also achieved via the IBAD coating method on AZ31 Mg alloy, and a
post-treatment annealing (250 �C for 2 h and deionised water immersion for the next
30 min at 100 �C) was also employed for tailoring the crystallinity of the coatings
(Yang et al. 2008). The width of the interface region is evaluated via the composition
depth profile using augur electron spectroscopy (AES) as shown in Fig. 6.18. The
broad interface region was chosen due to the ability of IBAD, which can provide
bombardment with energetic ions during deposition. Thus, the IBAD offers fabrica-
tion of biocompatible coatings that adhered strongly to Mg substrates.

Sputtering processes involve the electrical generation of a plasma between the
coating materials and the substrate. It offers relatively high deposition rates with
large deposition areas on complicated shapes and even allows to deposit coating at
lower temperatures. The additional gas ionisation or plasma confinement is a
strategy to enhance plasma ionisation. The Al and Al/Ti multilayer coating was
deployed on AZ31 Mg alloy, and a compact columnar microstructure was obtained

Fig. 6.17 Types of novel plasma surface modification techniques
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(Wu 2007). The morphology of the top surface of Al-coated Mg alloy had a
pyramid-like morphology with fully grown facets. However, the multilayer coating
was quite smoother and showed a similar round roof-like morphology. In recent
days, plasma spraying of the Mg-based alloys has gained significant interest due to
the ability to treat the substrate with complex geometries and covers a broad
spectrum of the materials for coatings. In one of the plasma spraying modification
techniques, the cathodic arc process was employed to fabricate a double layer
coating of alumina (Al2O3)/Al (1 μm) and zirconia (ZrO2)/Zr (1.5 μm) on
AZ91 Mg alloy (Xin et al. 2009). The bonding characteristic of the coating (O2)
and substrate materials (Mg) was enhanced by applying an intermediate layer of Al
or Zr to form a direct link. In addition to this, laser surface alloying methods have
also been employed to enhance corrosion properties selectively. A single and
multiple layers of coatings were successfully synthesised via laser cladding and
alloying of Al powder on Mg alloys (Kutschera and Galun 2000). The deposited
layers showed significant bond properties, and microstructure presented very few or
no porosities and cracks on coatings.

6.2.1.2 Coating-Free Techniques

Micro-Arc Oxidation method (MAO)
MAO, an electrochemical oxidation process, is generally applied to the Mg-based
materials to convert its substrate to oxide. Due to the application of higher potentials,
discharge occurs and resulting plasma oxidises the substrate surfaces. It has the
ability to fabricate porous ceramic coating with high adhesion to the substrate

Fig. 6.18 The compositional depth profile measured via AES at different regions: (a) film, (b)
interfacial and (c) substrate. (Reprinted from Yang et al. (2008) with permission from Elsevier)
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(Nassif and Ghayad 2013). Dense MAO coatings on Mg-based alloys are being
developed using high voltage. In many studies, the porous coatings are used as the
intermediate layer for depositing Ca-P-based compounds (i.e. HA) (Duan et al.
2006). It has been observed that porous morphology can generate a pinning force,
when HA is deposited in the pores. In one of the previous studies of MAO coating on
Mg-Ca alloy (Gu et al. 2011), the effect of various voltages (range 360–400 V for
10 min) on the coating characteristics in terms of surface morphology and phase
constitution were extensively evaluated. The Mg-Ca alloy was employed as the
working electrode and stainless steel as a counter electrode. The solution of 10 g/L
Na2SiO3 with 3.5 g/L NaOH was used as the aqueous electrolyte. The morphology
of the surfaces and cross-section at different voltages is shown in Fig. 6.19.

Micropores and micro-cracks have also been seen in the MAO coatings, which
might be detrimental from the degradation perspective in the electrolyte solution.
Significant corrosion protection of MAO-coated Mg alloys can only be achieved by
tailoring the surface defects of the coatings. The sol-gel and organic polymer
material composite techniques have been applied to seal the pores of the MAO

Fig. 6.19 SEM images of the surface and cross-section morphology of MAO coating on Mg-Ca
alloy at (a) 300 V, (b) 360 V and (c) 400 V. (Reprinted from Gu et al. (2011) with permission from
Elsevier)
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coating, deposited on Mg-based alloys. Duan et al. (2006) fabricated MAO coating
on the AZ91 Mg alloy, followed by top coating sealing via multi-immersion
technique under low-pressure conditions. A physical interlocking between the
MAO layers and the sealing agent was observed in the SEM examination. Besides,
the sealing agents covered the surface uniformly and penetrated the pores and micro-
cracks present in the MAO layers. SEM micrographs of the surface and cross-
section, before and after the sealing process, are shown in Fig. 6.20.

Researchers have also explored the copper (Cu) element doping in MAO coating
on Mg-2Zn-1Gd-0.5Zr, to enhance antibacterial characteristics as well as degrada-
tion resistance of the Mg alloy (Chen et al. 2019). To fabricate Cu-added MAO
coating on Mg alloys, 1 g/L nano-CuO was mixed with the electrolyte ingredients
(1 g/L Nano-HA, 8 g/L KF and 3 g/L (NaPO3)6.

The coating parameters were as follows: working voltage—360 V, working duty
cycle—40%, working frequency—1000 Hz and preparation time—5 min. SEM
micrographs and XRD patterns of the coating is shown in Fig. 6.21. Micropores
sizes increase after the addition of Cu elements in MAO coatings (Fig. 6.21b). The
presence of Cu in the MAO coating was confirmed via XRD phase analysis.

Anodisation
Anodisation is another nanostructure coating technique on Mg-based materials. In
this technique, the surface of the working electrode (Mg metals) converts to oxide

Fig. 6.20 SEM micrograph of the MAO-coated (a) surface and (b) cross-section. Sealing of the
MAO coatings: (c) surface and (d) cross-section. (Reprinted from Duan et al. (2006) with permis-
sion from Elsevier)

6 Physico-chemical Modifications of Magnesium and Alloys for Biomedical. . . 155



film via an electrolytic oxidation process (Xue et al. 2011; Zhang et al. 2002). The
applied voltage or current significantly influences the anodising behaviour (film
thickness) of Mg-based alloys. Besides, various passive and active states can be
obtained by varying the applied voltage, current, time, substrate and electrolyte
(Yerokhin et al. 1999). Several aspects of anodisation that influence the coating on
Mg-based materials are shown in the schematic in Fig. 6.22. The selection of
electrolyte should be carefully designed to obtain thick, durable and non-toxic
coatings on Mg-based substrates. Xue et al. (2011) have synthesised coating via

Fig. 6.21 SEM micrographs and XRD pattern of the Cu-added MAO coating on Mg-2Zn-1Gd-
0.5Zr alloy. (Reprinted from Chen et al. (2019) with permission from Elsevier)
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the anodising process on the AZ91D Mg alloy. The potential of anodising on these
alloys was evaluated in terms of degradation resistance, by varying the applied
voltage, current and different anodising time (Xue et al. 2011). Increasing the time
of anodisation has changed the morphology of the surfaces and the size of the pores.
After 3 h of anodisation, the morphology of surfaces was smooth, but the pore size
was larger (Fig. 6.23).

In another study (Zhang et al. 2002), the effect of treatment time and the
temperature of electrolyte solution on anodising behaviour (film thickness) of
AZ91D Mg alloy was studied, as shown in Fig. 6.24. To some extent, the growth
of film depends on the applied voltage. Higher voltage is associated with the
increased film thickness, while anodising under constant current condition.

Laser Surface Modification
Laser surface modification of Mg-based alloy is attracting significant attention from
researchers for biomedical applications. It has the potential to offer a broad range of
possibilities in obtaining the required composition and microstructural modification

Fig. 6.22 Factors influencing the anodising behaviour of Mg-based alloys
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on the Mg-based surfaces via a range of laser and materials surfaces interaction.
Various laser surface modification approaches for Mg-based alloys are as follows:

• Laser surface melting (LSM).
• Laser surface alloying (LSA).
• Laser surface cladding (LSC).

Fig. 6.23 The effect of anodising time variation on the surface morphology and pore size of
AZ91D Mg alloy. (Reprinted from Xue et al. (2011) with permission from Elsevier)
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• Laser composite surface (LCS).
• Laser shock peening (LSP).

The Nd:YAG, CO2 and excimer lasers have been predominantly utilised to
modify the metallic surfaces (Singh and Harimkar 2012). Some of the significant
advantages of laser surface modification include noncontact processing, rapid
processing and the ability to produce novel and refined grain structure of Mg alloys.
The final microstructure, phase and composition of the coatings depend on several
factors like cooling rate, solidification rate, temperature gradient, interfacial effects
and elemental evaporation during the laser-surface interaction (Singh and Harimkar
2012). In the surface modification of Mg-based materials, the use of protective gases
during laser application becomes very important to shield the surfaces from
oxidation.

Ho et al. (2015) have performed the laser surface treatment using a 3-kW diode-
pumped ytterbium fibre laser system in continuous-wave delivery mode on
AZ31 Mg alloys at different laser processing parameters (energy density of 1.06,
2.12, 3.18, 4.24 and 5.31 J/m2 � 106). The grain size of the alloy decreased as the
energy density of the laser is increased (Fig. 6.25). Grain refinement of AZ31B Mg
alloy can be clearly observed with the increment of laser energy density (Fig. 6.25a,
f). Also, the effect of cooling rate on grain size variation is shown in Fig. 6.25.
Increasing the cooling rate resulted in the decrement in the grain size of alloy
(Fig. 6.25).

Coy et al. (2010) modified the AZ91D Mg alloy surface via excimer laser surface
melting, and a significant dissolution of the second phase of Mg17Al12 in AZ91D
was observed during laser surface processing. The number of pulses was varied
(10, 25 and 50) to get different sizes of the melted surfaces. SEM micrograph of the
cross-section is shown in Fig. 6.26. Similar results were also reported for WE43 and
ZE41 Mg alloys, using the laser processing technique (Guo et al. 2005; Khalfaoui
et al. 2010).

Fig. 6.24 The variation of film thickness to treatment time for anodising and solution temperature
of the electrolyte. (Reprinted from Zhang et al. (2002) with permission from Elsevier)
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6.3 Effect of Physico-chemical Modifications on Implant
Performance

In order to fabricate the ideal Mg-based implants, several efforts have been made by
the researchers with the different combinations of the properties. The strategies such
as alloying, surface treatment/coating and mechanical processing have been studied.
Different types of coatings have been used for enhancing the surface properties of
the Mg-based implants without compromising the bulk attributes. The primary list of

Fig. 6.25 The effect of processing parameters of laser surface treatment on the grain size of
AZ31 Mg alloy. (Reprinted from Ho et al. (2015) with permission from SAGE publications)
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properties for the design and development of Mg-based biodegradable implants are
as follows (Narayanan et al. 2014):

• Significant mechanical strength and integrity should be maintained until the
damaged tissue is healed correctly.

• The excellent corrosion resistance in the physiological environment during the
initial periods of implantation followed by the uniform degradation fashion.

• The excellent biocompatibility and bioactivity behaviour within the real body
environment.

• The protein adhesion and wettability are essential criteria to be focussed.

This section elaborates the effect of different physico-chemical surface modifica-
tion methods on corrosion, mechanical, protein adsorption wettability and biocom-
patibility behaviour of Mg-based alloys and their potential use in biomedical
applications.

6.3.1 Degradation Behaviour

The major challenge with the Mg-based implants is the high degradation rate when it
comes in contact with the physiological environment (standard electrode poten-
tial ¼ �2.37 V). The severe corrosion rate led to a rapid drop in the mechanical
integrity of Mg implants during the in-service condition. The interaction of Mg
metals with an aqueous environment involves the release of H2 gas as the
by-products and the formation of Mg(OH)2 layer. The strengthening and dissolution
of the Mg(OH)2 layer depend further on the elements present in the electrolyte and
immersion duration. The Cl� ions in the physiological solutions convert Mg(OH)2
layer into the MgCl2 (highly soluble chloride). Thus, hydroxide layers lose their
function when the concentration of Cl� ions in the body-fluid is above 30 mmol/L.
Hence, to design and develop the Mg-based implants for biomedical applications, it
is also necessary to understand the effect of physiological solutions on the degrada-
tion performance of the implants. The previous studies on the physico-chemical
modification of Mg-based alloy surfaces have shown significant control on the
degradation rate (Kumar et al. 2016; Li et al. 2010). The comparative efficacy of

Fig. 6.26 The cross-section image of the laser modified AZ91D Mg alloy at different pulse (a)
10, (b) 25 and (c) 50 pulse. (Reprinted from Coy et al. (2010) with permission from Elsevier)
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the different physico-chemical surface modification methods on the Mg-based
implants has been presented in Fig. 6.27. A range of ~20–90% reduction in the
degradation rate was observed after the deployment of different physico-chemical
methods on Mg-based alloys.

Hypothetically, a thick compacted coating is assumed to be a better solution to
resist corrosion behaviour of the Mg-based biomaterials. But the generation of
hydrogen bubbles at the coating interface limits the complete compact coating
through chemical methods. Hence, in several approaches, the researchers have
tried to apply a pre-treatment on Mg surfaces, which could improve the quality of
the coating adhesions. In one of the coatings (double-layer of HA and PLA) on Mg
metal (Oosterbeek et al. 2013), the researchers have shown the correlation of the
adhesion strength of coatings and degradation resistance. As per the outcomes, the
adhesion strength of the coating should be higher to get significant corrosion
resistance for a suitable immersion period. A detailed corrosion mechanism of
bioceramic polymer coating in the physiological environment is schematically
shown in Fig. 6.28. MAO coatings have received considerable attention amongst
other physico-chemical methods (Narayanan et al. 2014). The porous nature of the
coating improves the adhesion strength and better stress distribution over the Mg
substrate resulting in higher bonding strength. Besides, in the initial periods of
implantation, MAO coatings show a slow degradation rate, while accelerated degra-
dation is seen in later stages. The surface modification via different Ca-P compound
on Mg-Zn alloy was fabricated, and their corrosion resistance was evaluated in terms
of hydrogen evaluation. Fluoride-doped HA (FHA)-treated alloy showed lower
degradation resistance as compared to other coating materials (Fig. 6.29).

Besides, the surface modification via fluoride coatings on Mg-Ca and AZ31 Mg
alloy also significantly reduced the corrosion rate when compared to the base metal

Fig. 6.27 The efficacy of the different physico-chemical surface modification methods to tailor the
degradation rate
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Fig. 6.28 The schematic representation of the corrosion mechanism of coatings in the physiologi-
cal environment. (Reprinted from Oosterbeek et al. (2013) with permission from Elsevier)

Fig. 6.29 SEM micrograph of the coating and hydrogen evaluation tests for all the coatings.
(Reprinted from Song et al. (2010) with permission from Elsevier)
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(Drynda et al. 2010). However, the use of hydrofluoric acid for MgF2 coating
generation might be harmful to the operators as well as body environments.

The Ca-P-based compound coatings are getting significant interest in reducing the
corrosion rate of Mg-based implants. HA being bioactive, and having properties
such as osteoinductivity and osteoconductivity, makes it a better coating substance
to tune the corrosion behaviour of Mg-based materials (Jaiswal et al. 2020). Kannan
and Orr (2011) coated AZ91 Mg alloy with HA at different cathodic voltages to
improve the mechanical integrity by tailoring the degradation resistance in the SBF
solution. The uncoated AZ91 Mg alloy exhibited ~40% less mechanical strength
after 5 days of immersion. Further, the use of AZ91 alloys in biomedical implants
(presence of Al may cause Alzheimer disease), and short duration immersion testing
is still a concern for commercial uses.

Xiong et al. (2017) pre-treated AZ80 Mg alloy using laser shock peening (LSP)
followed by the fabrication of composite bio coating on it via micro-arc oxidation
(MAO) to enhance the mechanical integrity and degradation resistance in SBF
solution. The potentiodynamic polarisation curves are shown in Fig. 6.30.
LSP-treated samples have shown grain refinement and consequently enhanced
corrosion resistance.

6.3.2 Mechanical Integrity of the Coatings

The mismatch of the physical, chemical and mechanical properties of the Mg
substrate and coating materials results in stress and strains in the materials system,
which can develop the premature crack in the modified Mg surface. The develop-
ment of any possible micro-cracks in the coating allows the aggressive ions to enter
the interface and accelerate the degradation process. Additionally, the reliability and
solidity of the surface-modified Mg implant in vivo depend on the localised

Fig. 6.30 The potentiodynamic polarisation curves for different coating technique. (Reprinted
from Xiong et al. (2017) with permission from Elsevier)
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mechanical properties of the coatings. So, the local mechanical properties of the
coatings become necessary for the reliability of implants. Hardness (H) and elastic
modulus (E) of the coatings have been extensively studied in the available literature.

In one of the HA coatings, via radio frequency (RF) magnetron sputtering, on
AZ91D Mg alloy showed an improvement of ~370 and 80% for hardness and elastic
modulus, respectively, as compared to uncoated AZ91D Mg alloy (Melnikov et al.
2017). In another study, a thin layer of HA was synthesised on the AZ31 Mg alloy
via RF magnetron sputtering at the bias of 50 V. An increment of ~82 and 46% in the
H and E values of the coated AZ31 alloy was observed, in comparison to bare
AZ31 Mg alloy (Surmeneva et al. 2015). It has been seen that the nanoindentation of
the thin film is very sensitive towards the surface roughness, elastic anisotropy, grain
size and the film thickness on the substrate. The changes in surface roughness and
annealing temperature of HA film could change the hardness and elastic modulus
values of coatings. Similar behaviour was observed in other studies of HA coating on
Mg-3Zn substrate via sol-gel technique (Singh et al. 2015). The characteristics
values of hardness and Young’s modulus of micro-arc-oxidised (MAO) coating,
grown on the AZ31B Mg alloy, were evaluated via Weibull approach and obtained
as 3 and 90 GPa, respectively (Dey et al. 2013). Further, sealing of the micropores on
MAO coating showed a marginal increment in the E values, while H values
remained the same even after sealing.

The EPD of HA coating on Mg-3Zn substrate was evaluated in terms of the
biomechanical stability of the coating, which was the function of surface roughness
of the substrate and the sintering temperature of the HA coating (Kumar et al. 2016).
The load versus displacement plot for the nanoindentation study is shown in
Fig. 6.31. At 400 �C of annealing, mechanical properties, that is, H, E and fracture
toughness, increased by 30%, 26% and 73%, respectively, with the decrease in
surface roughness of the coating from 130–150 to 15–20 nm. While keeping the
surface roughness constant (i.e. 15–20 nm), changes in temperature of annealing
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Fig. 6.31 The load versus
displacement curve for the
nanoindentation study of EPD
coated HA on Mg-3Zn alloy.
(Reprinted from Kumar et al.
(2016) with permission from
Elsevier)
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(from 300 to 400 �C) caused an increment in H, E and fracture toughness by 37%,
47% and 48%, respectively.

The bredigite ceramic (Ca7MgSi4O16)/anodic spark deposition (ASD) coating on
AZ91 Mg alloy was fabricated via EPD methods (Razavi et al. 2014a, b, c). The
compression test of SBF immersed bare AZ91 samples, ASD and bredigite/ASD-
coated samples were performed after 4 weeks. Interestingly, only a 5% decrement in
the strength of bredigite/ASD-coated samples was observed. The coating of
bredigite on the Mg alloy delayed the corrosion and consequently retained the
compressive strength. On another effort, plasma electrolytic oxidation (PEO)-coated
samples showed minimal effect on the tensile strength (Fig. 6.32a), as compared to
bare Mg (Gao et al. 2015). The presence of compressive in-plane residual stress in
the coated sample offered comparatively better fatigue performance than the bare
Mg in the low-cycle region (Fig. 6.32b). However, a reduced fatigue limit was
reported in the high-cycle region due to the increased roughness of the coating/
substrate interface. Surface modification of Mg alloys via Ca-P deposition by IBAD
method showed an increment in the H and E values by 77.5 and 55.7%, respectively,
when compared to the naked substrate sample (Yang et al. 2008).

Further, other available literature have also shown improvement in the mechani-
cal behaviour of the Mg-based materials after surface modifications (Xiong et al.
2017; Wang et al. 2011; Butt et al. 2017; Diez et al. 2016; Bakhsheshi-Rad et al.
2014; Razavi et al. 2014a, b, c; Bakhsheshi-Rad et al. 2016a, b).

6.3.3 Protein Adhesion Study

During implantation in the physiological milieu, protein adsorption is the spontane-
ous action that occurs on the implant, followed by cell attachment, proliferation and
migration. Hence, it becomes necessary to understand the protein adsorption mech-
anism and factors affecting it in designing the biocompatible material and fracture

Fig. 6.32 (a) The tensile stress-strain plot and (b) S-N fatigue curve for coated and non-coated Mg
samples. Dotted lines show the required values for real service conditions. (Reprinted from Gao
et al. (2015) with permission from Elsevier)
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fixing accessories. Due to the presence of different sizes of proteins and their affinity
towards the implant surface, the mobile and smaller proteins (e.g. albumin) dominate
the protein adsorption phenomenon and later replaced by the more abundant proteins
(fibrinogen).

The physical and chemical characteristics of implant surfaces tailor the quantity,
density, conformations and orientations of the adsorbed proteins. The driving forces
such as electrostatic interactions, Van der Waals forces and hydrogen bonding are
the primary cause for protein adsorption on metallic surfaces. Besides, the hydro-
philic and hydrophobic nature of the implant surfaces also influences the amount of
protein adsorption. The protein-surface interactions at the molecular scale are
governed by the pH of the media and surface roughness. However, very few studies
are available on the protein adhesion of the surface-modified Mg-based implants
(Dubey et al. 2019a, b, c; Virtanen 2011; Jaiswal et al. 2019a, b; Silva et al. 2010;
Zeng et al. 2014).

Zhang et al. (2020) studied the proteins interaction mechanism of MAO-coated
biodegradable AZ31 Mg alloy. A thin protein layer (of albumin) was adsorbed on
the MAO-coated surfaces due to the electrostatic interactions. Eventually, the
corrosion rate of the MAO-coated Mg alloy decreased by ~25%. Further, the
PEO-treated pure Mg alloy (Wan et al. 2013) was immersed in different
environments: simulated body fluid (SBF), sodium chloride (NaCl) and phosphate
buffer saline (PBS) with the addition of albumin. Figure 6.33 shows a schematic
illustration of the degradation mechanism of PEO-coated Mg alloy immersed in two
different solutions, that is, PBS and albumin-added PBS solutions. The albumin
acted as an inhibitor and enhanced the degradation resistance of PEO-coated Mg
alloy surface. The corroded micrographs of the PEO-coated Mg alloy, after 14 days
of soaking in the different solutions, are depicted in Fig. 6.34. Protein adsorption on
coated Mg impeded coating degradation and enhanced the degradation resistance
due to the synergetic effect of protein adsorption and salts.

6.3.4 Wettability Study

The hydrophilic and hydrophobic nature of the implant surface determines the
efficacy of the cell adhesion, protein expression and growth of new bone tissue on
the Mg-based implants. Hence, surface wettability is another vital parameter for the
development of biocompatible surface-modified Mg-based implants.

Most researchers have used water as a medium for contact angle measurement.
The study reveals that the Mg-based implants become hydrophilic after coatings
(Bakhsheshi-Rad et al. 2017). Figure 6.35 is showing the contact angles of different
coated samples in the water medium. The deposition of ZnO on Mg-based alloys
increased hydrophobicity. However, the presence of Si-OH functional groups in
baghdadite coating (absorbs water molecules by H2 bonding) increased the wettabil-
ity. A similar observation was made in other studies (Bakhsheshi-Rad et al. 2016a, b;
Amaravathy et al. 2014a, b), and it has been noted that coatings provided increased
surface roughness, offering larger contact area.
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Further, Nb2O5-coated substrate, via the sol-gel process, shows higher surface
free energy (66.40 mJ/m2) than the uncoated surface (30.77 mJ/m2) (Amaravathy
et al. 2014a, b). The presence of a vast amount of hydroxyl groups acted as sites for
water adsorption and improved the wettability and surface free energy.

6.3.5 Biocompatibility Study

Biocompatibility is a property of high relevance in the development of biomedical
implants. The surface-modified layers should not elicit any toxic effects in the
human body. Thus, biocompatibility study becomes an essential criterion while
designing the modified surface of Mg-based materials. There are various methods
through which the cytotoxic behaviour of surface-modified Mg-based systems can
be assessed. These methods typically involve cell viability, MTT assay, DAPI
staining and live/dead assay in vitro studies, whereas in vivo studies give histologi-
cal and X-ray analysis. The surface biocompatibilities of the implants at the initial
stages are substantially affected by the chemical composition, microstructure and

Fig. 6.33 Schematic illustration of the corrosion mechanism of PEO-coated Mg substrate
immersed in PBS and albumin-added PBS solutions. (Reprinted from Wan et al. (2013) with
permission from Elsevier)
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physicochemical properties of the modified coatings. Besides, the biocompatibility
of the implants is also tuned by the degradation products, which is directly related to
the compositions of the modified coating layers. Figure 6.36 is showing the sche-
matic illustration of surface roughness variations on the biocompatibility of the
surfaces.

The surface chemistry (addition of calcium and phosphates) and roughness of the
fabricated coatings on the Mg-based materials significantly affect the cell adhesion
behaviour (Lorenz et al. 2009). Further, the corrosion product of the surface-
modified Mg-based implants also influences the initial biocompatibility (Gu et al.

Fig. 6.34 The SEM micrograph of the degraded PEO-coated samples captured after 14 days of
immersion in the different solutions (a, b) PBS, (c, d) PBS + albumin, (e) NaCl and (f) NaCl
+albumin. (Reprinted from Wan et al. (2013) with permission from Elsevier)
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2011; Wong et al. 2010; Wang et al. 2013a, b, Keim et al. 2011; Lorenz et al. 2009).
In one of the studies, the alkaline treatment (soaking time-24 h and annealing at
500 �C for 12 h) of Mg-1.4Ca alloy fabricated an MgO layer on the Mg alloy. No cell
toxicity (L929 cells 7-day culture) was found for the heat-treated Mg alloy (Gu et al.
2011). In another study, pure Mg surface, modified with NaOH solution at room

Fig. 6.35 The contact angle measurement of uncoated, ZnO-coated and baghdadite-coated Mg
alloy. (Reprinted from Bakhsheshi-Rad et al. (2017) with permission from Elsevier)

Fig. 6.36 The schematic representation shows the biocompatibility behaviour with the roughness
of coating surfaces (Rahman et al. 2020)
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temperature for 24 h, led to reduced cell densities (Keim et al. 2011). The WE43 Mg
alloy, modified in phytic acid at different pH values, exhibited better cell viability
compared to the non-modified alloys (Ye et al. 2012) (Fig. 6.37). Guan et al. (2012)
electrophoretically deposited HA on the Mg-4.0Zn-1.0Ca-0.6Zr alloy. The higher
growth rate of L929 fibroblasts was seen on the HA-coated samples in comparison to
uncoated Mg alloy.

Micro-arc oxidation coatings have shown tremendous potential in enhancing the
cell compatibility of the Mg-based materials (Zeng et al. 2016; Bakhsheshi-Rad et al.
2018; Xu et al. 2020). Strontium (Sr)-doped MAO coating deposited on the
ZK60 Mg alloy showed cell viability for MC3T3-E1 cells and alkaline phosphatase
(ALP) activity, which significantly improved with Sr-incorporated coating (Lin et al.
2014) (Fig. 6.38).

The composite coating of HA-chitosan on Mg alloy (AZ31) using aerosol
deposition technique showed better biocompatibility than the only HA coating.
The presence of chitosan in the composite coating enhanced the bioactivity of the
surfaces (Hahn et al. 2011). The initial biocompatibility behaviour of the implants is
assessed via in vitro studies. In contrast, the in vivo studies give insight into the
tissue response and long-term degradation profile of the surface-modified Mg-based
implants. Wang et al. (2013a, b) performed a bioactivity assessment of MgF2- and
Ca-P-coated Mg-3Zn-0.8Zr alloys separately using the in vivo implantation in the

Fig. 6.37 The cell viability behaviour of phytic acid-modifiedWE43Mg alloy at various pH scale.
(Reprinted from Ye et al. (2012) with permission from Elsevier)
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femoral shaft of the rabbits. The new trabecula bone formed was much neat for the
MgF2 sample compared to Ca-P and bare samples (Fig. 6.39). There was no sign of
inflammation and gas around the implant/bone interface after 3 months of implanta-
tion. Chen et al. (2019) utilised MAO/ED composite coating on Mg-Zn-Ca alloy for
possible implantation in the femur shaft of white rabbit (New Zealand). It took
8–18 weeks to form new bone around the MAO/ED-coated sample, which was
similar to the original bone tissue. After 50 weeks, the coated sample was degraded
completely.

6.4 Summary, Challenges and Future Directions

The most widely used surface-modified coating techniques, particularly for
Mg-based materials, have been found to enhance corrosion, mechanical behaviour,
wettability, protein adhesion and biocompatibility behaviour, indicating their poten-
tial use in biomedical application. An extensive survey of several biocompatible
coating techniques and their influence on Mg-based materials, accomplished over
the decades, has been summarised in this chapter. The improvements of the primary
concern, that is, the high degradation rate of Mg-based materials, have been exten-
sively discussed.

The selection of appropriate coating material, coating technique and factors
affecting processing parameters are an essential task to achieve accurate and appro-
priate degradation rates of the surface-modified Mg-based substrates. The most
common coating used is Ca-P-based compounds, but its limitation is instability
during more prolonged exposure to the physiological environment due to cracks
development in the coatings. Electrophoretic deposition is a predominantly used
coating method for the deposition of HA and doped HA (with F, Zn, Si and Sr) on
Mg-based substrates. However, in EPD, significant adhesion of the coating to the
substrate is a major limitation due to the low melting point of the Mg metal. The
dip-coated biodegradable polymer composite on Mg-based materials has not shown
significant long-term degradation protection. The anodising method develops pas-
sive oxide layers on the surface of Mg-based materials and has shown tremendous
potential in corrosion resistance improvement. However, the formation of structural

Fig. 6.38 Fluorescence images showing the live/dead dye-stained preosteoblasts captured after
24 h of cultivation on the surfaces of (a, b) P and Sr-P coating and (c) bare ZK60 alloys. (Reprinted
from Lin et al. (2014) with permission from Elsevier)
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defects and substrate “age softening phenomenon” limits their extensive use for the
surface modification of Mg-based materials. MAO techniques have also proved their
potential in reducing the degradation rate of Mg-based materials. The presence of
higher pore density on the MAO-modified Mg-based materials surface restricts their
widespread application in a highly corrosive environment (e.g. body fluids). Laser-
based surface modification of Mg-based materials has also significantly improved

Fig. 6.39 Histological images of (a, b) the interfaces (implant/bone) around uncoated, (c, d) Ca-P-
coated and (e, f) MgF2-coated alloy after 3 months of operation. (In the micrographs, I stands for the
implant, N for the newly formed trabecular bone and circle denotes magnesium granules).
(Reprinted from Wang et al. (2013a, b) with permission from Elsevier)
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the degradation resistance in the physiological environment (e.g. SBF). However,
the limitations such as the coarse microstructure formation and cracks induced due to
laser irradiation by high thermal stress during operations need to be tailored for wide
acceptability.

Hence, there is still scope in the design and development of areas, which need
attention in engineering the surfaces of the Mg-based biomedical implants. Future
studies are recommended to develop defect-free coatings on Mg-based implants.
Effective collaboration amongst interdisciplinary fields such as biology, engineer-
ing, materials and medical science is imperative to focus on the future significant
clinical development of effective coating methods on Mg-based materials.
Functionalised processing of the coating is currently developing with great potential
in the future. A combination of surface modification method could also assist in
achieving the specific surface requirement. The studies like self-healing coatings and
functionally gradient coatings can be explored for the potential application in
biomedical application. A more extended period (e.g. 6–12 month) of in vitro and
in vivo studies is required for developing surface-modified implants to check the
efficacy of coatings. Due to the high susceptibility of Mg-based materials to
localised corrosion, effective surface modification is required to retain the mechani-
cal integrity of implants for a longer duration into the body fluid. The journey to
modify the surfaces of the Mg-based materials to offer both long-term degradation
resistance and significant biocompatibility for biomedical application continues.
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Metallic Foams in Bone Tissue Engineering 7
Somasundaram Prasadh, Sreenivas Raguraman, Raymond Wong,
and Manoj Gupta

Abstract

Bone defects occur due to factors such as congenital anomaly, trauma, and
osseous deficiency following resection of tumours. Biomaterials are required
for bone augmentation of the lost bone architecture. Clinicians attempting to
regenerate the tissue and restore its function and aesthetics because of trauma,
pathology, or congenital defects face a substantial challenge. The concept of
using metallic foam in bone tissue engineering is a key factor in the regeneration
of critical size bone defects. Significant research efforts have been dedicated to
the development of metallic foams for bone tissue engineering due to their
suitable mechanical and biological properties. Although, at present, most of the
studies are focused on non-load bearing materials, many materials are also being
investigated for hard tissue repair. Several biocompatible metallic foam materials
such as titanium alloys, tantalum, iron, zinc, and magnesium alloys have been
commonly employed as implants in biomedical applications. They are often used
to replace and regenerate the damaged bones or to provide structural support for
healing bone defects. The bone cells develop on the porous regions of the
implants. These cells develop over the surface of the foam, which imparts the
integrity and strength. The scaffolds help in regeneration of the biological
structural components of the extracellular matrix. This chapter focuses on the
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commonly used metallic foams for bone tissue engineering, their properties,
applications, and cellular interactions.

Keywords

Metallic foams · Tissue engineering · Titanium · Magnesium · Scaffolds

7.1 Introduction

Amongst all the tissues, bone is the tissue that is transplanted the most. The
autologous bone grafts, which are currently the best standard, have few limitations.
These limitations mainly include the requirement of secondary surgery for graft
removal, increased morbidity, and lower availability. Besides, the grafts procured
from animals may lead to issues such as immune attack and transmission of diseases,
making it difficult for graft application Prasadh et al. 2020. To overcome these
limitations, in recent days, there have been several studies conducted in the devel-
opment of synthetic materials for graft applications. Bone grafting is required in
situations where clinical treatment becomes a significant difficulty, as in the critical-
sized defects in bones, which are the result of pathological fractures and high impact
injuries. As mentioned above, autografts are still considered the best despite their
significant limitations (Campana et al. 2014; Keating et al. 2005). The major
limitations of allografts and xenografts, including disease transmission, poor osteo-
genic properties resulting in bone absorption and failure, and complications involved
in immunity response, lead to their limited usage (Athanasiou et al. 2009; Dimitriou
et al. 2011).

Due to their enhanced mechanical properties, metals are the commonly used
biomaterials involved in implant applications when compared to their polymeric
and ceramic counterparts. Excellent tensile strength, fatigue strength, and fracture
toughness deem metals to be amongst the best candidates for medical device
fabrication used in the replacement of hard tissues such as hip and dental implants,
bone plates, and coronary stents (Niinomi 2008). Porous materials are widely
considered for such biomedical applications that require a 3D porous network
combined with enhanced mechanical properties, in addition to excellent biocompat-
ibility and regulated degradation. The major applications of these are porous bio-
medical devices and prostheses, in vitro and in vivo scaffolds for tissue
regenerations, macro-, micro-, and nano-particulate foams for drug delivery, diag-
nostic and sensing, and 3D culture platforms used for the investigation of cancer
development and response to drug. The performance of these biomedical foams—
and therefore their field of application—resides in the sapient control over the
different features and functionalities of the foams which in turn depends on the
appropriate selection of materials and fabrication processes. For example, in design-
ing porous scaffolds for tissue engineering, the porous structure, including surface-
to-volume ratio, pore size, and interconnection degree, is a key factor in controlling
cell behaviour and new tissue development (Salerno et al. 2009; Hasan et al. 2018b).
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The functionality of the foams can be further enhanced by the integration of the
control over cell fate through control of morphogen spatially and chronologically,
and delivery of growth factor from the scaffold material (Biondi et al. 2008; Chan
and Mooney 2008; Sands and Mooney 2007). The fabrication of the biomedical
foams can be carried out by using several processing techniques, which have specific
control over their morphological, microstructural, and nano-structural characteristics
and their degradation properties (Chevalier et al. 2008; Guarino et al. 2008).
Moreover, the recent developments in lower temperatures and toxic-free processes
had led to controlled sequestration and release of bioactive moieties (Lavan et al.
2003).

In the past decade, the introduction of computer-aided approaches, micro-
fabrication technology, and micro-fluidic segregation has led to vast development
and enhancement in the architecture and composition of biomedical foams (Choi
et al. 2007; Hollister 2005; Melchels et al. 2010; Sands and Mooney 2007). This has
further led to the elucidation of many underlying mechanics, thereby leading to the
development of foams and scaffolds with multiple functions and enhanced
performances. In the present scenario, considerable research is being carried out
for designing and fabricating the miniaturized foams that have nanoscale properties,
which could be a combination of technological potential with cues from biophysics
and biochemistry. These devices can be used for several applications such as
building blocks for in vitro cell culture and in vivo regeneration of tissues, in situ
therapeutic/prophylactic treatment, sensors and actuators for improving health, and
many others.

7.2 Requirements of an Ideal Metallic Foam

7.2.1 Biological and Structural Prerequisites for an Ideal Scaffold
for Tissue Engineering

The use of natural macromolecules (collagen, chitosan, silk) for the synthesis of
scaffolds, which are meant for the engineering of tissues, has developed significantly
(Gao et al. 2015; Malda et al. 2007). The idea is to seed to the patient’s cell before
implantation into the body within the scaffold (Jonitz et al. 2011). These scaffolds
could be directly implanted to support in situ cell growth, proliferation, and regener-
ation of tissues (Li and Kawashita 2011). However, the approach taken does not
have a significant influence as the scaffolds are seldom of immense importance due
to their influence in cell growth and promotion of maturation in tissues (Jonitz et al.
2011; Kraus et al. 2012). Over the past few years, many studies have been carried out
in this field for the development of suitable scaffolds and their applications (Fig. 7.1)
(Chen et al. 2014; Li and Kawashita 2011; Zhang et al. 2014).

Biomaterial scaffolds should meet several requirements for tissue engineering
applications (Fig. 7.2). These include:
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1. Biocompatibility (based on the intended use).
2. Biodegradability (based on the clearance through normal pathways).
3. Porosity (based on effective cell/nutrient transport).
4. Equivalent mechanical properties to the intended tissue.

Fig. 7.1 Application of metallic foams

Fig. 7.2 Requirement of metallic foams for bio-applications
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5. Similar structural morphology as of the intended tissue, to have similar conditions
as in vivo conditions (Cox et al. 2015; Leukers et al. 2005; Seitz et al. 2005).

Based on the tissue involved, the characteristic requirement varies. These
requirements are illustrated in the forthcoming subsections.

7.2.2 Biocompatibility

The biocompatibility of the scaffolds is significant in tissue engineering as it ensures
proper functioning and low toxicity (Mandrycky et al. 2016; Qi et al. 2017). There
have been several researches (both in vitro and in vivo) conducted, which mentioned
low cytotoxicity of nanocellulose-based materials (Eqtesadi et al. 2016; Hench 2006;
Ilharreborde et al. 2008; Liu and Ma 2004; Mendoza García et al. 2017; Nocera et al.
2018; Ravi and Chaikof 2010; Saranya et al. 2011; Westhauser et al. 2016a; Zhu and
Marchant 2011).The route internalization combined with inhalation has a significant
influence over the biocompatibility, thereby representing a major issue, which is the
higher aspect ratio in the nanocelluloses (Buyuksungur et al. 2017; Goh and Ooi
2008; Teixeira et al. 2019; Wang et al. 2016; Westhauser et al. 2016b). These
nanocelluloses are of great promise to tissue engineering as they are usually
haemocompatible and biocompatible (Ge et al. 2009c). Due to the absence of a
mechanism to explain the breakdown of cellulose by enzymes, there is a requirement
of new testing techniques to measure the bio-distribution of nanocellulose and
clearance (Mendoza García et al. 2017).

7.2.3 Biodegradability

In tissue engineering, the absence of nanocellulose breakdown by enzymes in almost
all species in vivo should be given consideration. Hence, it is important to identify
the inflammatory response for prolonged periods through the chronic toxicity studies
in vivo (Ge et al. 2009a, b). The degradation of scaffolds must ideally occur in vivo
post the regeneration of the newer tissues (Ikeda et al. 2009). This degradation
should happen at particular periods alone based on the growth of the interested
tissue. Hence, it is imperative to study further the mechanisms of clearance of the
nanocellulose that biodegrade partially (Nagura et al. 2007). This clearance depends
on a multitude of nanocellulose properties such as type, aspect ratio, surface
chemistry, etc. Also, the overall clearance could be influenced by the degradable
nanocellulose combined with other polymer matrices, or in vivo-tested cross-linked
chemistries (Chia and Wu 2014; 池田里砂 2011).
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7.2.4 Porosity

The numerical translation of the quantity of void space associated with the given
geometry’s volume is referred to as porosity. The porosity is the most exceptional
feature that helps in differentiating the scaffolds in the case of tissue engineering.
The nanocellulose is very suitable for such applications due to the possibility of
maintaining the mechanical strength and ability to customize the porous 3D-based
architectures. The interconnectivity of the pores plays a significant role as this leads
to the removal of wastes and diffusion of oxygen and nutrients (Lin et al. 2016). The
infiltration of cells and blood vessels is also important as they spread through the
entire scaffold without compromise on the new tissue formation (Morris et al. 2017;
Rajaram et al. 2015).

The scaffolds possessing hierarchical morphologies in combination with
increased porosity encourages initial stage of osteoinduction. The pore size also
affects behaviour of the cells and the growth of blood vessels. Thus, the pore size
needs to be controlled to promote the regeneration of tissues (Liu et al. 2013; Huh
et al. 2018; Kim et al. 2017a; Lin et al. 2016; Morris et al. 2017; Mozdzen et al.
2016; Rajaram et al. 2015; Williams et al. 2005). The investigation carried out by
Murphy et al. (2010) revealed that cell count was larger in porous scaffolds with
120–325 μm size range. The investigations of Mandal and Kundu (2009) revealed
the multiplication and relocation of the human dermal fibroblast cells on 3D
scaffolds, having pores in 200–250 μm size range. Oliviero et al. (2012) stated
that the pore size should be at least in the range of 30–40 μm to ensure the nutrient
diffusion within scaffolds. Artel et al. (2011) demonstrated that the rate of vasculari-
zation in scaffolds rises with size of pores increasing from 160 to 270 μm, which
augment neovascularization. As mentioned in the earlier paragraphs, cryogels are
prioritized over aerogels due to the pore size (micrometric/sub-millimetric range).
Thus, scaffold’s features such as porosity, pore size, and pore interconnectivity can
be tuned by ice-templating. Nevertheless, super-critically dried gels as well as foams
are suitable for applications including insulation, cargo delivery, catalysis, and
adsorption (Budtova 2019; Kobayashi et al. 2014; Yang et al. 2017b).

7.2.5 Mechanical Performance

From the previous sections, it can be understood that porosity is necessary for
several applications, which involve nanocellulose 3D scaffolds. However, the
issue is that porosity negatively influences certain important properties such as
strength (Hollister 2005). Hence, it is necessary to achieve a balance as the scaffolds
should possess sufficient mechanical properties almost equivalent to that of a regular
tissue, and should augment the cell migration and regeneration of tissues
(Karageorgiou and Kaplan 2005). The mechanical integrity of nanocellulose is not
suitable for stiffer tissues, including load-bearing tissues such as bones and
cartilages. Therefore, to improve mechanical properties without compromising on
porosity, covalent cross-linking of nanocellulose might be required (Tang et al.
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2019). Amongst appropriate cross-linkers, tannic acid (Huang et al. 2018), 1,2,3,4-
butane tetracarboxylic acid (BTCA) (Hamedi et al. 2013), citric acid (Kim et al.
2017b), sodium (meta)periodate (Cervin et al. 2016), and commercial products
including Kymene™ (Zhang et al. 2012) have been reported. Based on the chemical
nature, glyoxal, genipin, and glutaraldehyde have been suggested as well (Huang
et al. 2018; Kim et al. 2017b; Naseri et al. 2016). Additionally, the creation of
reversible, noncovalent cross-links namely hydrazone bonds and supramolecular or
supracolloidal interactions, including ionic cross-linking between oppositely
charged nanocelluloses, is highly desirable in enhancing the mechanical integrity
while concurrently facilitating biodegradation.

The microstructure can also be modified to obtain suitable mechanical behaviour
of nanocellulose dried gels and foams. Tripathi et al. (2019) correlated the long-
range order of CNC into nematic and chiral nematic phases. This correlation was
carried out through non-solvent-induced phase separation, evaporation-induced self-
assembly, and supercritical drying post changing the solvents to acetone.

7.2.6 Structural Morphology

The internal and surface structure of a scaffold are very significant and influence
several factors affecting the promotion of natural cellular functions such as adsorp-
tion of proteins and cell adhesion (Fabbro et al. 2012). Pattison et al. (2005) carried
out studies that revealed a positive relation between scaffold roughness and attach-
ment and proliferation of the cell. Moreover, studies revealed that smooth surfaces
facilitated the multiplication of multipotent cells into a specialized cell types, such as
fibroblasts. In contrast, the rough surfaces promoted the differentiation of other cell
types, including the ones implicated in bone formation (Boyan et al. 2017; Schwartz
et al. 1999). The cell growth can be influenced by factors including scaffold
anisotropy as in myoblast cells, where they preferentially grow towards the direction
of nanocellulose alignment (Dugan et al. 2010, 2013). Hence, it is essential to tailor
the surface of the scaffolds for each application intricately. In conclusion, these
nanocellulose-based scaffolds must attach, provide support to tissues, and offer a
structurally coherent environment for regeneration.

7.3 Non-biodegradable Metallic Foams

The most commonly used biomaterials employed for replacing the structural
components of the human body are the metals due to their superior mechanical
properties compared to polymers and ceramics (Table 7.1) (Rahim et al. 2018).
Besides, metals exhibit enhanced tensile and fatigue strength and fracture toughness,
thereby making them suitable for the devices used in hard tissue displacements such
as artificial hip joints, bone plates, coronary stents, knee implants, and dental
implants (Niinomi 2008). In the recent past, magnesium-based alloys have been
employed to synthesize biodegradable bone implants. The lower density of the
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magnesium, its requirement in metabolism, and mechanical properties similar to that
of bone tissue assist in enhancing mechanical strength (Niinomi 2008; Staiger et al.
2006). However, the degradation rate of pure magnesium is very high; hence, it is
often alloyed with minor additions of calcium, zinc, aluminium, manganese, or rare-
earth elements to slow the degradation rate (Staiger et al. 2006).

The commercially used metallic biomaterials used in implant applications are
Type 316L stainless steels, cobalt-chromium-molybdenum alloys, commercially
pure titanium, and Ti-6Al-4V alloys (Sumita et al. 2004). These materials were
initially developed for industrial purposes; however, they have been used in bioma-
terial applications due to their enhanced corrosion resistance and mechanical
properties. The bio-performances of these metals can be modified using techniques
such as alloying, annealing, and surface treatment technologies. The 316L austenitic
stainless steel is one of the most commonly used bio-metals due to its lower cost
compared to other alloys, including cobalt-chromium alloys and titanium alloys
(Niinomi 2008; Staiger et al. 2006; Sumita et al. 2004). Nickel-free alloys are also
being developed to further enhance corrosion resistance, by replacing the Ni with
other austenitic stabilizers such as nitrogen and manganese (Sumita et al. 2004).

7.3.1 Titanium-Based Foams

Titanium-based alloys have several advantages such as enhanced biocompatibility,
high specific strength, low Young’s modulus, and enhanced resistance to corrosion.
Due to these properties, they are used for scaffold applications for bone formation
and remodelling in critical defects (Spoerke et al. 2008; Hasan et al. 2018a). The Ti
alloys are used as implant materials to augment support for bone healing in various
forms, such as plates (Souer et al. 2010), meshes (Sakat et al. 2016), or cages (Siu
et al. 2018) in orthopaedic fields (Guo et al. 2013) (Fig. 7.3).

The fabrication of porous Ti-6Al-4V scaffolds via inkjet-based powder-bed
printing process was first carried out by Barui et al. (2017), where the total porosity
was 57% inhomogeneous porous designs and 45% in gradient porous designs. The
interconnectivity was around 99% amongst the micron-sized pores. The compres-
sive yield strength of 47 MPa and elastic modulus of 2 GPa was seen on homoge-
neous scaffolds upon uniaxial compression, whereas in gradient scaffolds, the yield
strength and elastic modulus observed were 90 MPa and 3.3 GPa, respectively
(Barui et al. 2017). Cho et al. (2015) illustrated the application of 3D titanium
implants for cavalier defects, which were results of traumatic subdural hematoma
and meningioma. The tailor-made 3D porous titanium implant had been given to
reconstruct the cavalier, which was synthesized per patient-specific 3D-computed
tomography data. It was observed that implants fitted accurately without any
complications 6 months post implant insertion, thus reported satisfaction (Cho
et al. 2015). Park et al. (2016) conducted clinical trial on patients having large
skull defects. The treatment was carried out using a custom-made 3D titanium
implant. The implant fixation and symmetry of the skull remained good post follow
up as well (Park et al. 2016).
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In the recent past, multiple research efforts have been made for the application of
three-dimensional titanium implants in orthopaedic trauma. Hamid et al. (2016)
reported a case of open, comminuted distal tibia and fibula fractures with the
segmental bone defect of the distal tibia. 3D-printed titanium scaffold was packed
with mounts of autografts and allografts and was used to replace the distal tibia and
talus. 13 months follow-up showed successful bone integration, and the patient
returned to normalcy without discomfort (Hamid et al. 2016). Non-biodegradable
nature of scaffolds composed of Ti-based alloys limits their use in the repair of bone
defect, but their usage in treating massive segmental bone defects is still favoured.

Titanium is chemically unreactive in the physiological environment, and it has the
ability of osseointegration with bone (Davies 2007; Behera et al. 2020a). Upon
oxidation, titanium forms a stable oxide layer, providing enhanced biocompatibility.
This passive oxidation layer is self-passivating; in other words, it can regenerate
autogenously. The nature of this oxide layer prevents corrosion and a significant
influence on physicochemical properties namely crystallinity and segregation of
impurity. Enhanced biocompatibility is observed in the titanium alloys compared
to other alloys. Titanium-aluminium-vanadium alloys exhibit superior mechanical
strength when compared to commercially pure titanium and is thus widely used in
total joint implants. The major issue with these Ti-6Al-4 V alloys is the presence
of V, which is toxic in elemental form, thus leading to the development of novel beta
Ti alloys with elements such as Ta, Nb, and Zr, which are not toxic in nature
(Okazaki 2001).

Fig. 7.3 Fabrication of titanium (Ti) foam by the powder sintering method. (Reprinted from
(Matsushita et al. 2017) with permission from Elsevier)
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Excellent biocompatibility can be observed in porous Ti-based alloys (Behera
et al. 2020b). In recent decades, bioactive meshes composed of Ti have been
incorporated in spine fusion surgery (Zdeblick and Phillips 2003). The cylindrical
titanium mesh cage is being used for the past 15 years for anterior lumbar interbody
fusion (ALIF). The Ti-based mesh cages were utilized for bone grafts in spinal
fusion which were limited due to complications and morbidity in the second site
[74]. This problem can be rectified by the usage of hydroxyapatite to provide
bioactivity and to augment osteoconduction (Thalgott et al. 2002; Niu et al. 2005).
Regardless of the development of various alloys for tissue engineering, the titanium-
based alloys are the widely used and considered the best. Ti being paramagnetic is
harmless to patients undergoing magnetic resonance imaging (MRI). The addition of
certain growth factors can enhance osseointegration property. In applications such as
mandibular reconstruction or bone augmentation or implant defects, higher bone
regeneration has been achieved with the delivery of TGF-β and BMP-2 via Ti-based
scaffold (Jansen et al. 2005). The BMP-2 growth factor can deliver specific cellular
responses, thus leading to the quicker formation of tissues (Zhang et al. 2006).

7.3.2 Tantalum-Based Foams

The porous tantalum has peculiar properties, with porosity over 80%, where pores
are completely interconnected, thus leading to quick and protected bone growth
(Bobyn et al. 1999a, b). The stress-shielding effect is lowered significantly as the
elastic modulus of these scaffolds is tantamount to that of bone. Ta has sufficient
mechanical properties to existing conditions prevailing in the human body. Thus, it
can also be used in primary and revision total knee arthroplasty (TKA), which was
illustrated by Bobyn et al. (1999a, b). They used a carbon-based trabecular metal,
where Ta was deposited on the surface, which was highly biocompatible in many
animal models (Bobyn et al. 1999a, b). The trabecular metals exhibited higher
stability and osteoconduction compared to other materials. Despite its recent evolu-
tion as biomaterial, there have been several clinical data (Zou et al. 2004; Tanzer
et al. 2001; Meneghini et al. 2008; Adams et al. 2005) and preclinical studies (Vehof
et al. 2000, 2002; Van Den Dolder et al. 2003; Kroese-Deutman et al. 2005; Hartman
et al. 2005; Habibovic et al. 2005) augmenting porous tantalum as an effective
alternative for orthopaedic applications.

The tantalum-based foams stand out compared to other metals due to their
enhanced properties such as homogeneity and structural continuity, strength, lower
stiffness, higher levels of porosity, and higher frictional coefficient (Lee et al. 2015).
Through additive manufacturing, scaffolds with high levels of porosity having
intricate configurations and constant pore shape and size can be synthesized (Liu
et al. 2006). In the recent past, much emphasis was placed on the development of 3D
tantalum implants for repairing the critical-sized bone defects.

The primary issue in utilizing the macroscopic scaffold is their lower diffusion
capacity in the aqueous solutions in large bone defects (Malda et al. 2007). The
consumption of oxygen and acidification within tantalum scaffolds, along with the
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analysis of the movement of the osteoblasts in the in vitro study, was investigated by
Jonitz et al. (2011) The concentration of oxygen reduced after a day (24 h) and
retained at a lower level in the subsequent week (7 days). During incubation, lower
levels of acidification were observed in the core and periphery of the scaffolds. After
8 days of incubation, osteoblasts of humans were yet to be detected on the tantalum
scaffold surface until 10 mm distance. Hence, it was assumed that osteoblasts settled
at the tantalum-based scaffolds under critical oxygen and nutrient supply in large
bone defects (Jonitz et al. 2011). However, as in the case of Ti, Ta scaffolds are also
non-biodegradable, thereby restricting their application in many bone defect repairs.

7.3.3 Nickel-Titanium Alloy (Nitinol)

Nitinol is one of the superior titanium-containing alloys, which has several uses due
to its excellent characteristics such as shaper memory effect, biocompatibility, and
superplasticity even at porous states (Prymaka et al. 2005; Greiner et al. 2005). Their
elastic modulus and compressive strengths are 2.3 GPa and 208 MPa, respectively,
which are almost equivalent to those of bones. The porous NiTi is extensively used
in the synthesis of intramedullary nails and intervertebral spacers employed in
treating scoliosis due to their enhanced biocompatibility (Tarniţă et al. 2009). NiTi
has been proved to be more biocompatible than stainless steels through in vivo
testing and preclinical experience (Tarniţă et al. 2009; Assad et al. 2002a, b). Good
biocompatibility on surface-modified NiTi has been reported (Michiardi et al. 2006;
Kapanen et al. 2001; Firstov et al. 2002; Armitage et al. 2003). Due to its high
biocompatibility, physical properties, and SME, the NiTi can be of significant
application in orthopaedic applications, which mainly involves in the creation of
scaffold that can change shape post implantation (SME effect) in which the initiation
of SME occurs at temperature of physiological environment. The toxicity as in case
of Ti and Ta alloys is the major issue with release of Ni ions, which has limited the
NiTi application for implant applications in Europe and the USA. This issue can be
addressed by performing surface treatment including oxidation treatment of NiTi to
obtain a Ni-free surface (Michiardi et al. 2006) and replacing Ni with Nb, which are
currently studied, and their performance in biological organisms need to analysed in
the future (Suzuki et al. 2006).

7.4 Biodegradable Metallic Foams

The main limitation of metallic scaffolds is their low biodegradation,
i.e. osteogenesis rates and degradation rates are not coherent (Li and Kawashita
2011). Iron-based materials show better biodegradability compared to Ti-based
alloys. These alloys have been employed in the synthesis of 3D printed scaffolds.
This has been illustrated by Chou et al. (2013) where the scaffolds were milled
Fe-30Mn (wt %) powder fabricated by an inkjet 3D printing process. The porosity of
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the printed scaffold was as high as 36.3% and showed equivalent mechanical
properties as that of natural bone. Also, pore infiltration of MC3T3-E1 pre-osteoblast
cells exhibited superior cytocompatibility. The high degradation rate of the Fe-30Mn
scaffold was a stand-out. Thus, it was reported that 3D-printed Fe-30Mn scaffold
was apt for low load-bearing applications, and the fabrication of biodegradable
systems was achieved by inkjet printing processes (Prymak et al. 2005; Chou et al.
2013).

In the recent past, magnesium-based alloys are gaining significant traction due to
their excellent properties such as completely bioresorbability, mechanical properties
equivalent to that of bone, facilitation of bone growth, and their favourable role in
the attachment of cells (Staiger et al. 2006). The biodegradability of Mg prevents the
secondary surgery required for scaffold removal. Thus, Mg is a potential load-
bearing material, including their use in biomedical applications, such as for coronary
stents (Heublein et al. 2003; Erbel et al. 2007). Several alloying elements, such as
cerium, neodymium, and praseodymium, are being added to pure Mg for bone
fixation devices (Witte et al. 2005, 2006) for osteo-applications. The evaluation of
Mg-Ca alloys in vitro and in vivo for orthopaedic applications revealed that excess
Mg is removed as part of the urine (Saris et al. 2000; Li et al. 2008). There is a
concern about the application of pure Mg due to rapid degradation, thus leading to
hyper-magnesia. However, there are several routes, such as coating with ceramics
(Li et al. 2004), titanium (Zhang et al. 2005), and alloying (Zhang et al. 2009) to
alleviate these drawbacks.

Currently, the porous Mg-based alloys are attractive for metallic scaffold
applications due to their enhanced biocompatibility, bioactivity, and biodegradabil-
ity (Kraus et al. 2012). Zhang et al. (2014) revealed the 3D-interconnected pores
with a porosity range of 33% to 54% in a novel porous Mg. These Mg scaffolds
exhibited lower elastic modulus ranging from 0.10 to 0.37 GPa and compressive
strength ranging from 11.1 to 30.3 MPa. Hence, 3D-printed Mg scaffold is consid-
ered as a potential implant material (Zhang et al. 2014). In Chen et al.’s (2014) study,
β-TCP was coated on Mg scaffolds to control the detrimental osteo-
immunomodulatory properties of the Mg-based scaffolds in vitro. The osteogenic
mechanism of the scaffolds was shown by macrophage-mediated osteogenic differ-
entiation of bone marrow stromal cells (BMSCs). It inhibited osteoclastogenesis
through the downregulation of macrophage colony-stimulating factor (MCSF) and
tartrate-resistant acid phosphatase (TRAP) as well as inhibition of the receptor
activator of nuclear factor kappa-B ligand (RANKL)/receptor activator of nuclear
factor kappa-B (RANK) system (Chen et al. 2014). Liu et al. (2014) implanted the
porous Mg and HA scaffolds in the femoral condyle of rabbits. The desired biocom-
patibility was achieved in both the scaffolds; however, in Mg scaffolds, substantial
new bone ingrowth followed by the degradation (outside to inside) was observed,
but very few osteoblasts were observed on the surface without degradation of the
scaffold in the case of HA scaffold. The magnesium scaffolds are an excellent choice
for bone defect repair due to their osteogenesis and degradation properties (Liu et al.
2014). Clinical trials of these scaffolds are yet to be conducted; nevertheless,
additive manufacturing of these scaffolds looks promising.
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7.5 Metallic Foams for Cell Culture

Engineering of tissues for therapeutic applications utilizing culturing transplanted
cells within 3D porous scaffolds is one of the most investigated approaches of tissue
engineering research. The in vitro synthesis of biological tissues is preferred in
necessary biological studies and pharmacological and toxicological screens and as
replacement tissues for clinical applications. In vivo, cell behaviour is the result of a
cascade of events that relies on the interaction between cells and the 3D microenvi-
ronment, comprising the ECM surrounding cells and molecular cues. In order to
recapitulate the in vivo milieu, a vital issue is to understand how cells respond to
such micro-environmental stimuli by determining cell–scaffold cross-talk dynamics.
This aspect is essential for developing cell-instructive materials able to guide
successful tissue regeneration. The features of scaffolds, such as composition,
degradation, pore structure, and mechanical properties and their influence, have
been analysed as of now for several cell–scaffold combinations. There have been
several works (Sung et al. 2004; Lee et al. 2001; Hu et al. 2003) illustrating the
optimization of scaffold induced regeneration by a selection of constituent materials,
thereby getting the required surface chemistry, degradation rate, and mechanical
properties. Moreover, the pore characteristics such as porosity, pore size, shape, and
interconnectivity act coherently with the other parameters by regulating cell spatial
distribution, infiltration, and the transport of fluids, such as nutrients and oxygen,
across the entire cell–scaffold constructs (Salerno et al. 2010; Guarino et al. 2008).
Major obstacles to the in vitro generation of functional tissues and their widespread
clinical use are related to a limited understanding of the regulatory role of specific
physicochemical culture parameters on tissue development (Martin et al. 2004). For
the in vitro culture of 3D tissues having a thickness greater than 200 μm, the oxygen
and soluble nutrients content reduces (Salerno et al. 2010). To overcome the cons of
static cultures, bioreactors which can regulate and monitor the biological and
biochemical processes are developed. In particular, bioreactors have demonstrated
outstanding potential for: (1) improving cell seeding uniformity, proliferation, and
ECM biosynthesis within the entire scaffold pore structure characterized by different
physical and chemical properties, and (2) stimulating mechanically transplanted
cells to induce correct cell differentiation and tissue development (Martin et al.
2004).

Achieving in vivo tissue-induced regeneration for injured tissues and/or organs
by means of porous scaffolds represents the most important goal of tissue engineer-
ing. In general, optimal scaffolds for the in vivo tissue repair/ regeneration must
serve four primary purposes:

1. Define a space that will shape the regenerating tissue.
2. Provide temporary structural function in the implantation site whilst tissue

regenerates.
3. Stimulate the progressive formation of a functional new tissue within the pore

structure.
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4. Degrade progressively, matching the rate of new tissue growth, without releasing
toxic by-products.

Since scaffold-based approaches were first proposed in tissue engineering, a
massive research effort has been carried out about the effect of scaffold composition,
microstructure, and degradation on in vivo tissue-induced regeneration. Materials
from synthetic or natural resources, as well as multi-phase composites, were
implanted in well-established in vivo models for the repair/regeneration of tissues
such as bone, cartilage, and skin (Staiger et al. 2006; Nair and Laurencin 2007; Mano
et al. 2007). The presence of the pore structure and the maintenance of sufficient
structural integrity are critical aspects for in vivo implantation. Indeed, porosity is
necessary for initial cell attachment and migration and for mass transfer of nutrients
and metabolites and provides sufficient space for development and later remodelling
of the organized tissue (Karageorgiou and Kaplan 2005). Concomitantly, the struc-
tural integrity may permit cell and tissue remodelling until achieving stable bio-
mechanical conditions and vascularization at the host site. As the degree of
remodelling depends on the tissue itself and its host anatomy and physiology,
scaffold degradation and concomitant evolution of structural properties must be
accurately controlled for the envisioned application. In general, scaffold implanta-
tion triggers a series of body responses which are included in the so-called “foreign-
body reaction” characterized by non-specific protein adsorption to the scaffold
surface and the adhesion of a number of different cells to the scaffold, such as
monocytes/macrophages, leukocytes, and platelets. If the inflammation persists, the
macrophages fuse together to form giant cells, finally leading to the formation of a
collagenous capsule surrounding the implant. It is therefore clear that to induce
successful tissue regeneration in vivo, the scaffolds must be able to control the
biological response induced by them. One of the most investigated strategies to
address this issue has been the modification of the surface properties of porous
scaffolds to guide protein adsorption. Initial protein–material interactions are vital as
it controls and guides the attachment of cells and adhering process. Cell adhesion to
adsorbed proteins is facilitated through integrin and other receptors inside the cell
membrane (García 2005). Therefore, it is universally recognized that controlling
protein adsorption on the surface of biomaterials may be vital in the control and
direction of cell response to biomaterials. A plethora of techniques has been devel-
oped in order to modify surface characteristics, including biomaterial chemistry,
wettability, and morphology and to improve in vivo tissue-induced regeneration.
Bioactivation of polymeric scaffolds by means of micro- and nano-metric fillers
incorporation represents one of the most used approaches for bone regeneration.
Indeed, the inorganic phase may improve the deposition of new bone inside the
implant and the consequent integration of the scaffold with the surrounding tissue. A
comprehensive account of this topic can be found in the review of Rezwan et al.
(2006). Chemical grafting has been also proposed to improve the functionality of
implanted scaffolds. This approach involves activating the surface with reactive
groups followed by grafting the desired functionality to the surface. Short
oligopeptides exhibiting specific binding domains, as well as whole proteins such
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as fibronectin, vitronectin, laminin, and collagen, have been attached to the surface
of the scaffolds to support cells and present an instructive background to guide their
behaviour. Zheng et al. (2012) improved the functionality of polycaprolactone
vascular graft by means of RGD coating. The obtained implants showed decreased
occlusion, improved haemocompatibility, enhanced cell infiltration, and homoge-
neous distribution, compared to untreated implants. Although this approach still
remains common owing to its comparative minimalism, its efficacy requires tight
control over the composition of the adsorbed protein layer to stimulate a constructive
cell response, aiding wound repair and integration of tissues. Conversely, proteins in
an unrecognizable state may indicate foreign materials to be isolated or removed.
Concomitantly, it is worth noting that the in vivo efficacy of these approaches has yet
to be demonstrated. In particular, further efforts and well-characterized animal
implantation models are necessary to provide a correlation between surface func-
tionality and short-term in vivo response, as well as to demonstrate that this approach
can be also efficacious for the control of long-term in vivo cellular responses.
Functional porous biomaterials must as well be adept of undertaking an active
transformation from one state to another state in the presence of biological systems.
For instance, the transformation from an injectable state to a solid state is highly
advantageous for usage in minimally invasive surgical procedures to alleviate
problems associated with the implantation of prefabricated scaffolds. Injectable
materials can also be combined with cells and bioactive molecules to improve
regeneration. The injectability of a scaffold is generally related to the rheological
properties of the formulations, and the setting time of the precursors is determined by
the structure/composition of the formulations and their processing conditions (Hou
et al. 2004). Amongst the different biomaterials, calcium phosphate cements are the
most investigated injectable foams for minimally invasive bone regeneration.
Indeed, these materials offer the possibility of combining bioactivity, injectability,
and in situ self-setting properties coupled with a macro- and nano-porous structure
for bone cell adhesion and tissue ingrowth. CaP cements can endure a self-setting
process post injection, based upon the cementing action of acidic and basic CaP
compounds once wet by body fluids. The setting time can be also altered by the
addition of manipulator compounds to the wetting medium. Kim and co-workers
(Kim et al. 2009) developed a novel pH- and thermo-sensitive hydrogel as an
injectable scaffold for autologous bone tissue engineering (Kim et al. 2006, 2009;
Hou et al. 2004). In vivo implantation of cell-seeded porous scaffolds belongs to the
so-called “cell therapy” and has been proposed as a suitable approach to improve
implant bonding and integration to the surrounding tissue, as well as new tissue
vascularization. The positive effect of seeding cells within porous scaffolds before
implantation has been reported for different scaffolds and tissues, such as bone (Kim
et al. 2006, 2009; Hou et al. 2004).
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7.6 Concluding Remarks

Demand for personalized medical treatment has increased significantly especially in
the case of patient-specific medical devices. These devices must be designed to
accommodate every patient and every disease, in addition to quick and cheap
distribution to respond successfully to the demand. Moreover, if devices with
complex shapes and structures historically unable to be assembled by traditional
manufacturing methods were to be made readily available, a new form of advanced
medical care would arise. In this chapter, we explored the future of different types of
metallic foams. In terms of the elastic modulus, foam is superior to bulk material,
since the modulus of such materials can be effortlessly modified by changing the
pore structure. Nevertheless, bulk materials possess superior mechanical strength
compared to porous material. Therefore, it is essential to balance the mechanical
properties of these devices effectively. A porous material may be used as a substitute
for prosthesis in which the deformation is almost similar to that of the surrounding
bone. Porous materials that are subjected to bioactivity induction treatments are
useful for stable repair of the system and shortening the healing time. Additionally,
designing software for the precise design of a system to suit the infected part of the
body using computed tomography images of the affected region is also important in
medical applications of these materials. When a simple design procedure is made
available, it is certain to become a norm for medical devices requiring a porous and
rigid structure for large bone defects. Devices made up of bioactive porous and solid
materials are expected towards becoming commonly used in orthopaedics and oral
maxillofacial surgery.
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Surface Modification of Metallic
Biomaterials for Cardiovascular Cells
Regulation and Biocompatibility
Improvement

8

Jingan Li and Yachen Hou

Abstract

Interaction of cells and the metallic biomaterials usually happened at the
materials’ surface and interface, which often decides the biocompatibility and
further application of the medical devices. Clinically, severe cardiovascular
diseases are often treated by the method of long-term interventional therapy
using stents, and wherein the stents made of metallic biomaterials possess a
large proportion. Although the existing metallic biomaterials have played excel-
lent roles for stents intervention, which are the benefits from their adaptive
mechanical property and some degree of biocompatibility, the complex cellular
microenvironment in the focus caused by the development of the disease after
intervention has put forward higher requirements for the biocompatibility of the
material surface and interface from the simple noncytotoxic to the multi-function
of anticoagulation, inhibition of smooth muscle cell proliferation, promotion of
endothelial cell growth, and further to the sequential release of these functions,
etc. Our latest research also indicated that the endothelial layer on the materials’
surface should be built space orderly by endothelial cells, smooth muscle cells,
and macrophages. Surface modification is generally accepted as an effective
method to endow the metallic biomaterials better biocompatibility wherein, the
multifunctional coatings with micro and/or nanoscales play crucial roles in
coordinating the interaction between cells and materials and cells and cells, for
their size advantage. In this chapter, we introduced the advanced technologies and
ideas of surface modification which were systematically studied and widely
applied on the cardiovascular metallic biomaterials in recent years.
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Keywords
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8.1 Introduction

Cardiovascular disease (CVD) is a class of major healthcare risks that usually result
from malfunction in coronary arteries and continues to be the leading reason of
morbidity and mortality globally for decades (Hyman 2014). Percutaneous coronary
intervention (PCI) using stent has emerged as the typical clinical method of CVD for
its advantages of low surgical risk and short recovery time (Fuster 2014). Metallic
biomaterials, such as 316L stainless steel (316L SS) and cobalt–chromium (Co–Cr)
alloy, are often used as the materials of cardiovascular stents for their excellent
mechanical properties and biocompatibility to some extent (Patel et al. 2012). As the
statement, their biocompatibility is limited, and so part bare metallic stents may lead
to restenosis in a short time after intervention due to poor interaction of the blood,
pathological smooth muscle cells (SMC), and the metals (Zago et al. 2012). To solve
this problem, the drug-eluting stent (DES) was developed and applied widely;
temporarily, the thrombosis and hyperplasia were suppressed. However, stent reste-
nosis caused by late thrombosis and hyperplasia has become a new problem in DES,
and it was attributed to the delay of endothelialization caused by drugs’ (rapamycin
and paclitaxel, etc.) nondifferential killing on SMC and vascular endothelial cells
(EC) (Otsuka et al. 2012; Torii et al. 2019). In other words, when the DES-loaded
drug is released clearly, the stent surface is not completely covered by the endothelial
layer. There is no doubt that surface endothelialization has been identified as the
main strategy to solve late stent restenosis.

Surface endothelialization is the process of inducing EC to gather on the stent
surface and form a monolayer (Li et al. 2015a, b, c, d; Quan et al. 2020; Kianpour
et al. 2020). Initially, a method called “in vitro endothelialization” was used, in
which EC were seeded on the implants’ surfaces in vitro and set to the focus in vivo
(Van der Giessen et al. 1988; Dichek et al. 1989; Flugelman et al. 1992). This
method of “in vitro endothelialization” was effective in the first few to dozens of
hours, but soon the seeded EC fell off, and exposed proteins secreted by the peeled
EC left on the surface, leading to serious thrombosis. Scientists began to realize that
the EC cultured in vitro are different from the EC in situ on the blood vessel wall
in vivo (Malek and Izumo 1996; Vartanian et al. 2008; Anderson and Hinds 2012).
How to induce EC in vivo to participate in the endothelialization of stent surface
became a new topic then. Of course, the simplest way is to improve EC aggregation
and proliferation by surface modification. However, a large number of studies soon
found that the surface modified with proteins that promote EC adhesion also
promotes platelet adhesion, which may cause thrombosis; EC grew so slowly that
SMC and inflammatory cells would also gather on the surface in front of them
(Underwood et al. 1998; Nelson et al. 2000; Yu et al. 2020). And then, tailoring
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multifunctional surfaces to mediate anticoagulation, anti-hyperplasia, anti-inflam-
mation, and pro-endothelialization attracted more attention.

Nevertheless, simultaneously endowing the stents surface all these functions with
strong effects is difficult. Prof. Nan Huang from Southwest Jiaotong University in
China proposed a concept of the “functional sequential coatings on the stents
surface” (Qi et al. 2013) and developed a series of such coatings (Qiu et al. 2019;
Yang et al. 2015, 2018a, b, 2020a, b; Li et al. 2020a, b; Gao et al. 2020; Tu et al.
2020; Zhang et al. 2019; Xiao et al. 2020). The concept revealed the different
interaction of the in vivo microenvironment and the stents surface in each time
quantum after stent intervention. Blood is the first contact after stent intervention, so
anticoagulation is the first function to be released on the stent surface; then the stents
will confront macrophage aggregation and pathological SMC migration in the focus,
so anti-inflammation and anti-hyperplasia are the necessary functions at the second
stage. For maintaining the long-term physiological function, endothelial layer plays
crucial roles on the stents surface, and therefore surface endothelialization should be
completed at the right time. This theory has been widely recognized, and it still
guides the design and development of stents’ surface modification even to this day.

Obviously, since the concept of endothelialization was put forward, EC and their
precursors (endothelial progenitor cells, EPC) have been identified as the positive
protagonists of stents’ surface modification, which was encouraged to improve,
while SMC and macrophages were regarded as the objects of inhibition (Li et al.
2011a, b, c; Chen et al. 2012). However, this standardized endothelialization, that is,
the EC directly covering the stents surface without SMC, has never been achieved as
an ideal goal. On the basis of the concept of the “functional sequential coatings,” our
group further discovered an objective phenomenon, which we think is very impor-
tant: the EC do not directly contact the stents’ surface including the coatings in vivo
at any condition; various cells arranged orderly on the stents’ surface, and we named
this phenomenon as the “spatio-temporal orderliness of function” (The phenomenon
was discovered in 2017, and it was later named in the book by Li et al. (2020c)).
There is no doubt that the “spatio-temporal orderliness of function” is a natural
phenomenon of interaction between surface and cells. However, by revealing the
key node of this phenomenon and combining with surface modification technology
such as adjusting nanoscale it can be developed in the direction beneficial to surface
endothelialization. For this chapter, the story may begin from DES about something
has never been thought deeply.

8.2 What Really Happened for DES in the Cardiovascular
Microenvironment?

As known to all, DES is the most widely used cardiovascular interventional therapy
medical device in clinic for its strong effects in inhibiting acute and subacute
thrombus, and hyperplasia caused by excessive proliferation of SMC in the early
stage. As the mainstream stent, it has many advantages, and thus it is expected to
have a longer service life, but the restenosis limits its further application and
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introduces more complication. It is reported that the incidence of late thrombosis in
patients receiving DES treatment is very low, but once it happens, the patient’s life is
very dangerous, and there is little time for rescue (Omar et al. 2014; Lemesle et al.
2010). At present, most experts believe that the drugs (Rapamycin and paclitaxel,
etc.) loaded in DES killed both SMC and EC, which greatly delay the process of
endothelialization (Butzal et al. 2004; Gholizadeh et al. 2018; Kim et al. 2008).
When the drugs are released clearly, the pathological SMC can proliferate rapidly
again under the effect of cascade effect, which leads to hyperplasia. Most people
attribute the delay in endothelialization to the fact that the drug killed the EC by
mistake (Wang et al. 2017; Miura et al. 2015). However, are only EC mistakenly
killed by drugs?

In order to further understand the truth, taking a look at the normal vascular
structure is necessary. In human vascular wall, the EC and the contractile SMC are
the main components, and the ordered distribution of EC and contractile SMC
guarantee the normal physiological functions of the vascular environment (Li et al.
2013a, b, c). EC in a native vessel environment exhibit an elongated, cobblestone,
and aligned morphology and growth followed the blood flow direction (Jana 2019).
Each EC is attached to several surrounding EC to continuously create an endothelial
monolayer as a barrier between the blood flow and the SMC beneath (Morgan et al.
2012). Healthy EC also suppress the adhesion and activation of platelets and
macrophages as well as the excessive proliferation of SMC by releasing functional
factors, such as nitric oxide (NO), prostacyclin (PGI2), tissue pathway factor inhibi-
tor (TPFI), and thrombomodulin (TM), etc. (Li et al. 2017a, b, c). Between the EC
and SMC, there is a functional layer so-called “basement membrane,” which is
composed of extracellular matrix (ECM) secreted by the EC and contractile SMC
(Li et al. 2017a, b, c). Exosome, a natural nanoparticle (40–200 nm) containing RNA
and other factors from the EC, SMC or blood distributes in the basement membrane
and transmits signals between cells (Hou et al. 2020). As reported, SMC has two
different phenotypes: contractile phenotype and synthetic phenotype (Yoshiyama
et al. 2014). Wherein, contractile SMC is the physiological phenotype, which is
generally believed that it contributes to vasoconstriction and provides mechanical
support for EC (Yoshiyama et al. 2014); synthetic SMC is the pathological pheno-
type which participates in hyperplasia and interferes with the repair and regeneration
of vascular intima (Yoshiyama et al. 2014). From long time ago, many EC/SMC
co-culture models have been established in vitro to study the interaction between the
two cells (Orlidge and D’Amore 1987; Davies and Kerr 1982; Lavender et al. 2005),
but it has been limited by how to regulate the phenotype contraction of SMC.
Subsequently, the microstripe pattern was found to regulate SMC from synthetic
to contractile phenotype (Li et al. 2013a, b, c). Then, series of EC/SMC co-culture
models based on hyaluronic acid (HA) micropatterns were established from our
laboratory (Li et al. 2014a, b, 2015a, b, c, d; Li 2018). From these co-culture models,
it was discovered that the contractile SMC contributed to the morphology change
(to the in vivo phenotype), proliferation, monolayer formation, and functional
factors release [NO, PGI2, TM, TPFI, fibronectin (Fn), etc.].
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Review previous description, is only EC that are mistakenly killed by the DES?
The answer is clear and absolutely no. Drugs such as rapamycin and paclitaxel have
fundamentally damaged the microenvironment which EC depends on for living. The
microenvironment includes ECM secreted by the physiological cells and the physi-
ological cells themselves.

8.3 Strategies of Surface Modification with ECM

8.3.1 Surface Modification Aiming at EC

In fact, the researchers first realized the importance of ECM surface modification,
because it is simple and direct to select an ECM component for biomaterial surface
modification (Li et al. 2008). The modification methods are easy to obtain, such as
physical adsorption, electrostatic assembly, chemical grafting, etc. The major
proteins in ECM, such as fibronectin (Fn), laminin (Ln), and type I collagen, are
used for the surface modification of cardiovascular materials (Fujiwara et al. 2004;
Meerovitch et al. 2003). However, it was soon found that these proteins not only
promote EC adhesion, but also promote thrombosis and SMC adhesion, and the
formation speed of thrombosis and hyperplasia is faster than that of endothelial cell
adhesion. Therefore, more methods have been developed to modify the surface with
two or more molecules to obtain multiple functions, including anti-coagulation, anti-
hyperplasia, anti-inflammation, and improving EC adhesion. Heparin was the most
common anticoagulant grafted to the surface with other adhesion promoting
molecules at that time. For example, the heparin has been prepared to the titanium
(Ti) or 316L SS surface with Fn, Ln or collagens by the methods of layer-by-layer
self-assembly, self-assembly after blending, or graft polymerization after group
activation (Li et al. 2011a, b, c; Wang et al. 2014; Meslmani et al. 2014). The
experimental conditions, such as molecule concentration, pH value, reaction tem-
perature, reaction time, reactive activators, solution ratios, and the numbers of
assembly layers, were also adjusted as needed. Despite the use of such advanced
and effective methods and the optimization of many parameters, the coordination of
surface multi-functions of cardiovascular materials still can’t meet the needs of stent,
because there are still technical challenges to make it have multiple functions
simultaneously. Generally, the function of promoting EC adhesion is limited or
not strong enough on the better surface of anticoagulant, anti-hyperplasia, and anti-
inflammatory and vice versa.

As mentioned previously, Prof. Nan Huang from Southwest Jiaotong University
in China proposed the concept of the “functional sequential coatings on the stents
surface” to explain the requirement of biological function after stent intervention
(Fig. 8.1). To be specific, in the first stage of stent intervention, anticoagulation is the
most important aim, because the stent first contacts the blood, and thus it needs
enough anticoagulants such as heparin; after reaching the focus, inhibiting the
surrounding inflammatory environment and pathological SMC excessive prolifera-
tion becomes another important task, and this task is heparin and some other ECM
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components can bear, and the copper ions found in later studies (Li et al. 2015a, b, c,
d) or the catalytic release of NO by conjugated precursor molecules (Xu et al. 2015)
are also very effective. Finally, endothelialization is needed before all the drugs are
released clearly or the above functions are weakened. At this time, proteins or
EC-specific molecules (such as RGD peptide, REDV peptide or VEGF) fixed to
the surface by layered assembly or chemical grafting technology will play a role
(Devalliere et al. 2018; Zheng et al. 2012; Noel et al. 2016), while heparin and other
drugs released in the first two stages will not interfere with the EC adhesion.

Another risk of heparin use is hemolysis, so a large number of ECM components
and their characteristics have been fully explored to replace heparin. Hyaluronic acid
(HA), the skeleton component of ECM, has been found to inhibit platelet adhesion
and aggregation (Chuang and Masters 2009). Through further study, HA has been
proved to have molecular weight (MW)-dependent biological function, that is, high
molecular weight (HMW) HA can inhibit the adhesion of EC and the aggregation of
inflammatory macrophages, while low molecular weight (LMW) HA can promote
the adhesion of EC and inflammatory macrophages (Rayahin et al. 2015). Type IV
collagen, the specific component of cardiovascular ECM, is reused for its function of
promoting EC adhesion and alleviating pathological SMC microenvironment
(Li et al. 2014a, b). Its specific combination with HA makes them popular in the
process of coating (Li et al. 2014a, b, 2016a, b). However, no matter how the ECM
components are used to modify the surface of cardiovascular materials, the ECM in
the natural vascular wall is still considered to be the most ideal surface modification
layer. The reason is that the in vitro process can’t meet the standards of natural ECM
in many aspects, such as composition, quantitative ratio, binding mode, and func-
tional release. Therefore, the application of full component ECM in surface modifi-
cation of cardiovascular biomaterials has entered the field of vision of researchers.

Fig. 8.1 The diagram of the concept “functional sequential coatings on the stents surface”

212 J. Li and Y. Hou



It has been suggested that the acellular vessels should be used for the surface
modification of biomaterials. However, at that time, this method had some insupera-
ble defects: firstly, it took too long (more than a week) to treat the tissue with
acellular method, which increased the difficulty of subsequent surface modification
and reduced its significance in clinical application; secondly, the acellular vascular
tissue was not the soluble substance we expected, but a tissue worker with certain
hardness and toughness, and this phenomenon further limits its application in the
field of surface modification. Problems that can’t be solved at the tissue level may be
solved at the cellular level. Tu et al. reported that ECM can be enriched by seeding
and culturing EC on the metal biomaterials Ti surface. After treated with special
acellular reagent and cleaned the cells, EC-ECM-modified Ti surface can be
obtained within 20 min. Most of the proteins in the natural EC-ECM, such as Fn,
Ln, and collagens, can be detected on the surface modified by EC-ECM. Moreover,
the EC-ECM-modified layer can promote the adhesion of EC on Ti surface and
inhibit the adhesion of platelets (Tu et al. 2010). After successful preparation of
EC-ECM on the Ti surface, the SMC-ECMwhich secreted from the contractile SMC
was also prepared onto Ti surface by the same method. Compared with SMC-ECM
and EC-ECM, SMC-ECM was more conducive to the adhesion and proliferation of
EC while EC-ECM induced the adherent EC to release more NO (Tu et al. 2013).
However, as mentioned above, EC cultured in vitro and in vivo are quite different,
and some scholars have found that the ECM secreted by them is also different
(Vartanian et al. 2009). The biggest difference between the two is that EC in vivo are
affected by blood flow shear stress (BFSS), while EC in vitro receive no BFSS
action. In our study of 2013, it was found that HAmicrostripes with a width of 25 μm
can simulate the effect of 15 dyn/cm2 BFSS on the materials surface to regulate the
behavior and morphology of EC (Li et al. 2013a, b, c). Our further study in 2015
demonstrated that the ECM secreted by the HA-patterned EC (labeled as
ECM/HAP) possessed better hemocompatibility, anti-hyperplasia, anti-inflamma-
tion, and pro-EPC-adhesion ability than the EC-ECM (Li et al. 2015a, b, c, d). Yet,
compared with the natural basement membrane, the function of ECM/HAP is still
deficient due to no ECM secreted by contractile SMC. Incidentally, HA microstripes
can also regulate the SMC to contractile phenotype (Li et al. 2013a, b, c). In 2019,
our research presented breakthrough on HAmicropattern: The HAmicrostripes were
found to bear acellular operations for three times without degradation (Zou et al.
2019), which means the SMC ECM and ECM/HAP can be prepared onto the HA
micropatterned surface by successive SMC/EC culturing and decellularization to
form a modified layer (labeled as ECMSMC/EC/HAP) like the natural basement
membrane (Fig. 8.2). Generous in vitro and in vivo evaluations verified that
ECMSMC/EC/HAP had better multi-function than ECM/HAP (Han et al. 2019).

Although the ECM-modified layer obtained by the combination of cell culture
and decellularization plays an important role in promoting the adhesion, prolifera-
tion and function of EC on the surface of cardiovascular biomaterials, the develop-
ment of this technology still encounters bottlenecks. On the one hand, HA
micropattern is suitable for preparation on a wide continuous surface, and it is
difficult to be prepared on the stent surface. Meanwhile, the difficulty of cell
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adhesion on curved surface is much greater than that on plane adhesion. Therefore, it
greatly limits the application of HA micropattern to regulate cell and
decellularization on surface modification of cardiovascular biomaterials. On the
other hand, EC reaches the biomaterials surface by migration in vivo, and the
migration speed of EC is much slower than that of EPC adhesion and proliferation.
Therefore, it is generally believed that EPC capture plays a more important role in
the process of endothelial repair and regeneration on the surface of cardiovascular
materials as a cell source, while the migrated EC plays a more important role in
promoting the maturation and differentiation of EPC.

8.3.2 Surface Modification Aiming at EPC

EPC is the precursor of vascular EC mainly derived from bone marrow, which was
firstly isolated by Asahara in 1997 (Asahara et al. 2011). In addition to bone marrow,
EPC is also found in cord blood, circulating blood, and arterial wall, wherein there is
only about 0.01% EPC in human circulating blood (Zammaretti and Zisch 2005).
Circulating EPC mainly come from nonhematopoietic tissues such as vascular wall
and tend to enter the damaged endothelium to participate in the repairment and
regeneration (Fu et al. 2016). EPC can be divided into early EPC (eEPC) and late
EPC (lEPC), wherein eEPC have weak proliferative ability and are difficult to be
passaged, while lEPC have high proliferative potential, which is similar to micro-
vascular EC (Patel et al. 2016). Several specific antibodies, such as anti-CD34, anti-
CD133, and anti-CD146 have been used to capture EPC in the field of surface
modification of cardiovascular biomaterials due to their special functions in cell
recognition (Su et al. 2017; Takahashi et al. 2014; Chen et al. 2015). Among these
specific antibodies, anti-CD34 is the most studied in the field of surface modification
of cardiovascular biomaterials benefit from its advantage in capturing massive EPC.

Fig. 8.2 The process diagram of the ECM secreted by the HA micropatterned SMC and EC on the
metallic biomaterials
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Even an anti-CD34-coated stent (Genous™ stent) has been developed and tested
in vivo. Nevertheless, the Genous™ (OrbusNeich Medical Technologies Inc., FL,
USA) stent was soon proved to have no significant advances compared to the bare
metal stents in suppressing late thrombosis and hyperplasia (Klomp et al. 2014). The
clinical failure of this stent was attributed to the poor specificity of anti-CD34 on
EPC (Klomp et al. 2014). Thus, the scientists focused on anti-CD133, which is
considered to be more specific for EPC, but sooner in vivo experiments showed that
there were too few EPC that could be captured by anti-CD133, so that it can’t meet
the requirement of rapid endothelialization (Wawrzynska et al. 2019). Recent
researches indicated that more antibodies, aptamers, and specific peptides had
been developed and/or applied for capturing the circulating EPC (Tan et al. 2018;
Blindt et al. 2006).

However, as we all know, EPC is only the cell source of endothelial repair, and
we value its rapid homing ability and strong proliferation potential. EPC is not a
mature EC, so its proliferation is multilayered, and it does not have the ability to
form endothelial monolayer. Therefore, inducing EPC to differentiate into mature
EC needs specific microenvironment, including normal blood flow, good ECM
environment, and pericellular environment. Blood flow should be laminar flow,
pericytes should be physiological EC and SMC, ECM should be secreted by
physiological cells. Obviously, the microenvironment factors of these requirements
are difficult to obtain at the lesion site, so there is a lot of work that needs to be done
on the implant and its surface design.

8.4 A Novel Discovery and the Concept “Spatio-temporal
Orderliness of Function”

In our published work in 2017, a new discovery overturned our recognition of the
mainstream ideas in the field of surface modification of cardiovascular biomaterials
(Li et al. 2017a, b, c). Through the specific staining of new regenerated tissue on the
surface of vascular implants, we found that EC with specific expression of CD31
would not directly contact with the biomaterials surface (Li et al. 2017a, b, c).
Between EC and biomaterials, the contractile SMC covers the surface of
biomaterials, while the endothelial monolayer covers the surface of contractile
SMC (Li et al. 2017a, b, c). M2 macrophages that specifically express CD206
were also detected in the new regenerated tissue which belong to the cardiovascular
biomaterials with excellent endothelialization and lumen patency (Li et al. 2017a, b,
c). It is certain that M2 macrophages are the first cells to reach the surface of
biomaterials. However, more systematic research is needed to determine whether
the role of M2 macrophages is to regulate contractile SMC or to accelerate endothe-
lial monolayer regeneration or both. On the contrary, in the new tissues with
incomplete endothelialization or without endothelial monolayer formation, contrac-
tile SMC (physiological SMC) and synthetic SMC (pathological SMC) were disor-
derly distributed, and M1 macrophages (inflammatory macrophages) accumulated in
the whole tissue (Li et al. 2017a, b, c). Therefore, synthetic SMC and M1
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macrophages are the main culprits of delaying the surface endothelialization of
cardiovascular biomaterials.

This new finding provides a new theoretical support to explain the delayed
endothelialization of DES. Prior to this, most studies believed that drugs such as
paclitaxel and rapamycin loaded with DES also killed EC as endothelialized cell
source when killing SMC. However, the fact may be that the whole lesion has been
lacking contractile SMC for formation of endothelial monolayer. The novel finding
also offers a feasible explanation to the hyperplasia of anti-CD34-coated stents
Genous™. The lack of inhibiting synthetic SMC and supporting contractile SMC
is an important reason for its rapid endothelialization but insufficient anti-
hyperplasia function. Not only the migrated EC can induce the EPC to differentiate,
but the contractile SMC may also be an important pericyte microenvironment for
EPC to differentiate into EC.

In addition, it was reported that the synthetic SMC could be converted to
contractile SMC by changing the microenvironment (Li et al. 2013a, b, c); the M1
macrophages could also be converted to M2 macrophages (Rayahin et al. 2015).
This means that we can design the coating of cardiovascular biomaterials not in order
to kill or inhibit these pathological cells, but to regulate the transformation of
pathological cells into physiological cells so as to facilitate endothelialization.
Based on the above understanding, we propose and improve the concept of “spatio-
temporal orderliness of function.” This concept reveals that the surface of cardiovas-
cular biomaterials may not regulate EC to participate in endothelialization through
direct contact, but provide the necessary benign pericyte microenvironment for EC
and EPC by mobilizing and regulating M2 macrophages and contractile SMC, thus
promoting endothelialization (Fig. 8.3). In other words, EC and EPC are not the
direct targets of biomaterials surface regulation, while contractile SMC and M2
macrophages are the primary and key targets in the conceptual design.

8.5 Surface Modification of Cardiovascular Metallic
Biomaterials with Nanoscale Structures

Before the discovery and proposal of the concept “spatio-temporal orderliness of
function,” our team prepared a series of nanoscale structures on the surface of
cardiovascular biomaterials to regulate the interaction between the microenviron-
ment and the material at the lesion site (He et al. 2018; Han et al. 2017). Titanium-
dioxide (TiO2) film has been widely studied and now applied for the surface
modification of cardiovascular stents, but its anti-hyperplasia function is insufficient,
so still need to load drugs. In 2014, our team found that the TiO2 nanotubes
(diameters 80–100 nm) prepared by anodic oxidation presented better ability in
inhibiting SMC adhesion and proliferation compared with the flat TiO2 film, but
the TiO2 nanotubes also lead to more platelet adhesion and poor EC growth (Xiang
et al. 2014). To solve this problem, the micropatterned TiO2 nanotubes surface was
designed by photolithography combined with anodic oxidation (Xiang et al. 2014).
This micropatterned TiO2 nanotubes surface showed stronger function than pure
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TiO2 nanotubes in inhibiting SMC adhesion and proliferation, and also better ability
in inhibiting platelet adhesion and improving EC growth (Xiang et al. 2014). The
further research indicated that the micropatterned TiO2 nanotubes surface promoted
more EC-released NO, TM, and TPFI, suggesting better physiological function of
the cells (Xiang et al. 2015).

Due to the excellent biocompatibility of the micropatterned TiO2 nanotubes
surface, it was anticipated to make contribution to inducing various precursor
cells, for example, mesenchyma stem cell (MSC) to directionally differentiate into
EC (Li et al. 2016a, b). The preliminary results indicated that MSC proliferated
rapidly on the micropatterned TiO2 nanotubes surface, but quite a lot of the
proliferative MSC can’t touch the micropatterned TiO2 nanotubes directly. Thus, a
method defined as “frequent medium change” (FMC) was used while the cells grew
to confluence to avoid contact inhibition on the micropatterned TiO2 nanotubes
surface. However, 6 weeks later, the MSC differentiate into contractile SMC, not the
expected EC. In fact, this result has inspired us at the natural level: precursor cells
first differentiate into physiological SMC on the surface of micro/nano structures.
Without realizing it at the time, we continued fabricating the EC-ECM on the
micropatterned TiO2 nanotubes surface by EC culture and decellularization, and
finally induced the MSC to differentiate into EC, 4 weeks later (Wu et al. 2015). Till

Fig. 8.3 Comparison diagram of traditional concept and the concept of “spatio-temporal orderli-
ness of function” for the endothelialization on the cardiovascular metallic biomaterials
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2017, when HA coating with different molecular weight was evaluated in vivo, we
realized the importance of contractile SMC (Li et al. 2017a, b, c), and with the
gradual confirmation of follow-up research (Li et al. 2017a, b, c), we put forward the
concept “spatio-temporal orderliness of function” in this book.

Since 2018, a kind of natural nano biomaterial has come into our view: Exosomes
are natural nanoparticles (40–100 nm) containing complex RNA and proteins, which
are involved in the expression of CD31 in artificial cells under blood flow acting
(Hou et al. 2020). It has also been reported that exosomes are involved in the
exchange of genetic information, resulting in a large number of neovascularization
(Valadi et al. 2007). The exosomes mainly come from the multivesicles formed by
the invagination of lysosomal particles, and are released into the ECM after fusion
with the cell membrane (Mathivanan et al. 2010). When passing through the receptor
cells, exosomes can regulate the biological activity of receptor cells through the
carrier factors (protein, nucleic acid, and lipid), and then participate in immune
response, cell migration, and cell differentiation (Taylor and Gercel-Taylor 2008).
The existing researches on exosomes mainly focus on the extraction, composition
analysis, and function as injectable drugs. Few people pay attention to the potential
application prospects of exosomes in the surface modification of cardiovascular stent
materials. In 2019, we obtained a kind of exosomes from the human blood and
applied them on surface modification of the commercial cardiovascular stent mate-
rial 316L SS (Hou et al. 2020). Our data indicated that the exosome-modified
surfaces significantly controlled the synthetic SMC into contractile SMC, and the
M1 macrophages into M2 macrophages, as well as improving EC proliferation,
migration, and NO release. However, the disadvantage of exosome-modified surface
is also obvious: the bio-effective time of exosomes is very short, which is only ten to
dozens of hours.

Inspired from the exosomes, we attempted to design a novel particle for
controlling the behaviors of macrophages, SMC, and EC. In 2020, the
HA/polyethyleneimine (PEI) nanoparticles with different diameters were prepared
to simulate the exosomes on the nanoscales and bio-function (Wang et al. 2019).
These HA/PEI nanoparticles could load the magnesium (Mg) ions, wherein the big
Mg-doped HA/PEI nanoparticles (diameter > 150 nm) cannot enter into EC, and
thus displayed lower EC number, while the small Mg-doped HA/PEI nanoparticles
(diameter < 150 nm) can enter into EC in short time, hence presenting higher EC
number. The doped Mg also improved NO release and CD31 expression of the EC
by rapid transmembrane absorption. We also investigated the influence of particle
sizes of degradation products from Mg alloy on the EC and SMC growth (Wang
et al. 2019). Degradation products with smaller particle size and higher Mg ion
content were proved to enhance the vital ratio and NO release of EC. These smaller
Mg particles cooperated with NO released by EC to inhibit synthetic SMC and M1
macrophages more effectively. All these results mean that controlling the particle
size and Mg ion content of the degradation products of Mg alloy, or controlling the
degradation behavior of Mg alloy, will contribute to realize the “spatio-temporal
orderliness of function” on the Mg alloy stent, which may be conductive to solve the
problem of delayed endothelialization on the surface of biodegradable Mg alloy
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stents. Based on the above understanding, we prepared a kind of poly-dopamine
(PDA)/HA coating to regulate the degradation of Mg alloy (Li et al. 2020a, b). The
PDA/HA coating can not only prolong the degradation time of Mg alloy in blood
vessels, but also significantly improve the blood compatibility of Mg alloy, promote
the formation of contractile SMC, and the growth of EC.

8.6 A Viewpoint and Perspectives

It is really very lucky to discover the distribution and interaction of biomaterials, M2
macrophages, and contractile SMC and EC/EPC in the process of physiological
repair and regeneration of endothelial monolayer after cardiovascular devices
implantation, and propose the concept or viewpoint of “spatio-temporal orderliness
of function.” Further efforts make the scientific community more sure that the key
technology during endothelialization should be regulating the phenotypes of SMC
and macrophages, instead of killing them. Natural or biomimetic ECM and
nanoparticles play crucial roles on the intercellular communication and interaction
between biomaterials and cells (Fig. 8.4). Biodegradable absorbable stent is the
inevitable trend of cardiovascular interventional therapy. The scale and effective
component content of the degradation products are the key factors to determine the
repair and regeneration of the physiological tissue at the lesion site. Surface modifi-
cation is an important guarantee to control the degradation behavior of biodegrad-
able stents. The now available coatings of biodegradable stents are obtained from the
coatings from traditional non-degradable metal stents, which have great functional

Fig. 8.4 Roles of drugs, nanoparticles, and degradation products for the “spatio-temporal orderli-
ness of function” of the cardiovascular biomaterials
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limitations. Therefore, the perspectives of surface modification of cardiovascular
metallic biomaterials should focus on the development of special coatings for
biodegradable metallic stents.
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Advancement of Spinel Ferrites
for Biomedical Application 9
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Abstract

Magnetic nanoparticles (MNPs) specially ferrites have attracted increased atten-
tion over the past decades as a potential candidate in the field of biomedical
applications (e.g. magnetic hyperthermia, drug delivery, magnetic resonance
imaging (MRI), etc.) due to their controllable and enhanced magnetic properties.
Among the numerous MNPs, spinel ferrites have gained significant attention due
to their inherent characteristics like tunable magnetic properties, non-toxicity, and
biocompatibility as well as highly efficient and tissue-specific MNP aggregation
in the cancer cells. Owing to the superparamagnetic nature of ferrites, several
properties of spinel ferrite MNPs and their nanocomposites are substantially
dependent on the size, shape, and the distribution of the MNPs. These MNPs
show instability over longer periods due to the agglomeration caused by their
higher surface energies. Therefore, strategies like grafting and functionalizing
with polymers have demonstrated to stabilize the MNPs chemically. The poly-
meric platform provides higher synthetic freedom allowing the MNPs to be
customized for our specific needs. Modification of spinel ferrites by alloying or
coating for tuning its properties as per the requirements in the field of
nanomedicine have instigated new therapeutic treatment to replace the previous
traditional one.
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9.1 Introduction

Many attempts are being made to surmount the inadequacies of conventional
treatment and diagnosis. The use of biocompatible magnetic nanoparticles (MNPs)
are rapidly increasing in the field of nanomedicine. The rising interest in MNPs
stems from their ability to induce motion and rotation to the particle when exposed to
external magnetic field. Consequently, this widens many applications for
transporting and immobilizing the MNPs and can be used to deliver magnetically
tagged entities, like anticancer drug, to the affected cell region. Moreover, for their
controllable sizes ranging from few nanometers to hundreds of nanometers, which
puts them at dimensions smaller than or equivalent to those of a gene (2 nm wide and
10–100 nm long), a protein (5–50 nm), a virus (20–450 nm) and (10–100 μm), and
makes it possible for the MNPs to get closer to a biological entity of interest
(Pankhurst et al. 2003). Additionally, the MNPs can be made to respond to time
varying magnetic fields, which results in heating up the MNPs, and can be used as
potential hyperthermia agents. Especially, spinel ferrite MNPs that show numerous
properties, in particular high magnetization, high anisotropy contributions and
superparamagnetism, are increasingly being used in many biomedical applications,
like hyperthermia, targeted drug delivery as well as magnetic resonance imaging
(MRI) (Ravichandran and Velumani 2020; Alghamdi et al. 2020; Nigam and Pawar
2020; Somvanshi et al. 2020; Wang et al. 2020; Zhang et al. 2020). Aside from the
aforementioned applications, spinel ferrite MNPs are further useful in the develop-
ment of modern sensors and biosensors, applicable both in the industrial as well as
biomedical fields (Beveridge et al. 2011; Carregal-Romero et al. 2013; Lee et al.
2014; Rocha-Santos 2014). Furthermore, spinel ferrite MNPs are robust toward
some pathogenic microorganisms owing to their strong antimicrobial activity
(Abdel Maksoud et al. 2018). The spinel ferrites are potentially suitable for biomed-
ical applications based on the fact that these MNPs do not retain residual magnetiza-
tion upon removal of external applied magnetic field, and also because of the low
toxicity and biocompatibility as well as for possessing tunable magnetic properties.
Over and above, the meticulous crystal chemistry of spinel ferrites have spectacular
execution in acclimation of magnetic nature as chemical composition regulates the
crystal structure and cationic distribution, which in turn come up with a mean to
administer the physical properties, by the selection of copacetic chemical entity,
synthesis strategy, and circumstances (Mathew and Juang 2007; Tatarchuk et al.
2017). The quoted relation interdependence becomes pronounced at the nanoscale
range (Carta et al. 2009). However, the large-scale synthesis of spinel ferrites is still a
growing area of research. There are a handful of recent works suggesting few
feasible approaches, like microwave-assisted combustion method, conventional
ceramic method, sol–gel approach, etc., for the large-scale synthesis of spinel ferrite
(Dippong et al. 2019; Cobos et al. 2020; Han et al. 2020; Karakas 2020). Owing to
these unique characteristics, spinel ferrites are the extensively studied compounds
with the aim of solving the existing issues in the field of nanomedicine.
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9.2 Prelude to Magnetism

Amagnetic field (H ) is produced whenever there is an electrical charge in motion, or
by a permanent magnet and this magnetic field exerts a force on the source in either
of the cases. In response to which the medium shows some magnetic induction (B),
which is linked to the magnetic field via permeability of the medium. There is a
linear relation, B ¼ μ0H, for most of the materials. Nonetheless, for materials of our
importance, different relation is pronounced, manifesting two contributors in the
induction, one is due to the magnetic field (H ) and another on the part of magnetiza-
tion (M ) of the material, collectively written as B ¼ μ0(H + M ) (Jiles 1991).
Magnetic induction aligns the dipoles to make the parallel assembly of moments
with respect to itself. These magnetic moments are referred to as the ratio of the
highest value of torque on a magnetic dipole and induction. The magnetization is a
material-dependent property, influenced by the magnetic moment of the particular
constituent as well as their synergy with each other, quantified as the magnetic
moment in a unit volume. Along with magnetization and induction, material
properties can be illustrated through its response in terms of how magnetizable is
the aforementioned specimen in the applied field, described as susceptibility (χ), is
the ratio of M and H, consequently becomes significant in the magnetic materials
categorization (Spaldin 2010).

9.2.1 Classification of Magnetic Materials

Diamagnetic materials have zero effective magnetic moments and they show nega-
tive susceptibility which has its origin in the precession of the electronic orbit around
the applied magnetic field direction. Paramagnetic materials have permanent mag-
netic dipoles, and subsequently small net magnetization with a small positive
susceptibility in the response of an external magnetic field. Furthermore, the Curie
law of paramagnetism tells about the inversely proportional nature of susceptibility
toward the temperature, which can be seen in Fig. 9.1. Figure 9.1 also shows that
materials of antiferromagnetic nature have maximum susceptibility at Néel temper-
ature (TN) and displays paramagnetic behavior above (TN). Moreover, antiparallel
arrangement due to negative interaction between permanent magnetic moments is
present. Linear M–H curves will be facilitated for magnetizations of dia-, para- and
antiferromagnetic materials. In contrary to other magnetic materials, ferromagnets
and ferrimagnets have a completely different nature. In ferromagnetic materials,
neighboring atoms experience a strong but short-range interaction, termed as
exchange interactions, accompanying their positive parallel alignment, which can
be magnetized into regions of uniform magnetization in a spontaneous manner,
exhibiting a nonlinear response to the applied external field. This behavior is
characteristic of both ferromagnetic and ferrimagnetic materials, termed “hystere-
sis,” where demagnetization would not recall the original path, hence magnetization
is no longer a single-valued function of field. The field reversal magnitude required
to achieve initial zero induction corresponds to the coercivity (Hc). The
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magnetization value when a material is fully magnetized by the alignment of all the
domains along the direction of applied field direction, especially for larger fields is
called the saturation magnetization, Ms, which becomes zero at Curie temperature
(Tc), in consistence with the divergence of susceptibility, χ at that point. Above Tc,
material exhibits paramagnetic nature according to the Curie–Weiss law of

Fig. 9.1 Magnetic behavior of different materials with field and temperature, respectively
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ferromagnetism. Ferrimagnetic material faces a strong, negative interaction between
the two sublattices which are occupied by two or more magnetic species, possessing
different magnetic moments, resulting into antiparallel spin-lattice arrangement
giving rise to a spontaneous magnetic moment below Tc (Krishnan 2016).

9.2.2 Magnetic Domains and Superparamagnetism

9.2.2.1 Magnetic Domain and Domain Walls
A cluster of aligned spins having unidirectional magnetic moments, considered as
magnetic domains, are teamed up during magnetization. This parallel alignment of
magnetic dipole moments is attributed to a potent driving force, exchange energy in
the case of ferromagnetic materials. Domain walls are the boundaries, having a
specific width and a particular amount of energy associated with it, separating
adjacent domains. Figure 9.2 displays the schematic diagram of multidomain parti-
cle, where at first, favorably aligned domains will grow on the expanse of subsequent
reduction in domains that are oppositely aligned to the field, followed by magnetic
moment rotation of unfavorably aligned domains. Furthermore, coherent rotations
are performed at high fields involving the gradual rotation of closely oriented
magnetic moments, leading to a uniformly magnetized specimen (Jiles 1991).

9.2.2.2 Superparamagnetism
With decreasing size of the particle to a critical size limit that it becomes close to
Bloch wall size, domain walls energy can be made comparable to magnetic anisot-
ropy, making domain walls motion unpropitious and turns out to be single-domain
particles. At this size, magnetization is through coherent rotation of spins and their
behavior was first described by the Stoner-Wohlfarth model (Stoner and Wohlfarth
1948), neglecting the effect of thermal relaxations. But then again, particles of much
smaller size are influenced by thermal fluctuations, regarded as superparamagnetic,
are described by the combination of theories involving thermal relaxation. Figure 9.3
shows the variation of coercivity in terms of magnetic particle with respect to its
diameter. Néel in 1949 explained the absence of their stable magnetization by virtue
of thermal fluctuations, become significant at this size (Hergt et al. 2010). The
behavior of these kinds of materials is restricted by Bean and Jacobs (1956) and

Fig. 9.2 Magnetic domains in the absence and presence of an external magnetic field (H )
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later by Bean and Livingston (1959), as the exposition of no hysteresis display
during magnetization together with the superposition of the curve in M versus H/T
plots conducted at different temperatures. In order to explain superparamagnetism,
Brown (1963), defines the relaxation time τ for the net magnetization of such
particles, τ ¼ τ0 exp ΔE=kBT , which is the time required for spontaneous switching
of the magnetization of an ideal particle by crossing the barrier of anisotropy energy.
The measurement time frame τm has a strong dominance on the magnetic behavior,
such that τm� τ, referring to quick thermal relaxation, easily overcoming the energy
barrier (ΔE) and finally exhibiting superparamagnetic behavior. Slower relaxation
time can be understood for τm � τ, confirming a blocked state having quasi-static
properties. Blocking temperature TB is determined at τm ¼ τ (Dobson 2012).

9.2.3 Anisotropy in Magnetic Materials

The above-mentioned energy barrier is originated from intrinsic and extrinsic
factors, such as magnetocrystalline and shape anisotropies. Anisotropy, whether it
is inherent of the material or induced, impels critically during magnetization, and in
resulting hysteresis curve, therefore called into play in predicting and controlling the
magnetic properties for specific applications. It either depends on the bulk of the
material like magnetocrystalline anisotropy, shape anisotropy, stress anisotropy,
exchange anisotropy, or related to the surface.

9.2.3.1 Magnetocrystalline Anisotropy
Magnetocrystalline anisotropy is a material inherent ability in the preference of
magnetization along with certain crystallographic directions, leading to saturation

Fig. 9.3 Coercivity variation of magnetic particle with respect to its diameter
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of magnetization at smaller field values in those directions, thence called easy axis.
Forenamed is equitable of the total area under the M–H curve for a field in a
particular crystallographic direction, or citing the difference in energy for easy and
hard directional magnetization over a unit volume. That being the case, anisotropy
energy is associated with a crystal having magnetization in a hard direction as a
result of already applied force that diverted the magnetization. The magnetically
anisotropic quintessence in ferromagnetic materials of cubic symmetry is a typical
case of magnetocrystalline anisotropy. Under uniform field, the energy essential for
magnetization of a unit volume in a cubic crystal is determined with the help of
direction cosines α1, α2, and α3 of angles a, b, and c that magnetization forms with all
the three-axis of crystals respectively. The cubic anisotropy in the form of their series
expansion is given as (Bozorth 1936):

E ¼ K0 þ K1 α21α
2
2 þ α22α

2
3 þ α23α

2
1

� �þ K2 α21α
2
2α

2
3

� �þ⋯

The values of K0, K1, K2 are fixed for a certain material at a specific temperature.
After avoiding K2 ascribed to its minute quantity and K0 for the sake of its

unallied nature with angle, the sign of K1 functions substantially and undertakes
the easy axis determination. Showing compliance with heretofore, bcc-Fe and cubic
ferrite with cobalt content hold positiveK1 and follow the order ofE100<E110<E111,
whereas a contrary sequence is noticed for a negative K1 in fcc-Ni and ferrites hardly
having cobalt content (shown in Fig. 9.4). For this reason, iron shows spontaneous
magnetization of demagnetized domains to saturation in h100i direction.
Aforeknown magnetization can be attained with shallow fields, as per the fact that
domain growth will lead to the saturation magnetization upon applying a field in
easy h100i direction, providing a low field is obligatory for domain wall motion. On
the flip side, a reasonably high field is a requisite for saturation in h110i direction,
eventuates through domain rotation involving the forceful rotation of magnetic
moments subduing the above-mentioned crystal anisotropy. The easy magnetization

Fig. 9.4 Easy, medium, and hard magnetization directions of (a) bcc-Fe, (b) fcc-Ni
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for all the ferrites except those containing cobalt is in h111i directions (Cullity and
Graham 2009). Uniaxial anisotropy present in a crystal that has a single easy axis
exclusively. The angle θ between z-axis as the easy axis and magnetization is used to
quantify uniaxial axis anisotropy as (Laurent et al. 2011),

E ¼ KV sin 2θ

where, K and V are anisotropy and volume respectively.
Magnetocrystalline energy emerges from the spin–orbit interaction, and ulti-

mately a demonstration of favoring decisive crystallographic directional orientation,
since spin reorientation requires orbital reorientation, providing orbits are already
coupled and have a preference for those specific directions (Coey 2010). This
anisotropy is observed as conducing to the null result near Curie temperature in as
much as the absence of preference in the orientation of the paramagnetic case
(Spaldin 2010).

Additionally, the polycrystalline materials having asymmetric shapes exhibit a
kind of anisotropy as a result of their shape, even though there is no liking in grain
orientation, ensuing a shape anisotropy regardless of no allowance of crystalline
anisotropy, as magnetization is untroublesome along their long axis. Stress develop-
ment in the course of abrupt cooling or annealing effectuates stress anisotropy. A set
of ferromagnetic and antiferromagnetic material account for exchange anisotropy
owing to their interfacial magnetic coupling. Materials surfaces have the broken
symmetry and atomic disorder, culminating into the induction of local crystal field
pertaining easy axis or easy plane anisotropy, esteemed as surface anisotropy, and
effectuate magnetically harder nature of the surface, attaining an efficacious axial
characteristic at the right angle to the surface. Taking all into consideration, a
concluding parameter is effective anisotropy energy, and the aforesaid incorporates
bulk anisotropy in the conjugation of its surface counterpart.

9.3 Theory of Ferrites

Magnetic moments are in an ordered arrangement in ferrimagnetic and antiferro-
magnetic materials possessing an exchange coupling among them, foster an antipar-
allel configuration of sublattices of the crystal structure. Thereupon identical
response from the sublattices, counterbalance each other and give rise to
antiferromagnetism below Néel temperature. While in ferrimagnets consideration,
below Curie temperature, these sublattices have incommensurate responses, bring on
an overall magnetization (Krishnan 2016). Aforestated materials are predominantly
inorganic oxides featuring in any of the two spinel or non-spinel structures covering
garnet, hexagonal, and orthoferrite structures. Ferrites belong to iron oxides
incorporating other transition metal or lanthanides, and possess sizable magnetic
saturation values, sight far-flung effectiveness in biomedical applications.
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9.3.1 Non-spinel Ferrites

The garnets ferrites appear as M3Fe5O12 formula, containing a trivalent ion M of
transition metal or lanthanides, while the iron is in the trivalent state as shown in
Fig. 9.5 (left panel). The unit cell consists of 160 atoms in the form of eight formula
units, having 24 dodecahedral sites occupied byM ions, whose magnetization utterly
disagrees with those at the tetrahedral sites. Secondly, 16 octahedral and 24 tetrahe-
dral sites are engaged in keeping ferric ions in contrastingly magnetized states
relative to one another (Valenzuela 2012; Uchida et al. 2013). However, both sites
are weakly coupled with dodecahedral sites, begetting a feeble ferrimagnetic nature.

Hexagonal ferrites offer hard magnetic character abiding the chemical formula of
MFe12O19, M is a bulkier divalent ion. This structure has octahedral and tetrahedral
sites captured by trivalent iron ions and can be viewed in Fig. 9.5 (middle panel).
Conjointly, ferric ions elicit a trigonal bipyramid geometry with five oxygen ions
(Kojima 1982; Trukhanov et al. 2018).

Figure 9.5 (right panel) shows orthoferrite which ideally has a cubic structure
alongside general formula MFeO3, M referring to a large trivalent ion chiefly of rare
earth elements positioned on corners in cuboctahedral coordination, together with
ferric ion of body center domicile; additionally, the face center positions belong to
oxygen ions (Tokunaga et al. 2009).

9.3.2 Spinel Ferrites

Spinel ferrites are in most cases magnetically soft materials, with minimal losses
through eddy current. They have a typical representation of MFe2O4, taking in
trivalent ferric ion together with divalent metal ion M. A total of eight formula
units construct one unit cell, each formula unit is composed of Face centred cubic
(FCC) lattice arrangement of oxygen atoms, being the origin of tetrahedrally coordi-
nated A site and octahedrally coordinated B site giving rise to 32 octahedral plus
64 tetrahedral sites (Andersen et al. 2018). Howbeit, only 16 octahedral and 8 tetra-
hedral sites are filled, citing their 1/2 and 1/8 cation occupancy respectively as
displayed in Fig. 9.6. These cations are said to be assigned in cubic crystal symmetry

Fig. 9.5 Left panel figure denotes garnet ferrite, middle panel is hexagonal ferrite, and the right
panel represents orthoferrite structure
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in such a manner that switching their location maneuvers the magnetic feature,
therefore categorized as normal, inverse, and mixed spinel ferrites. Bearing in
mind that magnetic moments of species at tetrahedral and octahedral positions are
counseled in the conflicting state, administrating antiferromagnetic synergy (da Silva
et al. 2019).

Normal spinels carry divalent metal and trivalent ferric ions on tetrahedrally and
octahedrally coordinated locations respectively, as (M2+)A[(Fe

3+)2]BO4 representa-
tion. Nonmagnetic cations ordinarily sit on tetrahedral sites, in particular, zinc ferrite
and cadmium ferrite are evident (Amiri et al. 2019).

For spinel to be called inverse, half of the trivalent ferric ion fills all the tetrahedral
spots, and the remaining other half shares octahedral sites with divalent metal ion
M. This case is represented as (Fe3+)A(M

2+Fe3+)BO4, where the magnetization is
governed by moments of divalent ions only, in consideration of net null magnetic
moment for ferric ions attributed to abolition in its oppositely oriented moments of
tetrahedral and octahedral sites (Adeela et al. 2018). Cobalt ferrite, nickel ferrite, and
magnetite as well belong to the mentioned inverse spinel structure. Yet, when the
two kinds of metal ions do not have a definite share of these sites, rather having
random distribution, then designated as mixed spinels and can be represented by the
formula [(M2+)x(Fe

3+)y]A[(M
2+)1�x(Fe

3+)2�y]BO4 (Hernández-Gómez et al. 2018).

9.3.2.1 Cationic Distribution in Spinel Ferrite
The distribution of cations over the A and B sites categorically influence the
magnetic properties of spinel. This distribution is governed by several aspects of
these ions, like radius, electronic configuration, and electrostatic energy. Since
trivalent ions generally have smaller ionic radii than divalent ones, hence they prefer

Fig. 9.6 Structure of cubic spinel ferrites (A – tetrahedral site, B – octahedral site)
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tetrahedral occupancy, as tetrahedral sites have lesser volume than octahedral sites.
An inverse spinel structure is preferred in this scenario. Sometimes, a cation shows
affinity toward one of the two possible sites, owing to the fact that its electronic
configuration is best suited for the coordination associated with that specific site.
Ions whose d-orbitals are completely filled will have a tendency to form sp3 hybrid
orbital; that is why ions sit on the tetrahedral sites (Cotton and Wilkinson 1974).
Electrostatic or Madelung energy plays a vital role in the distribution of formation of
metal ions in spinel ferrites. It is the energy acquired during the formation of spinel
lattice when faraway ions are coming close to each other in this process (Smit and
Winj 1959). Often, this cationic distribution is in the intermediate range having
mixed or random spinel structure, which is characterized by a parameter called the
degree of inversion (Harris and Šepelák 2018). Basically, the fraction of trivalent
ferric ions that are present on tetrahedral sites is termed as the degree of inversion (δ)
(Concas et al. 2009).

δ ¼ Fe3þ A� site
Fe3þ B� site

The value of δ ranges from zero for normal spinel to one for inverse spinel,
whereas δ¼ 1/3 represents a completely random distribution (Lazarević et al. 2015).

9.3.3 Magnetic Ordering

Ferrites generally have negative exchange energies, based on three feasible classes
of magnetic interaction between the metallic ions. The extent of this interaction
energy reckons with the separation of two ions from an intermediate oxygen ion via
which this superexchange mechanism occurs, in an inversely proportional manner.
The metal ion–oxygen–metal ion angle is also a decisive factor, which gives
maximum exchange energy at 180�.

9.3.3.1 Néel Theory of Ferrimagnetism
Néel considered tetrahedral and octahedral sublattices, A and B in a ferrimagnetic
material of spinel structure in such a manner that inter sublattice interaction A–B
dominates over intra sublattice interaction A–A and B–B, creating a collinear
structure of spins. In this circumstance, the A and B sites will have antiparallel
magnetic moments, and the difference between these two will bring on the overall
magnetic moment. As a result, saturation magnetization (Ms) is determined from the
difference of total octahedral site magnetization (MB) and total tetrahedral site
magnetization (MA). Furthermore, cationic distribution can be estimated on the
grounds of MS. This theory shows the hyperbolic nature of the curve above Curie
temperature when plotted between the inverse of susceptibility and temperature.
Additionally, below Curie temperature, there are multiple possible forms of magne-
tization behavior with respect to temperature, subjected to the distribution of cations
in the sublattices (Smart 1955).
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According to Weiss molecular field theory, where he assumed an internal molec-
ular field (HM) having a proportional relationship with magnetization, supplemen-
tary to an externally applied field (H0),

H ¼ H0 þ HM

Néel extended this theory for ferrimagnets involving two different sublattices,
then the overall magnetic force acting on each sublattice can be written as:

H ¼ H0 þ HA or H ¼ H0 þ HB

where HA and HB are internal molecular field acting on A and B sites respectively.
Considering, HAA and HAB are the fields experienced by ions on-site A due to

adjacent A and B site ions respectively. Similarly, the field acting on B site due to
nearby B and A site ions are HBB and HBA.

H ¼ H0 þ HAA þ HAB or H ¼ H0 þ HBB þ HBA

Subsequently, the total magnetic force acting on sublattices is expressed in terms
of magnetic moments of sublattice A (MA) and sublattice B (MB), γ being the
molecular coefficients associated with sublattices.

H ¼ H0 þ γAAMA þ γBAMB or H ¼ H0 þ γBBMB þ γBAMA

Néel theory is a molecular field theory associated with magnetic ordering by
superexchange interaction, which is a function of p-orbital orientation of oxygen
with adjacent metal cations. It involves the hopping mechanism of electrons between
the magnetic metal ions and intermediate oxygen anion, where an excited oxygen
electron transferred to transition metal ion will have the opposite spin with respect to
remaining unpaired electrons that oxygen has. This phenomenon introduces a
negative exchange integral having a much larger value for cation pair which
makes 180� angle with adjacent oxygen ion. The angle between A-site cation and
B-site cation through oxygen ion (A-O-B angle) is almost 180�, which is in
accordance with Néel’s consideration of A–B interaction dominating over A–A
and B–B interactions. However, Néel’s theory fits for the explanation of numerous
inverse spinels but then gives up in case of mixed ferrites due to a puzzling scenario
(Willard et al. 1999).

9.3.3.2 Yafet-Kittel Theory
When magnetic ions are replaced by nonmagnetic ions in ferrimagnetic materials,
especially in mixed ferrites, the intra sublattice interaction starts challenging inter
sublattice interaction, leading to frustration of several moments. Atomic dipole
moments will no longer be collinear, rather locally canted around the magnetic
interaction. Mixed ferrites like ZnxNi1�xFe2O4, ZnxMn1�xFe2O4, and
ZnxCo1�xFe2O4 show a linear increase in saturation magnetization with early incre-
ment in zinc content. But at large concentration, there is a deviation from linearity
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which is the failure of Néel’s theory (Topkaya et al. 2013). Yafet and Kittel
described this exchange coupling phenomenon by considering the noncollinear
structuring of spin arrangement resulting in magnetization vectors exhibiting trian-
gular spin structures (Yafet and Kittel 1952). In the above-mentioned case with the
increasing composition of nonmagnetic Zn+2 ion on A site, a small number of
remaining ferric ion are incompetent for the alignment of all the B site moments
antiparallel to them. Here, A–B exchange interaction decreases and becomes inferior
to B–B exchange interaction, resulting in an imperfect alignment, called spin
canting. This occurred by splitting of B sublattice into two parts B0 and B00 at
Yafet angle (ϴYK) with the net magnetization direction of the sublattice. Both
parts may have moments antiparallel to each other, giving rise to a ferrimagnetic
arrangement. On the other hand, it can also be ferromagnetically saturated. Another
possible configuration is the antiferromagnetic coupling of both parts. Mean-field
approximation is utilized to each sublattice in the Yafet-Kittel model, involving
interaction from the ions on the same sublattice as well as on other sublattices.

Later, several other theories were proposed to illustrate the ferromagnetic
comportment, starting from statistical model by Gilleo (1960) to random canting
model of Rosencwaig (1970).

9.4 Applications

9.4.1 Magnetic Hyperthermia

Therapeutically, hyperthermia focuses mainly on heating the cancer cells up to a
temperature range of 41–46 �C to elevate the therapeutic efficiency for cancer
therapy. Magnetic hyperthermia treatment requires heat to improvise the temperature
which is generated by MNPs that are finely dispersed in a physiological solution
exposed to an alternating magnetic field (AMF) (Habib et al. 2008). The process
where magnetic energy is transformed by MNPs to heat energy is observed by
different magnetic class of nanoparticles like ferrimagnetic, ferromagnetic, and
superparamagnetic states; however, heating efficiency can be tuned by various
parameters like magnetic anisotropy, saturation magnetization apart from tailoring
the size of MNPs, and magnetic field characteristics (Hervault and Thanh 2014;
Obaidat et al. 2014; Deka et al. 2018). Therefore, the main concern regarding this
treatment is the use of suitable nanoparticles. Forthwith several types of studies
based on magnetic hyperthermia treatment have been carried out. The condition for
successful implementation of hyperthermia as an alternate cancer treatment lies in
the appropriate design of the MNPs with tunable properties for a safer and better
efficient cancer therapy. For hyperthermia treatment, MNPs must be biocompatible,
nonimmunogenic, cell acceptance, and in particular, having the ability to produce
effective heating profiles after being exposed to AMF. In this regard, iron oxide-
based spinel ferrites and their nanocomposites are a group of promising materials
that are being commonly used for magnetic hyperthermia treatment (Kozissnik et al.
2013; Gutiérrez and Alvarez 2018).
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9.4.1.1 Mechanisms for Heat Generations
When MNPs are placed under AMF, magnetic energy is dissipated in the form of
thermal energy. The loss of thermal energy in MNPs caused by the AMF can occur
by means of several mechanisms, like eddy current, hysteresis, and relaxation. A
reasonable bit of each mechanism is mostly associated with the size, and magnetic
anisotropy of the MNPs, along with the fluid viscosity, used for the measurement of
heat being released (Shaterabadi et al. 2018).

(a) Eddy Current Loss
Following the law of induction, when an AMF is applied on the MNPs, the time
varying magnetic flux will induce circular currents called Eddy currents and
heating occurs due to these induced currents which flow opposing the applied
magnetic field H. This results in a loss of magnetic energy as heat. The power
density due to Eddy current loss formulated by Goldman (2006),

Pe ¼ KB2
m f 2d2=ρ

where K is a sample geometry-dependent factor, Bm denotes the maximum
magnetic induction, f denotes the frequency, d denotes the smallest dimension
transverse to the magnetic flux and ρ denotes the resistivity.

For nanomaterials, the eddy current loss is extremely small as MNPs have
significantly poor electrical conductivity to generate a sizeable induction heating
(Suriyanto and Kumar 2017).

(b) Hysteresis Loss
Hysteresis losses mainly occur in large-sized multidomain MNPs (ferrimag-
netic/ferromagnetic materials). When the MNPs are subjected to an external
magnetic field, the domains with magnetic moments parallel to magnetic field
will grow, while the domains with moments aligned opposite will shrink. Such
domain wall displacement will continue till the moments of each domains are
aligned along the applied magnetic field and saturation magnetization is
reached. When the AMF is removed, the magnetization does not vanish
completely, and this is called remanent magnetization or remanence (Mr). The
magnetization, M of a ferrimagnet/ferromagnet plotted against the applied
magnetic field, H traces out a loop, called hysteresis loop, characterized by the
coercivity (Hc) and remanence (Mr) of the material is displayed in Fig. 9.7. An
amount of energy is required to rotate the magnetic moments from one favorable
direction to another unfavorable direction, and this energy is released as heat
when the magnetic moment reverts back to a low energy state. The area of the
hysteresis loop is directly proportional to the energy released as heat during one
complete cycle of the applied magnetic field. The power dissipated per hystere-
sis cycle can be described by the equation
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PH ¼ μ0f

I
HdM

where μ0 is the magnetic permeability of free space and f is the frequency of
applied magnetic field. The loop integral is over the hysteresis loop.

(c) Relaxation Loss
When the size of the MNPs is smaller than the superparamagnetic limit, the
anisotropy energy of the MNPs might become smaller than the thermal energy,
kBT. At this stage, the particle moment starts rotating freely along all directions
which leads to zero net magnetization without an externally applied magnetic
field. Consequently, heat dissipation from the MNPs is mainly caused by the
delay in the relaxation process of the magnetic moments either through the
rotation of the moments within the MNPs, surmounting the magnetic anisotropy
barrier (Néel relaxation) or through the rotation of the MNPs itself that creates
frictional losses within the system (Brownian relaxation), when the MNPs are
exposed to an external AMF with different magnetic field reversal times. The
schematic representations of these relaxation processes are displayed in Fig. 9.8.
The Néel (τN) and Brownian (τB) relaxation times of the MNPs are given by the
following equations (Shaterabadi et al. 2018).

Fig. 9.7 Hysteresis loop of ferri/ferromagnetic materials
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τN ¼ τ0
2

ffiffiffiffiffiffiffiffiffiffiffi
πkBT
KeffV

r
exp

KeffV
kBT

� �

τB ¼ 3ηVH

kBT

where the factor τ0 � 10�9 s, Keff is the effective anisotropy, V is the volume
of the MNPs, kB is the Boltzmann constant, T is the temperature, η is the
coefficient of viscosity of the liquid containing the MNPs and VH is the
hydrodynamic volume of the MNPs.

From the above-mentioned equations, it is obvious that the magnetic relaxa-
tion time depends on the particle diameters. For smaller particle, the predomi-
nant mechanism is the Néel relaxation process, whereas beyond a specific
critical size limit, the dominant mechanism is the Brownian relaxation process
(Ludwig et al. 2013). When both Néel and Brownian relaxations are assumed to
occur simultaneously for the sizes close to the critical size range, the character-
istic relaxation or effective relaxation time τeff can be expressed by the following
relation

Fig. 9.8 Schematic representation of relaxation process in MNPs
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1
τeff

¼ 1
τN

þ 1
τB

Nonetheless, the τeff is predominated by the shorter relaxation time (τN or τB).
(d) Specific Absorption Rate (SAR)

During the hyperthermia treatment, the affected cell is heated from inside and
out. To enhance the heat generation from the MNPs, it requires a high concen-
tration of the MNPs at the affected cell site, and at present, it is only attainable
by direct infusion of the MNPs into the affected cell. The power of heat
dissipation by the MNPs under the influence of external AMF with field strength
H and frequency f is formulated by Rosensweig (2002) and is given by

P ¼ μ0πχ
00fH2

where μ0 denotes the magnetic permeability of free space and χ
00
denotes the

imaginary part of magnetic susceptibility χ ¼ χ0 � iχ
00
and can expressed as the

following

χ00 ¼ ωτ

1þ ωτð Þ2
" #

χ0

where χ0 denotes the equilibrium susceptibility and ω ¼ 2πf and τ denotes
the effective relaxation time.

The heating efficiency of the MNPs is typically represented by the specific
power loss (SLP), also known as specific absorption rate (SAR), measured in
watts per gram, and is expressed as

SLP f ,Hð Þ ¼ P
ρ
¼ μ0πχ

00fH2

ρ

where ρ denotes the mass density of the MNPs.
Despite the fact, the used field parameters play a pivotal role for the outcome

in SLP. It is difficult to directly compare the SLP values measured with different
groups of varying field parameters. Therefore, in order to have a good compari-
son, Kallumadil et al. (2009) proposed a scheme to measure intrinsic loss power
(ILP), which is defined as the normalized SLP to the f and H2 dependence, and
can be expressed as,

ILP ¼ SLP f ,Hð Þ
fH2

Estimating SLP values under adiabatic condition through calorimetry gives
the best definite values even though it demands highly sophisticated instruments
compared to different methods. Adiabatic magnetothermal arrangement to
determine the SLP values was only reported by Natividad et al. 2011. To
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perform such experiment, it requires a vacuum proof defenders for the samples
to be kept. These kinds of setups give a better temperature control because of the
metallic shielding, but on the other hand, large dimensional adiabatic system is
required where the samples are kept which may limit the generation of
alternating magnetic field. Therefore, this high-tech sophisticated setup confines
the approach for SLP measurement under adiabatic calorimetry conditions. In
adiabatic conditions, setup prohibits the heat to be transferred between the
MNPs and their surrounding environments. Therefore, the total heat generated
by the MNPs is contributed to the rise in temperature. In this model, the sample
temperature T depends on the power P and the heat capacity C contributed by
the MNPs.

P ¼ C
dT tð Þ
dt

Figure 9.9 shows the temperature versus time graph of adiabatic setup. In
adiabatic condition, there is increase in temperature with the applied alternating
magnetic field producing a linear heating curve. However, unlike in adiabatic
setups, in nonadiabatic systems, the samples start to lose their heat energy to
their surrounding environment immediately when the temperature of the sample
rises beyond the temperature of the surrounding, and thus produces a nonlinear
heating curve, as displayed in Fig. 9.9. Huang et al. (2012) and Wang et al.
(2013) addressed the potential sources of errors with the nonadiabatic
arrangements during the SLP measurements. Furthermore, Wildeboer et al.
(2014) reported the significance of precise SLP measurements and reassessed
few potential errors of measurements. They proposed a slope corrected rate
determination method which provides more accurate SLP values using nonadi-
abatic setups than the most widely employed initial slope method.

Fig. 9.9 Temperature versus
time graph for adiabatic and
nonadiabatic setup
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9.4.1.2 Properties Influencing the Heat Generation
(a) Particle Size Effect

In determining the heat generation and the relaxation times by the MNPs, the
particles are assumed to be of the same sizes. Heat dissipation in MNPs is
mainly generated through the basic mechanisms like hysteresis loss, Néel, and
Brownian relaxations. But, the dominance of these mechanisms depends greatly
on the size of MNPs. In actual practice, the size distribution of MNPs is broad
and usually extends form single domain to multidomain and synthesizing of
MNPs with adequately narrow size distribution, exhibiting only one distinct
reversal mechanism, is not an easy task to achieve. There are only few studies to
precisely grasp the particle size distribution effect on MNPs heating efficiency.
Hergt et al. (2008) demonstrated that the field amplitude and frequency strongly
depend on the mean size as well as on the variance of the MNPs. They proposed
that MNPs with narrow size distribution and having mean size corresponding to
the maximum Hc within the range of single domain could produce optimum
heating efficiency. Therefore, in order to achieve optimum heating efficiency,
narrow size distribution as well as the mean particle size should be optimized
concerning the field amplitude and frequency. In their recent work, Gupta and
Sharma (2019) have reported the possibility of tuning the magnetic properties of
Fe3O4 MNPs by manipulating the size using a biosurfactant agent as stevioside
(a natural plant-based glycoside). These biosurfactant enhanced the hyperther-
mic efficiency by reducing the particle size which is essential for hyperthermia
cancer treatment. Further, this study was carried out in vitro on rat C6 glioma
cells which showed the efficiency of cell death at 43 �C after 30 min.

(b) Anisotropy Effect
It is well established that the various forms of anisotropy like magnetocrystalline
anisotropy, surface anisotropy, shape anisotropy, and exchange anisotropy
influence the magnetic properties of the materials. Numerous studies revealed
that magnetic anisotropy is the key factor controlling the heating of the MNPs
(Kolhatkar et al. 2013; Mehdaoui et al. 2013; Obaidat et al. 2015). Through
theoretical modeling, it was revealed that the magnetic anisotropy varies
inversely with the MNPs sizes (Habib et al. 2008). Hence, the size at which
the MNPs generate maximum heating power decreases as the magnetic anisot-
ropy constant increases. Carrey et al. (2011) approximated the optimum anisot-
ropy to generate maximum heating that can be analytically calculated using their
proposed model. They proposed that the magnetic anisotropy should become
the central parameter in the experimental investigations for magnetic hyperther-
mia. However, it is also crucial to mention that depending on several other
factors, the magnetic anisotropy can lead to increased or decreased heating
efficiencies of MNPs (Verde et al. 2012; Obaidat et al. 2015). Researchers
reported that the heating efficiency depends on morphology (shape anisotropy)
of the nanoparticles. Simeonidis et al. (2013) found out that similar size, cubic
iron oxide particles have superior magnetic heating efficiency compared to
spherical nanoparticles. Again, Lee et al. (2011) reported that the anisotropy
of the exchange coupled core-shell nanoparticle can be tuned for efficient
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self-heating response. Recently, Darwish et al. (2020) synthesized eight differ-
ent types of bi-magnetic core shell of ferrite MNPs. They explained that
synthesized core-shell MNP structures improved the properties of heating
efficiency with applied field. Especially, tuning the properties of synthesized
core-shell MNPs, the SLP at specific diameter can be improved and used for
hyperthermia treatment.

(c) Dipolar Interactions Effect
Ferrofluids are frequently described as coated single-core magnetic particles,
homogeneously dispersed in a medium and exhibiting uniform distances
between the single cores. However, in reality, particularly when the MNPs are
injected into the body, agglomeration takes place due to the interparticle or
dipolar interactions between the single cores. As the interparticle distance
decreases with agglomeration or increased particle concentration, the dipolar
interaction increases, and hence, increasing dipolar interactions are likely to
influence the magnetic relaxations and thus affecting the heating response of the
MNPs. The Néel relaxation process are directly affected by these interactions,
which is the principal heat generation mechanism in hyperthermia studies
(Piñeiro-Redondo et al. 2011). However, there have been numerous conflicting
experimental and theoretical studies describing how increased dipolar
interactions influence the relaxation time. Mørup and Tronc (1994) proposed a
model predicting the influence of dipolar interactions on the relaxation times of
superparamagnetic MNPs. They showed that with decrease in dipolar
interactions, the relaxation time decreases. Furthermore, Mehdaoui et al.
(2013) investigated the effect of magnetic interactions on the heating efficiency
with same size MNPs but with varying anisotropy. The authors reported that
strong dipolar interactions can arrange the MNPs in the form of chains with
uniaxial anisotropy leading to maximum SAR value. Piñeiro-Redondo et al.
(2011) revealed that with increased dipolar interactions, the Néel relaxation time
increases resulting in decreased SAR values for coated magnetite samples;
however, the authors also showed enhanced heating efficiency for the bare
magnetite samples with increase in particle concentration, consequently increas-
ing dipolar interactions. They suggested that the coated samples can alter
hydrodynamic size modifying the Brownian relaxation time. In case of the
bare MNPs, the dipolar interactions are strong even when the concentrations
were low, while MNPs tend to aggregate at higher concentrations. Their work
summarizes conflicting role of dipolar interactions on the heating efficiency of
MNPs. The role of interparticle interactions on the heating efficiency were also
investigated recently in core-shell iron–iron oxide MNPs by manipulating the
dipolar interactions between the core and shell of the MNPs (Simeonidis et al.
2020). Their study revealed that samples having noncoherent reversal are more
adequate to generate large SAR values because nontrivial magnetization rever-
sal reduces the dipolar interactions which eventually diminish the possibility of
agglomeration. In a recent study, it has been reported that dipolar interaction
plays a significant role in self-heating behavior of the MNPs for hyperthermia
study (Jamir et al. 2020). They showed that surface functionalization of
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magnetite with organic polymers leads to reduced dipolar interaction which
significantly enhances the heating ability of the MNPs.

9.4.2 Drug Delivery

Traditional cancer therapy approaches show various limitations which include small
and unspecified outcomes and hence low efficiency individualizing between good
and affected cancer cells. Current developments for nanotechnology have introduced
innovative therapeutic nanomaterials that avail to benefit various targeting
approaches. Utilizing nanotechnology in medicine, particularly drug delivery have
advanced promptly over the past few years. Presently, myriad MNPs are under
research for drug delivery systems, which involve study in cancer treatment.
Functionalized MNPs used in drug delivery system might include drugs anticipated
to be delivered into infectious cells involving sensors and actuators that manipulate
and control the drug delivery system. The external magnetic force can influence
the magnetic properties of MNPs. Therefore, during the drug delivery mechanism,
the MNPs are coerced to magnetic carriers in which the drug localized is based on
the conflict among the force implemented on the charge carriers by blood cells and
generated magnetic forces from the magnet.

Ferrites-based MNPs with a surrounding layer of polymers have been compre-
hensively used in treatments due to their high tolerance in regards with organic
solvents, low toxicity and better bioavailability as compared with free drugs
(Subramani and Ahmed 2018). The PVP-coated MnFe2O4 MNPs was studied by
Wang et al. (2018). These MNPs have high drug-loading capacity of doxorubicin
hydrochloride (DOX) and the loaded drug exhibited remarkable release character
with pH sensitivity, favorable for the prevention of quick release of anticancer drug.
Again, chitosan-cross-linked carboxymethyl-β-cyclodextrin-modified magnetite
(Fe3O4) displayed a promising approach for high efficiency of inclusion capacity
for antitumor drug delivery in cancer treatment (Liu et al. 2012). Jose et al. (2020)
studied a novel application of ZnFe2O4 and Ag-substituted ZnFe2O4 on drug
delivery. They loaded the MNPs with an anticancer drug, Curcumin coated with
casein micelle to make the compounds less toxic allowing the MNPs to flow freely in
the blood cells. They developed an efficient pH-sensitive drug delivery mechanism
for higher drug concentration for targeting the malignant cells.

9.4.3 Magnetic Resonance Imaging

Among the various techniques, magnetic resonance imaging (MRI) is a predominant
technique in detecting the location and allocating cells in noninvasive way.
Advantages of using MRI is that it has higher spatial resolution and finer tissue
contrast. The mechanism of MRI is set on minimizing the longitudinal/transverse
relaxations times T1 and T2 respectively based on H2O protons. Therefore, when a
steady magnetic field is applied to the affected cells, these H2O protons are aligned
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along the direction of the applied field and using computer software, the resulting
images of internal structures are depicted under resonance effect. The contrast
agents, T1 is used in blood pool imaging and T2 in extracellular agents for biomedical
treatment. Many studies have been performed in order to enhance resolution and
contrast of MRI, therefore, MNPs are used to improve the contrast agents.

The drawback of MRI technique is that it gives sensitive low signals; however, it
can be prevented by using MNPs to improve the signals. Fe3O4 MNPs has been
studied as the signal enhancer in MRI (Jun et al. 2005). In this work, they have
reported that the magnetism and induced MRI signals correlates with the size of
nanocrystals and showed excellent MRI contrast agents for cancer diagnosis. Fur-
thermore, many researchers have explored several ferrites with modulated properties
for MRI applications. Vecchione et al. (2017) studied using lecithin stabilized
nanoemulsions packed with Co0.5Fe2.5O4 nanocubes and they observed that contrast
agents were found to be based on the nanoemulsions concentrations. In vivo study
was also carried out in Melanoma-bearing C57BL/6 male which was injected with
MNPs where a time-dependent accumulation was established in the affected paren-
chyma. A similar study on TAMRA-coated CoFe2O4/MnFe2O4 MNPs by Zhang
et al. (2017) proposed that MNPs ultimately enhances the contrast agents in MRI at
the side of affected tumor so that the maximum variation in T2 weighted value was
detected at 12 h postinjection of MNPs. They also did a combined study for MRI and
fluorescent labeling in vivo using tumor-bearing female BALB/c mice as well as
in vitro using MGC-803 human gastric cell line. Faraji et al. (2019) reported that
highly stable PEG-coated manganese ferrite (MnFe2O4) at pH near the physiological
pH range showed enhanced MRI contrast effect as well as good biocompatible
behavior.

9.5 Conclusions

In this chapter, we have gone through the basic properties related to the spinel ferrite
MNPs along with some milestones achieved by these MNPs in the field of biomedi-
cal applications. Over the past few years, numerous physical, chemical and preclini-
cal research strategies have been proposed by the researchers and pharma industries
into the development of high-quality spinel ferrite-based MNPs, which can be
tailored for magnetic hyperthermia treatments, MRI and targeted drug delivery in
the field of nanomedicine. However, cost-effective synthesis of sizable amount of
ferrite MNPs for biomedical applications requires additional research. Moreover,
applications of spinel ferrites in different biomedical fields are prominent, although
the toxicity of some spinel ferrites should be carefully weighed well before com-
mercialization or usage on a larger extent. In reality, synthesizing large amount of
spinel ferrites with all the optimal properties remains an active area of research.
Lastly, some challenges still need to be considered regarding the use of spinel ferrites
as an alternative cancer treatment. One of the most important challenges is the lack of
human trials in these fields. Researchers and pharmaceutical industries are still
reliant on animal trials concerning the risks involved in the human trials.
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Abstract

The three-dimensional (3D) analogs of the extracellular matrix (ECM) have
gained noteworthy attention in current years, owing to their promising tissue
regeneration tendency and cell proliferative ability. The three-dimensional
scaffolds perform an essential role of basic skeleton in regenerative medicine.
They provide mechanical integrity and support to the regenerating tissue to help
with cell adhesion, cell proliferation, and cell differentiation. A scaffold is needed
to regain functionality or regenerate the tissue, which acts as a substitute matrix
for cell proliferation as well as the extracellular deposition of the matrix, with
subsequent growth till the time the tissues have fully regained and/or regenerated.
Conducting substrates of polymer render the potential to electrically stimulate the
scaffolds and also augment the regeneration of electroactive tissue like nerve and
muscle significantly. Electrically conductive scaffolds are fabricated using sol-
vent casting, particle leaching process, electrospinning of polymer-conductive
mixtures with extra polymers, and performing polymer deposition on template
scaffolds. On conducting scaffolds, bioactive molecules are also immobilized,
which allows the scaffolds multifunctional tissue engineering clues. In addition,
the relations between the neural and cardiac cells and the conducting scaffolds
were also analyzed in this chapter. Consequently, processing and tissue engineer-
ing technologies of conducting scaffolds can significantly affect tissue engineer-
ing and other bio-related fields.
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10.1 Introduction

Implantable 3D scaffolds are employed to repair and reconstruct diverse structural
disorders in large and functioning organs. The scaffolds include a structure to repair
defects, while encouraging cell connection, extracellular matrix (ECM) proliferation
vessel development, regeneration, nerves, joints, bones, etc. Scaffolds are elastic,
fibrous, or permeable biomaterials in three dimensions (3D), intended to enable the
transportation of liquids and gases from the body, fostering cell deposition of
relationships, viability, and extracellular matrix of low inflammation and toxicity,
though at some stage with controlled biodegradation. The artificial substance cov-
ered with various tissue grafts is called alloplasty. The biologically active alloplasty
scaffolds guarantee the tissue help, which often act as a transport mechanism for
bioactive compounds (cytokines, medicines, toxins, enzymes) and provide templates
for the attachment of genetically transduced cells to build fresh regeneration and
morphogenesis centers for tissues.

Three-dimensional (3D) biomaterial scaffolds used for tissue engineering can be
chemically composed of natural ceramics, metals, and glass-ceramics and organic,
hybrid polymers. More recently, the emphasis has been on biodegradable
biomaterials, which should not be explanted in an individual. Every biomaterial
has its own unique chemical, physical, and technical properties, while the transmis-
sion and control power form 3D, including geometry. The preference of production
methods depends on the unique scaffolding criteria, anything of concern, and limits
on machines (Chia andWu 2015). Computer-aided concept development (computer-
aided design, CAD) tools and rapid prototyping enable for the development of
objects with a macro- (size and form overall), micro- (size of the pores, form,
interconnection, and distribution), and nanoarchitecture at times. The configuration
of the scaffold should be individualized for the patient data preparing specific 3D
model of some porosity or vasculature systems, consistent with various biomaterials
and those molecules. The use of 3D printers has revolutionized the regenerative
approach for treatment.

Most of the works have recently been undertaken to establish a collection of novel
biomaterials and composites with improved viability of the cells, cell proliferation,
and printability, exhibiting several important characteristics. For example,
biomimicry approach provides organization of numerous cellular components
(such as growth factors, ECM proteins, hormones, etc.) to imitate a living tissue to
enhance cell signaling or ECM creation (Jammalamadaka and Tappa 2018). Biomi-
metic scaffolds are also used to supply medicinal substances, such as enzymes,
growth factors, drugs, and so forth, and the anchoring of these items onto the
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scaffold is critically important. It is noteworthy that interactions between biomaterial
and cells are important to cell viability, proliferation, and differentiation, and for the
overall tissue growth. Thus, biomaterial characteristics, for example, surface chem-
istry, charge, ruggedness, reactivity, and hydrophilicity, have to be carefully tailored,
based on specific application (Hasan and Pandey 2015). The aim here through this
review is to provide in-depth insights into implantable scaffolds for both in vitro and
in vivo performances.

10.1.1 Requirements for a 3D Scaffold

A scaffold architecture requires physicochemical (surface composition, biodegrada-
tion, porosity, etc.), mechanical (elastic modulus, stiffness, etc.), and synthetic
(vascularization, cell adhesion, etc.) properties, specifications for biocompatibility,
etc. and issues related to sterilization and viability of commercialization. Enhancing
the 3D scaffolding bioactivity and features serving as engineered structures or the
form, height, power, porosity, and degradation of matrix rate is easily regulated.
Those regeneration models have been planned in the past few years, it has evolved.
The affected tissue required to fix the scaffold will be built and produced in a manner
close to that of an anatomical framework and physical and biomechanical emulation
of initial clothing. It is the 3D scaffold which can withstand the external pressures
and loads induced by the creation of fresh tissues preserving technical assets similar
to those of the local landscape material (Engler et al. 2006). Biomaterials may be
degraded on the surface or bulk. Unlike the bulk degeneration which breaks the
internal structure, the bulk structure of the material is maintained by surface degra-
dation. Degradation rate should match the growth of the tissue without separating
toxic by-products. The basic geometry of the scaffold shall retain a porous or fibrous
design and further provides a high ratio of surface area to volume for cell attachment
and the development of materials. Nerve fibers are closely related spatially to cells
expressing the receptor for neuropeptides and shall be developed simultaneously
with a new fabric, to control homeostasis. The peripheral distribution is typically in
the human body, the nerves and blood vessels follow one another’s development,
since they are anatomically linked and affect the growth and evolution of each other
(Feng et al. 2015). As the production of multitissue is still difficult to control,
autologous neurovascular forms of microsurgical bundles combined during scaffold
implantation are possible concepts for improving the scaffolding efficiency
(Marrella et al. 2018).

A cascade of biological events, following the injury migration of stem cells,
chemokine, and the secretion of the growth factor, is used to repair the tissue
destroyed. Scaffolds could mimic those processes, stimulated and organized by the
addition of diverse bioactive products’ mobility like genes, peptides, aptamers
(single oligonucleotide resistance), growth factors, antibodies, drugs, or even ECM.
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10.2 Functionalized 3D Bioactive Polymeric Materials

Bioactivity refers to a material’s potential to affect its biological environs. The
concept was first described by Langer and Vacanti in the 1990s, as three-
dimensional “tissue engineering.” Ever since (3D) has been historically organized,
biomaterial-based scaffolds were employed to create a bioactive environment where
the cells adhere to as well as proliferate (Langer and Vacanti 1993). At the time, 3D
scaffolds were tested for a broad spectrum of applications from nerve regeneration,
bone regeneration, regeneration of the ligament/tendon, muscle regeneration, to even
extra (Lee et al. 2015a, b, 2014).

In the direction of creating these polymer scaffolds, natural and synthetic
biomaterials have become well known, due in major part to their vastness of
bioactivity and property diversity (Pişkin 1995; “Natural and Synthetic Biomedical
Polymers - 1st Edition n.d.; Shelke et al. 2014). Indigenous natural polymers are the
first biodegradable materials used for scaffolding clinically, since they have stronger
average experiences with different cell types and inadequate immune response. Yet
industrial synthetic polymers, they were later made cheaper and allowed a better
functionality in view of the need for industrial polymers in specific, immune reaction
or injuriousness with the usage of polymer combinations (Dhandayuthapani et al.
2011). Among the synthetic polymers, poly(glycolic acid) (PGA), poly(L-lactic acid)
(PLLA), poly(lactic-co-glycolic) acid (PLGA), and poly(caprolactone) (PCL) are
presently the utmost prevalent for the establishment of 3D macromolecular
structures in the custom of making biodegradable scaffolds (Müller et al. 2006;
Narayanan et al. 2014; Shelke et al. 2014). Such polymers are also used along with
the carbon polymers to improve hydrophilicity-based unfavorable problems, attach-
ment of cells, and biodegradability. What’s more, the scaffolding surfaces are
regulated with different ligands like protein molecules which assist to improve
cellular response.

A three-dimensional scaffold is currently anticipated to show a least of the
subsequent three design features for cell room and the transfer and linkage of
minerals, mechanical properties appropriate for the envisioned use, and in the
directive for biocompatibility preventing an inappropriate immune response
(Holzwarth and Ma 2011). A big benefit of using 3D tissue engineering scaffolds
is the mechanical power capacity to work, speed of degradation, and cellular
adhesion. There is a wide selection of various methods for keeping the scaffold
usable, the maximum of which hinge on the content query. External surface alter-
ation to enhance appropriate cell proliferation molecules has remained to be used
with numerous versatile polymeric materials. Such as, copolymerization using the
similar monomers was employed to render polymeric functional scaffolds for the
promotion of cell adhesion to resolve restrictions of the parent polymer (Liu et al.
2012). Additional benefit about the functionality stays in the manufacturing technol-
ogy, like three-dimensional printing, microparticles’ electro-spinning, and hydrogel,
can cause a lot of dissimilar things such as the cell adhesion, rate of degradation, and
mechanical properties.
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3D structures produced in the system of nanofibers by electrospinning are one of
the most commonly used styles of scaffolds and were proved to be particularly useful
in imitating the extracellular climate, excellently because of their larger surface area-
to- volume ratios, mechanical properties, great porosity, and a distribution of size of
the pores present (Lee et al. 2015b). Within such scaffolds, both the alignment and
diameter of the fabricated fibers are exploited to get dissimilar responses at the
cellular level relying on the application (Lee et al. 2007). Scaffolds made from 3D
hydrogel are often commonly used because of its distinctive, stimuli properties, and
its remarkable aptitude to preserve the innovative structure well. In addition,
dynamic representatives like growth, using hydrogel scaffold features, may be
unconfined at a specific required rate, because of their forces of encapsulation of
bioactive agents (Zhu and Marchant 2011; Shelke et al. 2016). Besides those
approaches, scaffolds made using PLLA, PLGA micro-particles, and their mixtures
with natural polymers are widespread because of their ability to lessen the ruin of
numerous compressed biological macromolecules with the capacity to release
molecules for drawn-out time limits (Chau et al. 2008; Sahoo et al. 2005; García
Cruz et al. 2008; Lasprilla et al. 2012).

10.3 Synthetic/Natural Biomaterials Actively Assisting in Tissue
Engineering

10.3.1 Poly(L-Lactic Acid)

Poly(L-lactic acid) is a biologically degradable, organic polyester derived from poly-
L-lactide polymerization, produced from green energy materials like starch, and has a
broad range of uses, including as sutures, medication distribution tubes, prosthetics,
skin, arterial grafts, bone, screws’ scaffold reconstruction, and fastening pins
(Kronenthal et al. 1975). Another instance of a Food and Drug Administration
(FDA)-approved PLLA drug is Sculptra™, which is a commonly used injectable
for treating facial atrophy (Narins et al. 2009). Poly(L-lactic acid) often degrades to
nontoxic by-products and can be blended easily with other materials, making their
use common (Hule and Pochan 2007). Although PLLA has a faster degradation rate,
it is still considered to be relatively slow compared to PCL via bulk degradation,
compared to other polymeric biomaterials employed in tissue scaffolding (Shasteen
and Choy 2011). PLLA also has a large degree of crystallinity in its fragments,
which may result in the deterioration of redness in the physique and often combined
with additional polymers to create three-dimensional scaffolds (Lasprilla et al.
2012). Fukushima and Kimura, whose PLLA is developed as a result of the
intermingling of L-lactic acid and D,L-lactic acid as D, L-lactic acid more swiftly
and without high crystallinity and inflammation, have proven to solve the dilemma
and enable greater bioactivity (Fukushima and Kimura 2008).

One example of an inflammatory scaffold composite PLLA requirement for
reductions is illustrated in Fig. 10.2, demonstrating the surface morphology of
poly(L-lactic acid)—Rg3 nanofiber matrix utilizing the surface electron microscopy
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(SEM) technique. Thus, synthesized fibers displayed pure poly(L-lactic acid) (a),
poly(L-lactic acid) with 2% of Rg3 (b), 6% Rg3 (c) poly(L-lactic acid), and 10% Rg3
(d) poly(L-lactic acid) respectively. Rg3, a renowned blemish reduction compound,
has the function of all PLLA-linked inflammation counteractors and requires a
quicker regeneration of the skin (Cui et al. 2013). It can be observed that in nature
the fibers are fairly even and infiltrate the scaffold pores for cell use. Including
electrospinning, other approaches include three-dimensional printing, and the sol-
vent print casting may be employed to achieve nontoxic bioactivity of blended
PLLA enhanced scaffolds.

10.3.2 Poly(Lactic-co-Glycolic) Acid

Poly(lactic-co-glycolic) acid (PLGA) is a mixture of PLLA and PGA polymers and
is among one of the most ordinarily produced tissue engineering synthetic biode-
gradable polymers. The higher the PGA ratio inside a PLGA scaffold the more it is
required to degrade rapidly. Its degradation by-products, glycolic and lactic acid, are
nontoxic (Göpferich 1996). The use of PLGA has been popular for a number of
causes: being adaptable, biological degradability, and configuration of a dissimilar
variety of formulation, and the surface alteration for anticipated targeted drug
delivery (Danhier et al. 2012). One case approved by the FDA is Osteofoam™
scaffold for bone tissue engineering, which shows a close 3D morphology to the
trabecular bone in humans and cell colonization was seen to enable (Holy et al. 1997;
Ishaug et al. 1997).

Sadly, PLGA, being a very widely used polymer, has one major drawback that
restricts its use. Its biodegradation by-products are predicted to be highly acidic,
thus, in larger quantities, can rapidly be precisely problematic for their
metabolization in the human body (Kerimoğlu and Alarcin n.d.). It may be a concern
particularly for medicine delivery systems, in the presence of active acids. Many
studies have attempted to mitigate the consequences of PLGA depletion by-products
of the core drawback. One conventionally prevalent solution is to adjust the propor-
tion specifically for PGA:PLLA, in such a way that there is a higher amount for PGA
resulting in a higher rate of degradation, and less acidic by-products all emitted at
once. Recently, however, it has been shown that the pH of PLGA by-products may
increase in the presence of particular salts, principally to a greater overall bioactivity,
especially in relations of applications for distribution filing (Houchin and Topp
2008).

PLGA has been used for the development of nanoparticles and microparticles; 3D
drug delivery scaffolds and tissue engineering applications (Locatelli and Franchini
2012; Faisant et al. 2002; Shelke et al. 2016, 2010; Ren et al. 2005; Pavia et al. 2001;
Thomson et al. 1995).
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10.3.3 Polycaprolactone

The first synthesized, well-recognized polyester material in the 1930s,
polycaprolactone (PCL), was extensively used to make 3D scaffolds to be used in
tissue engineering. In fact, the nature of PCL is elastic and also possesses the
nonpolar methylene group and an ester bond which is semipolar. It is employed
differently, including in film, fiber, and as microparticulate. This is used in the
production of its bioactive materials’ composite material form with other polymers,
for example, chitosan and gelatin, for different tissue regeneration applications
(Zhang et al. 2005; Gerçek et al. 2008; Kazimoǧlu et al. 2003; Alves Da Silva
et al. 2010; Yoshimoto et al. 2003; Narayanan et al. 2015). To count its uses in the
field of tissue engineering, polycaprolactone is commonly relevant to numerous drug
delivery systems and it is approved by the FDA for a lot of diverse pharmaceuticals
(Woodruff and Hutmacher 2010). The mechanical use of polyesters has been
popularized, since PCL is comparatively more elastic than others (Lowry et al.
1997). Its benefits include good drug permeability across biological membranes,
relatively leisurely degradation rate, and lesser by-products of other polyesters that
make it useful for drug production in field applications, and tissue engineering in
recent years (Ulery et al. 2011).

Polycaprolactone has been observed to be strongly soluble and merge consis-
tently with additional biomaterials (Chandra and Rustgi 1998; Okada n.d.; Arof et al.
1995). Nevertheless, its fairly unhasty degradation cycle (2–4 years) acts as a
drawback, rendering it a good short-term market for product scaffolding and growth
factor distribution. However, PCL lacks the cellular adhesive properties alone,
without any kind of functionality (Cipitria et al. 2011). Numerous methods of
enhancing its bioactivity include copolymerization, surface flexibility, and mixing
forms to overcome the drawback (Cheng and Teoh 2004). Chang et al. have proved
poly(epsiloncaprolactone)/graft/type II collagen/grafted/chondroitin sulfate
scaffolds made from the leaching of particulates and PCL topographic alteration
which were filled in with collagen type II and chondroitin sulfate used in aiding
chondrocyte proliferation (Chang et al. 2010). Proliferation was observed at large
cellular intervals throughout the 4-week culture span. Histological staining has
identified a large secreted amount of collagen, an essential marker for cellular
viability. It has been shown that cells will bear exactly the same phenotype within
a porous PCL scaffold as chondrocytes which demonstrate the feasibility of porous
PCL scaffolds within native cartilage tissue for its application in tissue engineering
and their aptitude to simulate the environment of native tissues (Izquierdo et al.
2007). It is a significant observation to show the tremendous functional ability of
PCL scaffolds and the absence of unmodified PCL bioactivity.

10.3.4 Collagen

There are about 29 recognized collagen types that all have different properties and
can be extracted for almost all animals on earth like humans. Collagen is embedded
in the extracellular matrix and shape in bones with gels or fibers to help tissues
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(Parenteau-Bareil et al. 2010). Thanks to the variety of collagens we have designed,
and their function in organ growth and help employed as three-dimensional
scaffoldings for a number of tissue engineering uses, from rough material similar
to the bone to the regeneration of soft tissues, for example, vasculature, cartilage, and
nerves (Oliveira et al. 2010; Pang and Greisler 2010; Vickers et al. 2006; Barnes
et al. 2007; Ceballos et al. 1999; Aravamudhan et al. 2013). Numerous forms of
collagens, namely I, II, III, V, and XI, were verified for application in tissue
engineering and regenerative medicine. Form I, by several of these scholars, has
been identified by way of “gold standard” of collagen, due to the reduced immune
hyperreactivity correlated herewith (Parenteau-Bareil et al. 2010). Furthermore, the
collagen gap is a very small characteristic through different host populations, which
may contribute to potentially undesired variations within certain engineered
scaffolds (Lin and Liu 2006). Additionally, collagen scaffolds may be very chal-
lenging to synthesize, but show no major improvements in the credibility of the
planned form, as is often sadly the case of fat and nutrition (Parenteau-Bareil et al.
2010). Collagen scaffolds normally display a fairly large number of morphologies of
rough soil, due to its fibrous nature and sample structural porosity. Fibrous collagen
is compatible as far as the processing methods go, while scaffolding is rendered
using the regular electrospinning technique and its rabbit conjunctival fibroblast cells
have been shown to proliferate speedier on matched fibrous collagen scaffolds than
on random fibrous collagen scaffolds, stressing the manufacturing function system
used (Zhong et al. 2006; Aravamudhan et al. 2018). Figure 10.1 illustrates porous
scaffolds which are often based on collagen, produced by the solvent casting/particle
leaching process, separation of phases, foaming of fuel, melting frozen emulsion,
with clusters of fibers. A number of such methods do not require properties of
cell-based adhesion, due to the shift of morphology on the earth. The good free
form manufacturing has been used and is proven to show more effective cellular
adherence (Sachlos et al. 2003). Because the cell attachment over collagen scaffolds
is extremely contingent over the biomaterial surface morphology, it is necessary to
analyze carefully the manufacturing methodology employed and its optimization.

Fig. 10.1 A standard scaffold made from collagen is seen in the above figure, where (a) is a
scaffold with a diameter of 8 mm along with a thickness of 2 mm and (b) is an image taken from
above the surface (left) from scanning electron microscopy technology and a cross-sectional view of
the section in the right. The scaffolds in this image have a pore dimension of around 80 mm
approximately and were produced using a lyophilization technique to process the shown highly
porous structures. The displayed rough surface morphology is found to be consistent with various
type II collagen scaffolds. (Reprinted from Stratton et al. (2016) with permission from Elsevier)
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10.3.5 Chitosan Polymer

The chitosan is a biologically degradable linear polysaccharide produced from
fractional chitin deacetylation with chemical hydrolysis (Pandey et al. 2021).
Chitosan 3D scaffolds showed practical properties and structural characteristics
close to those of glycosaminoglycans (GAGs), going on normally as a lubricant
inside the human body. It is a real bearing witness to its bioactivity and that it
actually encourages except a couple, cellular adhesion without more functionality
biomaterials discussed earlier (Chandy and Sharma 1990; Laurencin et al. 2008).
Thus, 3D chitosan scaffolds unaided or in blend with other natural polymers are
employed in various tissue processing formulations of oil, sponge, or fiber
submissions (Croisier and Jérôme 2013). Chitosan has limited its use as a biomate-
rial with physiological solubility at equilibrium that is beneficial for its application’s
extended time period (Albanna et al. 2013; Chopra et al. 2006). Therefore, chitosan
is considered as a feasible biomaterial for its use in the tissue engineering field in 3D
scaffold form (Hasan et al. 2017). In addition, thanks to its multifunctional property
chitosan is often blended with structure and ability to crosslink other biomaterials for
modifying scaffold properties (Hasan et al. 2018). Chitosan with hyaluronic acid has
been observed to have excellent structural efficiency, with collagen type II and GAG
positive cartilage staining (Muzzarelli et al. 2012). Likewise, chitosan-
polycaprolactone scaffolds employed in tissue engineering display that the bovine
chondrocytes adhere to and multiply after 21 days on these three-dimensional
scaffolds in vitro (Neves et al. 2011). Nervous regeneration procedures, where
collagen chitosan has been proved in arginine-glycine-aspartic acid (RGD)-bearing
scaffolds, accelerated a continuous axonal development in 15-mm long rats with
nerve defects since 4 months (Xiao et al. 2013).

10.4 Applications of Functionalized 3D Bioactive Polymeric
Materials

10.4.1 Neuron Regeneration

While dividing the nervous network into the central nervous system (CNS) and the
sympathetic neural network, it is significant to distinguish the differences between
them. The former is composed of brain & spinal cord and the latter of ganglia &
neurons within the CNS. Tissue research technologies for nerve regeneration have
dealt with both systems traditionally (Horner and Gage 2000; Davies et al. 1997;
Scheib and Höke 2013). There are a variety of specific problems waiting to be found.
But when approached in such a way that in vivo versions will not hold up well, since
mice have nerve axons that are narrower and shorter than most functional regenera-
tion in organisms, including the atrophy of target tissues it is hard to accomplish.
Because of this cause, more in vivo research of wide animal models close to humans
is expected to connect the distance between the abstract and the displayed. The
Schwann cells are at the core of peripheral nervous system (PNS) examinations’
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rejuvenation processes, regardless of the institutional assistance, and contribute to
axonal myelination. So, the three-dimensional scaffolds often employed for
applications in nerve rejuvenation must be biologically active, since they have to
foster myelination, axonal extension, and systemic reinforcement through Schwann
cells. Electrical behavior of polymers has tremendous potential for tissue engineer-
ing uses and has been attracting a lot of coverage lately (Guimard et al. 2007). It has
been revealed that these electrical stimulations will enhance muscle recovery and
nerve, since they are responsive to stimulation from electricity.

Conducting polymers (CPs) have identical electric and optical properties of metal
and inorganic semiconductors and reveal the striking properties related to traditional
polymers, like synthesis easiness and recovery. This special mix of such polymers
has provided such properties a broad variety of microelectronic systems that include
battery and photovoltaic power supplies, diode-emitting light and electrochrome
screens, and most recently in biotechnology. CPs modulate cellular functions by
means of electrical stimulation activities, including adhesion to cells, movement,
DNA synthesis, and production of proteins (Foulds and Lowe 1986; Umaña and
Waller 1986; Wong et al. 1994; Shi et al. 2004). In fact, some of these experiments
included tissues, nerves, bones, and heart cells that respond to electrical interference
drives. Most CPs provide significantly numerous benefits for use of biomedicine,
which include biocompatibility, locking potential, and controllability of organic
molecules’ (i.e., reversible doping) escape, power to shift biochemical charge
reactions, and the capacity to change electrical, biological, physical, and other
properties quickly for the CPs best suited to the complexity of the unique user.
Figure 10.2. provides an insight into the use of conductive polymers in various areas
of research.

Fig. 10.2 The conductive polymers have a promising role to play in tissue engineering, drug
delivery, and biosensing research areas. (Adapted with permission from Alegret et al. (2019).
Copyright 2019 American Chemical Society)
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Among the previously described 3D structures, nanofibers appear to play a major
role in regenerating the nerves, particularly when it comes to nerve guide conduits
(NGCs), designed to guide axonal neurite outgrowths. NGCs have several uses
which have been documented, for example, the ability to present multifunctional
properties aimed at steering axonal development to secrete growth factors from one
proximal nerve end tissue repair, and removal of the inhibitory scar tissue to the
accident source. Xie et al. reported combining the two in a novel electrospun
nanofiber aligned and randomly oriented in a double layer that allows to direct
neurite outgrowth in vitro when planted earlier with the Schwann cells and also
permitted medium to reasonable functional regeneration in a sciatic nerve damage
study of 14-mm rats in vitro.

10.4.1.1 Functionalization Strategies for the Development
of Conducting Polymers

CPs give plenty of benefits, including electrical operation, over other products being
the most enchanting land. Yet, there is also the need to refine the content more upon
choosing a specific demand. The same specific properties needed for biomedical
applications, apart from the conductivity, are biocompatibility and redox stability but
further than that require CP amendment that appears to be unique to software. CP for
network technology properties, including functionalization of the biomolecule,
rugged, hydrophobic, three-dimensional coating geometry, redox stabilization, and
abrasion, is perilous. The neural testing implementations for surface fabrics,
hydrophobicity, and cell specificities are to boost and hold a strong signal-to-noise
level for the neuronal signal identification.

A widespread biological optimization strategy, the features of a CP include the
bioactive good molecules. It can be accomplished with numerous techniques that
include actual adsorption, clogging, doping, and the covalent fixing of biomolecules’
available adsorption body making it simple, but the molecule can be adsorbed,
dissociate, and make “inactive” content. One form not covalent is entrapment,
which can be done with the molecule you want, the monomer or electrolyte solution,
currently throughout summary. The CP doping process, essential to induce conduc-
tivity, may be used to alter CPs’ noncovalent and the novel properties’ introduced
application chosen. The possible application of the dopants is in comprehensively
providing that the dopant chosen is charged. Additionally, the techniques may be
covalently used to allow CPs to function more permanently. It is necessary to
synthesize monomer with anticipated functional groups, then polymerization. Cova-
lent alteration too is necessary for postpolymerizing, but further with insoluble
polymers challenging. It is really necessary to remember that the steric results of
every built-in functional community can interfere with the planarity of the conju-
gated systems that can sequentially diminish conductivity. CPs are functionalized by
various biomolecules that have made engineers in biomedicine change CPs with
biological sensor elements, and switch on & off various signaling pathways to build
CPs that augment adherence and proliferation among the different types of cells and
boost their cells to be biocompatible.

10 Functionalized 3D Bioactive Polymeric Materials in Tissue Engineering and. . . 267



Equally essential is the understanding of the physical properties of CPs as their
chemical electrical properties’ composition. Most CPs, for starters, are crystalline
and have the porosity reduced. Overcoming weaknesses like crystalline product
efforts were made to paint certain CPs with or tie CPs covalently to a more malleable
material, For example, polyester (for example, poly(lactic-co-glycolic acid). Fig-
ure 10.3. illustrates the guidance of CP properties in general (roughness in topogra-
phy, porosity, hydrophobicity, mechanical strength, grip, degradability, redox
stabilization, conductivity) may be accomplished by the chemical means already
described, such as molecules being incorporated as or via dopants’ containment or
by covalent insertion of highly functional classes within a backbone, can improve
conductivity, for example, or make degrading (Guimard et al. 2007). The
micropatterning and modification of parameters of synthesis, such as the use of
surfactants, temperature, and deposition charges, regulated for CP electrochemical
synthesis, where methods were also used to manipulate successfully many physical
characteristics.

Needless to mention, the nanofibers continue to be extremely common among
NGCs. It was lately revealed that the protein layers composed of silk fibroin and
human protein treated with tropoelastin blend display a noteworthy sum of neuritis
growth and Schwann cell expansion in vitro region development (White et al. 2015).
This latest biodegradable scaffold received both a strong biomaterial portion of silk
and a 2.4-fold upsurge in the ability for neurite extension by tropoelastin, relative to

Fig. 10.3 Examples of alteration techniques used in polymer conductions. Chemically and
physically, CPs were adjusted using an amount of method as a way of improving bioactivity,
conductivity, and topography/spatial geometry. Little typical changes in approaches are seen,
including the noncovalent chemical approaches which are trapping and adsorption of molecules,
chemical conjugation through covalent bond, and micropatterning by normal lithography methods.
(Reprinted from Guimard et al. (2007) with permission from Elsevier)
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normal poly-D-lysine. NGCs are repeatedly sometimes usable with other proteins
like laminin or collagen, which activates the growth of nerve axons and enhances the
effective regeneration of nerves (Cao et al. 2013).

Only recently, hydrogels were used as scaffolds for regeneration of the nervous
system when studies indicate that scaffolds of this existence can also play a part in
assisting axonally dependent Schwann cell restoration. Recently, Tseng et al. 2015
showed that the hydrogels based on chitosan (1.5 kPa rigidity) with proliferating
ability and differentiating properties in vitro neuroprogenitors are used for rejuve-
nation of the central nervous system consuming a model of zebrafish lesion (Tseng
et al. 2015).

10.4.2 Bone Regeneration

The artificial polymer frameworks for the purpose of tissue engineering began with
the need for bone grafts used historically for treating osteogenic defects (Bose et al.
2012). Already, a move toward nanostructured materials has also been made for
bone recovery because of its capacity to trigger changes in the body cells (Li et al.
2013). Among the scaffolding materials, the most famous for hydroxyapatite and
β-tricalcium phosphate ((β-TCP) is bone regeneration. Thanks to dimensional simi-
larity (β-TCP) and bioactive glass (Damien and Parsons 1991). The benefits of
inorganic products, such as these, seem to be big ones dealing with compressive
power and possible osteoconductivity (Schmitz et al. 1999).

These compounds are also combined with other biodegradable products and
bioactivity polymers. A novel kind of amalgamated framework was introduced by
Zhang et al. (2005), who showed that the spongy spiral-structured
nanohydroxyapatite/polycaprolactone scaffolds (1:4) created use the adjusted salt
leaching and seeding technique for human fetal osteoblasts (hFOBs) for a span of
14 days, when the volume of mineralized extracellular significantly decreased the
material matrix. Markers of bone mineralization like bone-sialoprotein, osteonectin,
and a type I collagen are tested with reverse polymerase transcriptase, analyzing the
moving sequence reaction (Zhang et al. 2014). Figure 10.4. here depicts the bone
remodeling using macroporous scaffolds.

10.4.3 Muscular Regeneration

Regeneration of muscle tissues posed some very challenging difficulties, maybe
more than both nerves and regeneration of the bone tissue. Such problems are
attributed in large part to the reality that scaffolding will all have structural stability
which can also cause heavy contraction as well as regeneration of energy. There are
three categories of muscles known as cardiac, smooth, and soft. Above everything,
the heart muscle tissue is a nonstriated muscle tissue, which is found in the chamber
partitions of the heart, mostly in several other organ walls, and in the skeletal
muscles the fibers share a distinct skeletal attachment (Kikuchi and Poss 2012).
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The cardiomyocytes are at the center of heart muscle regeneration, capable of
identifying the most essential shapes in cardiac muscle tissues. Cardiomyocytes are
normally seeded on scaffolds of gelatin, collagen, alginate, or PGA, though the
layering of cell panes in 3D assembly was suggested without synthetic scaffolding,
the bioactivity can increase (Shimizu et al. 2003). Peptides such as RGD connection
to the scaffold augment cellular activity functions. Neonatal rats have been seen to be
cardiac, since the cells seeded on macroporous alginate immobilized in RGD
scaffolds facilitated stronger cellular level linkage and acceleration of cardiac tissue
regeneration in vitro than unmodified on core patchy scaffolds to alginate (Shachar
et al. 2011). Western blotting proved the protein production to be important for the
health of cells, like N-cadherin, α-actinin, and relaxin-43. Cellular apoptosis, in turn,
in RGD-immobilized macropores substantially decreased the alginate scaffolds with
respect to the control group. Even support overall is given for the scaffold function-
ality, especially when it arises to cellular level linkaging molecules, for instance,
vitronectin and fibronectin, which play functions close to RGD (Nikolovski and
Mooney 2000).

Fig. 10.4 (a) Preparation of SCHB2-thick and SCHB2-thin NFMs through coaxial
electrospinning and their influence on hMSCs. (b) Trimodal macro/micro/nanoporous scaffold
for accelerated bone regeneration (Yi et al. 2016)
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10.4.4 Tendon/Ligament Regeneration

The tendon refers to the striated muscle tissue mentioned formerly which will not
heal really quickly after death, yet sometimes after recovery during the final recovery
cycle small accidents will pose difficulties. Therefore, 3D scaffolding is of vital
significance for a strengthening of tendons. Traditional methods, like grafts, do not
work to bring back the original’s technical and technological properties like how the
tendon promotes cell proliferation, as well as a variety of through-the-years’
alternatives to this problem have been suggested. The tendon extracellular matrix
includes primarily type I collagen and is currently the framework itself is fluid and
interwoven, rendering it a 3D, biomimetic relatively difficult setting to re-create.

Polymeric materials, including all uses as in tendon regeneration which display
extraordinarily powerful mechanical properties, are sometimes used as scaffolds for
examples silk and PLGA. It has been stated that when PLGA-silk fibrous scaffolds
are employed as basic fibroblast growth factor (bFGF)-releasing structures, it
stimulates differentiation of the mesenchymal progenitor cells (MPCs) and in vitro
attachment (Sahoo et al. 2010). The bFGF was encapsulated and published with
PLGA fibers, while the microfibrous silk was used for reinforcement. Results
displayed a surge in common gene expression in ECM proteins between ligament
and tendon, and augmented production of collagen. Many past reports, such as of
Ouyang et al. have stated that PLGA trim filled with stromal cells of the bone
marrow (bMSCs) stimulates the construction of type I collagen in 10-mm long
rabbits’ Achilles tendon (AT) in vivo defects which help to restore the innate tendon
environment (Ouyang et al. 2003).

Ligaments, mainly consisting of fibroblasts along with collagen types I and III,
have attracted interest in thick matrix in tissue engineering because of their perilous
duty as the anterior cruciate ligament (ACL) functions in the stabilization of the
knees. Since ACL’s low healing ability needs outstanding mechanical properties
such as stability, polymeric scaffolds include PLLA or silk fibers they were
employed to produce various growth factors and impersonate the mechanical ones
in the natural tissue condition properties (C. T. Laurencin and Freeman 2005).

10.5 A Viewpoint

Although a variety of problems remain, 3D as organized biomaterial-based scaffolds
hold promising future proposals in tissue engineering. When tissue technology
appeared, it was previously called science fiction in the 1990s, which has now
become truth. Scaffolds are produced using a variety of biomimetic, plastic, and
industrial products. The process known as 3D printing provides expectations for
potential large manufacturing capacities, perhaps more so than other forms of 3D
scaffolding specified. Scaffolding is also quite at the front of growth factors, as the
differentiation and cellular proliferation may be brought over at a quicker pace,
predominantly where vascularization concerned is hurdle away. Apparently, there
are a variety of common approaches to choose between. Ultimately, it would most
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definitely be a combination of dissimilar varieties of manufacturing, different devel-
opment drivers, and specific biomaterials that render the scaffold superior for a really
successful user unique, while nerve repair NGCs are, of definition, one of the most
common scaffolding systems.
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Abstract

Wound healing is a complex physiological process that involves a continuous
sequence of inflammation, cell proliferation, matrix deposition, and tissue
remodeling, and is regulated by cytokines, chemokines, and growth factors.
Different approaches have been made to accelerate wound healing because the
consequence becomes worse if it takes too long to heal the wound. Polymer
matrixes in the form of hydrogel, film, foam, sponge, nanofibrous membrane, or
scaffold have been subjected to research for years in wound healing applications
because of their ability to inhibit bleeding, remove excess exudates, maintain a
moist environment, and protect the wound from infection and sepsis caused by
microorganisms. Moreover, these matrixes can carry and deliver drugs, growth
factors, and promoters which enhance cell growth and proliferation, resulting in
an acceleration in wound healing. These polymers can be natural, synthetic, or
their blends that possess the properties like biodegradability, biocompatibility,
non-toxicity, hemostasis, antimicrobial, antioxidant, and anti-inflammatory
properties which are particularly effective in the treatment of wounds. The main
objective of this chapter is to give recent information about different types of
polymer matrixes fabricated from natural polymers (cellulose, chitosan, alginate,
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gelatin, collagen, fibrin, etc.), synthetic polymers (polyglycolic acid, polylactic
acid, polyacrylic acid, poly-ɛ-caprolactone, polyvinylpyrrolidone, polyvinyl
alcohol, polyethylene glycol, etc.), and their blends used in wound healing
applications. Future aspects of these types of matrixes in wound management
are also discussed.

Keywords

Wound healing · Bioactive substances · Polymer matrix · Natural polymers ·
Synthetic polymers

11.1 Introduction

Wounds can be of various types but effective healing of wounds requires a suitable
material that can cover the wound to prevent bacterial infection, protect it from
further physical damage, and help in faster reconstruction of dermal and epidermal
tissues. Plasters, cotton, wool, lint, gauzes, and other conventional wound dressing
materials are usually passive products which do not encourage the healing process of
wounds. These materials often suffer from disadvantages like susceptibility toward
microbial attack, risk of infection, frequent change of dressing, moisture-absorbing
tendency, impermeability to water vapor and oxygen, and adhering nature which
make them painful to remove from the wounded place (Mayet et al. 2014). As a
result, efforts have been made to prepare advanced dressing materials that possess
properties like biocompatibility and biodegradability, non-antigenicity, ability to
maintain a moist wound environment, antimicrobial activity to suppress microbial
growth, sufficient water vapor and oxygen permeability, non-adherence, and ease of
removal after healing (Dhivya et al. 2015; Naseri-Nosar and Ziora 2018).

Wound healing is a multistage process that progresses through a series of inter-
reliant and corresponding stages including homeostasis, inflammation, proliferation
(increase in the number of cells), and tissue remodeling to restore the integrity of
damaged tissues. Different growth factors, growth promoters, cytokines,
macrophages, fibroblasts, and extracellular matrixes are also involved in this healing
process (Dhivya et al. 2015). With better understanding of the healing process, it is
now obvious to develop dressing materials that not only protect the wound but also
ensure a suitable environment and pharmacological support to promote the healing
process. This includes the development of materials able to deliver drugs, growth
factors, and promoters to the site of wound to stimulate or promote events in wound
healing, from cellular migration to the production of extracellular matrix (ECM)
components (Murray et al. 2019).

Considering these requirements, recent researches are focused on the develop-
ment of polymer matrix-based dressing materials which are able to enhance the
healing process. Both natural and synthetic polymers as well as their combinations
have been employed for this purpose. Natural polymers possess some intrinsic
properties like biocompatibility, biodegradability, non-irritant, easy resorption,
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similarity to the extracellular matrix, etc. (Mallik et al. 2019), which are particularly
useful in wound healing applications. Being similar to macromolecules recognized
by the human body, natural polymers prevent the adverse immunological reactions
and are safe to use (Naseri-Nosar and Ziora 2018).

Natural polymers like cellulose, alginates, chitin, chitosan, heparin, chondroitin,
agar, carrageenan, collagen, gelatin, fibrin, keratin, silk fibroin, fucoidan, and their
derivatives are extensively used in wound healing and tissue engineering
applications (Mogoşanu and Grumezescu 2014). Chemical similarities of
polysaccharides with heparin make them more hemocompatible than other
biopolymers (Malafaya et al. 2007). Chitosan, a polysaccharide, has hemostatic,
analgesic, anti-inflammatory, and antimicrobial properties, and its monomeric unit,
N-acetylglucosamine, occurs in hyaluronic acid, an extracellular macromolecule that
performs important function in wound healing (Islam et al. 2020). Collagen
possesses good hemostatic properties, low antigenicity, and appropriate mechanical
properties, and it promotes the migration, attachment, and growth of cells and tissues
to facilitate wound healing (Ansari et al. 2018). Although natural polymers have
good biocompatibility and biodegradability, most of them suffer from poor mechan-
ical properties and often prone to microbial contamination (Gaspar-Pintiliescu et al.
2019).

Synthetic polymers like polyglycolic acid, polylactic acid, polyacrylic acid,
poly-ɛ-caprolactone, polyvinylpyrrolidone, polyvinyl alcohol, polyethylene glycol,
etc. as well as their derivatives have been investigated extensively to prepare wound
dressing materials (Mogoşanu and Grumezescu 2014). Control over synthesis and
modification of synthetic polymers make them advantageous where stable dressing
materials of specific physicochemical and mechanical properties are to be produced.
However, most synthetic polymers are biologically inert and thus do not offer
therapeutic advantages and suffer from limited cellular recognition, poor biocom-
patibility, and biodegradability.

The problems exhibited by natural and synthetic polymers separately can be
solved by combining both polymers to form a blend matrix. The combination of
polymers allows for the integration of useful properties of both polymers, and thus
the physicochemical, biological, and mechanical properties are improved due to
synergistic effect. As a result, the biocompatibility and biodegradability problems of
synthetic polymers can be solved by combining them with natural polymers. In the
same way, poor mechanical properties of natural polymers can be improved by
blending them with synthetic polymers. Moreover, the blend matrix can be
fabricated in the form of hydrogel, film, foam, sponge, nanofibrous membrane, or
scaffold which make them suitable for application on various types of wounds
(Mayet et al. 2014).

This chapter provides the recent information regarding different types of polymer
matrixes used in wound management and their effect on healing process. Different
forms of these polymer matrix-based dressing materials and their advantages and
disadvantages are also discussed here.
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11.2 Forms of Polymer Matrixes Used in Wound Healing
Applications

Shape, size, porosity, mechanical strength, and stiffness of polymer matrix invari-
ably matter it’s performance to wound healing applications. Polymer materials used
in wound healing purposes can be classified as follows: (a) zero dimensional such as
nanoparticles, polymer micelle, and dendrimers; (b) one dimensional (1D) such as
nanofiber, nanowhiskers, nanorods, and nanowires; (c) two dimensional (2D) such
as films, sheets, and membrane; and (d) three dimensional (3D) which is scaffold.

11.2.1 Zero-Dimensional Polymer Matrix

Polymeric nanoparticles have all dimensions in nanoscale, and therefore they are
termed zero-dimensional materials. They can adhere to the cell surface and subse-
quently release the loaded drug to the cell. These particles can also enter the cell by
endocytosis. In this process, they first bind with the cell surface receptor, and the
formation of endosome takes place. Endosome may be lysed with the help of
lysosomal enzymes and the nanoparticles release in the cytoplasm (Mukherjee
et al. 2014; Islam et al. 2017).

11.2.2 1D Polymer Matrix

Polymer materials in the form of 1D are less likely to be used alone in wound healing
action. Different shapes of nano-sized 1D polymer matrix being incorporated into
other forms of matrices (2D or 3D) are used in wound management. Polymeric 1D
structures like nanofibers of chitin, chitosan, poly(lactic-co-glycolic acid), polylactic
acid, poly(vinyl alcohol), and polycaprolactone (Bayat et al. 2019; Liu et al. 2017;
Jung et al. 2018), and nanowhiskers of cellulose and chitin (Hasan et al. 2017; Izumi
et al. 2015) have been extensively investigated for their potential to be used in
wound healing applications. Most of these 1D structures have antimicrobial
properties and rapid hemostasis functions which make them suitable for the prepa-
ration of wound dressing material (Liu et al. 2017).

11.2.3 2D Polymer Matrix

All the 2D polymer matrices are geometrically planar surfaces with varying
thicknesses. Polymer sheets have thickness greater than 0.5 mm, whereas their
films have thickness less than 0.5 mm. Membrane presents thickness similar to the
films but they have the capacity to stand alone or freestanding without any support
where films need some substrate over which it can stand. 2D materials are fabricated
by several techniques such as vapor deposition, molding, solvent casting, and melt
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diffusion method. These materials are very useful for introducing surface effects on
the wounded area. They can provide fast biosorption and covering protection for
bacteria to come in contact with the injured place. However, films or sheets create a
barrier for oxygen to reach the wounded area which can delay the healing process.

11.2.4 3D Polymer Matrix

11.2.4.1 Scaffold
Porosity in scaffold is the key point to target during its fabrication although the
effects of surface chemistry, cell culture conditions, mechanical properties, and
degradation rate play a large role in tissue formation in wound healing process
(Eltom et al. 2019). Pores can be classified into micropores (0.1–2 nm), mesopores
(2–50 nm), and macropores (>50 nm) according to their dimension. The pore size of
20 μm is required for fibroblast growth. Porosity in scaffolds can vary from 40 to
90% of the total size of the material. Pore size in scaffold should be large enough to
allow cells to penetrate and migrate within the scaffold structure, as well as small
enough to allow the binding of a critical number of cells at the same (Loh and
Choong 2013). Scaffold can be fabricated using different techniques, that is,
electrospinning, copolymerization/crosslinking, salt leaching, microfluidics, gas
foaming, freeze-drying, solvent casting, etc.

Scaffolds usually provide a provisional support to body structures to allow the
stress transfer over-time to wounded area along with cell regeneration there. In cell
regeneration process, they include retention and deliverance of cells and other
growth factors for cell attachment and migration. It helps to prevent potential
development of necrotic center by limiting the cell cluster size to the pore size of
the material (Tran et al. 2011). However, they have poor biodegradability and
biocompatibility accompanied by potential toxic degradation of by-products.

Biomaterial scaffolds can also be classified into several groups such as sponge,
foam, composite, fibrous scaffold, and hydrogel based on very minute differences to
each other.

(a) Sponges—They have open pores like a mesh. They facilitate proper chemical
leaching, thorough interconnectivity, and high moisture absorption through the
material. However, the structure is mechanically weaker than foam and tends to
break down quickly.

(b) Foam—This 3D structure poses closed pores. They provide higher cushioning
in the structure; however, movement of cell materials is restrained there from
one pore to other. There is a chance of remaining artifacts in the pores which
may cause undesirable interactions with the cell materials.

(c) Hydrogel—They are highly crosslinked polymers with high water retention
capacity. They are typically biocompatible. They give similar characteristics to
native tissues. Hydrogels can even be used as injectable scaffolds to fill
irregularly shaped defects (Alaribe et al. 2016). They can incorporate with
cells and bioactive agents which ultimately help in cell growth in wounds. In

11 Polymer Matrixes Used in Wound Healing Applications 283

https://www.sciencedirect.com/topics/engineering/degradation-rate


some cases, uncontrolled dissolution of them may happen. They are mechani-
cally not very strong, and during preparation their pore size is difficult to control.

(d) Composite scaffold—This scaffold carries a multiphase system within its
structure. They have the advantages of good biodegradation, biocompatibility,
high toughness, and absorbability. Unfortunately, they sometimes produce toxic
and acidic degradation products in wound site and cause inflammation. They
have poor cell affinity and cell–matrix interaction (Ge et al. 2008).

11.2.4.2 Fibrous Scaffold
They are basically nanofibrous mats and currently fabricated by several techniques
such as electrospinning, self-assembly, and phase separation (Bhattarai et al. 2004).
Nanofibers have high surface area to volume, and in the fibrous mat structure they
provide micron-level space of channeling between fiber orientations. This
channeling helps in cell proliferation process. However, they are comparatively
weak in mechanical strength.

11.2.4.3 Microspheres Scaffold
They are generally a polymer matrix used for drug encapsulation for the release of
drugs at a moderately slow rate over an extended period of time (Liechty et al. 2010).
Microspheres have several advantages, such as ease of controlling morphological
aspects and flexible nature to control the release kinetics of encapsulated factors
(Jaklenec et al. 2008) They are usually fabricated by solvent vapor treatment, heat
sintering, non-solvent sintering, particle aggregation methods, etc.

11.2.4.4 Hydrocolloids
They are composed of a compounded mixture of natural polymer particles dispersed
in a matrix of a hydrophobic pressure-sensitive polymer, such as elastomers and
adhesives. Hydrocolloids are impermeable to water vapor but absorb wound
exudate.

In future, hierarchical porous polymeric scaffold will probably be used more in
wound management due to its high capacity in cell regeneration process. Rapid
prototyping process can fabricate this type of scaffold. A computer-aided system will
develop scaffold mimicking the microstructure of living tissues by creating libraries
of unit cells based on mathematical models aided by software. Selective laser
sintering, wax printing, stereolithography, fused deposition modeling, bio-plotter,
and 3D printing are already in use to fabricate this type of scaffolds (Do et al. 2015).

11.3 Natural Polymer-Based Matrixes

11.3.1 Polysaccharide-Based Matrixes

Polysaccharides are complex bio-macromolecules that are naturally abundant and
possess excellent physical and biochemical characteristics. They are extensively
utilized in wound healing applications due to their unique characteristics like
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biodegradability, biocompatibility, non-toxicity, and poly-functionality (Aduba and
Yang 2017). They are also capable of enzyme immobilization (Sharmeen et al. 2019)
and can be utilized to load and deliver suitable enzymes involved in wound healing
process. Various polysaccharides like cellulose, alginate, chitin, chitosan, chondroi-
tin, and hyaluronic acid are commonly used for the development of biomaterials.

11.3.1.1 Cellulose
Cellulose is the most abundant polysaccharide which is renewable and readily
available natural polymer in the biosphere. It is mainly extracted from plant cell
wall and partially synthesized from microbes, for example, bacteria, algae, and
molds. Cellulose and its derivatives show several excellent features which make
them attractive for wound dressing applications (Kabir et al. 2018). In a research,
three-dimensional web-like bacterial cellulose gel network loaded with silver
nanoparticles was developed and evaluated for its potential to be exploited as an
antimicrobial membrane for wound healing application (Pal et al. 2017). The
addition of silver nanoparticles imparted antimicrobial property to the membrane,
and it showed strong killing rate of bacteria for long term. Moreover, the controlled
release of silver from the membrane reduced the risk of toxicity when applied to
wound healing. In addition, this biocomposite membrane was stable in moist
environment which indicated its applicability in healing of exudate surrounding
wounds. Nuutila et al. prepared a nanofibrillar cellulose hydrogel for inhibition of
skin wound contraction during the healing period (Nuutila et al. 2018). The study
demonstrated that the hydrogel had a very pleasant feeling when applied onto
wounded skin due to its exceptionally low tackiness. About 70% wound contraction
was achieved with the hydrogel within 14 days of healing. In addition, it increased
the amount of alfa-smooth muscle cells and promoted the migration of keratinocytes
and desired re-epithelialization of the wounds.

In addition, cellulose-based matrixes like quaternized hydroxyethyl cellulose–
mesocellular silica foam (Wang et al. 2019), bacterial cellulose–zinc oxide (ZnO)
nanocomposites (Khalid et al. 2017), cellulose–nanosilver sponge (Ye et al. 2016),
nanofibrillated cellulose hydrogels (Basu et al. 2018), silver nanoparticles
incorporated bamboo cellulose nanocrystals (Singla et al. 2017), and bacterial
cellulose sponge (Ye et al. 2018) are also reported as potential polymer matrixes
that can be used in wound healing purposes.

11.3.1.2 Alginate
Alginate is a naturally available anionic biopolymer which is mainly extracted from
brown algae. The easy availability, biocompatibility, non-toxicity, and cost-
effectiveness of alginate have increased its utilization in wound dressing application
(Aderibigbe and Buyana 2018). Alginate-based hydrogel can be prepared using
different crosslinking agents, and it facilitates wound healing by maintaining moist
environment and minimizing bacterial infection. In a study, alginate hydrogel was
prepared to incorporate the antibacterial agent naringenin (4,5,7-
trihydroxyflavanone) and to evaluate its ability to be utilized as skin wound dressing
material (Salehi et al. 2020). The wound treatment performed with hydrogel made
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from alginate loaded with 20% naringenin exhibited excellent anti-infective and
anti-inflammatory characteristics. It healed the skin wound with closure rate of about
68% and 95% after 7 and 14 days of initial wounding, respectively. Interestingly, it
recuperated the natural beauty of the skin and rejuvenated the hair follicles.
Babavalian et al. developed a hydrogel of alginate incorporated with an antimicro-
bial agent (CM11 peptide) and evaluated its wound healing capacity against
methicillin-resistant Staphylococcus aureus (MRSA) bacteria (Babavalian et al.
2015). CM11-loaded alginate sulfate hydrogel was applied on a mice model, and
complete healing was observed after 12 days of initial wounding. More than 99% of
the bacterial killing rate was obtained by increasing the peptide concentration in
alginate sulfate hydrogel.

11.3.1.3 Chitin and Chitosan
Chitin is recognized as the highest naturally available polysaccharide after cellulose.
It is extracted from exoskeletons of crustaceans and cell walls of microbes.
Chitosan, which is obtained by the deacetylation of chitin, performs better solubility
properties compared to chitin. Both chitin and chitosan as well as their derivatives
show outstanding features that are beneficial for wound healing like biocompatibil-
ity, biodegradability, non-toxicity, non-allergic activity, hemostatic activity,
mucoadhesive, and antimicrobial properties (Ahmed and Ikram 2016a; Biswas
et al. 2020).

Guo et al. prepared aerogel from nanoparticles of chitin for wound healing
application (Guo et al. 2019). It showed excellent performance to accelerate the
healing of wound because of its high swelling property, adequate biocompatibility,
and excellent porous structure. The aerogel expedited the early stage of healing by
the inhibition of inflammation and the formation of granulation tissues. In addition, it
accelerated the fibroblast proliferation and macrophage migration as well as pro-
moted the vascularization during the healing process. Colobatiu et al. developed a
chitosan film and evaluated its potential as a diabetic wound dressing material
(Colobatiu et al. 2019). The film kept the epidermal surface wet and accelerated
the wound healing process. Moreover, the film made the surface suitable for the
growth, propagation, and division of fibroblast cells which indicated its excellent
biocompatibility. It performed unique hemostatic features and promoted the pene-
tration and the relocation of neutrophils and macrophages in the initial stage of
healing. The film inserted on the diabetic wounds healed almost 90% after 14 days of
initial wounding. The improved healing condition was indicated by the intact skin
layer of collagen fiber and fibroblasts. In addition, chitosan-based matrixes such as
chitosan sponge (Xia et al. 2020), chitosan membrane (Ma et al. 2017), and chitosan
aerogel (López-Iglesias et al. 2019) were prepared for the treatment of wounded
tissues.

11.3.1.4 Chondroitin
Chondroitin is a natural polysaccharide which is found in connective tissues,
synovial fluid, and bones (Pal and Saha 2019). This linear polymer molecule consists
of glucuronic acid and sulfated N-acetylglucosamine. The excellent biological
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properties such as anti-inflammatory and immune-modulatory of chondroitin have
made it promising for wound healing application. Gilbert et al. prepared a biocom-
patible, non-immunogenic, and pliable hydrogel based on chondroitin for skin
wound healing (Gilbert et al. 2004). The hydrogel enhanced the
re-epithelialization and increased the dermal collagen reproduction in the wounded
area. The improved wound healing is due to the angiogenesis and osteoblastic
activity of the hydrogel. It was proposed that by acting as a surrogate extracellular
matrix, the chondroitin sulfate hydrogel served as a repository for cytokines and
growth factors produced by the regenerating mucosa.

11.3.1.5 Hyaluronic Acid
Hyaluronic acid is a natural polysaccharide and the member of the glycosaminogly-
can group that is composed of repeated disaccharide unit of two sugars, glucuronic
acid, and N-acetyl-glucosamine. The hyaluronic acid having high molecular mass is
found in the synovial fluid of bone and cartilage and also in the ocular and dermal
tissues (Gupta et al. 2019). The wide availability, biocompatibility, and non-toxicity
properties of this naturally occurring polymer have made it a perfect wound healing
material. Hu et al. proposed a hyaluronic acid graft that promoted healing and
reduced scar formation in wounded area of the skin (Hu et al. 2003). The three-
dimensional graft was prepared by crosslinking hyaluronic acid with glutaraldehyde.
The hyaluronic acid graft performed excellent wound healing property with faster
wound closure (15.85 � 4.77 h) compared to non-treated samples. Furthermore, it
also regenerated the natural appearance of the skin by reducing the scar formation.
This graft improved the clinical healing process by preventing the continuous
bleeding with the early occlusion of the blood vessel.

11.3.2 Protein-Based Matrixes

Proteins are natural macromolecules that are biologically important because of their
unique structure. These polypeptides consist of repeated unit of amino acids which
contain both the acidic carboxylic group and basic amino group. Different types of
proteins like collagen, gelatin, soy protein, keratin, and silk fibroin are used for the
development of natural biomaterials that can repair wounded tissues.

11.3.2.1 Collagen
Collagen is a well-known fibrous and structural protein that is the most abundant in
animals. This fibrillar structure is very important to keep the actual arrangement and
integrity of the tissues. The biodegradable and non-toxic collagen material can be
formulated into differently structured biomaterials that are suitable for wound
dressing purposes. Helary et al. prepared a concentrated collagen hydrogel for
repairing severe skin wounds like venous leg ulcers or diabetic foot ulcers (Helary
et al. 2012). The result showed that the re-epithelialization and neovascularization of
cell were started on the seventh day of healing. It allowed the persistence of
fibroblasts within the material by favoring proliferation and inhibiting apoptosis.
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In addition, the cell number assessed in the hydrogel was surprisingly increased at
21 days of observation. The cell proliferation activity and enhanced cell viability of
this biomaterial have made it a new approach for wound dressing application.
Collagen-based matrixes such as Triphala incorporated collagen sponge (Kumar
et al. 2010), collagen scaffold (Natarajan et al. 2013), and collagen film (Subagio
et al. 2020) were developed and utilized as a wound healing material.

11.3.2.2 Gelatin
Gelatin is a biopolymer which can be obtained from the hydrolysis treatment of
collagen. It is suitable for the development of wound dressing matrices or
membranes because of its low immunogenicity, cell proliferation, and adhesion
properties (Cai et al. 2016; Khan et al. 2017). It is extensively used for the prepara-
tion of hydrogel and film-type materials. In a research, gel and film were prepared
from cuttlefish skin gelatin and evaluated their potentiality as wound healing
materials (Jridi et al. 2017). The result demonstrated that the gelatin film and gel
were able to accelerate wound healing with wound closure rate of 82.10% and
85.88%, respectively, after 12 days of application. These materials promoted the
healing process by maintaining adequate moisture in the wounded area. Further-
more, these gels and films prevented inflammation and oxidative damage as well as
acted as a carrier for antioxidant and antimicrobial substances.

11.3.2.3 Keratin
Keratin is a naturally abundant animal protein which is found in skin and hair of
mammals and feather of birds. The cysteine-rich structure of keratin increases its
mechanical strength. It can be used as a potential biomaterial due to its intrinsic
characteristics like biodegradability, biocompatibility, mechanical durability, and
easy availability (Feroz et al. 2020). The fast re-epithelialization ability has increased
its suitability for wound healing, but poor solubility has limited its application. Wang
et al. fabricated a hydrogel from feather keratin and evaluated its efficacy as a wound
healing material (Wang et al. 2017). The result showed that approximately 90%
wound closure was obtained after 10 days of application (Fig. 11.1). In addition, the
complete re-epithelialization was achieved after 21 days of initial wounding. It
accelerated the formation of thin epidermal layer and facilitated tissue regeneration
by rejuvenating hair follicles. This hydrogel showed excellent wound healing
properties due to the ability of rapid hemostasis and maintaining sealed moisture
environment at the wounded area.

11.3.2.4 Silk Fibroin
Silk fibroin is a naturally available protein that is collected from Bombyx mori. It is a
potential biomaterial for wound dressing application as it can promote the attach-
ment and proliferation of cells. Ju et al. fabricated a silk fibroin nanomatrix using
modified electrospinning method for wound healing application (Ju et al. 2016). The
treatment of skin wounds using silk fibroin nanomatrix was decreased to 4% after
28 days of initial wounding. It inhibited the formation of edema or granulation
tissues and exhibited all the histological characteristics of normal skin. This
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nanomatrix can be used as an excellent wound dressing material due to its
anti-inflammatory, quick re-epithelialization, low scar formation, and rapid healing
properties. Honey-loaded 3D silk fibroin porous scaffolds were found to be effective
skin substitutes for scarless regenerative wound healing (Rajput et al. 2020). The
scaffold was biocompatible with desired swelling and degradation properties and
showed improved attachment, proliferation, and uniform distribution of fibroblasts
throughout the matrix. With this scaffold, normal homeostasis with proper
re-epithelialization was attained which revealed the potential of this scaffold to be
utilized as epidermal and dermal substitute for wound repairing purposes.

Fig. 11.1 Optical images of the vial inversion tests of the keratin solution before (a) and after (b)
gel formation. (c) A cylindrical-shaped lyophilized keratin hydrogel is illustrated from multiple
views from different profiles of scanning electron micrographs containing the highly porous
structure and (d) photographs of wound healing process untreated or treated with keratin hydrogel
on days 0, 7, 10, 14, 21, and 28 of post-wounding (Scale bar ¼ 1 cm). (Figure is adapted with
permission from the original article of Wang et al. (2017) (Copyright 2016 Elsevier B.V.))
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11.3.2.5 Soy Protein
Soy protein is a naturally abundant substance which is emerging as a new material
for application in biomedical field. It can easily be extracted from widely available
legume crop, soybean. The intrinsic properties of soy protein such as ability to
accelerate cell adhesion and cell growth have made it suitable for wound dressing.
Goder et al. prepared a novel soy protein film and assessed its ability to be a wound
healing material (Goder et al. 2020). The film was obtained by the solvent casting
method using glyoxal as crosslinker. The cell viability of the film was found to be
around 76% after 24 h of observation. Moreover, it kept the wound surface wet at a
desired level during the healing period by maintaining a fixed water vapor
transmission rate.

Special features of some recently developed natural polymer-based matrixes
investigated in wound healing application are summarized in Table 11.1.

11.4 Synthetic Polymer-Based Matrixes

In recent years, wound healing has been streamlined and consists of synthetic
polymers for wound management. This section explains the details about the
matrixes prepared from synthetic polymers including polylactic acid, polyvinyl
alcohol, polyacrylic acid, polyethylene glycol, polyglycolic acid, polycaprolactone,
polyvinylpyrrolidone, etc. These synthetic polymer matrixes are clinically used in
wound healing management nowadays. Synthetic polymer matrixes used for wound
healing purposes are developed by different methods like chemical and physical
crosslinking, irradiation, electrospinning, etc.

11.4.1 Polylactic Acid (PLA)

PLA displays high biodegradability, biocompatibility as well as it can assist the
growth and propagation of dermal cells (Foldberg et al. 2012). PLA gains high
interest due to its cost-effective production from sugar beets and corn. Erika
Adomaviciute and his coworkers reported the preparation of non-woven material
using electrospun PLA and silver nanoparticles for wound healing application
(Adomavičiūtė et al. 2017). The antimicrobial test assured its ability of inhibiting
the growth of microorganisms. Moreover, Nguyen et al. developed curcumin-loaded
PLA nanofibers mat by electrospinning method for the curing of wounded skin
(Nguyen et al. 2013). They examined the bioactivity of the electrospun mat by
following the in vitro testing method using the C2C12 myoblast cells in order to
evaluate its cytotoxicity and ability related to the growth, addition, and proliferation
of the cells. Prepared mat effectively reduced the wound closure time which was
confirmed by in vivo testing method. In addition, a wet-electrospun PLA 3D
nanofibrous scaffolds (PLA-S) were prepared by Ghorbani et al. (2018) using
wet-electrospinning method. They applied the PLA-S in mouse model to evaluate
the biocompatibility and healing ability of these fibers to treat skin wounds. The
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results of their in vivo and in vitro studies revealed that the 3D fibrous PLA-S could
be a prospective material for wound repair.

Zhang et al. prepared electrospun fibrous mat from PLA and silver (I) metal-
organic framework (MOF) to investigate its potential as an active antibacterial
wound dressing material (Zhang et al. 2020b). The prepared MOF-PLA showed
exceptional antibiosis strength against several bacteria like Escherichia coli, Pseu-
domonas aeruginosa, Staphylococcus aureus, and Mycobacterium smegmatis. The
composite mat was applied on a dermal infection of Kunming female mice to
observe its actual anti-infection healing result (Fig. 11.2). The results indicated
that the mat was more effective in wound healing with a healing ratio of 99.9%
compared to PLA (86.7%) and untreated group (80.1%).

Fig. 11.2 (a) Optical image of bulk crystal of MOF synthesized from Ag (I) ions, 1,3,5-
benzenetricarboxylate and imidazole, (b) monoclinic crystal structure of MOF, (c) SEM image of
MOF particles, (d) optical photograph, and (e, f) SEM images of MOF-PLA composite fibrous mat.
(g) Optical photographs of wounds healing process covered with blank PLA and 1-PLA. Complete
healing is observed with wounds covered by MOF-PLA composite by day 14, whereas wounds
treated with pure PLA or left untreated are yet to be healed completely. Scale bar: 10 mm. (The
figure is adapted with permission from the original article of Zhang et al. (2020b) (Copyright 2020
Elsevier B.V.))
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11.4.2 Polyvinyl Alcohol (PVA)

PVA, which is a synthetic polymer and soluble in hydrophilic solvent, has been
prevalently utilized in biomedical field, for example, wound healing. This biocom-
patible polymer has numerous advantages including non-toxicity, high hydrophilic-
ity, biodegradability, excellent processability, chemical resistance, water absorbency
as well as swelling properties suitable for wound dressing. PVA nanofibers show
anti-inflammatory properties by absorbing wound exudate and assist in tissue rede-
velopment due to their non-toxicity, biocompatibility, and oxygen accessibility.
Jatoi et al. developed an antimicrobial wound repairing material composed of carbon
nanotubes, silver nanoparticles, and PVA nanofibers (Jatoi et al. 2019). This
nanocomposite biomaterial performed excellent antibacterial properties showing
high killing rate of bacteria and long-term inhibition of bacterial growth. Further-
more, Sharon L. Bourke and his coworkers developed a photo-crosslinked poly
(vinyl alcohol) hydrogel for sustained release of growth factors for repairing skin
wound (Bourke et al. 2003). The hydrogel was fabricated by ultraviolet photo-
crosslinking of acrylamide functionalized PVA. They conducted the release studies
by means of growth factor in vehicles with hydrophilic filler exhibited prolonged
release of platelet-derived growth factor (PDGF-β,β).

11.4.3 Polyethylene Glycol (PEG)

PEG is amphiphilic in nature and soluble in polar solvents like water. It is widely
acceptable to biomedical researchers due to its excellent wound healing
characteristics like biocompatibility, biodegradability, non-toxicity, transparency,
and cost-effectiveness. Recently, Chen et al. prepared a hydrogel sealant made of
PEG material for effective wound repairing (Chen et al. 2018). They assessed the
properties of hydrogel related to cell and tissue regeneration like cytotoxicity,
irritation, sensitization, pyrogen, and systemic toxicity, by following the in vitro
testing method. Moreover, Anumolu et al. developed doxycycline-loaded PEG
hydrogels (Anumolu et al. 2010) and confirmed their wound repairing ability in
half mustard and nitrogen mustard-exposed rabbit corneas in culture medium. In
their study, they assured the healing capacity of the prepared hydrogel by assessing
its ability of repairing the wounded area of ocular mustard injuries and found it to be
2.5- to 3.4-fold higher effective compared to the non-wounded corneas. Also, Chen
prepared a hydrogel composed of thiolated PEG (SH-PEG) and silver nitrate
(AgNO3) through crosslinking method for wound repairing in diabetic affected
living organism (Chen et al. 2019a) which showed great promise in healing of
wounds.
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11.4.4 Polyacrylic Acid (PAA)

PAA, also known as Carbopol, is a synthetic biocompatible polymer utilized in
biomedical fields such as wound healing application and transdermal drug delivery.
Recently, J. Kim and his teammates prepared a hydrogel made of PAA containing
propolis for the repairing of skin wound in mouse (Kim and Lee 2018). The term
propolis (CHP) can be defined as the resinous mixture collected by honeybees from
several sources like tree buds, sap flows, and exudates. The examination of histolog-
ical tissue showed that CHP encouraged new tissue development and
re-epithelialization in the wounded area that may be supportive for the advancement
of wound repairing. Furthermore, Choi et al. prepared PAA nanogel (Ag-PAAc)
incorporated with silver particle using electron beam irradiation method (Choi et al.
2013). The Ag-PAAc hydrogels showed good antibacterial effect against
Escherichia coli and Staphylococcus aureus. In vivo studies indicated that the
Ag-PAAc nanogels perform an excellent wound repairing ability.

11.4.5 Polyglycolic Acid (PGA)

PGA is a biocompatible and thermoplastic polymer used for different biomedical
purposes, especially for wound dressing. Murata et al. also described the application
of Neoveil which is a mesh sheet composed of PGA for open wounds in oral surgery.
Moreover, Miyaguchi et al. reported the effects of covering surgical wounds by PGA
sheet for post-tonsillectomy pain (Miyaguchi et al. 2016). In addition, Shinozaki
reported the repairing of wounds resultant from the resection of oral or oropharyn-
geal squamous cell carcinoma using the grafted polyglycolic acid sheet patches
(Shinozaki et al. 2013).

11.4.6 Polycaprolactone (PCL)

PCL is a hydrophobic synthetic polymer which contains semi-crystalline structure. It
is used for the development of wound healing materials due to its excellent mechan-
ical properties as well as for its biocompatibility, non-immunogenicity, and slow
biodegradability. Recently, Simões et al. developed MRPs (Maillard reaction
products)-modified PCL membranes by electrospinning method for wound repairing
purposes (Simões et al. 2018). The prepared membranes have successfully inhibited
the growth of Staphylococcus aureus and Pseudomonas aeruginosa without causing
any toxicity to human fibroblasts. Furthermore, a nanocomposite scaffold was
fabricated from PCL and quaternary ammonium salt-modified montmorillonite
(MMT) by Sadeghianmaryan et al. (2020) using electrospinning technique for
wound dressing applications. The low toxicity resulting from the cytotoxicity test
of PCL-MMT nanocomposite scaffolds has assured its suitability as wound repairing
materials. Gamez and his coworkers prepared efficient antibacterial carvacrol (CAR)
and thymol (THY)-loaded electrospun PCLmats using electrospinning technique for
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wound dressings (Gamez et al. 2019). The prepared CAR- and THY-loaded mats
were capable to entirely destroy both gram-positive (Staphylococcus aureus ATCC
25923) and gram-negative (Escherichia coli S17 strain) bacteria. Also,
A.P. Rameshbabu reported a method for the development of PCL nanofiber mats
mixed with placental-derived bioactive molecules (PCL–sPEM) having growth
factors for cutaneous wound repairing (Rameshbabu et al. 2018). The result showed
that the PCL–sPEM nanofiber mats are capable of healing critical skin wounds with
faster wound closure of dermal tissues.

11.4.7 Polyvinylpyrrolidone (PVP)

PVP is a hydrophilic synthetic polymer and able to be used as a skin substitute, due
to its biocompatibility, biodegradability, low toxicity, and good water vapor trans-
mission property. Very recently, Chinatangkul et al. developed monolaurin-loaded
shellac–PVP (SHL-PVP) nanofibers for application in wound healing (Chinatangkul
et al. 2019). The fabricated SHL-PVP fibers added with monolaurin performed an
outstanding action against Staphylococcus aureus and Candida albicans bacterial
strain which suggests that SHL-PVP fibers might be successfully utilized for wound
repairing purposes. Moreover, Dai et al. developed a novel medicated electrospun
emodin–PVP blended nanofibrous membrane for faster wound repairing (Dai et al.
2012). The in vitro dissolution tests confirmed the better release kinetics of the
blended nanofibrous membrane of the entrapped drug (emodin) as compared to the
pure drug. All the tests related to the repairing of skin wound reveal that the emodin-
loaded nanofibrous membrane is suitable to be used as a healing material.

11.5 Polymer Blend Matrixes

11.5.1 Natural–Natural Polymer Blend Matrixes

11.5.1.1 Chitosan–Starch
Starch is a biocompatible, biodegradable, and low-cost natural polymer. It is a
promising biopolymer in the field of tissue engineering, wound dressing, and
many other medical applications (Chen et al. 2019b). Cornstarch–dextran and
chitosan-based composite were found useful in wound healing application
(Wittaya-areekul and Prahsarn 2006). The presence of cornstarch and dextran with
chitosan increased the water uptake capacity and oxygen penetration at the wound.
The film showed better antibacterial resistance. In another study, chitosan–sago
starch matrix loaded with gentamycin which was fabricated by the solvent casting
method, and it heals wound (16 days) faster than the untreated control (24 days)
(Arockianathan et al. 2012).
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11.5.1.2 Collagen–Chitosan
Collagen–chitosan blend matrix has been widely used nowadays for wound man-
agement. Collagen and chitosan can be blended together to produce a film that can
accelerate wound healing by fibroblastic cell migration as well as with collagen
deposition (Ahmed and Ikram 2016b). Fan et al. prepared a scaffold from collagen,
chitosan, and TiO2 nanoparticles (Fan et al. 2016). Cytotoxicity, water absorption
capacity, red blood cell aggregation, porosity, and antibacterial activity investigation
proved good permeability, non-toxicity, and cell proliferation capacity of the scaf-
fold. In a study, silver nanoparticle-loaded collagen–chitosan scaffold was found to
accelerate the healing process by regulating the migration of fibroblastic cell and
macrophage activation (You et al. 2017). Nanosilver accelerated the fibroblastic
migration at 10 ppm concentration. The results revealed that nanosilver-loaded
collagen–chitosan was bactericidal, anti-inflammatory, and promotes wound
healing. Cell-penetrating peptide (oligoarginine, R8)-loaded collagen–chitosan gel
was found effective for wound management (Li et al. 2019). The gel was prepared by
physical crosslinking method as shown in Fig. 11.3a. The gel was applied in vivo on
wound created in mice and after 14 days, wound treated with the gel showed 98% of
new skin generation (Fig. 11.3b). From the histopathological studies, it was found
that that the gel enhanced granulation tissue formation and collagen deposition.

11.5.1.3 Chitosan–Gelatin
Chitosan–gelatin nanofiber membrane incorporated with Fe3O4 nanoparticles has been
found to be a recent advancement in wound dressing application (Cai et al. 2016).
Chitosan–gelatin nanofiber membrane containing 1% (by weight) iron oxide
nanoparticles showed optimum mechanical properties. Increase in the concentration
of iron oxide nanoparticles results in expanded inhibition zone for Escherichia coli and
Staphylococcus aureus. The enhancement in the mechanical and antimicrobial
properties makes Fe3O4–chitosan–gelatin nanofibrous membrane an efficient material
for wound management. Patel et al. prepared a chitosan–gelatin film for sustained
release of lupeol in wounds (Patel et al. 2018). Solvent casting method was utilized to
prepare lupeol-incorporated chitosan–gelatin film, while glutaraldehyde and glycerol
were used as a crosslinker and plasticizer, respectively. Antioxidant assay, cell viabil-
ity (90%) by MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide)
assay, and antibacterial activity (23 mm inhibition zone) of lupeol-entrapped chitosan–
gelatin hydrogel film showed that the hydrogel film was a potential carrier of lupeol for
its sustained release in the wounded area. 3D scaffolds of photo-crosslinked chitosan–
gelatin hydrogel is another biomaterial that can be used in chronic wound healing. The
hydrogel matrix was prepared by methacrylated chitosan and gelatin with a photo-
crosslinker. Depending on the concentration of polymer and irradiation time with the
photo-crosslinker, the degrees of the hydrogel vary from 500 to 2000%. The hydrogel
showed more than 95% viability toward human embryonic kidney cells (HEK293T)
that proved its biocompatibility (Carvalho and Mansur 2017).
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11.5.1.4 Alginate–Chitosan
Hydrogel prepared from alginate and other polymers like chitosan have become
popular in wound management, drug delivery, and tissue engineering (Lee and
Mooney 2012). In a study, hesperidin-loaded alginate–chitosan hydrogel was
prepared which showed highly porous structure with high water uptake, antibacterial

Fig. 11.3 (a) Schematic illustrations showing the preparation of gel from collagen, chitosan, and
CPP (Oligoarginine, R8). (b) Images of wounds healing process in mice, untreated (control) and
treated with chitosan, collagen–chitosan, and collagen–chitosan–CPP at 3, 7, and 14 days (scale bar
1.0 � 1.0 cm2). (The figure is adapted with permission from the original article of Li et al. (2019)
(Copyright 2018 Elsevier B.V.))
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activity, and non-toxicity against fibroblast cell. In vivo studies suggested that the
hydrogel with hesperidin is a better bandage material than normal gauge bandage
(Bagher et al. 2020). Rahman et al. prepared a nanocomposite dressing material from
the chitosan and alginate by crosslinking them with sodium tripolyphosphate and
loaded ZnO and calcium phosphate nanoparticles in it (Rahman et al. 2020). The
composite was efficient to inhibit the growth of Escherichia coli and Salmonella
enterica. From in vivo study, it was found that the composite healed faster than
normal gauge bandage due to the release of calcium ion (61% at pH 5.00) from the
matrix in an acidic condition of the wound. However, ciprofloxacin hydrochloride-
doped bilayer biocomposite membrane of alginate and chitosan is another remark-
able work in the field of wound dressing (Han et al. 2014). The membrane was
biocompatible and inhibited the growth of microorganisms within 7 days. Pharma-
codynamic studies revealed the sustained release nature of the drug, which improved
the effectiveness of the membrane in wound healing process.

11.5.1.5 Cellulose–Alginate
Blend matrixes prepared from cellulose and alginate have properties like biocom-
patibility, adhesiveness, hydrophilicity, and non-antigenicity which can help tissue
repair and regeneration. A three-dimensional porous scaffold was fabricated from
bacterial cellulose and alginate to treat chronic wounds and tissue regeneration
(Alexis et al. 2017). MTT assay with bovine cells showed non-toxic nature for the
scaffold. Composite dressing material prepared from bacterial cellulose, alginate,
and gelatin was found effective in wound healing application (Chiaoprakobkij et al.
2019). Glycerol, a plasticizer, was used to improve the water uptake capability of the
composite. From cytotoxicity test and cell culture of human keratinocyte cells with
prepared biocomposite film, enhanced cell proliferation and keratinocyte migration
were observed. Incorporation of chitosan and copper sulfate increases the antimicro-
bial property of bacterial cellulose and alginate composite, and the composite
showed excellent resistance toward the growth of Escherichia coli and Staphylococ-
cus aureus (Wichai et al. 2019). Silver sulfadiazine (AgSD)-loaded cellulose–algi-
nate (BC-SA) composite was prepared by Shao et al. to investigate and evaluate its
performance as wound dressing material (Shao et al. 2015). The drug-loaded
composite was cytocompatible and showed enhanced antimicrobial activity against
Escherichia coli, Staphylococcus aureus, and Candida albicans.

Besides, silver nanoparticle-doped collagen–alginate biocomposite (Zhang et al.
2018), biomimetic nanofibrous matrices of chitosan–collagen (Huang et al. 2015),
cellulose–alginate sponges (Pei et al. 2015), silver nanoparticle-incorporated
gelatin–cellulose hydrogel (Gou et al. 2020), etc. are also found to be effective in
wound healing application. A nanocomposite fabricated from carboxylated cellulose
nanowhiskers and silver nanoparticles exhibited excellent mechanical and antimi-
crobial activity. Chitosan and carboxymethyl cellulose-based nanocomposite
showed porous scaffold with high swelling capacity. The properties of the scaffold
were directly connected to the concentration of the components. This scaffold was an
excellent material to prevent infections in bone (Hasan et al. 2018).
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11.5.2 Synthetic–Synthetic Polymer Blend Matrixes

11.5.2.1 PLA–Synthetic Polymer Blend
Curcumin-loaded polylactic acid (PLA) and hyperbranched polyglycerol (HPG)
blend matrix were found to be efficient in rapid wound healing owing to its swelling
and moisture retention capacity (Perumal et al. 2017). This biodegradable matrix
with curcumin helped to complete migration of the cells across the artificial wound
within 36 h. The degradation behavior of the matrix was dependent on HPG content,
and the release of curcumin could thus be controlled. PLA–HPG–curcumin blend
showed better cell viability, curcumin release, and finally healing property than
PLA–curcumin scaffold. On the other hand, thermoquinone (TQ)-incorporated
PLA–cellulose acetate scaffold was found to mimic extracellular matrix because of
its 3D nanofibrous structure (Gomaa et al. 2017). TQ prevented the growth of
bacteria in the early stage (up to 9 days) due to its sustained release.
TQ-incorporated PLA–cellulose acetate scaffold significantly promoted the healing
process by controlling the formation of granular tissue and re-epithelialization.
Bonan et al. fabricated a fibrous membrane from PLA, PVP, and copaiba oil by
the solution blowing method and evaluated its performance as wound dressing
material (Bonan et al. 2017). The presence of copaiba oil in the membrane worked
as a barrier for bacteria, and PVP favored the degradation of the membrane. The
above properties make this membrane a potential candidate for wound dressing
applications.

11.5.2.2 PVA–Synthetic Polymer Blend
Electrospun nanofibrous mats prepared from PVA and polyvinyl acetate (PVAc) and
loaded with drug ciprofloxacin could be an effective wound dressing material
(Jannesari et al. 2011). Swelling ratio and drug release behavior of the nanofibrous
mat are dependent on the amount of polymer and loaded drug in the composite.
However, PVA–polyvinyl pyrrolidone–PEG-blended electrospun nanofiber with
aloe vera gel is also a potential dressing material (Uslu and Aytimur 2012). Crystal-
linity and crosslinking of the hybrid polymer are directly related to the concentration
of aloe vera gel in the matrix. Furthermore, the introduction of hydroxypropyl
methylcellulose with aloe vera increased the water retention capacity of the hybrid
nanofibers. A highly porous structure of the nanofibers facilitated oxygen penetra-
tion and prevented the infiltration of bacteria in a wounded place. In a study, it was
found that composite nanofibers prepared from PVA, PVP, pectin, mafenide acetate,
and silver (Ag) nanoparticles had the ability to accelerate skin wound healing
(Alipour et al. 2019). Electrospinning technique was used to obtain the composite
nanofibers. Ag nanoparticle-loaded nanofibers showed better healing properties as
compared to composite without Ag nanoparticles. It was concluded that the healing
rate was dependent on the amount of Ag loaded to the nanofibers as it inhibits the
growth of both gram-positive and gram-negative bacteria.

11 Polymer Matrixes Used in Wound Healing Applications 301



11.5.2.3 PCL–PVP
PVP is renowned for its excellent solubility in water, and when it is mixed with
another biocompatible synthetic polymer PCL, the resulting blend matrix becomes
competent for wound healing applications. A composite was obtained from PCL,
PVP, and silver nanoparticles to investigate its possibility to use as wound dressing
material (Jia et al. 2016). Swelling behavior and antimicrobial and mechanical
properties exhibited its capability to create a moist environment and inhibit bacteria
growth which is required for effective healing of wound.

11.5.2.4 PCL–PLA
PCL and PLA are both renowned for their biodegradability, biocompatibility, and
wide applications in biomedical field. The demand for PCL and PLA to fabricate
dressing materials for wound healing applications is increasing day by day. In a
study, wound dressing mats were prepared from tetracycline antibiotic-incorporated
PCL–PLA mixture applying electrospinning (Zahedi et al. 2012). The performance
studies of the composite were investigated by studying the release behavior of the
drug from the composite, water retention and uptake capability, and antimicrobial
resistance against bacterial growth to compare with commercially available dressing
materials. The prepared composite showed improved performance than traditional
dressing material due to the presence of hydrophilic PCL and PLA in the blended
composite. Karami et al. developed PCL–PLA hybrid nanofiber mats loaded with a
herbal drug named thymol (1.2% v/v) (Karami et al. 2013). The release behaviors of
the drug from PCL, PLA, and the nanohybrid mats were investigated, and a
maximum of 72% release of drug was observed from the nanohybrid mats. In vivo
rat model and histopathological analysis showed 92.5% of healing after 14 days
which was much better than commercially available wound dressing materials like
comfeel plus and gauze bandage.

Some synthetic–synthetic polymer blend matrixes investigated in wound healing
application are listed in Table 11.2.

Besides, synthetic–synthetic polymer blend matrixes like silver nanoparticle-
loaded PLA–PEG film (Bardania et al. 2020), micro-nanostructured poly(butylene-
succinate-co-adipate) (PBSA)-PVP and PEG film (Haidar et al. 2020), and PVA–
PVP nanofibrous membranes (Shankhwar et al. 2016) are also found effective in
wound management.

11.5.3 Natural–Synthetic Polymer Blend Matrixes

11.5.3.1 Chitosan–PVA
Chitosan–PVA blend matrix is widely used in wound dressing applications because
of its biocompatibility, biodegradability, and improved mechanical characteristics
(Gutha et al. 2017). Chitosan–PVA matrix loaded with ZnO nanoparticles shows
potential antimicrobial and wound healing activities. Gutha et al. prepared chitosan–
PVA–ZnO beads by the solvent casting method (Gutha et al. 2017). The beads
showed enhanced zone of inhibition than chitosan and chitosan–PVA matrix in case
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of gram-positive as well as gram-negative bacteria. Similarly, ZnO nanoparticles
incorporated chitosan–PVA–starch hydrogel membrane is another potential bioma-
terial for wound management (Baghaie et al. 2017). It was found better to apply the
material at the early stage of wound healing and was resistant toward a wide range of
bacteria. This hydrogel membrane was also found to be non-toxic for fibroblastic
cells.

11.5.3.2 Chitosan–PEG
Sufficient antimicrobial activity, accelerated wound healing property, and
non-cytotoxicity are the prime factors for a wound dressing matrix. In recent
times, chitosan–PEG blend matrix has become popular for wound dressing
applications. PEG is a synthetic polymer which is used in several biomedical fields
like wound dressing, drug delivery, and tissue engineering (Chandy 2020). Blending
of PEG with chitosan enhances the ductility and the flexibility of the matrix
(Zarrintaj et al. 2020). Silver nanoparticle-incorporated chitosan–PEG matrix was
found effective in healing chronic wound in diabetic patients (Masood et al. 2019).
The nanocomposites had antibacterial and antioxidant properties with excellent
water uptake ability. Ag nanoparticle-incorporated chitosan–PEG hydrogel showed
better healing capacity as compared to chitosan–PEG hydrogel in diabetes-induced
rabbits. In a research, genipin-crosslinked chitosan (GC)–PEG matrix incorporated
with silver and ZnO nanoparticles showed better antibacterial and wound healing
capacity than GC–PEG hydrogels and GC–PEG–ZnO nanocomposites (Liu and
Kim 2012). Masud et al. prepared a biocomposite from chitosan, PEG, and ZnO
nanoparticles by solvent casting method and loaded it with an antibiotic drug,
Gentamicin sulfate (Masud et al. 2020). The prepared nanocomposite was
non-toxic and biocompatible and showed rapid wound healing property (complete
healing within 10 days) than the commercially available bandages.

11.5.3.3 Alginate–PVA
The use of sodium alginate in biomedical applications is increasing not only for its
biocompatibility or non-toxicity but also for its outstanding capability to enhance the
healing rate of acute wound (Kamoun et al. 2015). A nanobiocomposite sponge was
prepared from sodium alginate, graphene oxide, and PVA applying freeze–thawing
cyclic process by Ma et al. (2019). Graphene oxide was used to intensify the
mechanical properties, chemical properties, and biological activity. The prepared
nanocomposite sponge showed suitable water uptake ability, breathability, and
mechanical properties and excellent resistance toward the growth of both
Escherichia coli and Staphylococcus aureus. CCK-8 assay analysis shows the
enhanced cell proliferation capacity of the composite which is very crucial for
wound management. Commercially available essential oils (cinnamon, clove, and
lavender) show antimicrobial properties and contain cinnamaldehyde, cinnamyl
acetate, linalool, eugenol, and so on. Incorporation of essential oils into electrospun
nanofibers is very efficient in wound management (Okamoto and John 2013).
Essential oils incorporated electrospun nanofibers of sodium alginate, and PVA
was investigated to evaluate the antibacterial activity against bacteria (Rafiq et al.

304 M. S. Islam et al.



2018). The nanofibers with cinnamon oil showed a maximum of 2.7 cm zone of
inhibition against Staphylococcus aureus. Nanoclay has been found potential in drug
delivery and wound management in recent times (Roozbahani et al. 2017). A study
showed the potentiality of hybrid hydrogel made from laponite–alginate–PVA for
wound management with excellent mechanical properties, degradation rate, and
biocompatibility (Golafshan et al. 2017). The effectiveness was investigated with a
rat model and cell culture of fibroblasts. Results showed that laponite (0.5%)
increases blood coagulation and swelling activity more than alginate–PVA
hydrogels.

11.5.3.4 Silk–PVA
To improve the fragile property of silk sericin, a research was carried out to blend it
with PVA to prepare a film (He et al. 2017). The film was found to have good
mechanical properties and high water retention ability. Incorporation of silver
nanoparticles in the film can resist the growth of Escherichia coli and Salmonella
aureus. Electrospun nanofiber made from non-mulberry and mulberry silk fibroin
(SF) with PVA was applied to the wound of alloxan-induced diabetic rabbits
(Chouhan et al. 2018). Non-mulberry SF (NMSF) was found to be more effective
for tissue granulation, angiogenesis, and re-epithelialization. Gene expression of
NMSF-treated diabetic wound results in accelerated ECM deposition and higher
wound breaking strength than the control group and Mulberry SF group.

11.5.3.5 Gelatin–PEG
Nowadays, gelatin–PEG blend matrix, especially hydrogel, has found applications
in biomedical field, especially in wound dressing due to its biodegradability, high
moisture content, and excellent penetrability of nutrients and metabolites. Hydrogels
synthesized by enzymatic crosslinking of silver nanoparticle-incorporated gelatin–
PEG–dopamine matrix is an excellent material in wound dressing as it showed
resistance against the growth of both gram-positive and gram-negative bacteria
(Pham et al. 2020).

Table 11.3 summarizes some special features of natural–synthetic polymer blend
matrixes investigated in wound management.

In addition, chitosan–PVP–nanocellulose composite (Poonguzhali et al. 2017),
nanostarch-reinforced chitosan–PVP blend (Poonguzhali et al. 2018), nitrofurazone
containing PVA–sodium alginate gel (Kim et al. 2008), carboxymethyl cellulose–
PEG hydrogels (Capanema et al. 2018), and bacterial cellulose–PEG (Cai and Kim
2010) are some propitious materials for wound healing. Chitosan–PVP doped with
cellulose nanowhiskers is a potential drug delivery material in wound dressing
management. The addition of cellulose nanowhiskers in the polymer blend increases
the mechanical and thermal properties of the composite. The sustained release nature
of drug, biocompatibility, and antimicrobial property of the nanobiocomposite
showed its efficiency as a wound dressing material (Hasan et al. 2017).
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11.6 Future Aspects

Wound healing involves some closely connected consecutive stages with different
kinds of ions, enzymes, cytokines, hormones, and growth factors. Providing these
elements to the site of wound externally can be helpful for faster healing of wound.
However, the localized delivery of cell growth factors, ions, enzymes, or even
antibiotic drugs to wounded area is yet to be explored completely. Polymer matrixes
in the form of dressing materials are well capable of loading and delivering these
elements to the site of wound and accelerate the healing process. Polymers or blend
of polymers (both natural and synthetic) is biocompatible, biodegradable, non-toxic,
and can deliver bioactive substances that can promote cell proliferation and collagen
deposition. But most of these wound dressing materials fail to reduce scar formation
and promote the growth of hair follicles, glands, nerves, etc. So, advancement in
polymer matrixes for wound healing to overcome these shortcomings is a need in
near future. Moreover, bacteria are becoming resistant to antibiotics nowadays.
Delivery of nanoparticles that possess antimicrobial properties through polymer
matrixes can be explored to avoid the use of antibiotic drugs. Future research should
be focused on developing polymer matrixes integrated with sensors to monitor pH,
moisture, and oxygen level, and having stimuli-responsive release characteristics of
bioactive substances.

11.7 Conclusion

Because of heterogeneous nature of wounds, selection of proper dressing material is
a vital step in wound management. For a successful wound management, dressing
materials are required to support the wound beds, to protect them from the factors
that may hinder healing such as contamination, bacterial attack, or loss of moisture
and to accelerate various stages of wound healing. An extraordinary advancement in
science and technology has taken place over the past decades which leads to a better
understanding of wound management like different stages of wound healing, effect
of local wound factors, and interaction between wound and extracellular matrix.
From that point of view, different polymeric matrices have been clinically used in
wound dressings because of their inherent properties like biocompatibility, biode-
gradability, hemostatic property, and ability to promote tissue regeneration. More-
over, different drugs, growth factors, enzymes, growth promoters, and other
bioactive substances can be loaded in these matrixes to support and accelerate the
healing process. Alginate, collagen, hyaluronic acid, poly(lactic-co-glycolic acid)-
based bio-engineered skin substitutes, composite skin grafts, epidermal autografts,
and dermal substitutes have been in clinical trials, and some of them have already
been approved by FDA and available in market [Orcel (Forticell Bioscience, Inc.,
New York, NY, USA), Apligraf (Organogenesis, Inc., Canton, MA, USA)] (Mir
et al. 2018). Overall, polymer matrix-based systems have all the potential to fulfill
the requirements of advanced wound dressing materials.

308 M. S. Islam et al.



References

Aderibigbe BA, Buyana B (2018) Alginate in wound dressings. Pharmaceutics 10(2):42
Adomavičiūtė E, Pupkevičiūtė S, Juškaitė V, Žilius M, Stanys S, Pavilonis A, Briedis V (2017)

Formation and investigation of electrospun PLA materials with propolis extracts and silver
nanoparticles for biomedical applications. J Nanomater 2017:8612819

Aduba DC, Yang H (2017) Polysaccharide fabrication platforms and biocompatibility assessment
as candidate wound dressing materials. Bioengineering 4(1):1

Ahmed S, Ikram S (2016a) Chitosan based scaffolds and their applications in wound healing.
Achiev Life Sci 10(1):27–37

Ahmed S, Ikram S (2016b) Chitosan based scaffolds and their applications in wound healing.
Achiev in the life sciences 10(1):27–37

Ahmed AS, Mandal UK, Taher M, Susanti D, Jaffri JM (2018) PVA-PEG physically cross-linked
hydrogel film as a wound dressing: experimental design and optimization. Pharm Dev Technol
23(8):751–760

Alaribe FN, Manoto SL, Motaung SC (2016) Scaffolds from biomaterials: advantages and
limitations in bone and tissue engineering. Biologia 71(4):353–366

Alexis O, Guang Y, Guiaro M (2017) New approach for skin repair by using bacterial cellulose
altered with paraffin and porous bacterial cellulose based scaffold with alginate. J Anal Pharm
Res 5(3):00141

Alipour R, Khorshidi A, Shojaei AF, Mashayekhi F, MoghaddamMJM (2019) Skin wound healing
acceleration by Ag nanoparticles embedded in PVA/PVP/pectin/mafenide acetate composite
nanofibers. Polym Test 79:106022

Ansari M, Kordestani SS, Nazralizadeh S, Eslami H (2018) Biodegradable cell-seeded collagen
based polymer scaffolds for wound healing and skin reconstruction. J Macromol Sci B 57
(2):100–109

Anumolu SS, DeSantis AS, Menjoge AR, Hahn RA, Beloni JA, Gordon MK, Sinko PJ (2010)
Doxycycline loaded poly (ethylene glycol) hydrogels for healing vesicant-induced ocular
wounds. Biomaterials 31(5):964–974

Archana D, Singh BK, Dutta J, Dutta P (2013) In vivo evaluation of chitosan–PVP–titanium
dioxide nanocomposite as wound dressing material. Carbohydr Polym 95(1):530–539

Archana D, Singh BK, Dutta J, Dutta P (2015) Chitosan-PVP-nano silver oxide wound dressing:
in vitro and in vivo evaluation. Int J Biol Macromol 73:49–57

Arockianathan PM, Sekar S, Kumaran B, Sastry T (2012) Preparation, characterization and
evaluation of biocomposite films containing chitosan and sago starch impregnated with silver
nanoparticles. Int J Biol Macromol 50(4):939–946

Babavalian H, Latifi AM, Shokrgozar MA, Bonakdar S, Mohammadi S, Moghaddam MM (2015)
Analysis of healing effect of alginate sulfate hydrogel dressing containing antimicrobial peptide
on wound infection caused by methicillin-resistant Staphylococcus aureus. Jundishapur J
Microbiol 8(9):e28320

Baghaie S, Khorasani MT, Zarrabi A, Moshtaghian J (2017) Wound healing properties of
PVA/starch/chitosan hydrogel membranes with nano zinc oxide as antibacterial wound dressing
material. J Biomater Sci Polym Ed 28(18):2220–2241

Bagher Z, Ehterami A, Safdel MH, Khastar H, Semiari H, Asefnejad A, Davachi SM, Mirzaii M,
Salehi M (2020) Wound healing with alginate/chitosan hydrogel containing hesperidin in rat
model. J Drug Deliv Sci Technol 55:101379

Bardania H, Mahmoudi R, Bagheri H, Salehpour Z, Fouani MH, Darabian B, Khoramrooz SS,
Mousavizadeh A, Kowsari M, Moosavifard SE (2020) Facile preparation of a novel biogenic
silver-loaded Nanofilm with intrinsic anti-bacterial and oxidant scavenging activities for wound
healing. Sci Rep 10(1):1–14

Basu A, Celma G, Strømme M, Ferraz N (2018) In vitro and in vivo evaluation of the wound
healing properties of nanofibrillated cellulose hydrogels. ACS Appl Bio Mater 1(6):1853–1863

11 Polymer Matrixes Used in Wound Healing Applications 309



Bayat S, Amiri N, Pishavar E, Kalalinia F, Movaffagh J, Hashemi M (2019) Bromelain-loaded
chitosan nanofibers prepared by electrospinning method for burn wound healing in animal
models. Life Sci 229:57–66

Bhattarai SR, Bhattarai N, Yi HK, Hwang PH, Cha DI, Kim HY (2004) Novel biodegradable
electrospun membrane: scaffold for tissue engineering. Biomaterials 25(13):2595–2602

Biswas S, Ahmed T, Islam MM, Islam MS, Rahman MM (2020) Biomedical applications
carboxymethyl chitosans. In: Gopi S, Thomas S, Pius A (eds) Handbook of chitin and chitosan,
vol 3. Woodhead Publishing, Elsevier, Swaston, pp 433–470

Bonan RF, Bonan PR, Batista AU, Perez DE, Castellano LR, Oliveira JE, Medeiros ES (2017) Poly
(lactic acid)/poly (vinyl pyrrolidone) membranes produced by solution blow spinning: structure,
thermal, spectroscopic, and microbial barrier properties. J Appl Polym Sci 134(19):44802

Bourke SL, Al-Khalili M, Briggs T, Michniak BB, Kohn J, Poole-Warren LA (2003) A photo-
crosslinked poly (vinyl alcohol) hydrogel growth factor release vehicle for wound healing
applications. AAPS PharmSci 5(4):101–111

Bui HT, Chung OH, Cruz JD, Park JS (2014) Fabrication and characterization of electrospun
curcumin-loaded polycaprolactone-polyethylene glycol nanofibers for enhanced wound
healing. Macromol Res 22(12):1288–1296

Cai Z, Kim J (2010) Bacterial cellulose/poly (ethylene glycol) composite: characterization and first
evaluation of biocompatibility. Cellulose 17(1):83–91

Cai N, Li C, Han C, Luo X, Shen L, Xue Y, Yu F (2016) Tailoring mechanical and antibacterial
properties of chitosan/gelatin nanofiber membranes with Fe3O4 nanoparticles for potential
wound dressing application. Appl Surf Sci 369:492–500

Capanema NS, Mansur AA, de Jesus AC, Carvalho SM, de Oliveira LC, Mansur HS (2018)
Superabsorbent crosslinked carboxymethyl cellulose-PEG hydrogels for potential wound dress-
ing applications. Int J Biol Macromol 106:1218–1234

Carvalho IC, Mansur HS (2017) Engineered 3D-scaffolds of photocrosslinked chitosan-gelatin
hydrogel hybrids for chronic wound dressings and regeneration. Mater Sci Eng C 78:690–705

Chandy T (2020) Biocompatibility of materials and its relevance to drug delivery and tissue
engineering. In: Biointegration of medical implant materials. Elsevier, Amsterdam, pp 297–331

Chen S-L, Fu R-H, Liao S-F, Liu S-P, Lin S-Z, Wang Y-C (2018) A PEG-based hydrogel for
effective wound care management. Cell Transplant 27(2):275–284

Chen H, Cheng R, Zhao X, Zhang Y, Tam A, Yan Y, Shen H, Zhang YS, Qi J, Feng Y (2019a) An
injectable self-healing coordinative hydrogel with antibacterial and angiogenic properties for
diabetic skin wound repair. NPG Asia Mater 11(1):1–12

Chen J, Chen L, Xie F, Li X (2019b) Toxicology of starch-based DDSs. In: Drug delivery
applications of starch biopolymer derivatives. Springer, New York, pp 133–137

Chen A, Huang W, Wu L, An Y, Xuan T, He H, Ye M, Qi L, Wu J (2020) Bioactive ECM mimic
hyaluronic acid dressing via sustained releasing of bFGF for enhancing skin wound healing.
ACS Appl Biol Mater 3(5):3039–3048

Chiaoprakobkij N, Seetabhawang S, Sanchavanakit N, Phisalaphong M (2019) Fabrication and
characterization of novel bacterial cellulose/alginate/gelatin biocomposite film. J Biomater Sci
Polym Ed 30(11):961–982

Chinatangkul N, Tubtimsri S, Panchapornpon D, Akkaramongkolporn P, Limmatvapirat C,
Limmatvapirat S (2019) Design and characterisation of electrospun shellac-
polyvinylpyrrolidone blended micro/nanofibres loaded with monolaurin for application in
wound healing. Int J Pharm 562:258–270

Chitrattha S, Phaechamud T (2016) Porous poly (DL-lactic acid) matrix film with antimicrobial
activities for wound dressing application. Mater Sci Eng C 58:1122–1130

Choi J-B, Park J-S, Khil M-S, Gwon H-J, Lim Y-M, Jeong S-I, Shin Y-M, Nho Y-C (2013)
Characterization and antimicrobial property of poly (acrylic acid) nanogel containing silver
particle prepared by electron beam. Int J Mol Sci 14(6):11011–11023

Choi JI, Kim MS, Chung GY, Shin HS (2017) Spirulina extract-impregnated alginate-PCL
nanofiber wound dressing for skin regeneration. Biotechnol Bioprocess Eng 22(6):679–685

310 M. S. Islam et al.



Choudhary A, Kant V, Jangir BL, Joshi V (2020) Quercetin loaded chitosan tripolyphosphate
nanoparticles accelerated cutaneous wound healing in Wistar rats. Eur J Pharmacol 880:173172

Chouhan D, Janani G, Chakraborty B, Nandi SK, Mandal BB (2018) Functionalized PVA–silk
blended nanofibrous mats promote diabetic wound healing via regulation of extracellular matrix
and tissue remodelling. J Tissue Eng Regen Med 12(3):e1559–e1570

Colobatiu L, Gavan A, Potarniche A-V, Rus V, Diaconeasa Z, Mocan A, Tomuta I, Mirel S, Mihaiu
M (2019) Evaluation of bioactive compounds-loaded chitosan films as a novel and potential
diabetic wound dressing material. React Funct Polym 145:104369

Dai X-Y, Nie W, Wang Y-C, Shen Y, Li Y, Gan S-J (2012) Electrospun emodin
polyvinylpyrrolidone blended nanofibrous membrane: a novel medicated biomaterial for drug
delivery and accelerated wound healing. J Mater Sci Mater Med 23(11):2709–2716

Dhivya S, Padma VV, Santhini E (2015) Wound dressings–a review. Biomedicine 5(4):22
Do AV, Khorsand B, Geary SM, Salem AK (2015) 3D printing of scaffolds for tissue regeneration

applications. Adv Healthc Mater 4(12):1742–1762
dos Santos AEA, dos Santos FV, Freitas KM, Pimenta LPS, de Oliveira AL, Marinho TA, de

Avelar GF, da Silva AB, Ferreira RV (2020) Cellulose acetate nanofibers loaded with crude
annatto extract: preparation, characterization, and in vivo evaluation for potential wound healing
applications. Mater Sci Eng C Mater Biol Appl 118:111322

Du L, Xu H, Li T, Zhang Y, Zou F (2016) Fabrication of silver nanoparticle/polyvinyl alcohol/
polycaprolactone hybrid nanofibers nonwovens by two-nozzle electrospinning for wound
dressing. Fibers Polym 17(12):1995–2005

Eltom A, Zhong G, Muhammad A (2019) Scaffold techniques and designs in tissue engineering
functions and purposes: a review. Adv Mater Sci Eng 2019:3429527

Fan X, Chen K, He X, Li N, Huang J, Tang K, Li Y, Wang F (2016) Nano-TiO2/collagen-chitosan
porous scaffold for wound repairing. Int J Biol Macromol 91:15–22

Feroz S, Muhammad N, Ranayake J, Dias G (2020) Keratin-based materials for biomedical
applications. Bioact Mater 5(3):496–509

Foldberg S, Petersen M, Fojan P, Gurevich L, Fink T, Pennisi CP, Zachar V (2012) Patterned poly
(lactic acid) films support growth and spontaneous multilineage gene expression of adipose-
derived stem cells. Colloids Surf B Biointerfaces 93:92–99

Fu SZ, Meng XH, Fan J, Yang LL, Wen QL, Ye SJ, Lin S, Wang BQ, Chen LL, Wu JB (2014)
Acceleration of dermal wound healing by using electrospun curcumin-loaded poly (-
ε-caprolactone)-poly (ethylene glycol)-poly (ε-caprolactone) fibrous mats. J Biomed Mater
Res B Appl Biomater 102(3):533–542

Gamez E, Mendoza G, Salido S, Arruebo M, Irusta S (2019) Antimicrobial electrospun
polycaprolactone-based wound dressings: an in vitro study about the importance of the direct
contact to elicit bactericidal activity. Adv Wound Care 8(9):438–451

Gaspar-Pintiliescu A, Stanciuc A-M, Craciunescu O (2019) Natural composite dressings based on
collagen, gelatin and plant bioactive compounds for wound healing: a review. Int J Biol
Macromol 138:854–865

Ge Z, Jin Z, Cao T (2008) Manufacture of degradable polymeric scaffolds for bone regeneration.
Biomed Mater 3(2):022001

Ghorbani S, Eyni H, Tiraihi T, Salari Asl L, Soleimani M, Atashi A, Pour Beiranvand S, Ebrahimi
Warkiani M (2018) Combined effects of 3D bone marrow stem cell-seeded wet-electrospun
poly lactic acid scaffolds on full-thickness skin wound healing. Int J Polym Mater 67
(15):905–912

Gilbert ME, Kirker KR, Gray SD, Ward PD, Szakacs JG, Prestwich GD, Orlandi RR (2004)
Chondroitin sulfate hydrogel and wound healing in rabbit maxillary sinus mucosa. Laryngo-
scope 114(8):1406–1409

Goder D, Matsliah L, Giladi S, Reshef-Steinberger L, Zin I, Shaul A, Zilberman M (2020)
Mechanical, physical and biological characterization of soy protein films loaded with
bupivacaine for wound healing applications. Int J Polym Mater 70:345–355

11 Polymer Matrixes Used in Wound Healing Applications 311



Golafshan N, Rezahasani R, Esfahani MT, Kharaziha M, Khorasani S (2017) Nanohybrid
hydrogels of laponite: PVA-alginate as a potential wound healing material. Carbohydr Polym
176:392–401

Gomaa SF, Madkour TM, Moghannem S, El-Sherbiny IM (2017) New polylactic acid/cellulose
acetate-based antimicrobial interactive single dose nanofibrous wound dressing mats. Int J Biol
Macromol 105:1148–1160

Gonzalez JS, Ludueña LN, Ponce A, Alvarez VA (2014) Poly (vinyl alcohol)/cellulose
nanowhiskers nanocomposite hydrogels for potential wound dressings. Mater Sci Eng C
34:54–61

Gou L, Xiang M, Ni X (2020) Development of wound therapy in nursing care of infants by using
injectable gelatin-cellulose composite hydrogel incorporated with silver nanoparticles. Mater
Lett 277:128340

Guo X, Xu D, Zhao Y, Gao H, Shi X, Cai J, Deng H, Chen Y, Du Y (2019) Electroassembly of
chitin nanoparticles to construct freestanding hydrogels and high porous aerogels for wound
healing. ACS Appl Mater Interfaces 11(38):34766–34776

Gupta A, Upadhyay NK, Parthasarathy S, Rajagopal C, Roy PK (2013) Nitrofurazone-loaded
PVA–PEG semi-IPN for application as hydrogel dressing for normal and burn wounds. J
Appl Polym Sci 128(6):4031–4039

Gupta RC, Lall R, Srivastava A, Sinha A (2019) Hyaluronic acid: molecular mechanisms and
therapeutic trajectory. Front Vet Sci 6:192

Gutha Y, Pathak JL, Zhang W, Zhang Y, Jiao X (2017) Antibacterial and wound healing properties
of chitosan/poly (vinyl alcohol)/zinc oxide beads (CS/PVA/ZnO). Int J Biol Macromol
103:234–241

Haidar NB, Marais S, Dé E, Schaumann A, Barreau M, Feuilloley MG, Duncan AC (2020) Chronic
wound healing: a specific antibiofilm protein-asymmetric release system. Mater Sci Eng C
106:110130

Han F, Dong Y, Song A, Yin R, Li S (2014) Alginate/chitosan based bi-layer composite membrane
as potential sustained-release wound dressing containing ciprofloxacin hydrochloride. Appl
Surf Sci 311:626–634

Hasan A, Waibhaw G, Tiwari S, Dharmalingam K, Shukla I, Pandey LM (2017) Fabrication and
characterization of chitosan, polyvinylpyrrolidone, and cellulose nanowhiskers nanocomposite
films for wound healing drug delivery application. J Biomed Mater Res A 105(9):2391–2404

Hasan A, Waibhaw G, Saxena V, Pandey LM (2018) Nano-biocomposite scaffolds of chitosan,
carboxymethyl cellulose and silver nanoparticle modified cellulose nanowhiskers for bone
tissue engineering applications. Int J Biol Macromol 111:923–934

He H, Cai R, Wang Y, Tao G, Guo P, Zuo H, Chen L, Liu X, Zhao P, Xia Q (2017) Preparation and
characterization of silk sericin/PVA blend film with silver nanoparticles for potential antimicro-
bial application. Int J Biol Macromol 104:457–464

Helary C, Zarka M, Giraud-Guille MM (2012) Fibroblasts within concentrated collagen hydrogels
favour chronic skin wound healing. J Tissue Eng Regen Med 6(3):225–237

Horue M, Cacicedo ML, Fernandez MA, Rodenak-Kladniew B, Sánchez RMT, Castro GR (2020)
Antimicrobial activities of bacterial cellulose–silver montmorillonite nanocomposites for
wound healing. Mater Sci Eng C 116:111152

Hu M, Sabelman EE, Cao Y, Chang J, Hentz VR (2003) Three-dimensional hyaluronic acid grafts
promote healing and reduce scar formation in skin incision wounds. J Biomed Mater Res B Appl
Biomater 67(1):586–592

Huang R, Li W, Lv X, Lei Z, Bian Y, Deng H, Wang H, Li J, Li X (2015) Biomimetic LBL
structured nanofibrous matrices assembled by chitosan/collagen for promoting wound healing.
Biomaterials 53:58–75

Huang Y, Zhao X, Zhang Z, Liang Y, Yin Z, Chen B, Bai L, Han Y, Guo B (2020) Degradable
gelatin-based IPN Cryogel hemostat for rapidly stopping deep noncompressible hemorrhage
and simultaneously improving wound healing. Chem Mater 32(15):6595–6610

312 M. S. Islam et al.



Islam MS, Haque P, Rashid TU, Khan MN, Mallik AK, Khan MNI, Khan M, Rahman MM (2017)
Core–shell drug carrier from folate conjugated chitosan obtained from prawn shell for targeted
doxorubicin delivery. J Mater Sci Mater Med 28(4):55

IslamMS, Rahman MS, Ahmed T, Biswas S, Haque P, Rahman MM (2020) Chitosan and chitosan-
based biomaterials for wound management. In: Gopi S, Thomas S, Pius A (eds) Handbook of
chitin and chitosan, vol 3. Woodhead Publishing, Elsevier, Swaston, pp 721–759

Izumi R, Komada S, Ochi K, Karasawa L, Osaki T, Murahata Y, Tsuka T, Imagawa T, Itoh N,
Okamoto Y (2015) Favorable effects of superficially deacetylated chitin nanofibrils on the
wound healing process. Carbohydr Polym 123:461–467

Jaklenec A, Hinckfuss A, Bilgen B, Ciombor DM, Aaron R, Mathiowitz E (2008) Sequential
release of bioactive IGF-I and TGF-β1 from PLGA microsphere-based scaffolds. Biomaterials
29(10):1518–1525

Jannesari M, Varshosaz J, Morshed M, Zamani M (2011) Composite poly (vinyl alcohol)/poly
(vinyl acetate) electrospun nanofibrous mats as a novel wound dressing matrix for controlled
release of drugs. Int J Nanomedicine 6:993

Jatoi AW, Ogasawara H, Kim IS, Ni Q-Q (2019) Polyvinyl alcohol nanofiber based three phase
wound dressings for sustained wound healing applications. Mater Lett 241:168–171

Jia Y, Huang G, Dong F, Liu Q, Nie W (2016) Preparation and characterization of electrospun poly
(ε-caprolactone)/poly (vinyl pyrrolidone) nanofiber composites containing silver particles.
Polym Compos 37(9):2847–2854

Jridi M, Sellimi S, Lassoued KB, Beltaief S, Souissi N, Mora L, Toldra F, Elfeki A, Nasri M, Nasri
R (2017) Wound healing activity of cuttlefish gelatin gels and films enriched by henna
(Lawsonia inermis) extract. Colloids Surf Physicochem Eng Aspects 512:71–79

Ju HW, Lee OJ, Lee JM, Moon BM, Park HJ, Park YR, Lee MC, Kim SH, Chao JR, Ki CS (2016)
Wound healing effect of electrospun silk fibroin nanomatrix in burn-model. Int J Biol Macromol
85:29–39

Jung H-S, Kim MH, Shin JY, Park SR, Jung J-Y, Park WH (2018) Electrospinning and wound
healing activity of β-chitin extracted from cuttlefish bone. Carbohydr Polym 193:205–211

Kabir SF, Sikdar PP, Haque B, Bhuiyan MR, Ali A, Islam M (2018) Cellulose-based hydrogel
materials: chemistry, properties and their prospective applications. Prog Biomater 7(3):153–174

Kamoun EA, Kenawy E-RS, Tamer TM, El-Meligy MA, Eldin MSM (2015) Poly (vinyl alcohol)-
alginate physically crosslinked hydrogel membranes for wound dressing applications: charac-
terization and bio-evaluation. Arab J Chem 8(1):38–47

Kandhasamy S, Arthi N, Arun RP, Verma RS (2019) Synthesis and fabrication of novel quinone-
based chromenopyrazole antioxidant-laden silk fibroin nanofibers scaffold for tissue engineer-
ing applications. Mater Sci Eng C 102:773–787

Karami Z, Rezaeian I, Zahedi P, Abdollahi M (2013) Preparation and performance evaluations of
electrospun poly (ε-caprolactone), poly (lactic acid), and their hybrid (50/50) nanofibrous mats
containing thymol as an herbal drug for effective wound healing. J Appl Polym Sci 129
(2):756–766

Khalid A, Khan R, Ul-Islam M, Khan T, Wahid F (2017) Bacterial cellulose-zinc oxide
nanocomposites as a novel dressing system for burn wounds. Carbohydr Polym 164:214–221

Khan MN, Hasan MM, Islam MS, Biswas S, Rashid TU, Mallik AK, Zaman A, Sharmeen S,
Haque P, Rahman MM (2017) Biomimetic gelatin nanocomposite as a scaffold for bone tissue
repair. In: Handbook of composites from renewable materials. Scrivener Publishing, Austin, pp
487–525

Kim J, Lee C-M (2018) Transdermal hydrogel composed of polyacrylic acid containing Propolis for
wound healing in a rat model. Macromol Res 26(13):1219–1224

Kim JO, Park JK, Kim JH, Jin SG, Yong CS, Li DX, Choi JY, Woo JS, Yoo BK, Lyoo WS (2008)
Development of polyvinyl alcohol–sodium alginate gel-matrix-based wound dressing system
containing nitrofurazone. Int J Pharm 359(1–2):79–86

Konop M, Czuwara J, Kłodzińska E, Laskowska AK, Sulejczak D, Damps T, Zielenkiewicz U,
Brzozowska I, Sureda A, Kowalkowski T (2020) Evaluation of keratin biomaterial containing

11 Polymer Matrixes Used in Wound Healing Applications 313



silver nanoparticles as a potential wound dressing in full-thickness skin wound model in diabetic
mice. J Tissue Eng Regen Med 14(2):334–346

Kumar MS, Kirubanandan S, Sripriya R, Sehgal PK (2010) Triphala incorporated collagen
sponge—a smart biomaterial for infected dermal wound healing. J Surg Res 158(1):162–170

Kweon H, Yeo J-H, Lee K-G, Lee HC, Na HS, Won YH, Cho CS (2008) Semi-interpenetrating
polymer networks composed of silk fibroin and poly (ethylene glycol) for wound dressing.
Biomed Mater 3(3):034115

Lee KY, Mooney DJ (2012) Alginate: properties and biomedical applications. Prog Polym Sci 37
(1):106–126

Li M, Han M, Sun Y, Hua Y, Chen G, Zhang L (2019) Oligoarginine mediated collagen/chitosan
gel composite for cutaneous wound healing. Int J Biol Macromol 122:1120–1127

Liechty WB, Kryscio DR, Slaughter BV, Peppas NA (2010) Polymers for drug delivery systems.
Annu Rev Chem Biomol Eng 1:149–173

Liu Y, Kim H-I (2012) Characterization and antibacterial properties of genipin-crosslinked
chitosan/poly (ethylene glycol)/ZnO/Ag nanocomposites. Carbohydr Polym 89(1):111–116

Liu M, Duan X-P, Li Y-M, Yang D-P, Long Y-Z (2017) Electrospun nanofibers for wound healing.
Mater Sci Eng C 76:1413–1423

Loh QL, Choong C (2013) Three-dimensional scaffolds for tissue engineering applications: role of
porosity and pore size. Tissue Eng Part B Rev 19(6):485–502

López-Iglesias C, Barros J, Ardao I, Monteiro FJ, Alvarez-Lorenzo C, Gómez-Amoza JL, García-
González CA (2019) Vancomycin-loaded chitosan aerogel particles for chronic wound
applications. Carbohydr Polym 204:223–231

Ma Y, Xin L, Tan H, Fan M, Li J, Jia Y, Ling Z, Chen Y, Hu X (2017) Chitosan membrane
dressings toughened by glycerol to load antibacterial drugs for wound healing. Mater Sci Eng C
81:522–531

Ma R, Wang Y, Qi H, Shi C, Wei G, Xiao L, Huang Z, Liu S, Yu H, Teng C (2019) Nanocomposite
sponges of sodium alginate/graphene oxide/polyvinyl alcohol as potential wound dressing:
in vitro and in vivo evaluation. Compos Part B Eng 167:396–405

Malafaya PB, Silva GA, Reis RL (2007) Natural–origin polymers as carriers and scaffolds for
biomolecules and cell delivery in tissue engineering applications. Adv Drug Deliv Rev 59
(4–5):207–233

Mallik AK, Shahruzzaman M, Islam MS, Haque P, Rahman MM (2019) Biodegradability and
biocompatibility of natural polymers. In: Natural polymers for pharmaceutical applications.
Apple Academic Press, Boca Raton, pp 133–168

Masood N, Ahmed R, Tariq M, Ahmed Z, Masoud MS, Ali I, Asghar R, Andleeb A, Hasan A
(2019) Silver nanoparticle impregnated chitosan-PEG hydrogel enhances wound healing in
diabetes induced rabbits. Int J Pharm 559:23–36

Masud RA, Islam MS, Haque P, Khan MNI, Shahruzzaman M, Khan M, Takafuji M, Rahman MM
(2020) Preparation of novel chitosan/poly (ethylene glycol)/ZnO bionanocomposite for wound
healing application: effect of gentamicin loading. Materialia 12:100785

Mayet N, Choonara YE, Kumar P, Tomar LK, Tyagi C, Du Toit LC, Pillay V (2014) A compre-
hensive review of advanced biopolymeric wound healing systems. J Pharm Sci 103
(8):2211–2230

Mir M, Ali MN, Barakullah A, Gulzar A, Arshad M, Fatima S, Asad M (2018) Synthetic polymeric
biomaterials for wound healing: a review. Prog Biomater 7(1):1–21

Miyaguchi S-I, Horii A, Kambara R, Takemoto N, Akazawa H, Takahashi N, Baba H, Inohara H
(2016) Effects of covering surgical wounds with polyglycolic acid sheets for posttonsillectomy
pain. Otolaryngol Head Neck Surg 155(5):876–878

Mogoşanu GD, Grumezescu AM (2014) Natural and synthetic polymers for wounds and burns
dressing. Int J Pharm 463(2):127–136

Mukherjee B, Dey NS, Maji R, Bhowmik P, Das PJ, Paul P (2014) Current status and future scope
for nanomaterials in drug delivery. In: Application of nanotechnology in drug delivery.
IntechOpen, London

314 M. S. Islam et al.



Mukhopadhyay A, Rajput M, Barui A, Chatterjee SS, Pal NK, Chatterjee J, Mukherjee R (2020)
Dual cross-linked honey coupled 3D antimicrobial alginate hydrogels for cutaneous wound
healing. Mater Sci Eng C 116:111218

Murray RZ, West ZE, Cowin AJ, Farrugia BL (2019) Development and use of biomaterials as
wound healing therapies. Burns Trauma 7:s41038–41018–s40139–41037

Naseri-Nosar M, Ziora ZM (2018) Wound dressings from naturally-occurring polymers: a review
on homopolysaccharide-based composites. Carbohydr Polym 189:379–398

Natarajan V, Krithica N, Madhan B, Sehgal PK (2013) Preparation and properties of tannic acid
cross-linked collagen scaffold and its application in wound healing. J Biomed Mater Res B Appl
Biomater 101(4):560–567

Nguyen TTT, Ghosh C, Hwang S-G, Dai Tran L, Park JS (2013) Characteristics of curcumin-
loaded poly (lactic acid) nanofibers for wound healing. J Mater Sci 48(20):7125–7133

Nuutila K, Laukkanen A, Lindford A, Juteau S, Nuopponen M, Vuola J, Kankuri E (2018)
Inhibition of skin wound contraction by nanofibrillar cellulose hydrogel. Plast Reconstr Surg
141(3):357e–366e

Okamoto M, John B (2013) Synthetic biopolymer nanocomposites for tissue engineering scaffolds.
Prog Polym Sci 38(10–11):1487–1503

Pal D, Saha S (2019) Chondroitin: a natural biomarker with immense biomedical applications. RSC
Adv 9(48):28061–28077

Pal S, Nisi R, Stoppa M, Licciulli A (2017) Silver-functionalized bacterial cellulose as antibacterial
membrane for wound-healing applications. ACS omega 2(7):3632–3639

Patel S, Srivastava S, Singh MR, Singh D (2018) Preparation and optimization of chitosan-gelatin
films for sustained delivery of lupeol for wound healing. Int J Biol Macromol 107:1888–1897

Pei Y, Ye D, Zhao Q, Wang X, Zhang C, Huang W, Zhang N, Liu S, Zhang L (2015) Effectively
promoting wound healing with cellulose/gelatin sponges constructed directly from a cellulose
solution. J Mater Chem B 3(38):7518–7528

Perumal G, Pappuru S, Chakraborty D, Nandkumar AM, Chand DK, Doble M (2017) Synthesis and
characterization of curcumin loaded PLA—Hyperbranched polyglycerol electrospun blend for
wound dressing applications. Mater Sci Eng C 76:1196–1204

Pham T-N, Jiang Y-S, Su C-F, Jan J-S (2020) In situ formation of silver nanoparticles-contained
gelatin-PEG-dopamine hydrogels via enzymatic cross-linking reaction for improved
antibacterial activities. Int J Biol Macromol 146:1050–1059

Poonguzhali R, Basha SK, Kumari VS (2017) Synthesis and characterization of chitosan-PVP-
nanocellulose composites for in-vitro wound dressing application. Int J Biol Macromol
105:111–120

Poonguzhali R, Basha SK, Kumari VS (2018) Nanostarch reinforced with chitosan/poly (vinyl
pyrrolidone) blend for in vitro wound healing application. Polym Plast Technol Eng 57
(14):1400–1410

Póvoa VC, dos Santos GJ, Picheth GF, Jara CP, da Silva LC, de Araújo EP, de Oliveira MG (2020)
Wound healing action of nitric oxide-releasing self-expandable collagen sponge. J Tissue Eng
Regen Med 14(6):807–818

Punyamoonwongsa P, Klayya S, Sajomsang W, Kunyanee C, Aueviriyavit S (2019) Silk sericin
semi-interpenetrating network hydrogels based on PEG-Diacrylate for wound healing treatment.
Int J Polym Sci 2019:4740765

Rafiq M, Hussain T, Abid S, Nazir A, Masood R (2018) Development of sodium alginate/PVA
antibacterial nanofibers by the incorporation of essential oils. Mater Res Express 5(3):035007

Rahman MA, Islam MS, Haque P, Khan MN, Takafuji M, Begum M, Chowdhury GW, Khan M,
Rahman MM (2020) Calcium ion mediated rapid wound healing by nano-ZnO doped calcium
phosphate-chitosan-alginate biocomposites. Materialia 13:100839

Rajput M, Mandal M, Anura A, Mukhopadhyay A, Subramanian B, Paul RR, Chatterjee J (2020)
Honey loaded silk fibroin 3D porous scaffold facilitates homeostatic full-thickness wound
healing. Materialia 12:100703

11 Polymer Matrixes Used in Wound Healing Applications 315



Rameshbabu AP, Datta S, Bankoti K, Subramani E, Chaudhury K, Lalzawmliana V, Nandi SK,
Dhara S (2018) Polycaprolactone nanofibers functionalized with placental derived extracellular
matrix for stimulating wound healing activity. J Mater Chem B 6(42):6767–6780

Roozbahani M, Kharaziha M, Emadi R (2017) pH sensitive dexamethasone encapsulated laponite
nanoplatelets: release mechanism and cytotoxicity. Int J Pharm 518(1–2):312–319

Sadeghianmaryan A, Yazdanpanah Z, Soltani YA, Sardroud HA, Nasirtabrizi MH, Chen X (2020)
Curcumin-loaded electrospun polycaprolactone/montmorillonite nanocomposite: wound dress-
ing application with anti-bacterial and low cell toxicity properties. J Biomater Sci Polym Ed 31
(2):169–187

Saeed SM, Mirzadeh H, Zandi M, Barzin J (2017) Designing and fabrication of curcumin loaded
PCL/PVA multi-layer nanofibrous electrospun structures as active wound dressing. Prog
Biomater 6(1–2):39–48

Salehi M, Ehterami A, Farzamfar S, Vaez A, Ebrahimi-Barough S (2020) Accelerating healing of
excisional wound with alginate hydrogel containing naringenin in rat model. Drug Deliv Transl
Res 11:142–153

Shankhwar N, Kumar M, Mandal BB, Robi P, Srinivasan A (2016) Electrospun polyvinyl alcohol-
polyvinyl pyrrolidone nanofibrous membranes for interactive wound dressing application. J
Biomater Sci Polym Ed 27(3):247–262

Shao W, Liu H, Liu X, Wang S, Wu J, Zhang R, Min H, Huang M (2015) Development of silver
sulfadiazine loaded bacterial cellulose/sodium alginate composite films with enhanced
antibacterial property. Carbohydr Polym 132:351–358

Sharmeen S, Rahman MS, Islam MM, Islam MS, Shahruzzaman M, Mallik AK, Haque P, Rahman
MM (2019) Application of polysaccharides in enzyme immobilization. In: Functional
polysaccharides for biomedical applications. Elsevier, Amsterdam, pp 357–395

Shinozaki T, Hayashi R, Ebihara M, Miyazaki M, Tomioka T (2013) Mucosal defect repair with a
polyglycolic acid sheet. Jpn J Clin Oncol 43(1):33–36

Simões D, Miguel SP, Correia IJ (2018) Biofunctionalization of electrospun poly (caprolactone)
fibers with Maillard reaction products for wound dressing applications. React Funct Polym
131:191–202

Singh R, Singh D (2012) Radiation synthesis of PVP/alginate hydrogel containing nanosilver as
wound dressing. J Mater Sci Mater Med 23(11):2649–2658

Singla R, Soni S, Kulurkar PM, Kumari A, Mahesh S, Patial V, Padwad YS, Yadav SK (2017) In
situ functionalized nanobiocomposites dressings of bamboo cellulose nanocrystals and silver
nanoparticles for accelerated wound healing. Carbohydr Polym 155:152–162

Subagio A, Umiati N, Gunawan V (2020) Growth of collagen-nanosilver (Co-AgNP) biocomposite
film with electrospinning method for wound healing applications. In: Journal of Physics:
conference series, vol 1, p 012032. IOP Publishing

Tran RT, Naseri E, Kolasnikov A, Bai X, Yang J (2011) A new generation of sodium chloride
porogen for tissue engineering. Biotechnol Appl Biochem 58(5):335–344

Unalan I, Endlein SJ, Slavik B, Buettner A, Goldmann WH, Detsch R, Boccaccini AR (2019)
Evaluation of electrospun poly (ε-caprolactone)/gelatin nanofiber mats containing clove essen-
tial oil for antibacterial wound dressing. Pharmaceutics 11(11):570

Uslu I, Aytimur A (2012) Production and characterization of poly (vinyl alcohol)/poly
(vinylpyrrolidone) iodine/poly (ethylene glycol) electrospun fibers with (hydroxypropyl)
methyl cellulose and aloe vera as promising material for wound dressing. J Appl Polym Sci
124(4):3520–3524

Wang J, Hao S, Luo T, Cheng Z, Li W, Gao F, Guo T, Gong Y, Wang B (2017) Feather keratin
hydrogel for wound repair: preparation, healing effect and biocompatibility evaluation. Colloids
Surf B Biointerfaces 149:341–350

Wang C, Niu H, Ma X, Hong H, Yuan Y, Liu C (2019) Bioinspired, injectable, quaternized
hydroxyethyl cellulose composite hydrogel coordinated by Mesocellular silica foam for rapid,
noncompressible hemostasis and wound healing. ACS Appl Mater Interfaces 11
(38):34595–34608

316 M. S. Islam et al.



Wichai S, Chuysinuan P, Chaiarwut S, Ekabutr P, Supaphol P (2019) Development of bacterial
cellulose/alginate/chitosan composites incorporating copper (II) sulfate as an antibacterial
wound dressing. J Drug Deliv Sci Technol 51:662–671

Wittaya-areekul S, Prahsarn C (2006) Development and in vitro evaluation of chitosan–
polysaccharides composite wound dressings. Int J Pharm 313(1–2):123–128

Xia G, Zhai D, Sun Y, Hou L, Guo X, Wang L, Li Z, Wang F (2020) Preparation of a novel
asymmetric wettable chitosan-based sponge and its role in promoting chronic wound healing.
Carbohydr Polym 227:115296

Ye D, Zhong Z, Xu H, Chang C, Yang Z, Wang Y, Ye Q, Zhang L (2016) Construction of cellulose/
nanosilver sponge materials and their antibacterial activities for infected wounds healing.
Cellulose 23(1):749–763

Ye S, Jiang L, Wu J, Su C, Huang C, Liu X, Shao W (2018) Flexible amoxicillin-grafted bacterial
cellulose sponges for wound dressing: in vitro and in vivo evaluation. ACS Appl Mater
Interfaces 10(6):5862–5870

You C, Li Q, Wang X, Wu P, Ho JK, Jin R, Zhang L, Shao H, Han C (2017) Silver nanoparticle
loaded collagen/chitosan scaffolds promote wound healing via regulating fibroblast migration
and macrophage activation. Sci Rep 7(1):1–11

Zahedi P, Karami Z, Rezaeian I, Jafari SH, Mahdaviani P, Abdolghaffari AH, Abdollahi M (2012)
Preparation and performance evaluation of tetracycline hydrochloride loaded wound dressing
mats based on electrospun nanofibrous poly (lactic acid)/poly (E-caprolactone) blends. J Appl
Polym Sci 124(5):4174–4183

Zahedi P, Rezaeian I, Jafari SH (2013) In vitro and in vivo evaluations of phenytoin sodium-loaded
electrospun PVA, PCL, and their hybrid nanofibrous mats for use as active wound dressings. J
Mater Sci 48(8):3147–3159

Zahiri M, Khanmohammadi M, Goodarzi A, Ababzadeh S, Farahani MS, Mohandesnezhad S,
Bahrami N, Nabipour I, Ai J (2020) Encapsulation of curcumin loaded chitosan nanoparticle
within poly (ε-caprolactone) and gelatin fiber mat for wound healing and layered dermal
reconstitution. Int J Biol Macromol 153:1241–1250

Zarrintaj P, Saeb MR, Jafari SH, Mozafari M (2020) Application of compatibilized polymer blends
in biomedical fields. In: Compatibilization of polymer blends. Elsevier, Amsterdam, pp
511–537

Zhang H, Peng M, Cheng T, Zhao P, Qiu L, Zhou J, Lu G, Chen J (2018) Silver nanoparticles-
doped collagen–alginate antimicrobial biocomposite as potential wound dressing. J Mater Sci
53(21):14944–14952

Zhang N, Gao T, Wang Y, Liu J, Zhang J, Yao R, Wu F (2020a) Modulating cationicity of chitosan
hydrogel to prevent hypertrophic scar formation during wound healing. Int J Biol Macromol
154:835–843

Zhang S, Ye J, Sun Y, Kang J, Liu J, Wang Y, Li Y, Zhang L, Ning G (2020b) Electrospun fibrous
mat based on silver (I) metal-organic frameworks-polylactic acid for bacterial killing and
antibiotic-free wound dressing. Chem Eng J 390:124523

11 Polymer Matrixes Used in Wound Healing Applications 317



Conductive Polymers for Cardiovascular
Applications 12
Azka Arshad, Hafsa Irfan, Sunniya Iftikhar, and Basit Yameen

Abstract

The prevalence of cardiovascular diseases (CVDs) has taken a sharp rise,
accounting for almost 25% of the total fatalities globally. Fortunately, the
advances in therapeutic and diagnostic technologies have also been keeping up
to tackle this rising challenge. The technologies based on biocompatible conduc-
tive polymers, which can be processed as composite films, nanofibers, hydrogels,
and composite scaffolds, are attracting increasing interest. This chapter is focused
on evaluating the role of biocompatible conductive polymers in addressing CVDs
from diagnostic and therapeutic perspectives. Depending on their chemical
nature, polymers can exhibit both electronic (π-conjugated polymers) and ionic
conductivities (ion conductive polymers). Materials, based either entirely on
conductive polymers or on their combination with other nanomaterials, are
being engineered for application in addressing various CVDs. These applications
include cardiac tissue engineering for treating myocardial infarction, improving
the human cardiac myocyte attachment, proliferation, interaction, expression of
cardiac-specific proteins, and developing conductive cardiac patches. In addition,
conductive polymers based technologies are being developed for microenviron-
ment regulation to enhance the action potential in the cardiac cells and cell-to-cell
communication, nerve regeneration and repair via prosthesis electrode-tissue
interface, wound healing by inducing angiogenesis, sensing of biomarkers related
to cardiac failure, and monitoring and augmenting heart activity by supplying
electrical signals via implantable devices. Despite significant progress, there
remain challenges blocking the way for the clinical translation of these
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conductive polymer based technologies. In this chapter, we have reviewed some
state-of-the-art developments providing a structure and property relationship that
makes this particular class of polymers especially suitable for addressing CVDs.

Keywords

Conductive polymers · Cardiovascular diseases · Diagnosis and prognosis ·
Therapeutics · Biodegradability and biocompatibility · Conductivity

12.1 Introduction

For decades, conductivity was a property ascribed only to inorganic materials,
whereas insulation was in the organic materials domain. In 1954, the discovery of
perylene-bromine complex—a purely organic species exhibiting high electrical
conductivity—changed the way scientists looked at the organic materials forever
(Jonas and Heywang 1994). It had opened another dimension with the promising
potential of organic materials to supplant metals. One such class of organic materials
is polymers. It is noteworthy that the recent developments in polymer science and
technology have brought us face to face with many inorganic-based polymers as
well. Polymers are a class of synthetic or natural macromolecules that are composed
of small repeating units, known as monomers. Some common examples of polymers
are polyethylene, polyvinyl chloride (PVC), polyvinyl alcohol (PVA), and nylon.
From textiles to pharmaceuticals, these macromolecules have a wide range of
applications.

Polymers were imagined to be insulators until the advent of a new class. In 1976,
Hideki Shirakawa accidentally discovered polyacetylene as a lustrous black solid.
Owing to its conjugated p-orbitals, polyacetylene gave more room for the electrons
to move and thus exhibited properties that are akin to semiconductors. Hideki then
collaborated with Alan MacDiarmid and Alan Heeger to study the properties of
polyacetylene in more detail at the University of Pennsylvania. They discovered that
upon oxidation of polyacetylene with a halogen vapor (iodine/bromine), the electri-
cal conductivity of this material could be enhanced up to a level comparable with
that of copper. Shirakawa, MacDiarmid, and Heeger received the Nobel Prize in
chemistry in the year 2000 for their discovery and subsequent work in the develop-
ment of these conductive polymers. Since then, this class of polymers has attracted
the focus of some of the most exceptional researchers of our time. Conductive
polymers (CPs) have taken the world by storm with their exceptional ability to
mimic the electrical and optical properties of metal and semiconductors while
retaining the mechanical properties and characteristics specific to the polymers.
The smooth, versatile, and creative ways to manufacture them have given CPs the
main spotlight. The CPs have got particular limelight for their potential usage in
biomedical applications because of the intelligent ways with which they can be made
to interact with and respond to various tissues (muscle, epithelium, and nerve). The
biocompatibility of these materials remains intact while they electrically

320 A. Arshad et al.



communicate with the electroactive tissues. This has enabled scientists to employ the
use of CPs to develop medical devices with increased electrical conductivity,
stability, and sensitivity. Beside electrical conductivity, polymers can also be made
to conduct ions by functionalizing them with ionic functionalities. In this chapter, we
will be looking more closely at the special classes of electrically and ionically
conductive polymers that are being applied for addressing CVDs. In the first half
of the chapter, we will zoom into their classifications, their synthetic techniques,
their physicochemical properties which make them suitable for biomedical
applications, and the different ways to enhance these properties. In the latter half
of the chapter, we zoom in on the CVDs and how the CPs are proving themselves
useful in their diagnosis, prognosis, and therapeutic applications.

12.2 Types of Conductive Polymers

As introduced earlier, there are two broad categories of conductive polymers:
electrically conductive π-conjugated polymers (PCPs) and ion-conductive polymers
(ICPs). In this section, we take a closer look at these types.

12.2.1 p-Conjugated Polymers

For the longest time, metals held hegemony over the conductivity, primarily owing it
to the free electrons in their valence band. These valence band electrons could very
quickly be mobilized, therefore, carrying current. Now, this feature was inherently
absent in the covalent compounds, especially the polymers with their outermost
electrons mostly engaging in sigma bonding because of the sp3 hybridization.
However, conjugated backbones, such as those of polyacetylene, have a π-electron
cloud that is delocalized over the entire polymer molecule. It should be noted that
conjugation alone cannot account for significant conductivity. The chain must be
either doped (by either oxidative or reductive measures) or perturbed using other
techniques, enhancing the conductivity of the organic polymers. Perturbation
through oxidation is much more prevalent for the transition of these otherwise
semiconducting polymers into their conductive forms. This way, the polymer
chain is left electron deficient, requiring anions from an oxidizing medium for charge
compensation (Walton 1991). The common types of these polymers (Fig. 12.1)
include polyacetylenes, polypyrroles, polyanilines, and their derivatives.

12.2.2 Ion-Conductive Polymers

The polymers that exhibit conductivity based on ionic groups present in the polymer
molecule (in the backbone or as pendant groups) or in the surrounding medium
(electrolyte) are called the ionic conductive polymers (ICPs) (Gupta et al. 2020). The

12 Conductive Polymers for Cardiovascular Applications 321



concept of ICPs was introduced in 1951 (Doscher et al. 1951) when certain salts
were observed to interact with the poly(ethylene oxide) chains, following which it
was one of the hottest areas for research throughout the 1960s (Blumberg et al. 1964;
Mocanin and Cuddihy 1966; Lundberg et al. 1966; Iwamoto et al. 1968; Binks and
Sharples 1968; Yokoyama et al. 1969). Studies showed that this polymer-salt
interaction was similar to that of the alkali-crown ether complexes—the ether
oxygen of the polymer chains was interacting with the cations. Other examples of
polymer electrolyte systems include heteropolymer systems like that of poly(ethyl-
ene oxide)/poly(methylene oxide) (PEO/PMO) and poly(ethylene oxide)/poly
(methyl methacrylate) (PEO/PMMA) along with monovalent cations to trivalent
cations (Na+, K+, Co2+, Ni2+, Cd2+, Eu3+, and La3+) (Linford 1993). Beside,
polymers functionalized with cationic, anionic, or zwitterionic functional groups
are extensively studied and are generally referred to as polyelectrolytes.

12.3 Synthesis Techniques for the CPs

Now that we have established some understanding of how these CPs (both PCPs and
ICPs) are categorized, we now move on to studying some of the ways to synthesize
them. The PCPs can be synthesized via different electrochemical and chemical
methods and so we will briefly overview them in this section. The discussion on

Fig. 12.1 Structures of some
π-conjugated polymers
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synthetic techniques for PCPs will be followed by a brief description of the ways in
which ICPs can be synthesized.

12.3.1 Electrochemical Methods for the Synthesis of PCPs

Electrochemical polymerization (EP) has emerged as a useful technique for the PCP
synthesis. The electrochemical system comprises three electrodes (working, counter,
and reference electrodes) together with electrolyte and monomer solution in a
suitable solvent (Fig. 12.2). In this process, nickel-, chromium-, gold-, titanium-,
palladium-, and platinum-based electrodes are widely used as anodes. Moreover, the
monomers utilized in this process may have low anodic potential and are more
susceptible to electrophilic substitution. Oxidation of monomers at the surface of
working electrodes leads to the generation of radical cations that can further react
with other monomers to form insoluble chains of polymer. In the case of aniline and
pyrrole, monomers undergo electrochemical oxidation at high positive electrode
potential and yield radicals or other species that react to give the final polymer. By
this method, oligomers or polymers can be conveniently synthesized from their

Fig. 12.2 Electrochemical polymerization process by employing a reference, working, and the
counter electrode system (Balint et al. 2014)

12 Conductive Polymers for Cardiovascular Applications 323



corresponding monomers. Different experimental conditions such as monomer
concentration, type of electrolyte, and applied electrode potential can be tuned to
synthesize various PCP structures including micrometer-sized particles as well as the
thick and compact polymer layers on the surface of the electrode. PCPs such as
polypyrrole (PPy), polyaniline (PANi), and poly(3,4-ethylenedioxythiophene)
(PEDOT) are frequently synthesized through electrochemical methods (Sadki et al.
2000; Itoi et al. 2017; Musumeci et al. 2013). Potentiostatic, galvanostatic, and
potentiodynamic techniques are the three main methodologies followed for the
electrochemical polymerization (Gupta et al. 2016). The electrochemical synthesis
offers a convenient in situ deposition of polymers; however, the quantity and nature
of the bioactive materials that can be incorporated in the electroactive platforms are
limited. Besides, the given method needs an electrode for the deposition of the
polymer, and so the amount of polymer deposited and the range of morphologies that
can be achieved are restricted by the surface area and geometry of the electrode.
These conditions make it difficult to control the physicochemical properties of the
resulting polymers.

12.3.2 Chemical Methods for the Synthesis of PCPs

With the rising interest in applications of the PCPs in diverse areas, there is a dire
need to develop novel synthetic routes to access these materials with a better control
over their chemical and physical properties. For instance, many PCPs such as poly
(phenylene), poly(phenylenevinylene), and polythiophene exhibit poor solubility
and are difficult to process. The solubility issue could be overcome by incorporating
suitable side chains into the monomer. Chemical methods developed for the synthe-
sis of PCPs are important not only for the synthesis of bulk quantities of such
polymers, but also for controlling their physicochemical nature by tuning their
molecular design. To develop better understanding, different chemical methods
employed for the PCP synthesis are described next.

12.3.2.1 Chemical Oxidative Polymerization
In this polymerization method, oxidation of monomers is achieved by using an
oxidizing agent (ferric chloride, ammonium persulfate) as shown in Fig. 12.3,
followed by the generation of a radical ion that initiates the polymerization. The
chemical oxidative polymerization can be used to create a diverse range of novel

Fig. 12.3 Synthesis of polypyrroles by chemical oxidative polymerization
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PCPs that cannot be easily synthesized by the electrochemical methods (Šišáková
et al. 2020; Sapurina and Stejskal 2008; Kumar et al. 2012). Unfortunately, the
polymers synthesized by chemical methods have lower conductivity than the elec-
trochemically synthesized counterparts. One of the greatest limitations of oxidative
coupling methods is its restricted control over molar mass and regioselectivity of the
synthesized polymer.

12.3.2.2 Cross-Coupling Polymerization
Cross-coupling polymerization reactions are catalyzed by transition metals and offer
a particularly powerful and multipurpose method for the C–C bond formation and
also enable the development of a sophisticated and extensive library of the PCPs
(Fig. 12.4). The general mechanism of coupling reactions involves the oxidative
addition of transition metal-based catalysts across the carbon-halogen bond,
followed by the transmetalation, which is concluded with a reductive elimination
through the formation of the C–C bond with the renewal of catalysts (García-
Melchor et al. 2013). Since the advent of the PCPs, many research groups have
synthesized different conductive polymers by utilizing the cross-coupling reactions.
Various transition metal catalyzed cross-coupling reactions include the Suzuki–
Miyaura coupling (Lennox and Lloyd-Jones 2014), Sonogashira coupling (Wang
and Gao 2014), and Stille coupling (Amatore et al. 2003).

Fig. 12.4 General scheme of cross-coupling reaction catalyzed by transition metal catalyst.
(Reprinted with permission from García-Melchor et al. (2013). Copyright (2013) American Chemi-
cal Society)
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12.3.2.3 Grignard Metathesis (GRIM) Polymerization
The so far described methods involve random couplings that lead to the loss of
regioregularity. It must be understood that in the backbone of a conjugated polymer,
steric twisting can arise due to various random couplings, and that can reduce the
electrical conductivity and other desirable properties of the PCPs (Stefan et al. 2012).
The problem was solved when the highly regioregular poly(3-alkylthiophene)
(rrP3AT) was first synthesized, by the group of Richard McCullough, through a
method famously known as the McCullough method and the Grignard metathesis
(GRIM) polymerization (Loewe et al. 2001). The synthesis of rrP3ATs via GRIM
method not only expanded the library of novel functional polythiophenes, but also
improved their electrical conductivity, primarily owing to their planar backbone and
organized three-dimensional polycrystalline structures (Amna et al. 2020). One
significant benefit of the GRIM polymerization is that it renders the utilization of
both the reactive transition metals and cryogenic temperatures unnecessary. There-
fore, it offers an efficient and convenient method to synthesize regioregular
polythiophenes and enables the bulk scale production of high-molecular-weight
polymers with a precise control over the molecular weight, side chain functionalities,
and end groups. The synthesis of highly regioregular polythiophenes is basically a
transition metal-catalyzed cross-coupling polymerization reaction that comprises a cat-
alytic cycle based on three consecutive steps (oxidative addition, transmetalation, and
reductive elimination). Yokoyama et al. (2004) has proposed that the GRIM polymer-
ization developed by McCullough proceeds through a chain-growth mechanism and
also has a living system. In GRIM polymerization, the molecular weight of the PCP
can be controlled as a function of the reaction time and the amount of nickel catalyst
(Iovu et al. 2005). The basic mechanism involved for the synthesis of highly
regioregular polythiophene via GRIM polymerization is depicted in Fig. 12.5. The
catalytic cycle involves the monomer reaction with Ni(dppp)Cl2 to give the
organonickel intermediate that immediately undergoes reductive elimination to gener-
ate the dimer and a Ni(0)-based associated pair. The oxidative addition of the dimer to
the nickel center gives new organonickel compounds that are followed by
transmetalation and reductive elimination to give another associated pair. In this
way, the polythiophene chain grows by inserting single monomer units in the catalytic
cycle, whereas the Ni(dppp) moiety is always incorporated as an end group into the
polymer chain (Iovu et al. 2005). It is believed that Ni(dppp)Cl2 is more likely to act as
an initiator instead of a catalyst that can limit the polymerization process to one end of
the growing chain of polymers. The living nature of the polymerization can be
validated by experimental analysis; first, higher monomer conversion gives higher
degree of polymerization; second, at the end of polymerization the addition of different
Grignard reagents result in the endcapping of polythiophenes (Bahri-Laleh et al.
2014).
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12.3.3 Synthesis Techniques for the ICPs

We can employ the well-known polymerization techniques such as radical polymer-
ization including atom transfer radical polymerization (ATRP) (Kato et al. 1995;
Wang Wang and Matyjaszewski 1995), reversible addition-fragmentation chain
transfer (RAFT) polymerization (Yeole 2010), condensation polymerization, and
ring opening polymerization for the synthesis of ion-conductive polymers. These
methods can produce polymers with cationic, anionic, or zwitterionic pendant
groups and exhibit intrinsic ion conductivity. Alternatively the synthesized polymers
such as PEO or PMO can be mixed with the suitable salts to form the required ICP
systems.

12.4 Physicochemical Properties of Conductive Polymers
for Biomedical Applications

Now that we have familiarized ourselves with the categorization and synthetic
techniques used to manufacture the CPs, we are now prepared enough to indulge
in their properties. In this section, we look at the properties that have enabled the CPs
to have such a massive impact, especially in the biomedical sector. We also discuss

Fig. 12.5 Mechanism of Grignard metathesis (GRIM) polymerization. (Reprinted with permission
from Iovu et al. (2005). Copyright (2005) American Chemical Society)
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how these properties can be further manipulated and enhanced to achieve the desired
results.

12.4.1 Some Properties Common to All CPs

The CPs because of their unique structure and properties such as excellent biocom-
patibility (both in vivo and in vitro), stable conductivity under physiological
conditions, excellent chemical stability (e.g., in air and water), and excellent redox
properties have opened a new doorway to endless possibilities (Nezakati et al. 2018;
Balint et al. 2014). In addition, the provision of side chain engineering offers
installation of a wide variety of pendant groups as per the requirement of the target
application (Lam and Tang 2005). Most of the conductive polymers are hydrophobic
and exhibit poor solubility; however, their hydrophilicity can be increased in many
ways, including copolymerization with monomers having hydrophilic substituents
to produce hydrophilic polymers (Balint et al. 2014). Studies have also been carried
out to understand how the chain length (conjugation length) affects the conductivity
and other physical properties of these polymers. It has been demonstrated that short
oligomers of polythiophene (up to 11 thiophene units) exhibit conductive and
polymeric properties similar to that of a high-molecular-weight polythiophene
polymer (Ten Hoeve et al. 1991). Another study has found that the conductive
properties of oligomers and their carrier mobility increase as a function of the
conjugation length (Garnier et al. 1993). Films fabricated from π-conjugated
polymers are generally not transparent. Achieving good optical transparency and
conductivity is a challenging task. Attempts to achieve transparency can affect the
conductivity of the material. The transparency of the conductive polymer films can
be increased by using dilute solutions during film fabrication (Nezakati et al. 2018).
Alternately, block copolymerization with optically transparent blocks (Yin et al.
1997), grafting transparency imparting alkyl side chains (Glenis et al. 1995; Zotti
et al. 1997), blending with a transparent polymer (Laakso et al. 1989; Isotalo et al.
1993), and forming composites with optically transparent additives can be explored
(Meador et al. 1997). The CPs, particularly the heteroaromatic class of the PCPs,
offer another unique property of electrochroism. This primarily results from the
visible color changes that result as a consequence of the conversion of oxidized
forms to neutral forms (Walton 1991).

12.4.2 Enhancing the Properties of the CPs

There are numerous ways in which the properties of these conductive polymers can
be enhanced. Some of these ways are discussed here. It is also noteworthy to
highlight how easy it is to manipulate these properties; for example, PANi’s electri-
cal properties can be manipulated simply by protonation or charge transfer doping,
giving greater control over the electrical, magnetic, mechanical, and thermal
properties of the resulting material (Nezakati et al. 2018; Balint et al. 2014).
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CPs hold a special position when it comes to biomedical applications, primarily
because these macromolecules can be modified via chemical or physical methods.
Deciphering the structure and property relationship is important for further advance-
ment and development of novel and efficient smart materials. Therefore, different
methods are being employed to optimize the physicochemical properties of the CPs
and to improve their integration with the biological systems. The physical adsorption
method exploits the physical interactions between the surfaces derived from the CPs
and biomolecules. As the CPs carry significant charges (e.g., chemically doped
π-conjugated polymers), the electrostatic forces between the cationic part of the
polymer and anionic biomolecules can be exploited to enhance the interactions
between the CPs and the biomolecules. However, other interactions such as hydro-
phobic and Van der Waals interactions also contribute toward these interactions,
especially for the adsorption of antibodies and other proteins (Ahuja et al. 2007). To
increase the binding efficiency of the PCPs and biomolecules in particular, the
entrapment method has been employed. This technique provides straightforward
and prolonged immobilization compared to the simple physical adsorption. It is the
most widely used method when PCP-based materials with extracellular matrix
(ECM) mimetic properties are being required. It is likely to noncovalently integrate
with both low- and high-molecular-weight components of the ECM (Cosnier 1999).
Moreover, the doping method can be employed to bind various bioactive molecules
to PCPs. This process can be carried out chemically, electrochemically, or by a
photodoping method (Kim et al. 2007). To improve the long-term stability and to
enhance polymer integration with a biological system, PCPs can also be conjugated
to the bioactive species via covalent methods. In this case, the functionalization can
be achieved either by using functional monomers during polymer synthesis or via
postsynthetic modification protocols (Handa et al. 2015; Lee et al. 2009). Thus, these
methods are efficient tools to improve the properties of CPs making them suitable for
biomedical-related applications.

12.5 Cardiovascular Diseases (CVDs)

According to the World Health Organization (WHO), CVDs are the leading cause of
deaths around the globe. An estimated 17.9 million deaths occurred in 2016 from
CVDs, which represent 31% of the total deaths, and of those, 85% were from stroke
and heart attack. In the United States, every one in four people die from a cardiac
disease. Thus, the graveness of these diseases has prompted medical and healthcare
professionals to devise and advance the cardiac therapeutics. CVDs are generally a
set of maladies of the heart and the blood vessels. WHO has categorized the CVDs
into following main subsets: coronary heart diseases (the coronary vessels are
damaged), cerebrovascular diseases (blood vessels supplying blood to the brain
are damaged), peripheral arterial diseases (blood vessels supplying blood to the
limbs are damaged), rheumatic heart diseases (the coronary vessels and valves are
damaged due to the rheumatic fever), congenital heart diseases (deformity in the
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heart structure at birth), and deep vein thrombosis and pulmonary embolism—

thromboembolism (blood clot in veins of legs which travels to the heart and lungs).
Coronary heart disease (CHD) is the most dangerous type of CVD. CHD

develops when coronary arteries grow narrower, thus preventing the blood and
oxygen supply to the heart. Cholesterol and waste products from the cells build up
on the arterial walls (atherosclerosis) creating plaques. When these plaques rupture,
platelets cluster around the area to repair the damage in the arteries forming a clot.
These plaques, along with the clots, constrict the arteries and obstruct blood flow to
the heart, which can be lethal, leading to a heart attack. The coronary arteries form a
mesh on the heart’s surface, and if they are blocked, the heart cannot receive
oxygenated blood. Thus, physical activities, even the light ones, become painful.
This can induce angina, marked by heaviness, pain, and burning in the chest area.
Following techniques are employed for CHD diagnosis: electrocardiogram, Holter
monitor, echocardiogram, computed tomography (CT) scans, coronary characteriza-
tion via X-rays, nuclear ventriculography, and stress test.

Cerebrovascular disease is a set of disorders where blood vessels and blood
supply to the brain are compromised. If there is a blockage in the blood vessels,
the blood supply to the brain is hampered; thus, neurons do not get enough oxygen,
and as a result, brain damage can occur. In cerebrovascular disease conditions, just
like CHD, the arteries can become narrow due to the atherosclerosis and form a clot
in the vessels inside the brain, arteries, and veins. This can lead to stroke, transient
ischemic attack, aneurysm, subarachnoid hemorrhage, and vascular malformation,
which is why the cerebrovascular disease is the fifth highest cause of deaths in the
United States, with an average of 795,000 strokes reported every year. The diagnosis
of cerebrovascular disease is carried out through angiography, CT or magnetic
resonance imaging (MRI) scans, and electrocardiogram (ECG). The treatment
includes medication that breaks up the blood clots (tPA), carotid endarterectomy,
carotid angioplasty, and stenting (Pappachan and Kirkham 2008).

Peripheral arterial disease (PAD) occurs when the vessels (both arteries and
veins) supplying blood to the limbs, kidneys, and stomach are shrunk due to the
atherosclerosis, an injury to the limbs, or a genetic ailment in the muscles and
ligaments. It accounts for 8.5 million patients in the United States, making up
12–20% of the people over 60 years affected by this disease. PAD’s common
fatalities are due to heart attack and stroke, and it can make physical activities
such as walking an insufferable act. The diagnosis includes an ankle-brachial
index, ultrasound scans, angiography, Doppler and duplex imaging, CT scans, and
magnetic resonance angiography (MRA). The medicated treatment includes antihy-
pertensive drugs and statins and angiotensin-converting enzyme (ACE) inhibitors
(Olin and Sealove 2010).

Worldwide, rheumatic heart disease (RHD) accounts for 230,000–500,000 deaths
per year. RHD involves the heart valves becoming permanently damaged. The heart
valve damage usually happens when the condition is left untreated or undertreated.
An immune response causes an inflammatory condition, which can result in valve
damage. The diagnosis includes EKG, ECG, and blood tests. The medicines used for
treatment include antibiotics, anti-inflammatory drugs, corticosteroids, and
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anticonvulsant medications. A more invasive way is to surgically replace the mitral
valve with either a mechanical or tissue valve (Watkins et al. 2018).

Congenital heart disease is marked by defects in the structure of heart or a greater
number of blood vessels present at the time of birth. Almost 1% of the babies in the
United States are subject to this disease at birth. The diagnosis includes echocardi-
ography, ECG, X-ray, and pulse oximetry. The treatment involves a heart transplant,
valve replacement, or angioplasty, all of which are carried out through either an open
heart surgery or a catheter (Hoffman 2013).

Thromboembolism is a cardiac disease in which a blood clot (thrombus) forms
inside the deep veins in a person’s limbs. This disease accounts for 900,000 patients
every year and takes 60,000–100,000 lives annually. The diagnosis requires a CT
scan, blood test, and ultrasounds. Anticoagulant drugs are mostly used to treat this
disease (Moheimani and Jackson 2011).

In the past few decades, we have seen a dramatic improvement in the treatment
and prevention of CVDs, yet it tolls the most significant number of deaths every
year. CVD drug innovation, quality of care, and affordability still pose severe
challenges to the biomedical community and the public. While the patients appreci-
ate the ongoing treatments in this field, they often complain about the expense, the
subpar quality, and complexities. As mentioned earlier, in the diagnosis and
treatments of each CVD, it is essential to take drugs. However, not many of these
drugs are efficient. They do not fully get absorbed by the body, or are released too
fast or do not reach the target organ/tissue or pose serious side effects. Thus, there is
a need for an efficacious and advanced drug delivery system that differentially
targets the diseased area in the body. This may also help in minimizing the side
effects of any treatment regimen, thus providing a protection for the organs where
the drug is not supposed to act. The diagnostic and surgical equipment are sometimes
too bulky, so their miniaturization is essential, for example, through stronger,
smaller, more flexible leads and body of the equipment(s). Further challenges in
currently used conventional CVD therapeutics are discussed under the applications
of conductive polymers (McClellan et al. 2019).

12.6 Conductive Polymers in Action

Until this point, we have attained a fair grasp on the identity, synthetic techniques,
and properties of the CPs. We have developed some understanding of why these
materials are so sought after for the biomedical applications in general and CVDs
specifically. In this section, we go on and finally examine various studies
illuminating how the biocompatible and conductive polymers have helped advance
technologies aiding the diagnosis, prognosis, and therapy of the CVDs.
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12.6.1 Diagnosis and Prognosis

Did you know that the CPs are helping the development of sensors doing exactly
what our noses and tongues do? These are quite literally called electronic noses (used
in gas analysis) and electronic tongues (used in fluid analysis) and these electronic
noses and tongues have found uses in detecting fire, smokes, and analyzing the tastes
and composition of different wines and other edible items, going up to understanding
the ionic content in various fluids. Conductive polymers have not only significantly
improved medical diagnostics, but have pretty much revolutionized the very concept
of sensors across all industries; from becoming pioneer materials in active packaging
in the food industry to carefully monitoring the pollution in the environment sector.
Based on their molecular and macroscopic structures, these polymers can interact
with a wide variety of materials and translate this interaction into a detectable and
readable electrical signal. This feature makes them stand out among “smart”
materials. For a material to be called smart, it is not enough for it to merely show
a change in one of its properties upon interaction with another medium, it must be
able to respond to that medium and the changes in that medium in a way that is
specific, quantifiable, and also reproducible. These materials give the sensors more
control over the range of selectivity, design, and more flexibility. Unlocking the
current and future potential of these materials in the field of sensors is beyond the
scope of this chapter. In this section, we are attempting to examine how these
materials are being utilized in the medical diagnosis and prognosis of CVDs
(Cichosz et al. 2018). The applications discussed here include the monitoring of
the electrocardiogram (ECG), blood pressure, and heartbeat rate as well as for the
detection of biomarkers related to cardiac failures.

12.6.1.1 ECG Monitoring
Electrocardiography is a very reliable method of diagnosis, especially for CVDs, and
has a substantial presence in clinical practice. Monitoring the ECG signals has
proven to be extremely helpful in detecting a CVD well before its onset and
manifestation in the structural form of diseased tissue. This helps in managing the
diseases and delaying the onset (at times altogether preventing the disease because of
the timely intervention) and is very cost-effective for the patients. For the longest
time, Ag/AgCl disposable electrodes have been used to perform electrocardiogra-
phy, and they have provided excellent results; however, there are specific challenges
and limitations to their use, which probed the scientific community to find a better
substitute. Some of these limitations arise from the fact that these silver-based
electrodes require a gel electrolyte for proper function, and this gel has been
shown to cause skin irritation and rashes when used for a prolonged time. It also
gives high impedance on drying, thus creating more noise and signal distortion,
which compromises the device fidelity. Scientists have been working to come up
with an alternate method in which this gel electrolyte can be removed altogether, and
the answer was hidden in the textile-based wearable electrodes. Wearable health-
monitoring devices and sensors based on textiles have got much traction in the last
decade; however, they have faced challenges of their own. For example, the irregular

332 A. Arshad et al.



surface of the electrodes and the increased and prolonged skin contact increases
impedance, thus compromising signal reliability. Many scientists are skeptical about
their use as sensors for signals which are really weak or even relying on the accuracy
of their measurement in the first place (Pani et al. 2016, 2018).

CPs have brought in the solution for tweaking these problems faced by the
wearable textile-based electrodes. CPs have enabled scientists to transform noncon-
ductive textile fibers into more stable and reliable conductive forms. CPs, in general,
exhibit field emission effect, helping in the development of noncontact sensing
strategies; percolation, increasing the applied current can induce charge percolation;
and tunneling effect, used to induce electron flows for distances smaller than 10 nm.
These properties have resulted in an influx of researchers trying to explore these
polymers as more efficient and reliable electrode materials with increased signal
fidelity. Most have chosen poly-3,4-ethylene dioxythiophene doped with poly(sty-
rene sulfonate) (PEDOT:PSS) as the go-to polymer for such applications. This
conductive polymer offers excellent biocompatibility, increased electrochemical
and thermal stability, and a much lower bandgap, hence making it an excellent
electrode material for the detection and recording of the extracellular potential
in vitro and in vivo. The ability of PEDOT:PSS to conduct both ionically and
electronically and to possess ionic mobility accounts for the decreased difference
between tissue and electrode’s electrochemical impedance, thus very tactfully
eliminating the need for the use of an electrolyte gel. Conductive polymers have
played an enormous role in the miniaturization of the devices and their long-term
recording of the ECG. They have also made these devices much more user-friendly
and comfortable for use in the day-to-day lives. CPs offer a variety of ways to
construct textile ECG electrodes with higher surface conductivity. Studies have been
conducted in which such electrodes have been made out of finished textiles; these
textile fibers (in their nonconductive forms) are treated with a CP based solution
(e.g., PEDOT:PSS) and after drying are made to pass through several roles to
remove the excess polymer. In another process (mimicking the Japanese kimono
dyeing method), a polyimide master was covered with polydimethylsiloxane
(PDMS) to define the pattern, thus allowing the treatment of only the specific
areas of the finished garment. The whole process is followed by applying the CP
onto the untreated patches with a brush and left to dry. Screen printing and inkjet
printing have also been employed to produce CP-based electrochemical biosensors
offering excellent stability and reproducibility with the advantage of a lower pro-
duction cost. Flexography and 3D printing can also be employed, and as every
technique has its own merits and demerits, the final verdict lies with the scientist and
depends on the textile substrate and the required electrical properties needed (Pani
et al. 2016, 2018).

Studies have also shown the development of polypyrrole (PPy)-based textile
electrodes used to monitor ECG signals by employing an in situ polymerized
PPy-coated Lycra fabrics (Zhou et al. 2014). Using PPy has certain advantages.
PPy allows for in situ fabric coating through chemical or electrochemical polymeri-
zation. Electrochemical polymerization results in thicker and evenly coated layers on
the fabrics, thus imparting superior electrical conductivity. In a study by Zhou et al.,
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the cotton-based fabric was coated with PPy through in situ chemical and electro-
chemical polymerization. The samples were analyzed post coating via SEM, EIS,
and ECG signal monitoring.

12.6.1.2 Blood Pressure and Heartbeat Rate Monitoring
Wearable health monitoring systems stand on the foundations of the revolution
leading to the widespread research in smart and flexible sensing devices. These
devices obtain information on wrist pulse, heart rate, and blood and intraocular
pressure employing various mechanisms, such as piezoresistive, piezoelectric,
capacitive, and field-effect transistor (FET)-based devices. There are already numer-
ous health and fitness applications accessible on these smart devices, which compare
the person’s data to the standard set in the reference and report to the doctors when
there is an anomaly. Monitoring heartbeat and the blood pressure during strenuous
exercise and sports is extremely crucial for people who are at a higher risk or are
already suffering from cardiovascular disease. They also prove especially helpful
when the CVDs onset is particularly asymptomatic. For example, in atherosclerosis,
the patient does not show any symptoms; however, it does affect the arterial blood
pressure, thus changing the wrist pulse waveform and hence is detectable by such
wearable devices. The conventional methods to measure all these vitals are uncom-
fortable, rigid, and costly compared to the user-friendly flexible electronics, which
have in the first place opened the door to the world of wearable devices for long-term
monitoring without any discomfort. As mentioned in the earlier section of ECG
monitoring, CPs have helped develop numerous such sensing devices for early
diagnosis. CPs such as PANi, PPy, P3HT, and PEDOT:PSS have been effectively
used for the fabrication of FET-based flexible electronics. Polymeric materials are
desirable for such applications because of their tunable chemical and mechanical
properties. Their value for the Young’s modulus is comparable to human skin,
making them more suitable compared to the inorganic-based nanowires. Researchers
have often relied on the piezoresistive sensors because of their low cost and user-
friendly nature. These devices sense pressure and translate those pressure changes
into a resistance signal. CP films show great piezoresistive properties and thus have
been extensively exploited for such applications. However, the sensors based on CPs
are relatively insensitive, less reproducible in low pressure regimes, and unstable.
This problem has also been addressed by developing nanomaterial forms of the CPs.
In conductive nanomaterials, piezoresistive sensing depends on the conductors’
contact area when subjected to the deformation by compression. Research has
highlighted the use of highly conductive 3D electrospun mats derived from poly
(vinylidene fluoride-co-hexafluoropropene) (PVDF-HFP)/PEDOT. These mats have
shown to have superior mechanical properties and display much more sensitivity to
pressure, detecting even slight changes in the pressure. This sensor is also based on
the piezoresistive nature of the nanomaterial (Wang et al. 2017; Kweon et al. 2018).

12.6.1.3 Detection of Biomarkers Related to Cardiac Failure
Biomarkers are naturally occurring molecules that can act as indicators of the
presence or the severity of a sickness. Biosensors that can sense and recognize the
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biomarkers related to CVDs can help in the timely diagnosis and treatment of these
diseases and reduce the overall cost of the patient’s treatment. The main challenges
faced in this domain are that the currently available techniques are very costly and
time-consuming. Hence, scientists worldwide are working to find alternatives that
are cheap, reliable, precise, rapid, and accurate in their analysis and are also
biologically compatible. For CVDs in specific, numerous biomarkers can be studied.
Some of the most important ones are creatine kinase MB (CK-MB), creatine kinase
MM (CK-MM), C-reactive protein (CRP), interleukins (IL-1β, IL-6, IL-8), myoglo-
bin (MYO), cardiac troponins (cTnI and cTnT), tumor necrosis factor alpha
(TNF-α), heart-type fatty-acid-binding protein (H-FABP), and NT-proBNP
(Bakirhan et al. 2018).

One study has made quite an effective use of polyaniline (PANi)-based nanowires
in developing highly specific biosensors particularly for cardiac biomarkers such as
cTnI, Myo, BNP, and CK-MB (indicators for myocardial infarction). Although Myo
is perhaps the most important biomarker for detecting and diagnosing myocardial
infarction, studies have shown that it is cross-linked with skeletal muscle pain. Thus,
it is necessary to keep a check on the rest of the biomarkers as well. While cTnI is
specific to the myocytes and is not found in the healthy cardiac tissues, the others
(CK-MB and BNP) are directly related to the recurrence of cardiac abnormalities
leading to myocardial infarction and other CVDs. CPs like PANi and PPy are
exceptionally suitable for developing biosensors for these biomarkers because they
impart properties like controllable conductivity, mechanical flexibility, and excep-
tional bioaffinity, which are severely lacking in the inorganic materials. The
nanomaterial (made from the CP) surface is functionalized by attaching an antibody
that can bind to the target proteins and the CP’s ability to efficiently translate this
binding through changes in conductance, capacitance, and impedance is what makes
them especially suitable for this purpose. In this particular study, a single PANi-
based nanowire was fabricated (using the electrochemical deposition method), and
then functionalized using the mAbs (myocardial antibodies) via covalent linkage to
the nanowire using the surface immobilization method. The mAbs target these
biomarkers as mentioned earlier, and the detection is achieved through analyzing
the change in the wire conductance upon interaction with the biomarkers. The
nanowires were tested with phosphate-buffered saline (PBS), bovine serum albumin
(BSA), and other nontarget biomarkers, and owing to the specificity of the mAbs,
this PANi-based nanowire showed no change in conductance. In this study, PANi-
based nanowires in combination with microfluidic channels detected these
biomarkers even at extremely low concentrations, thus proving an ultrahigh sensi-
tivity, cTnI (250 fg/mL), Myo (100 pg/mL), BNP (50 fg/mL), and CK-MB (150 fg/
mL). It is also worthy to note that this mode of detection gives diagnosis within
minutes, while conventional methods like that of the immunoassay require several
hours before a result can be seen. The integration of microfluidic channels with the
nanowires accounts for increased accuracy and ensures that the sample solution is
slowly flowing through only the active part of the nanowires (Lee et al. 2012).
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12.6.2 Therapeutics

Having discussed the diagnosis and prognosis applications of the CPs, we now move
on to their therapeutic applications. Researchers are working tirelessly to come up
with novel strategies that are not only efficient but also cost-effective and readily
available. The significant development in polymer science and technology has given
us multiple polymeric materials that meet the criteria mentioned earlier. Biocompat-
ible and conductive polymers are promising materials for the treatment of the CVDs
primarily owing to their ease of synthesis, flexibility, molecular imprint ability,
abundant availability, sensitivity and precision, less/nontoxicity, reduced chances
of immune rejection, cost-effectiveness, high shelf-life, and excellent reproducibility
(Gupta et al. 2020). This section looks at how the CPs help the advancement of
treatments on various fronts such as cardiac action potential and ion transport, stem
cell studies, pacemaker, cardiac implants, cardiac tissue engineering, and conductive
cardiac patches for use in the CVD therapy.

12.6.2.1 Cardiac Action Potential and Ion Transport
Cardiac action potential refers to a brief potential difference across the cell mem-
brane of cardiomyocytes. This potential difference exists due to the movement of
ions in and out of the cells. This mechanism regulates the contraction and relaxation
of cardiac muscles. However, in some cardiovascular diseases, the propagation of
this electrical impulse gets disrupted, leading to asynchronous heartbeats. For
example, in post-myocardial infarction, the cardiomyocytes are replaced with fibrous
tissues, which causes abnormal electrical impulses. CPs have been under several
investigations to mitigate such problems. Polypyrrole (PPy) and chitosan hydrogels
made via chemical oxidative polymerization have been reported to show positive
improvements in synchronizing cardiac electrical signals and improving conduction
velocity. This hybrid is also biocompatible, injectable, and shows excellent mechan-
ical strength (Mihic et al. 2015). Moreover, another CP, poly-3-amino-4-methoxy
benzoic acid (PAMB), was synthesized and grafted onto nonconductive gelatin.
PAMB is effective in self-doping capacity at physiological pH values, which helps
sustain its conductivity in biological tissues. PAMB was employed in the develop-
ment of conductive hydrogel that exhibited improved conductivity compared to the
regular gelatin hydrogel. Microelectrode array analysis showed higher field potential
amplitude while improved electrical impulse propagation and synchronized heart
contraction was demonstrated (Zhang et al. 2019). Additionally, poly
(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) biocompatible
conductive polymer microwires were used to modulate action potential in cardiac
cells. These wires are conductive (~30 S/cm), small and have a diameter in the range
of 860 nm to 4.5 μm. When tested, these microwires successfully regulated the
action potentials of cardiac cells by showing the cellular contractions that coincide
with the applied voltage frequency. Moreover, the membrane integrity assays
confirmed that the wires’ voltage did not harm the cardiomyocytes.
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12.6.2.2 Stem Cell Studies
Cardiac stem cells can form heart structures and, upon activation, can generate
parenchymal cells and coronary vessels, preventing potential heart failure.
Myocardial infarction obstructs a coronary artery by a blood clot that causes death
of the cardiomyocytes going downstream. Cardiac tissue engineering via stem cell
therapy has been remedial for myocardial infarction. Smart materials such as the CPs
can open new vistas in this research regarding supporting and stimulating stem cells.
Stem cell therapy is an emerging avenue to repair heart tissue that is dysfunctional. It
accomplishes myocardial regeneration, and stem cells in vivo can be supported via
scaffold materials. 3D scaffolds, that are made to be electromechanically active by
using CPs, can provide an optimal microenvironment in various ways. Examples
include electromechanically stimulating cardiac stem cells providing an environ-
ment that imitates the heart’s structural architecture (Gelmi et al. 2016). The
scaffold’s mechanical actuation pioneered discrete microfiber actuation within a
scaffold structure. It enabled it to provide circumscribing and coherent physiological
strain to each cell, mimicking the cyclic mechanical flow and force within the heart.
The electromechanically active fiber (EMAF) scaffold, made from poly(lactic-co-
glycolic acid) and coated with PPy, can support and stimulate pluripotent stem cells
(iPS) directly. The cells exhibited remarkable cell viability after stimulation and a
strong implication for the iPS could undergo differentiation. EMAF scaffold can be
put in any standard Petri dish or well plate with a standard cell culture media. The
EMAF provides mechanical stimulation and electrical stimulation, which makes it
the first fibrous material that can deliver both types of stimulation to seeded cells.
The electroactive scaffolds did not show any cytotoxic effects on the iPS, and instead
elicited an improved expression of cardiac markers in stimulated and unstimulated
protocols (Gelmi et al. 2016). In another study, a string of conductive hydrogels
derived from chitosan-grafted-aniline tetramer (CS-AT) were synthesized. The
hydrogels can be easily injected, exhibit self-healing properties, and showed
promising results as cell delivery vehicles for cardiac cell therapy. CS-AT and
benzaldehyde groups capped poly(ethylene glycol) were first made into separate
solutions and then mixed under physiological conditions to synthesize the hydrogels.
These hydrogels showed a conductivity of 2 � 10�3 S/cm, comparable to that of
cardiac tissues found within the human body (Dong et al. 2016). These hydrogels
displayed substantial lethality against bacteria, adhesiveness, and degradation inside
the human body. Additionally, they proved to be biocompatible so they could
enhance the multiplication of the C2C12 cells and avert injury when cells are
injected into the body. C2C12 cells and H9c2 cells were entrapped in the hydrogel
and showed a linear trend of controlled release, which was favorable. Another study
demonstrated the use of chitosan-based hydrogel as an injectable cell delivery
vehicle to improve cell retention and advance the cardiac differentiation of the
brown stem cells, which are derived from adipose (Dong et al. 2016). Furthermore,
myocardial infarction can be ameliorated by loading the conductive hydrogels with
plasmid DNA encoding endothelial NOs (eNOs) nanocomplexes and stem cells.
After a hydrogel-based comprehensive complex is administered into the damaged
myocytes of rats, eNOs in myocardial tissue showed an improved expression, which

12 Conductive Polymers for Cardiovascular Applications 337



can be seen along with an enhanced response to proangiogenic stimuli growth
factors and myocardium-related mRNA (Guo and Ma 2018). The ECG and histo-
logical analysis can confirm a prominent improvement in the ejection fraction,
decreased QRS interval, and shrunk infarction size, all of which showcase that the
conductive hydrogel entrapped with stem cells and gene-encoding eNOs
nanoparticles is a promising remedial approach for the curing of myocardial infarc-
tion (Guo and Ma 2018). For fine-tuning of cardiac patches using stem cells, PPy
polymer surfaces, using an extensive range of dopants, for example, polystyrene
sulfonate (PSS), bibenzylidene-D-sorbitol (DBS), and polythiophenes (pTS), were
studied to evaluate how properties of the surface are subject to the proliferation of the
stem cells. For the compatibility of the PPy films synthesized from different dopants,
DBS was produced from PPy films with good biocompatibility and cell viability for
cardiac progenitor cells (CPCs) (Puckert et al. 2016). It is thus implied that the PPy
materials offer a befitting surface for the proliferation of CPCs. Additionally, the
CPCs are not affected by small-scale variations in the material properties, for
example, roughness, surface energy, and morphology. This is propitious for the
future of PPy as a material for cardiac patch applications. The gross biocompatibility
of the material is not sensitive to manipulating the polymer to optimize other
properties, such as conductivity or flexibility (Puckert et al. 2016).

12.6.2.3 Pacemaker
The pacemaker is a cardiac implantable device used to regulate abnormal heart
rhythms. Conventionally, metals are used for pacemaker electrodes, but they are
susceptible to corrosion due to harsh in vivo environments. On the other hand,
ceramics are highly stable implantable materials, especially the polymer-derived
ceramics (PDC). PDCs are an attractive alternative due to their hardness, electrical
conductivity, tribological activities, and the ease with which their shapes can be
altered post formation (Grossenbacher et al. 2015). These can be fabricated via
microneedling. The mold can be fabricated on a silicon wafer, coated with a silane
monolayer and carbon layer (to improve electrical conductivity), then a ceramic
precursor polymer can fill the mold subject to high pressure. The cross-linked
polymer can then be removed from the mold, and sintered. Moreover, when
investigated on three different in vivo assays, these PDCs proved to be biocompati-
ble, with efficacy just as high as a standard implantable pacemaker (Grossenbacher
et al. 2015). Another method of making an implantable electrode of a pacemaker is
to form a polymer layer on a conductive (metal) electrode surface and then etching
the CP layer to remove it in the form of a micropattern in a way that it exposes a
portion of the conductive electrode surface. This is done to improve the biocompati-
bility of the pacemaker as it exposes an organic interface to the biological tissues
instead of a metal surface (Jiang et al. 2012). A new approach is being taken to
structure 3D, tissue-like electrode scaffolds to replace the planar metal electrodes.
Their fabrication is based on the electrospinning process and treating them at a high
temperature to form a porous fiber scaffold. In comparison to a metal electrode, for
example, 2D Tin electrode, the new electrode showed enhanced electrical perfor-
mance due to its increased surface area, in addition to subsiding the cytotoxicity of
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metal electrodes. After embedding the 3D fiber scaffold in human cardiomyocytes, a
tissue-electrode hybrid was made coupled with a cardiac patch resulting in increased
electrical excitation and mechanical stability (Weigel et al. 2018).

12.6.2.4 Cardiac Implant
Cardiac implantable devices (CIDs) can be categorized as passive or active. Passive
CIDs are not powered, for example, coronary stents. In contrast, active CIDs harness
electrical energy because they are used to monitor physiological or pathological
signals in the body or induce therapeutic effects by transmitting impulses to organs
and tissues, for example, cardioverter-defibrillator (Bussooa et al. 2018). Coronary
stents are implanted to improve blood and oxygen perfusion to the heart and provide
mechanical support to the coronary arteries, which prevent restenosis (artery
recoiling) after balloon angioplasty. For the latter purpose, drug-eluting stents
(DES) are employed, which release bioactive molecules over sometime, interfering
with the process of restenosis (Bussooa et al. 2018). PPy can be electrosynthesized
on a metal substrate to form a film which can incorporate antirestenosis bioactive
drugs (these make up the electrolyte for polymerization which are entrapped inside
the polymer once it is discharged to its neutral form) whose amount can be controlled
by the charge involved during the electropolymerization process. This method is
safe, fast, cheap, and efficient in the sense that it can release the drugs up to
7–30 days, which is an ideal time range for DES application (Arbizzani et al.
2007). Electrochemically polymerized poly(3,4-ethylenedioxythiophene) (PEDOT)
nanohybrid films on stainless steel surfaces can improve the hemocompatibility of
cardiovascular stents. In this, PEDOT is doped with graphene oxide (GO), PSS, or
heparin (HEP). As compared to the bare surface of the substrate, the coated surface
shows improvement in wettability, hence less adsorption of human serum albumin
(HSA) and reduced platelet adhesion because the negative charge of GO produces an
expelling force against negatively charged proteins and platelets (Yang et al. 2019).
In general, there are several techniques for coating stents with CPs, for example,
dipping stents in polymer drug solution and drying the deposited film on the stent or
chemical vapor deposition. However, the former yields nonuniform coating, and the
latter requires high pressure and temperature. Conversely, the CP films can ensure
uniform coating with controlled thickness and can be produced in milder conditions
(Okner et al. 2007). CVDs like arrhythmias (unrhythmic heartbeat) require cardiac
resynchronization therapy, which involves implants such as implantable
cardioverter-defibrillator (ICD). ICD can monitor the rhythm of the heart and can
be therapeutic by sending electrical shocks when the heart rate is above a preset
number (Bardy et al. 2005). It requires electrodes, which can be coated with CPs. In
a study, an ICP was used for coating a “hot can” defibrillator electrode. This
polymeric coating (e.g., polyethylene oxide containing NaCl or alike) can coat and
fill the pores of the electrode with a high surface area to provide a smooth and
continuous ionic network from the “can” to the adjacent body tissue. A noble metal
or its oxide (e.g., platinum black or iridium oxide) is applied over titanium housing,
yielding a porous electrode with a high surface area. A conductive polymeric layer is
then applied over the metal/oxide layer. The CP is biocompatible and both
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chemically and mechanically stable. It does not leach out over the time of the
defibrillator usage since the polymeric molecular weight is relatively high. The
“hot can” defibrillator with polymeric coating disables the development of high
polarization at the can-tissue interface. It maintains a continuous and uniform
defibrillation threshold than previously used ICDs, hence improved the viability of
pectoral implantation, especially in a “dry pocket” environment (Munshi 2001).

12.6.2.5 Cardiac Tissue Engineering
CVDs, particularly myocardial infarction, are associated with electrical disturbances
due to vital cardiomyocyte failure. Unlike other tissues, the cardiac muscle has
limited regenerative capacity. Once damaged, myocardial infarction usually causes
permanent cell loss and fibrous scar tissue. Many researchers have been exploring
the applications of cardiac tissue engineering in recent years, including the biomi-
metic scaffolding. Adding to the tissue-engineered method, including nanopatterned
superficial surfaces, degradable polymer-based drug release, and electroactive
polymers for integrated biodetection may provide new solutions for different mate-
rial properties, both bulk and surface. Conventional polymers, such as PANi, and
PPy-based conductive electroactive surfaces promote cell growth and proliferation
by electrical stimulation, through their ability to electronically regulate the various
physical and chemical properties. Specific cell reactions depend on surface
characteristics of the polymer, such as ruggedness, surface free energy, topography,
chemical charging, electronic conductivity, and mechanical properties. Thus, on
electrical stimulation, conductive polymer-based materials will significantly enhance
the biological functions of the cells (Ravichandran et al. 2010; Guo and Ma 2018).
Cardiomyocytes and associated cell populations of the progenitor have been found
to proliferate and migrate by electrophysiological stimulation. Electrically conduc-
tive materials have been successfully used to replicate the inherent property of
cardiac cells. The stability, controllable electrical conductivity, and unusual redox
properties have made the polyanilines (PANi) stand out among various CPs.
Depending on its proton doping state, PANi can be transformed from conductive
to an electrically isolated form in an emeraldine oxidation state. Therefore, PANi
was investigated as a cardiovascular engineering scaffold. Generally, composite
materials can be used in various heart tissue engineering applications as a temporary
substratum to facilitate tissue formation under sufficient electrochemical and
mechanical stimulation (Gajendiran et al. 2017). Therefore, biological tissues having
mechanical features, and several mechanisms, commonly called
mechanotransduction mechanisms, have been described to understand how the
cellular activity is affected by the mechanical stimuli (Hardy et al. 2013).

12.6.2.6 Conductive Cardiac Patches
Myocardial infarction (MI) results in the development of nonconductive fibrous
cavity tissues at a multiphase heart injury site. The electrical biomaterial is widely
used to increase biogenerated cardiac tissue’s physiological relevance in vitro. The
engineering of scaffolds that are biocompatible with adequate mechanical strength
and electrical conductivity for cardiac tissue regeneration still has many limitations.
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Currently the therapy for these conditions is limited to the lifestyle modification,
medications, and potential heart transplants when the disease is too extreme. Limited
regenerative cardiac capacities restrict the effectiveness of the therapy and contribute
to potential health concerns. While therapeutic technologies for treating heart tissue
dysfunction are increasingly needed, cardiac patches are currently a primary focus
(Horbett 2020). These patches are constructed for incorporation into the natural
tissue of the patients to provide medical support and cure to the affected areas. A
promising solution is to modify synthetic biodegradable biomaterials to personalize
material characteristics and provide other desired features for the fabrication of
cardiac patches. Thus, cardiac patches are a promising new tool for treating and
restoring both diseased and affected myocardium. Using a relatively simple idea,
scientists have designed a scaffold that serves as a heart bandage to the native heart
tissue. The development of a patch is subject to three essential conditions: (a) a
physiologically exact microstructure for the scaffold, (b) a mechanical structure
which supports heartbeat dynamics, and (c) biocompatible and degradable (conduc-
tive polymer-based patches should be compatible with living cells and also degrad-
able once living cells regenerate). Such patches are intended to be applied to the
heart surface and are designed to “cover” the dying area of the heart. The patch
microstructure, porosity, and mechanical properties, along with biocompatibility and
biodegradability, should all reflect the physiological requirements of the heart if they
are to be incorporated as a functional therapeutic portion. The patch will contain
many cells and biological components that remain in the tissue after the insertion
(Xu et al. 2020). The scaffold will also ensure its inclusion in the native tissue, due to
its biodegradable and biocompatible characteristics.

Synthetic polymeric scaffolds such as PANi are excellent candidates for produc-
ing cardiac tissue patches since they can be easily modified to match different tissue
needs. These polymers have the mechanical strength and high biocompatibility,
which can be easily manipulated. Besides, synthetic polymers may be engineered
to meet natural cardiac tissue requirements such as durability, porosity, and micro-
structure. While polymers can reduce cell adhesion and integration as a biomaterial
themselves, some improvements like adding stimuli and growth factors can sustain
their popularity in tissue scaffolding. Cardiac scaffolds need a certain amount of
mechanical resistance and elasticity to withstand the dynamic nature of the heart.
Many heart scaffolds contain a combination of polymers to achieve these qualities.
Blending polymers are used for integrating the mechanical characteristics of differ-
ent polymers into a scaffold, containing several desirable characteristics. The pro-
duction methods for such products differ significantly due to various material
properties and physiological specifications.
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12.7 Current Challenges in the Field

Owing to their conductivity, mechanical properties, and biocompatibility of the CPs,
significant progress has been achieved in the biomedical field. Nevertheless, some
challenges still limit the utilization of these polymer materials, and in this section, we
explore and analyze some of the significant limitations faced by the CPs.

12.7.1 Biodegradability

One of the significant challenges is the intrinsic nonbiodegradable nature of PCPs.
To overcome this limitation, one could look more into expanding the macromolecu-
lar design and synthesize the degradable linkers that can be assembled into degrad-
able PCPs with optimal conductivity and biodegradability. This limitation is more
critical in the tissue engineering-based treatments for the CVDs, where PCP-based
scaffolds are being employed to improve cell growth while retaining their integrity
for a specific period during that cell growth. It cannot be ignored that these materials
must be broken down into small units that can be easily discharged from the body
without producing any harmful effects. The in vivo and in vitro roles of degradable
PCPs in the proliferation and differentiation process of electrically responsive cells
and tissues are still relatively unknown. In treating the CVDs, it is crucial to
understand how well the PCP-based scaffolds are degraded, regenerated, and/or
repaired. We must also gain clarity over how well the cells and tissues can be
integrated with the surrounding environment when the PCP-based scaffolds are
decomposed. Interestingly, all these directions have not been understood yet, and
these aspects are certainly worth the explorations. Therefore, the current PCP library
requires significant expansion and modifications to cater to particular bioengineering
applications (Park et al. 2019).

12.7.2 Conductivity

The optimization of electrical conductivity in the PCPs is another big challenge in
this field. For conduction, the PCPs need to be in an oxidized or reduced state. The
backbone of the conjugated polymers ionized via the redox process entails the
availability of oppositely charged ions (dopant ions), which optimizes conduction.
In the backbone of the PCPs, the dopant ions can be introduced either by simple
mixing or via the chemical immobilization method. When dopant ions bind with the
conjugated polymers via noncovalent interaction, there is a possibility that dopant
ions having low molecular weight may percolate from the conjugated polymer
matrix into the biological milieu, ultimately reducing the electrical conductance of
the conjugated polymer. This phenomenon is particularly significant in the
PCP-based biosensing devices. The devices can be made functional by removing
the biologically active dopant ions on electrical stimulation. In the treatment of
myocardial infarction, the PCPs such as PPy were integrated into the system to
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enhance the electrical conductance and induce cell signaling. By coupling the
biocompatibility with electrical conductivity, the developed system was well
structured with cardiac treatment requirements. Although these were a few ways in
which the scientists tried to address the issue of conductivity, the engineering of
biocompatible scaffolds with adequate and stable electrical conductivity for cardiac
tissue regeneration still has many limitations (Le et al. 2017).

12.7.3 Biocompatibility

The third major challenge that limits the complete utilization of CPs in the biomedi-
cal applications is their biocompatibility. The materials needed to integrate with cells
or tissues require long-term stability during storage and resistance to chemical and
biological fluids. In cardiovascular regeneration, biomaterials scaffolds are signifi-
cantly involved in the repair and regeneration of tissues and organ defects. Different
biocompatible polymeric materials are being designed to be employed at the infarc-
tion site to develop new tissues and stimulate new blood vessels. A major limitation
of the cardiovascular bioengineering is the limited biocompatibility of biomaterials
with the recipient’s blood. Although significant advancement has been made by
developing various biocompatible and useful materials, including polymers, metals,
and natural biological materials, some deficiencies need to be addressed. A bioma-
terial utilized in cardiovascular regenerative technology can be achieved either from
a natural source or via the synthetic process, ideally mimicking cardiac tissue
properties. Although synthetic materials are easy to develop, they have lesser
biocompatibility with the counter biological part that ultimately limits the applica-
tion (Tomczykowa and Plonska-Brzezinska 2019).

12.8 Future Perspective

The applications of CPs for addressing various CVDs in either diagnostic or
therapeutic settings are fast growing. It must, however, be acknowledged that
more clinical phase studies are required. We also must make it a point to develop
advanced synthetic strategies for the manufacturing of both the ion-conductive and
π-conjugated polymers with a precise molecular design as per the requirement of the
target biomedical application. The development of CPs that impersonates the
characteristics of normal cardiovascular tissues would help in advancing this field.
Besides, a range of novel surface modification techniques must be designed to
develop materials with high biocompatibility with the cardiovascular tissues. Nano-
technology has introduced new advancements in the field of cardiology. The unique
physicochemical properties of nanomaterials can help create unprecedented conduc-
tive materials to fight the CVDs. However, we need to first address the safety-related
concerns associated with nondegradable nanomaterials before advancing their wide-
spread use of in vivo applications. Even though the PCPs have been demonstrated to
be biocompatible in vitro, detailed investigations of their in vivo biocompatibility

12 Conductive Polymers for Cardiovascular Applications 343



and biodegradability remain wanting. Nonetheless, keeping in view the current
status of the developments, as highlighted in this chapter, exciting technologies
employing CPs in combating the CVDs are expected to emerge in the near future.
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Engineered Polymeric
Materials/Nanomaterials for Growth
Factor/Drug Delivery in Bone Tissue
Engineering Applications

13

Neelam Chauhan and Yashveer Singh

Abstract

Accelerating number of bone fractures/disorders, increased global burden, high
demand, and limited availability of traditional bone grafts have shifted the
research interest toward development of alternatives strategies, including the
development of growth factor/drug delivery systems. The conventional delivery
methods are limited in application due to the poor local retention, half-life,
stability, requirement of high dosage, and inactivation of growth factor and
drugs in biological systems. Polymeric materials/nanomaterials have emerged
as promising candidates for therapeutic delivery of growth factors and drugs in
tissue engineering applications due to their functionality and highly porous
structure, which is suitable for high drug loading and extracellular-mimicking
properties that promote cell attachment and proliferation for tissue repair. Engi-
neering of polymeric materials has resulted in advancement of polymer chemistry
in drug delivery applications by providing stimuli-sensitive polymeric systems,
which can respond to pH, temperatures, and the presence of biomolecules.
Different polymeric structures, such as nanofibers, nanoparticles, hydrogels,
and 3D-printed scaffolds, have been investigated to overcome the problem of
low drug efficacy and burst release. The polymeric materials maximize the
effectiveness of growth factors/drugs by providing sustained, controlled, and
localized release. However, the selection of polymers and growth factors/drugs
is significantly important for the optimization and development of drug release
systems similar to the release of growth/osteogenic factors in natural bone
healing. This chapter focuses on the design strategies being employed for the
next-generation engineered polymeric material/nanomaterial-based advanced
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delivery systems for enhancing the bone repair and regeneration as well as their
potential application in regenerative medicine.

Keywords

Bone · Drugs · Growth factors · Engineered polymeric structures · Smart
polymeric systems · Growth factor/drug release · Polymeric nanomaterials

13.1 Introduction

Bone fractures/injuries affect millions of people worldwide, posing a heavy global
economic burden (Meling et al. 2009; Bonafede et al. 2013). Bone tissue forms an
essential part of the body and serves as a structural scaffold and supports kinematic
motion while protecting our vital organs. Skeletal injuries due to falls, accidents,
trauma, infections, tumors, or other bone-related disorders are very common and
often require surgical interventions (Meling et al. 2009; Einhorn and Gerstenfeld
2015; Amir et al. 2019). Musculoskeletal injuries are predicted to be one of the major
causes of morbidity and mortality worldwide (Agarwal-Harding et al. 2016; Mattson
et al. 2019). The bone is a complex tissue and it consists of about 30% organic
(collagen and proteoglycans) and 70% inorganic components (hydroxyapatite and
amorphous calcium phosphate) having inherent ability to remodel and heal to
maintain the tissue integrity (Salgado et al. 2004). The natural fracture/bone healing
is a slow and time taking process that relies on the biological responses. Several
conditions, such as osteoporosis, diabetes, autoimmune disorders, trauma,
infections, and fixation stability, may significantly affect the biological responses
during the fracture or bone injury; thus, compromising the healing and leading to the
poor clinical outcomes. These conditions may result in about 10% delayed union or
nonunion cases requiring additional surgical procedures (Einhorn and Gerstenfeld
2015). The rapid acceleration in bone-related disorders, fractures, and heavy eco-
nomic burden posed due to the high demand of bone substitutes/grafts has motivated
researchers to work on the advancement in bone tissue engineering. Currently,
natural grafts including autograft and allografts are considered as the gold standard
for the bone substitute, but the limited supply, risks of infection, disease transmis-
sion, and host responses have limited their use; thus, generating the demand for
novel treatment strategies (Einhorn and Gerstenfeld 2015; Lee et al. 2015; Wang and
Yeung 2017). These current strategies generally include systemic administration of
bone-forming drugs, hormones, or other biomolecules, the development of synthetic
grafts, onsite delivery of drugs, growth factors, and cells from the graft to address the
limitations associated with the current approaches of bone regeneration (Shi et al.
2019). The local delivery of drugs and growth factors from the biomaterials has
shown promising results and several polymeric systems are being explored to
enhance the bone tissue regeneration by on-site delivery of drugs and biomolecules
along with providing the matrix/scaffold for the cell attachment and tissue integra-
tion (Luginbuehl et al. 2004; Kempen et al. 2009b; de Guzman et al. 2013, p. 2;
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Peterson et al. 2014; Martino et al. 2015). Bone tissue possess unique material and
biological properties and, therefore, designing an effective bone regeneration solu-
tion requires a greater understanding of the natural healing process, biomolecules,
and molecular mechanisms involved in the healing process.

13.1.1 Fracture Healing

The fracture healing comprises of mainly three phases: inflammation, repair, and
remodeling (Fig. 13.1). These phases of healing overlap and can be distinguished by
cellular and molecular factors (Kolar et al. 2010; Einhorn and Gerstenfeld 2015).
The role and timing of these factors in the bone-healing process may provide
important insights in designing the new delivery strategies to enhance bone regener-
ation. Bone fracture results in the disruption of the blood supply, leading to the

Fig. 13.1 Fracture healing phases and key factors involved at different stages of healing. (a)
Inflammation, (b) repair, and (c) remodeling
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formation of hematoma at the injury site. Initially, acute inflammatory responses can
be seen within 24 h at the injury site with the expression of inflammatory markers
initiating the repair process by stimulating angiogenesis process and recruiting
mesenchymal stem cells at the site for the deposition of extracellular matrix (Kolar
et al. 2010; Claes et al. 2012). Various proinflammatory cytokines, including
interleukins (IL-1and IL-6), tumor necrosis factor-α (TNF-α), macrophage colony-
stimulating factor 1 (MCSF-1), receptor activator of nuclear factor kappa-B ligand
(RANKL), and transforming growth factor-β (TGF-β) can be seen in the early phases
(Fig. 13.1a) (Marsell and Einhorn 2011; Claes et al. 2012; Einhorn and Gerstenfeld
2015). TNF-α and IL-6 play a very important role in tissue regeneration and their
complete absence has shown to delay the mesenchymal stem cell differentiation
(Gerstenfeld et al. 2003; Yang et al. 2007). However, prolonged inflammation period
or chronic inflammation due to the conditions, such as infection and autoimmune
diseases, may lead to the failed or impaired healing (Claes et al. 2012; Einhorn and
Gerstenfeld 2015). In normal conditions, the inflammation phase is succeeded by the
repair phase (Fig. 13.1b). The damage and rupture of blood vessels create the
hypoxic environment triggering the release of proangiogenic factors, such as vascu-
lar endothelial growth factor (VEGF), angiopoetin-1, and platelet-derived growth
factor (PDGF), promoting the vascularization of the newly formed bone tissues at
the injury site (Grundnes and Reikerås 1992; Mayr-wohlfart et al. 2002; Hankenson
et al. 2011).

The breakdown products are removed and the hematoma is replaced in a stepwise
manner with the dense granulation tissues. Depending on the mechanical stability of
the fracture site, the healing may take place directly or indirectly (Yu et al. 2010;
Foster et al. 2020). In the direct healing, stability of the fracture site allows bridging
of Haversian canals and results in osteoclasts infiltration, followed by the vasculari-
zation and recruitment of fibroblasts, MSCs, and osteoprogenitor cells by
macrophages. The mineralization of long bones follows endochondral ossification
route (Marsell and Einhorn 2011; Claes et al. 2012; Ghiasi et al. 2017). The
mechanically unstable fractures lead to the indirect bone healing, both
intramembranous and endochondral ossification (Claes et al. 2012; Ghiasi et al.
2017). The high mechanical strain in this case results in lesser new vessel formation,
and the low oxygen level shifts the equilibrium of progenitor cells toward
chondrogenic differentiation. The cartilaginous tissue formation takes place within
7–10 days of the injury (Grundnes and Reikerås 1992; Marsell and Einhorn 2011).
SDF-1α is released from the periosteum and induces the phase of bone healing by
inducing cell migration toward the bone formation site (Kitaori et al. 2009). Bone
morphogenetic protein (BMP) and TGF-β help in bone regeneration by triggering
the differentiation of chondrocytes (Benazet et al. 2009; Einhorn and Gerstenfeld
2015). BMP along with the Indian hedgehog (IHH) and parathyroid hormone-related
protein (PTHrP) pathways stimulate the hypertrophy of chondrocytes toward bone,
resulting in the formation of the mineralized bone matrix (Mak et al. 2008; Benazet
et al. 2009; Haumer et al. 2018).

The final phase of fracture healing involves remodeling of the bone that may take
place up to years to maintain the structural and mechanical integrity of the bones
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(Fig. 13.1c). The hypertrophic chondrocytes become apoptotic and start releasing
calcium after 2 weeks of bone fracture (Einhorn 1998, 2005; Thompson et al. 2015).
The increase in the mechanical strength of the calcified callus reduces the tissue
strain; thus, favoring the vessel formation and recruitment of MSCs and monocytes
(Melnyk et al. 2008; Haumer et al. 2018). These differentiate into the osteoblasts and
osteoclasts and the remodeling of bone starts (Einhorn 1998; Einhorn and
Gerstenfeld 2015). This leads to the transformation of woven bone to the lamellar
bone (Schindeler et al. 2008). These events are regulated by osteoblast-secreted
cytokines MCSF and RANKL (Schindeler et al. 2008). The decrease in most
inflammatory cytokines, except IL-1, TNF-α, and BMP-2, can be seen in this
phase (Claes et al. 2012). As the gap is filled, the low tissue strain allows the
intramembranous ossification after 4–6 weeks of bone fracture (Claes 2011).

13.1.2 Role of Growth Factors, Drugs, and Other Biomolecules
in Bone Regeneration

Bone healing is a complex process that is accomplished by coordinated involvement
of cells, bioactive molecules, and extracellular matrix. Cells release several growth
factors at the injury site to induce and promote the bone regeneration and remodeling
process. Growth factors are signaling molecules that induce and control various cell
responses. Several inflammatory, angiogenic, osteogenic, and systematic factors are
involved in bone repair and remodeling (Einhorn 1998; Einhorn and Gerstenfeld
2015). The inflammatory factors, including TNF-α, ILs, and prostaglandins, are
responsible for the stimulation and differentiation of osteoblast and osteoclast cells
and their release also activates the secondary signal cascade, resulting in enhanced
angiogenesis (Kanzaki et al. 2002; Gerstenfeld et al. 2003; Ponte et al. 2007).
Several anti-inflammatory and immunomodulatory factors, corticosteroids, and
anti-inflammatory drugs have been reported to show the proregenerative or
proresorptive effects. Angiogenesis factors, such as vascular endothelial growth
factor (VEGF), platelet-derived growth factor (PDGF), fibroblast growth factor
(FGF), and insulin-like growth factor (IGF), have been explored in the bone regen-
eration as they promote the development of vascular network at the injury site; thus,
supporting the osteogenic, chondrogenic, and mesenchymal stem cells
(Schmidmaier et al. 2001; Keramaris et al. 2008; Wu et al. 2020). Among them
VEGF has been extensively investigated and have been found to increase the
vascularization and bone regeneration (Keramaris et al. 2008). However, the deliv-
ery of VEGF along with other osteogenic factors have shown more promising results
in bone regeneration (Peng et al. 2002; Patel et al. 2008; Kempen et al. 2009b; Lee
et al. 2020). Osteogenic growth factors, such TGF-β, BMPs, growth differentiation
factor (GDF), and stromal-derived growth factor-1 (SDF1), have been also explored
(Lieberman et al. 2002; Park et al. 2005; Kitaori et al. 2009; Kempen et al. 2009b;
Yamano et al. 2014). TGF-β have shown bone induction but only up to endochon-
dral bone formation (Ramoshebi et al. 2002; Ripamonti 2006). List of factors and
drugs explored in bone regeneration applications is provided in Table 13.1.
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BMP isoforms, such as BMP-2, BMP-4, and BMP-7, have shown more
promising results in de novo bone formation in ectopic and orthotopic sites
(Kirker-Head 2000; Seeherman and Wozney 2005). Some systematic factors, such
as parathyroid hormone (PTH), growth hormone, steroids, calcitonin, and
Vitamin D, have also been investigated in bone tissue engineering and reported to
promote bone formation (Weiss et al. 1981; Kempen et al. 2010; Hankenson et al.
2011; Abbassy et al. 2016). The growth factors may provide specific control over
regeneration by manipulating the signaling processes. Although these molecules
have shown good results in bone healing alone or in combination with other growth
factors or drugs, the selection of growth factor is critical to maximizing the bone
repair. Several drugs have also been explored in this field due to the high cost and
low stability of growth factors. Bisphosphonates, such as alendronate, ibandronate,
pamidronate, and zoledronate, have been explored in bone tissue regeneration and
showed improved bone formation and prevention of bone resorption. Dexametha-
sone and FTY720 have shown increased osteogenesis.

Table 13.1 List of commonly used growth factors and drugs and their outcomes in bone regener-
ation (Aronin et al. 2010, p. 7; Donneys et al. 2012; Cattalini et al. 2012; Ibrahim et al. 2014;
Einhorn and Gerstenfeld 2015; Yuasa et al. 2015; Shah et al. 2015; Gupta et al. 2019; Kuroda et al.
2019)

Growth factors/drugs Effects/outcomes

Growth
factors

TGF-β
FGF-2
BMP-2 and BMP-7
VEGF
GDF
IGF
PDGF

Induce bone formation
Induce angiogenesis and promote bone
regeneration
Increase de novo bone formation
Increase angiogenesis and bone
regeneration
Enhance bone repair
Enhance tissue regrowth
Support bone regeneration by enhancing
angiogenesis

Hormones PTH Promote bone formation or resorption
depending on the dose

Drugs and
other
molecules

Alendronate Ibandronate
Pamidronate Zoledronate
Clodronate

Reduce bone resorption and increase
mineralization

Dexamethasone Inhibit osteoclastogenesis and promote
osteoblastogenesis (dose dependent)

FTY720 Promote angiogenesis and osteogenesis

Deferoxamine (DFO) Vascular response on bone regeneration

Simvastatin
Lovastatin

Anti-inflammatory and proangiogenic
activities, promote osteogenesis
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13.1.3 General Requirements of Matrix/Scaffolds for Growth
Factor/Drug Delivery

Bone is a very complex tissue and, therefore, designing the scaffolds require several
considerations, including the choice of material, biocompatibility, biodegradation,
osteoinductive/osteogenic nature, mechanical strength, porosity, and growth factor/
drug release, to support the cell adhesion, proliferation, nutrient exchange, diffusion
of biomolecules, and integration of scaffold. Several efforts have been made to
incorporate growth factors/drugs within the matrix/scaffolds to provide their local
release at the injury site to improve bone-healing outcomes. Among them, the
extracellular matrix (ECM)-mimicking scaffolds provide the native-like environ-
ment to the cells for attachment and proliferation along with the release of growth
factors/drugs to induce osteogenesis and enhance bone healing (Hudalla andMurphy
2011; Martino et al. 2015). The scaffolds working as a delivery carrier must fulfill
some additional criteria, like high loading capacity, uniform distribution, targeted
delivery, controlled/sustained release, and physical and chemical stability, and must
protect the host molecules from losing their activity (Fig. 13.2). The optimization of
drug loading and release from a scaffold requires certain considerations such as
composition of scaffold, morphology, porosity, cross-linking, loading capacity,
nature of interactions between the drug and the scaffold, binding affinities, stability
of loaded molecule, and degradation of the matrix.

13.2 Challenges

Systemic delivery of growth factors and drugs is limited due to their short half-life,
instability, and undesirable toxicity (Xinluan et al. 2015; Kuroda et al. 2019).
Targeted delivery approaches are helpful in overcoming these limitations. There is
a critical need to design bone substitutes providing local delivery of osteogenic
agents. The drug delivery approaches have significantly advanced in the last few

Fig. 13.2 General requirements of matrices/scaffolds for local delivery of growth factors/drugs for
bone tissue engineering applications
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years but designing an ideal delivery system suitable for all applications remains
challenging as different shape, size, and structure of bone defects require different
mode of delivery, mechanical, and degradation properties. Earlier permanent
implants were employed for drug delivery but due to their poor integration and
other limitations, degradable implants are now preferred (Vo et al. 2012). It is also
challenging to design a scaffold releasing the growth factor/drug to restore to tissue
at the same rate as that of implant degradation. The delivery systems for bone tissue
engineering require long-term controlled release of growth factors/drugs and it is
challenging to maintain its bioactivity throughout the course. Major challenges in
growth factor delivery are listed in Fig. 13.3.

The optimization of drug loading also varies from one case to other and the
interaction of different materials with the encapsulated growth factor/drug may lead
to the loss of their integrity, thus resulting in low bioactivity. The modifications of
growth factors and drugs for incorporation in the scaffolds and controlled release
may also reduce their functionalities. Therefore, it is not easy to develop a single
delivery strategy that can overcome all drawbacks of the carrier. It is also difficult to
select a material having interconnected porous network required for cellular
ingrowth along with providing the adequate mechanical support throughout the
healing phase. Besides, the sterilization of growth factors encapsulated grafts also
remains a major drawback.

13.3 Materials for Growth Factor/Drug Delivery

A wide range of materials have been explored as delivery systems for temporal and
spatial control of growth factors/drugs/other bioactive molecules. Various metal,
ceramic, and polymer-based implants have been evaluated as drug delivery carriers
by physically or chemically loading the growth factor/drug molecules. A list of
growth factor/drug-loaded biomaterials and polymeric systems available in market
and undergoing clinical trials is provided in Tables 13.2 and 13.3.

Fig. 13.3 Challenges in growth factor/drug delivery
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13.3.1 Metals and Ceramics-Based Materials

Metal-based implants (mainly titanium and stainless steel) are highly used in ortho-
pedic applications due to their high mechanical properties (Peterson et al. 2014;
Prasad et al. 2017). These implants result in poor integration due to their inert nature
and lack of osteoprogenitor function, which may lead to the formation of fibrous
capsules around the implant, resulting in the loosening of implants and compromise
in the long-term activity (Prasad et al. 2017; Kämmerer et al. 2020). Physical loading
and chemical conjugation of growth factors, drugs, or other bioactive molecules
have been explored on these implants to improve the bone-healing outcomes.
BMP-2, FGF, VEGF, N-bisphosphonate, and dexamethasone incorporation into
metallic implants have been carried out to improve the osseointegration (Kim et al.
2011; Peterson et al. 2014; Al-Jarsha et al. 2018; Kämmerer et al. 2020). Kim et al.
immobilized the BMP-2 and heparin on titanium (Ti) surfaces and reported
increased ALP activities, calcium deposition, and osteoblast function and decreased

Table 13.2 Growth factor/drug-loaded biomaterials for bone regeneration in market

Product Composition Application Company References

INFUSE®

Bone graft
Collagen sponge loaded
with BMP-2 titanium/
PEEK cage

Replacement of
autograft,
degenerative disc
diseases, anterior
lumbar
interbodyfusion
(ALIF), spinal
fusion, and open
tibial shaft fractures

Medtronic,
Inc.

https://global.
medtronic.
com/xg-en/e/
response/
infuse-bone-
graft.html

Osigraft
(OP–1®

Implant &
Putty)

BMP-7 containing type
1 bovine bone collagen
matrix mixed with the
putty additive
carboxymethylcellulose
sodium

Fracture healing of
the long bones, and
treating lumbar
spine
pseudoarthrosis

Olympus
Biotech

https://www.
strykermeded.
com/media/
1976/op-1-
implant-msds.
pdf
(withdrawn)

Augment® PDGF loaded in
tricalcium phosphate
matrix

Hindfoot and ankle
fusion procedures

Wright
Medical
Group

https://www.
wright.com/
biologics_self/
augment-
injectable

GEM
21S®

PDGF with an
osteoconductive matrix,
ß-TCP

Dental problems
such as intrabony,
periodontal defects,
furcation
periodontal defects,
and gingival
recession associated
with periodontal
defects

Lynch
Biologics

https://www.
lynchbiologics.
com/products/
gem-21s/
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inflammatory responses (Kim et al. 2011). Peterson et al. developed multilayer
coatings of poly(methacrylic acid) and poly-L-histidine on anodized Ti surfaces
immobilized with BMP-2 or FGF that provided sustained release of growth factors
over 25 days with BMP-2 release being more effective than FGF for bone growth
(Peterson et al. 2014). Poly(ethyl acrylate) (PEA) and fibronectin (FN)-coated Ti
discs loaded with BMP-7 were developed and reported to promote potential
osteodifferentiation of human mesenchymal stem cells (HMSCs) (Al-Jarsha et al.
2018). Although these efforts improved implants’ interaction with cells, the surface
adsorption of drugs or growth factors on metallic implants resulted in an initial burst
release, resulting in adverse effects in several cases.

Kämmerer et al. chemically modified the titanium (TiO2) surface with BMP-2,
BMP-7, and an anti-osteoclastic drug (alendronic acid) and it showed significant
improvement in cell growth and alkaline phosphatase (ALP) expressions at third and
seventh day of bone-marrow-derived stem cell (BMSC) culture (Kämmerer et al.
2020). In order to improve the osteogenic potential and growth factor loading of
bone implants, ceramics such as bone-derived minerals, tricalcium phosphates
(TCP), hydroxyapatite (HA), and bioglass (BG) have also been used alone or in
combination as osteoinductive coatings on metallic implants or scaffold carriers for
growth factors and drugs. Teotia et al. reported that the nanohydroxyapatite and
calcium sulfate bone substitutes functionalized with BMP-2 and zoledronic acid in
low doses resulted in highest mineralization and neo-bone formation compared to
ceramics loaded with zoledronic acid alone and without BMP-2 or zoledronic acid,
when implanted in 8.5-mm critical size defect in calvarium of male Wistar rats for
8 weeks (Teotia et al. 2017). Calcium phosphates (CaP) have also been explored for
FGF, hepatocyte growth factor (HGF), rhBMP-2, endothelial growth factor (EGF),
FGF-2, and dexamethasone release and shown improvement in bone regeneration.
Mesoporous bioactive glasses (MBG) are considered as osteoconductive and
osteoinductive, and possess high specific surface area that makes them suitable for
growth factor delivery applications. Different growth factors (BMP and VEGF) and
drugs (dexamethasone, gentamicin, and ibuprofen) can be easily loaded and released
from MBG particles, fibers, scaffolds, and composites (Wu et al. 2009, 2013; Dai
et al. 2011; Wu and Chang 2012; Kim et al. 2016). Although the highly porous and
osteoinductive nature of ceramics make them a suitable candidate for drug loading
and cell activities, the burst release of growth factor/drug due to the electrostatic
interactions or dissolution or degradation of ceramics limits their use as drug carriers,
and usually polymer coating is employed to attain sustained release.

13.3.2 Polymeric Materials

Polymeric materials have been explored as drug carriers in bone tissue regeneration
due to their versatile and tunable properties. Most polymeric materials closely mimic
the extracellular matrix and, thus, provide the surface for cell attachment and growth.
Biodegradable polymers can be tuned to resorb by the body after bone healing. The
polymers contain variety of functional groups and can be functionalized easily as per
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the requirement to load drugs physically or chemically. Polymers used in bone
regeneration are classified as natural and synthetic polymers.

13.3.2.1 Natural Polymers
Proteins and polysaccharides extracted from plants, algae, animal, or human sources
are considered as natural polymers. They have been proven to be useful material for
tissue engineering due to their high biocompatibility, ECM-mimicking nature, and
favorable degradation products (Mano et al. 2007). Collagen is a protein and most
extensively used natural polymer, which forms a major organic component of the
bones. Fibrinogen/fibrin is a fibrous protein, which forms a temporary matrix at the
wound and have several binding sites for cells, growth factors, and ECM (Martino
et al. 2014). These proteins have been used for biomolecule delivery but their
proteolytic stability remains a major concern (Rajangam and An 2013). Other
common natural polymers used for growth factor/drug delivery in bone tissue
engineering are gelatin, keratin, silk fibroin (SF), alginate, chitosan, hyaluronic
acid, heparin sulfate, pullulan, and dextran as they possess excellent biocompatibil-
ity and low immunogenicity (de Guzman et al. 2013). These polymers also possess
functional groups that can be utilized for physical cross-linking and chemical
modifications. The 3D networks formed by natural polymers can retain high water
contents, are highly porous, and mimic ECM. Collagen-based scaffolds have been
shown to promote osteogenic gene expression of MSCs and mineralization and,
therefore, explored for the release of exogenous growth factors, such as FGF, PDGF,
VEGF, IGF-1, HGF, BMP-2, TGF-β, and GDF-5 (Kanematsu et al. 2004; Yamano
et al. 2014). Yamano et al. reported that the collagen membranes (CM) loaded with
PDGF and GDF-5 showed significant bone regeneration compared to the control and
CM alone, with more effectiveness in case of collagen membranes loaded with
GDF-5 (Fig. 13.4) (Yamano et al. 2014).

Gelatin and silk fibroin have emerged as alternatives of collagen. Silk fibroin is
biocompatible, osteoconductive, and possesses excellent mechanical properties
(Meinel et al. 2005). The scaffold developed using silk fibroin has been investigated
as the carrier of BMP-2 and showed good osteogenic outcomes (Ma et al. 2016).
Gelatin-based materials have also shown improvement in cell attachment (Chen
et al. 2007). Chitosan is among the commonly used natural polymer derived from
chitin. It is reported to promote cell adhesion and proliferation as well as osteoblast
differentiation along with antibacterial and mucoadhesive properties (Levengood
and Zhang 2014; Tao et al. 2020). Hyaluronic acid and pullulan have been reported
to support attachment and proliferation of mesenchymal stem cells (Singh et al.
2016; Zhai et al. 2020). Different polymeric structures fabricated using these
polymers have been utilized in growth factor/drug delivery. Several growth factors
including BMPs, VEGF, FGF, PDGF, TGF-β, and drugs have been tested using
natural polymers. Generally, these polymers are found to show burst release due to
the rapid degradation in biological environment but modification in their physical or
chemical structure or processing usually improves the control release kinetics.
Although natural polymers show excellent biocompatibility and bioactivity, their
rapid degradation and poor mechanical strength limit their use in bone regeneration.
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13.3.2.2 Synthetic Polymers
Synthetic polymers have been extensively explored in growth factor/drug delivery in
bone tissue engineering. They can be designed to overcome the limitations

Fig. 13.4 Micro-CT images of new bone formation in rat mandible defects treated with collagen
membrane (CM), and collagen membranes containing 0.5 μg PDGF (L-PDGF), 1 μg PDGF
(H-PDGF), 20 μg GDF (L-GDF5), and 60 μg GDF-5 (H-GDF5) after 4 weeks of surgery. The
blue color represents nonmineralized defect. (Reproduced with permission from Yamano et al.
2014)
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associated with natural polymers. These polymers can be easily processed and tuned
physically, chemically, and mechanically for delivery applications even though they
are associated with disadvantages, such as acute or chronic immune response, bulk
degradation, low clearance rate, and limited biological activities (Gunatillake and
Adhikari 2003; Puppi et al. 2010). Poly(methyl methacrylate) (PMMA) polymers
have been used as bone filler and cement (Freeman et al. 1982). It is a nondegradable
polymer and impedes bone remodeling (Freeman et al. 1982; Maloney et al. 1990).
Several polymers, such as poly(ethylene glycol) (PEG), polyurethanes (PU), poly
(ε-caprolactone) (PCL), poly(anhydrides), poly(α-hydroxy acids), poly(propylene
fumarate) (PPF), poloxamers, polyphosphates, and poly(phosphagens), have been
explored in bone tissue engineering till date (Kempen et al. 2009a; Hudalla and
Murphy 2011; Yu et al. 2015). Polyesters, such as polylactic acid (PLA), poly
(glycolic acid), and poly(lactic-co-glycolic acid) (PLGA), have been used as growth
factor carriers in bone regeneration. PLA nanosheets loaded with BMP-2 are
reported to show constant and sustained release of BMP-2 for more than 2 months
in vitro and induce bone regeneration in critical-sized mouse calvaria defects
(Fig. 13.5) (Huang et al. 2017).

Different polymeric structures have been used to successfully encapsulate and
retain the bioactivities of TGF-β1, BMP, and IGF. PLA, PGA, and PLGA showed
limitations associated with acidic degradation products, resulting in tissue damage
(Gunatillake and Adhikari 2003). PPF- and PCL-based scaffolds have shown high
mechanical properties suitable for bone tissue engineering applications. PPF-based
scaffolds have been explored to release BMP-2 (Kempen et al. 2009a). PCL
nanofibers have been explored for the sustained release of dexamethasone for bone
regeneration applications (Martins et al. 2010). Most synthetic polymers discussed
here are hydrophobic, lack cell binding properties, and do not support cell attach-
ment (Pierschbacher and Ruoslahti 1984; Lieb et al. 2003). PEG is a hydrophilic and
biocompatible polymer widely used for the controlled and sustained release of
growth factors, as it is known to increase the half-life and retain the bioactivity of
growth factors. Its poor mechanical strength limits its use. Synthetic polymers can be
mixed with natural polymer to improve their bioactivity.

13.3.3 Polymer Composites

Composite materials are formed by combining two or more different materials with
different composition in such a way that the combinations result in specific
biological, physical, chemical, and mechanical properties. Composites contain a
continuous matrix and a dispersed phase. The choice of matrix and dispersed
phase is critical to determining the properties of composite. Composites are made
by different combinations of natural polymers with synthetic polymers and polymers
with ceramics (Poh et al. 2020). As bone is made-up of organic and inorganic
components, the composite materials fabricated using a combination of polymers/
proteins and ceramics are best suited for bone regeneration applications because their
mechanical and biological properties can be modulated. Incorporation of ceramics,
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such as HA, bioglass, and β-TCP, to the polymer matrix, such as PLLA, PLGA,
PEG, collagen, silk fibroin, dextran, pullulan, and chitosan, has shown enhanced
mechanical strength (Barone et al. 2011; Poh et al. 2020). Ceramic materials impart
the polymer composites with load bearing, retarded delivery, and osteoinductive
properties. Several composite biomaterials have been investigated for growth factor/
drug delivery and showed promising outcomes in bone regeneration. Electrospun
fibrous scaffolds of PCL-gelatin incorporated with bioactive glass nanoparticles
(mBGn) loaded with dexamethasone showed almost linear release kinetics for up
to 28 days and substantial osteogenic effects (El-Fiqi et al. 2015). PCL/nHA/BG

Fig. 13.5 In vitro release of BMP-2 from PLA nanosheets (reproduced with permission from
Huang et al. 2017). (a) Sandwich-type PLA nanosheet soaked in DMEM at 37 �C at 18 and 57 days
of incubation. Black arrows represent edges of large nanosheet and yellow arrows represent small
nanosheet edges. (b) Cumulative release profiles of BMP-2 released from PLA nanosheets loaded
with BMP-2 (BMP2-NS) or PBS (PBS-NS)
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(PHB) incorporated with polydopamine (pDA) and BMP-2 has shown long-term
sustained release of BMP-2 and complete healing of calvaria bone defects in rabbits
in 12 weeks (Fig. 13.6) (Li et al. 2019).

13.4 Encapsulation of Growth Factors/Drugs in Polymeric
Materials and Nanomaterials

A wide range of delivery systems have been developed for local release of bioactive
molecules. The growth factor/drug can be encapsulated in the polymeric matrix
either physically or chemically. The encapsulation of growth factor prevents the loss
of its bioactivity. Both physical and chemical strategies of loading growth factors/
drugs are discussed in this section.

13.4.1 Physical Immobilization

Growth factors/drugs can be physically encapsulated in polymeric carrier systems,
such as microspheres, hydrogels, liposomes, and micelles, and the loading is
governed by electrostatic interactions, hydrophobic interactions, and hydrogen
bonding (Park et al. 2005; Mao et al. 2014; Li et al. 2015; Juhl et al. 2019). These
molecules are physically adsorbed on the matrix and their encapsulation to the
matrix prevents their denaturation. The polyionic complexes formed by the electro-
static interactions between the polymers and drugs have been explored for the drug
delivery applications in bone regeneration (Kim et al. 2011; Ao et al. 2020). In
physical loading, the release of growth factor/drug is driven by passive diffusion or
material degradation. The quantity and degradation rate of material can be controlled
to tune the release rate. The surface area and porosity of scaffolds also influence the

Fig. 13.6 Micro-CT images of calvaria bone defects showing new bone formation in control,
PCL-, PHB-, PHB-pDA-, and PHB-pDA-BMP-2-treated groups after 6 and 12 weeks of implanta-
tion. (Reproduced with permission from Li et al. 2019)
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loading of growth factors/drugs. Collagen sponges have been extensively explored
to deliver BMP-2 in bone fusion and fracture repair applications (Kanematsu et al.
2004). The materials showing high-affinity noncovalent interactions with the growth
factor/drug have been shown to attain high encapsulation efficiency. Heparin-based
scaffolds have been found to interact with BMP-2 through its N-terminal heparin-
binding region, resulting in high adsorption (Kim et al. 2011; Gandhi and Mancera
2012; Ao et al. 2020). Physical encapsulation of drugs along with the growth factors
has been used to enhance the osteogenic outcomes. Li et al. developed a
nanoparticle-embedded electrospun nanofiber scaffold for physical encapsulation
and dual release of BMP-2 and dexamethasone (Li et al. 2015). The encapsulation of
BMP-2 in BSA nanoparticles was carried out to prevent BMP-2 from losing its
bioactivity, and these BMP-2-loaded BSA nanoparticles were then blended with
dexamethasone and poly(ε-caprolactone)-co-poly(ethylene glycol) (PCE) copoly-
mer for coelectrospinning (Fig. 13.7). It preserved the bioactivity of BMP-2 along
with a patterned release of dexamethasone within first 8 days and BMP-2 release
lasting up to 35 days, resulting in significant repair of rat calvaria defects than that of
the nanofiber scaffold without BMP-2 and dexamethasone. A nucleotide aptamer-
functionalized fibrin hydrogel had been reported to improve the retention and release
kinetics of the growth factor (Juhl et al. 2019). The fibrinogen (F) was functionalized
with anti-VEGF aptamer using the thiol-acrylate chemistry, followed by VEGF
addition and hydrogel fabrication. It provided the improved VEGF release, enhanced
angiogenesis, and osteogenesis in vivo (Fig. 13.8).

Fig. 13.7 Dual loading of BMP-2 and dexamethasone in BSA nanoparticle-embedded electrospun
nanofibers. (Reproduced with permission from Li et al. 2015.) (a) Physical loading of BMP-2 in
BSA nanoparticles stabilized with chitosan. (b) Electrospinning of dexamethasone and
BNP-embedded PCE copolymer nanofibers
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13.4.2 Chemical Conjugation/Tethering

Covalent attachment of growth factors/drugs provide a better control over loading
and release profiles and helps in designing stimuli-responsive delivery systems.
Growth factors and polymers are chemically modified to obtain functional groups,
such as amines, thiols, acrylates, hydrazides, aldehydes, and azides, to conjugate the
growth factors/drugs to the polymeric materials (Bentz et al. 1998; DeLong et al.
2005; He et al. 2008; Chen et al. 2012; Koehler et al. 2013; Vogus et al. 2017).
Initially, succinimidyl groups containing homobifunctional PEG linkers were
employed to conjugate growth factors to the collagen-based biomaterials. The
modified TGF-β and other growth factors resulted in improved outcomes compared
to the unmodified growth factors (Bentz et al. 1998). NHS coupling is used to
conjugate the growth factors with PEG and other polymers. In some studies,
acrylated growth factors conjugated with PEG diacrylate through
photopolymerization were also reported (DeLong et al. 2005). Click chemistry has
emerged as a promising technique to conjugate bioactive molecules due to its high
specificity and low toxicity (He et al. 2008). Click chemistry provides simultaneous
tethering of growth factors/drugs and hydrogel fabrication. These strategies
employing the use of amine group present in the lysine or at the N-terminal of
growth factors were promising but may interfere with their bioactivity (Veronese
2001).

Thiol coupling strategies were used to conjugate bioactive molecules using the
cysteines present in their backbone or by functionalization using additional
cysteines. The C-terminus of VEGF was functionalized with cysteine and linked
to vinyl sulfone groups on PEG linkers, using Michael-type addition (Zisch et al.
2003). Diels-Alder approach had been used for conjugating bioactive molecules with
promising results (Koehler et al. 2013). In a study, tetrafunctional maleimide PEGs
were cross-linked with tetrafunctional thiols through Michael addition and the furan-
functionalized dexamethasone was conjugated in the polymeric matrix through
Diels-Alder reaction between furan-functionalized dexamethasone and PEG
maleimide (Fig. 13.9). It provided the long-term controlled release of drug, leading
to an improved osteogenic differentiation and mineralization. Another study

Fig. 13.8 Aptamer-functionalized fibrinogen hydrogel loaded with a growth factor. (Reproduced
with permission from Juhl et al. 2019.) (a) Growth factor (VEGF) loading in hydrogels fabricated
using native fibrinogen (F) and aptamer-functionalized fibrinogen (AF). (b) Secondary structure of
anti-VEGF aptamer
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reported that the bioactivity of the growth factors is influenced by the cross-linking
chemistry. The activity of BMP-2 was higher in hydrazone cross-linked hyaluronic
acid hydrogels than those with thiol-maleimide cross-links. Thiol-functionalized
hyaluronic acid hydrogels incubated with BMP-2 showed diminished phosphoryla-
tion of Smad 1/5/8 (signal transducer of osteogenic differentiation), whereas no
effect was seen in case of aldehyde-functionalized hyaluronic acid. Higher bone
formation was observed in case of hyaluronic acid hydrogels with hydrazone cross-
links (18 � 4.25 mm3) than with thiol-maleimide cross-links (1.25 � 0.52 mm3),
after 8 weeks of implantation (Fig. 13.10).

13.5 Engineered Polymeric Materials/Nanomaterials for Growth
Factor/Drug Delivery

Polymeric materials/nanomaterials have been investigated for growth factor/drug
delivery. The conventional delivery methods, such as intravenous infusion, were
employed for the delivery of bioactive molecules but they were associated with
shortcomings, such as poor local retention and stability, high dosage requirements,
low efficiency, and loss in their bioactivities. Engineered polymers are being used to

Fig. 13.9 Hydrogels with Diels-Alder modulated release of dexamethasone. (Reproduced with
permission from Koehler et al. 2013.) (a) Michael addition reaction between thiol and maleimide
groups of PEGs. (b) Diels-Alder reaction between furan on dexamethasone and maleimide groups
on PEG. (c) Dexamethasone-labeled peptide with furan functionality. (d, f) Tetrafunctional
maleimide and thiol PEG linkers. (e) Hydrogel network having Diels-Alder conjugated
dexamethasone
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tune the loading and release of bioactive molecules and it has resulted in the
advancement in polymeric structures and development of smart delivery systems.
Various engineered polymeric structures and stimuli-sensitive smart delivery
systems will be discussed in this section.

13.5.1 Structure-Based Delivery Systems

Efforts have been made to develop different polymeric structures, such as
nanofibers, nanoparticles, microparticles, films, hydrogels, and 3D-printed scaffolds,
based on the requirements in order to overcome the limitations associated with the
conventional delivery systems (Fig. 13.11).

13.5.1.1 Polymer-Growth Factor/Drug Conjugates
and Nano/Microparticles

Polymeric macromolecules are conjugated with drugs and other bioactive molecules
for the development of systematic or local delivery vehicles for bone tissue engi-
neering applications. Conjugation of bioactive therapeutics to polymers improves
the drug’s solubility in water, increases their half-life, stability, and retention time in

Fig. 13.10 BMP-2-loaded hyaluronic acid-hydrazone (HA-hydrazone) and HA-thiol-Michael
hydrogel showing the difference in bone formation after ectopic implantation of hydrogels.
(Reproduced with permission from Paidikondala et al. 2019)
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systemic circulation, and allows control over the release (Vogus et al. 2017). The
delivery to the disease/injury site involves either noncovalent encapsulation of drugs
or covalent conjugation to the polymer (Kaminskas et al. 2012). The noncovalent
encapsulation of drugs is carried out in polymer assemblies, such as micelles or
nano/microparticles, allow the utilization of unmodified drug/growth factor. The
covalent conjugation of growth factors/drugs to polymers requires modification
using specific linkers and it allows a preferential release in the presence of biological
cues. PDCs have shown promising outcomes. Polyglutamates, bisphosphonates, and
polyaspartates have been used as synthetic ligands to target bone tissues (Culpepper
et al. 2013; Jiang et al. 2014; Cole et al. 2016). The conjugation of alendronate
(a bisphosphonate drug used to treat osteoporosis) to poly(N-(2-hydroxypropyl)
methacrylamide (HPMA) or poly(ethylene glycol) (PEG) or their combination
with other polymers resulted in high accumulation in bone tissues (Wang et al.
2003; Chen et al. 2012; Karacivi et al. 2017). Dendrimers are branched polymers that
have been conjugated to drugs and other bioactive molecules for delivery
applications. One important aspect of growth factor or protein delivery is to protect
its structure and bioactivity.

Polymeric micro- and nanoparticles, including micelles and liposomes (Park et al.
2007), have been successful in the growth factor/drug delivery, as they can encap-
sulate them within their core shell while protecting it from degradation. Amphiphilic
block copolymers have been used to encapsulate drugs because they form micelles
due to self-aggregation in aqueous medium. Micelles and reverse micelles are
employed in drug delivery applications due to their biocompatible nature and
capability to protect encapsulated agent (Aliabadi and Lavasanifar 2006). Polymeric
micelles have been employed for simvastatin, dexamethasone, and methotrexate
delivery to the bone and have shown great potential in this field (Liu et al. 2013;
Wang et al. 2016; Xu et al. 2018b). Wang et al. reported that a micelle system

Fig. 13.11 Engineered polymeric structures for growth factor/drug delivery. (a) Polymer-drug/
growth factor conjugates, (b) micelles and reverse micelles, (c) nanoparticles, (d) dendrimers, (e)
nanofibers, (f) hydrogels, (g) 3D printed scaffolds
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fabricated from amphipathic poly(ethylene glycol)-block–poly-(ε-caprolactone)
(PCL-PEG) polymer by film dispersion for dexamethasone loading and release
showed relatively long, persistence present in the circulation and preferential accu-
mulation in inflamed joints (Wang et al. 2016). The expression of TNF-α and IL-1β
was significantly reduced in the groups treated with the drug-loaded micelles
compared to the free drug, and the swelling in hind limbs of groups treated with
the drug-loaded micelles was significantly reduced (Fig. 13.12). Micelles have been
decorated with bisphosphonates for the targeted delivery of antibiotics to the bone
(Cong et al. 2015; Kamble et al. 2020). Liposomes have been investigated for the
growth factor/drug delivery to the bone (Metselaar et al. 2003; Park et al. 2007; Mao
et al. 2014; Kroon et al. 2015; Crasto et al. 2016). The introduction of polymers, such
as PEG, to liposomal formulations has provided the strategy to design biologically
inert and safe platform for drug delivery by incorporating characteristics like reduced
interactions with serum proteins, longer blood circulation time, and low immunoge-
nicity. Mao et al. have developed a liposomal formulation showing enhanced
targeted delivery of FTY720, with entrapment efficiency of ~85% (Mao et al.
2014, p. 720).

13.5.1.2 Polymeric Nanofibers
Polymeric nanofiber-based scaffolds have been found to be interesting candidates for
bone repair as they possess ECM-mimicking structure, morphology, and superior
ability to promote osteogenesis (Carbone et al. 2014; Chen et al. 2017). The 3D
network of nanofibers resemble the extracellular matrix and provides a high surface
area for drug loading. Electrospinning technique is a simple and most widely used
technique for the preparation of nano- to microsized fibers. The therapeutic agents

Fig. 13.12 Fabrication and characterization of dexamethasone-loaded micelles. (a) Schematic
representation of drug-loaded micelle formation. (Reproduced with permission from Wang et al.
2016.) (b) TEM images of drug-loaded micelles. (c) Pharmacokinetics of free drug and drug-loaded
micelles. (d) Photographs of hind legs from different treatment groups for swelling observations
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can be incorporated into the interior or the surface of single nanofiber to obtain
sustained drug delivery. Polymeric materials like silk fibroin (Li et al. 2006), PCL
(Martins et al. 2010), chitosan-based (Tao et al. 2020), collagen/PCL, poly(DL-
lactide-co-glycolide) (PLGA) (Lee et al. 2013), PLA (Ding et al. 2013; Cho et al.
2014; Madhurakkat Perikamana et al. 2015), hyaluronan/PLA (Wu et al. 2020),
polycaprolactone (PCL)/gelatin (Wang et al. 2019), PCL/PVA (Mickova et al.
2012), SF/PCL/PVA (Cheng et al. 2019), and poly(L-lactide-co-caprolactone)/colla-
gen/gelatin (Su et al. 2012) have been explored for the delivery of dexamethasone,
BMP-2, BMP-7, VEGF, FGF, alendronate, and other therapeutics in bone regenera-
tion. PLGA/PCL nanofibers were used to deliver FTY720, a targeted agonist of
sphingosine-1-phosphate receptors 1 and 3, and reported to enhance vascularization
and osseous tissue growth in critical-sized bone defects (Das et al. 2013). PEG/PCL-
based nanofibers with core-shell structures have proved to be promising for the
redox-sensitive delivery of BMP-2 to the bone (Gong et al. 2018). In a study,
polydopamine (pDA)-mediated BMP-2 immobilization was carried out on PLA
nanofibers for the guided bone regeneration (GTR) (Cho et al. 2014). The BMP-2
retained their activity on the nanofibers for up to 28 days and showed significant
enhancement in ALP activities and calcium mineralization after 14 days of culture.
These nanofibers showed good osteogenic outcomes at low dose of BMP-2. Another
study reported that the incorporation of alendronate- and BMP-2-mimicking
peptide-conjugated heptaglutamate moiety into mineralized nanofiber fragments of
PLGA/collagen/gelatin nanofibers via calcium chelation resulted in significant
enhancement in new bone formation compared to the unfilled defect control (Boda
et al. 2020). The difference was not significant (alendronate) for single and coloaded
(alendronate and BMP-2-mimicking peptide) bone grafts.

Coaxial electrospinning technique and layer-by-layer (LBL) assembly techniques
have been used to incorporate growth factors/drugs into polymeric nanofibers having
core-shell structure. Core-shell structure of nanofibers provides protection to growth
factors and allows their sustained release. A core-shell SF/PCL/PVA nanofibrous
mat was prepared by coaxial electrospinning, and LBL techniques were used to
incorporate BMP-2 in the core along with the connective tissue growth factor
(CTGF) on the surface of nanofibers (Cheng et al. 2019). These nanofibers provided
coordinated temporal release of BMP-2 and CTGF, and showed increased vessel
formation and improved bone tissue recovery. The transient release of CTGF
resulted in proangiogenic effects on the bone healing, and sustained release of
BMP-2 from these nanofibers showed 43% improvement in bone regeneration
than the only BMP-2 release systems. Although these electrospun nanofibers
mimic of ECM resulted in improved osteogenic outcomes, the smooth surface of
these nanofibers did not mimic the nanotopography of collagen surface found in
ECM, which is important to determine cell responses. Huang et al. investigated the
natural collagen fibers mimicking drug-loaded core-shell nanofibers with hierarchi-
cal nanostructures in bone regeneration (Huang et al. 2020). The BMP-2-loaded
PCL/PVA nanofibers were fabricated by coaxial electrospinning and their surface
was decorated with nanoshish-kebab (SK) structures (Fig. 13.13), which were made
up of nanofiber (shish) and disc-shaped lamellae (kebabs). These structures resulted
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in increased proliferation, attachment, and osteogenic activities of cells. The BMP-2
release from the nanofibers (SK-PCL/PVA-BMP-2) exhibited release kinetics simi-
lar to zero order. The SK-PCL/PVA group resulted in more bone formation
(24.57 � 3.81%) compared to the control group (1.21 � 0.23%). The best results
were obtained in case of SK-PCL/PVA-BMP-2 group (76.38 � 4.13%), which
showed more bone formation compared to PCL/PVA-BMP-2 group
(39.86 � 5.74%), suggesting that the hierarchical nanostructured surfaces on
BMP-2-loaded core-shell nanofibers promoted osteointegration. In another study,
collagen nanofibers were assembled in the pores of electrospun membranes of
VEGF-loaded hyaluronan-PLA to obtain hierarchical micro/nanofibrous membranes
providing the sustained release of VEGF for periosteal regeneration (Wu et al. 2020).

13.5.1.3 Gels/Hydrogels
Hydrogels are interesting candidates as carriers for growth factor/drug delivery in
bone regeneration as they possess ECM-mimicking structure with
3D-interconnected porous networks and provide suitable environment for cell
growth and sustained release of biomolecules/drugs (Bai et al. 2018). Both natural
and synthetic polymers have been investigated as hydrogels or polymeric scaffolds
for bone regeneration applications. Growth factors/drugs can be incorporated into
hydrogels either by noncovalent interactions or covalent bonds to control the release
kinetics. The hydrogel-based scaffolds can be tailored to improve and control
various properties, like porosity, stiffness, drug encapsulation efficiency,

Fig. 13.13 Nanoshish-kebab (SK)-decorated BMP-2-loaded core-shell nanofibers and their role in
bone regeneration. NB represents new bone. (Reproduced with permission from Huang et al. 2020)
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injectability, biodegradation, and stimuli-responsive nature (Bentz et al. 1998; Ham
et al. 2016; Bai et al. 2018; Kim et al. 2020).

Glycosaminoglycans (GAGs) were modified with the pendent aldehyde groups to
tune the degradation of hydrogels and release of growth factors from the matrix
(Wang et al. 2013). The physical properties and release of BMP-2 from pegylated
fibrinogen (PF) hydrogels containing encapsulated BMP-2 protein were controlled
by varying the size and amount of PEG-diacrylate linker (Ben-David et al. 2013).
Comparable PEG/albumin hydrogels were also investigated for BMP-2 release in
bone defects (Kossover et al. 2020) and PVA/heparin-based hydrogels were
prepared with hydrazone linkages for the pH-controlled release of VEGF (Roberts
et al. 2015). Keratin hydrogels were tuned for erosion and controlled delivery of
insulin-like growth factor-α. Mixtures of keratoses and keratein were cross-linked
using disulfide chemistry to control the erosion of hydrogels and control the growth
factor release (Ham et al. 2016). Injectable hydrogels have been explored as
minimum-invasive drug delivery carriers in bone regeneration. Injectable CaSO4/
FGF-18 incorporated within chitin-PLGA hydrogels have been reported for the
sustained release of FGF-18 and almost-complete bone healing of cranial bone
defect (Sivashanmugam et al. 2017). Hydroxypropyl guar-graft-poly(N-
vinylcaprolactam) copolymer was synthesized by graft polymerization to impart
thermoresponsive properties in the hydrogels to control the drug delivery
(Parameswaran-Thankam et al. 2018). Interpenetrating thiolated PEG-diacrylate
hydrogel networks (IPN) incorporated with either polycation-based coacervates or
gelatin microparticles were explored for maintaining the bioactivity and sustained
release of BMP-2 to achieve enhanced skull bone regeneration (Kim et al. 2018c).

Impact of cross-linking chemistry was observed on bone formation and BMP-2
release, and hydrazone cross-linked hydrogels showed higher bone formation than
thiol-Michael cross-linked hydrogels (Paidikondala et al. 2019). Ao et al. reported a
fibrin glue/fibronectin/heparin-based hydrogel as a promising delivery system for
BMP-2 to induce bone formation in calvaria critical-sized defects. The release of
BMP-2 from these hydrogels was largely dependent on degradation (Ao et al. 2020).
Several complex hydrogel-based scaffolds fabricated by incorporating nanoparticles
or nanofibers have been investigated for the growth factor/drug delivery in bone
regeneration. Lee et al. fabricated a patterned scaffold system containing
PCL/gelatin fibers and PEG hydrogel micropatterns using a combination of
electrospinning and photolithography techniques for the controlled and sequential
release of multiple growth factors (Lee and Koh 2014). Firstly, glutaraldehyde-
cross-linked PCL/gelatin nanofibers were fabricated to form electrospun scaffold,
followed by drop casting of PEG-diacrylate and 2-hydroxy-2-methylpropiophenone
(HOMPP) precursors, and placing a photomask array of microwells over them
(Fig. 13.14). The scaffolds were exposed to UV light and unreacted precursors
were removed by washing with water to obtain hydrogel-incorporated patterned
nanofibrous scaffolds. FGF was adsorbed on fibers, while BMP-2 was entrapped in
the hydrogel matrix for the sequential delivery of low doses of FGF initially and
long-time sustained release of BMP-2 to promote osteogenic differentiation of
hMSCs. Injectable hydrogel scaffolds fabricated by encapsulating chitosan
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microparticles as carriers of BMP-9 in VEGF-loaded thermosensitive hydrogels
have also been explored for bone regeneration (Gaihre et al. 2019). The complex
hydrogel system containing methylcellulose and alginate cross-linked with calcium
and loaded with chitosan microparticles showed increased efficiency of loaded
growth factors at the target site and resulted in enhanced osteogenic activities of
hMSCs.

Subbiah et al. developed an injectable microparticle-incorporated hydrogel sys-
tem for VEGF and BMP-2 delivery in a composite injury model (Subbiah et al.
2020). BMP-2-loaded heparin methacrylamide microparticles (HMP) were
incorporated in VEGF-encapsulated Ca-alginate gels. This system containing
VEGF encapsulated in alginate resulted in an early release by day 7, while
maintaining the controlled release of BMP-2 from the HMPs. Although the system
was capable to provide the tunable release of growth factors, the results showed that
VEGF alone was not significant to enhance the bone-healing effects of low-dose
BMP-2 irrespective of simultaneous or tunable release kinetics in a critical compos-
ite injury. Hydrogels hold a great promise so far as the encapsulation and sustained
delivery of growth factors/proteins are concerned but their brittle structure and low
cell infiltration capabilities have created a need to investigate other systems such as
cryogels to overcome these challenges, as they possess highly interconnected
macroporous structures (Kim et al. 2018b; Lee et al. 2020). Polymeric cryogels are
formed at a subzero temperature by lyophilizing the ice crystals during cryogelation
process. Lee et al. developed a double cryogel (DC) system for the dual delivery of
growth factors with different release kinetics. The DC system was fabricated by

Fig. 13.14 Micropatterned hydrogel-nanofiber scaffolds for growth factor delivery in bone regen-
eration. (Reproduced with permission from Lee and Koh 2014)
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surrounding BMP-2-loaded gelatin/chitosan (GC) cryogels with VEGF-loaded gel-
atin/heparin (GH) cryogel (Lee et al. 2020). The DC cryogels exhibited a highly
porous network and the outer layer of DC resulted in the initial release of VEGF to
stimulate angiogenesis and vascularization in the defect, whereas the inner GC layer
led to sustained release of BMP-2 to induce osteogenesis (Fig. 13.15). The sequen-
tial and sustained release of growth factors from the DC gels showed good outcomes
in bone regeneration in critical-sized cranial defect models.

13.5.1.4 3D-Printed Scaffolds
Three-dimensional (3D) printing is currently the most explored technique for the
development of advanced scaffolds with appropriate functions to treat bone fractures
or defects (Wang et al. 2020). The printed scaffolds provide several advantages over
conventional scaffolds, such as customization of shape, pore size, and tunability of
mechanically properties (Kim et al. 2010; Schüller-Ravoo et al. 2011; Bose et al.
2013). The scaffolds closely mimic the multiscale structure of tissues and provide
the local and sustained release of growth factors/drugs. Various additive
manufacturing approaches (AM) including 3D printing, rapid prototyping, solid
freeform fabrication, direct digital manufacturing, selective laser sintering,
stereolithography, and 3D plotting are used to fabricate such scaffolds (Bose et al.
2003, 2018; Chia and Wu 2015; Guvendiren et al. 2016). The advancement in 3D
printing techniques has provided versatile scaffolds with new functions. These

Fig. 13.15 Dual cryogel (DC) system for the sequential release of growth factors. (Reproduced
with permission from Lee et al. 2020.) (a) Fabrication of gelatin/chitosan (GC) cryogel, gelatin/
heparin (GH) cryogel, and double cryogel (DC). (b) Double cryogel (DC) incorporated with BMP-2
and VEGF. (c) Percent release from DC (fabricated using 0.3% w/v chitosan) for 30 days. (d)
FESEM images of DC
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techniques provide precise control over complex pore geometries, size, and inter-
connectivity of pores, thereby providing control over overall mechanical strength of
scaffold and cell infiltration (Bose et al. 2013; Wang et al. 2020). They also provide
flexibility to prepare patient-specific predesigned scaffolds that can match the bone
defect size and geometry (Bonda et al. 2015; Geven et al. 2015). The surface of
scaffolds can be modified and growth factors/drugs can be incorporated by physical
or chemical cross-linking.

Several 3D-printed polymeric scaffolds have been investigated. PCL-based 3D
architectures were prepared through 3D plotting and wet spinning, and loaded with
BMP-2/9 to investigate the effect of scaffold architecture on growth factor delivery
and bone regeneration. The result indicated that the architecture did not affect the
release kinetics (BSA) but the proliferation and osteogenic differentiation of MSCs
(Yilgor et al. 2010). The 3D-printed alginate scaffolds cross-linked using CaCl2 and
incorporating BMP-2-loaded gelatin microspheres were investigated and these
tissue-engineered bioprinted constructs were found effective in promoting osteo-
genic differentiation in vitro and in vivo through controlled release of BMP-2
(Poldervaart et al. 2013). The internal vascularization of scaffolds with high
osteoinductive properties closely mimicked the bone developmental stage. Using
this approach, Yan et al. investigated a 3D-printed biodegradable scaffold fabricated
using layer-by-layer assembly technique for the control release of deferoxamine
(DFO) (Yan et al. 2019), which is an iron chelator and used as a hypoxia mimic to
induce vascularization of scaffolds and activate HIF1-α, resulting in the activation of
proangiogenic gene cascades. It may also induce osteogenic differentiation of
preosteoblast cells. The 3D-printed PCL scaffolds were modified with amine groups
followed by carboxymethyl chitosan (CCS) and loaded with DFO, as shown in
Fig. 13.16. These scaffolds showed high biocompatibility and mechanical properties
matching the cancellous bone, promoted vascularization, and enhanced bone forma-
tion at the defect site. Several other 3D-printed PEG, PCL, and PLA scaffolds have
been developed for the controlled/sustained release of growth factors and drugs and
showed promising outcomes in bone regeneration (Li et al. 2018; Kim et al. 2018a;
Kondiah et al. 2020; Yao et al. 2020).

The 3D-printed scaffolds have been employed for the dual delivery of growth
factors and/or drugs. Teotia et al. fabricated alendronate (ZA) and BMP-loaded 3D
scaffolds using layer-by-layer solidification of photo-cross-linkable poly
(trimethylene carbonate) resin containing high ratio of ceramics. Next, the scaffolds
were filled with microporous cryogels to enhance the overall surface area that
resulted in the enhancement in overall surface area for cell infiltration. Their studies
indicated the potential application of BMP and ZA-loaded 3D-printed scaffolds in
critical-sized long bone and cranial defect healing (Teotia et al. 2020). Wang et al.
have investigated the dual delivery of angiogenic and osteogenic peptides using
cryogenic 3D printing of scaffolds (Wang et al. 2021). The scaffolds were fabricated
by cryogenic 3D printing of osteogenic peptide containing water/PLGA/emulsion
and β-tricalcium phosphate, followed by surface coating of angiogenic peptides.
They showed hierarchical porous structure that was mechanically comparable to
cancellous bone. Improved angiogenesis and osteogenic effects were obtained due to
the quick release of angiogenic peptide and sustained release of osteogenic peptide.
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13.5.2 Stimuli-Responsive Delivery Systems

Polymer science and engineering has enabled scientists to overcome challenges
associated with the polymeric biomaterials in biomedical applications. Advancement
in this field has led to the design and development of a new class of polymers that
changes their physical and/or chemical properties when exposed to an external
stimuli (Hoffman 1995; Wei et al. 2017). These smart/intelligent/stimuli-responsive
polymers have been explored for on-demand growth factor/drug in bone regenera-
tion. Such polymers respond to change in pH (Kocak et al. 2017), temperature
(Doberenz et al. 2020), magnetic field (Manouras and Vamvakaki 2017), and the
presence of specific biomolecules (Xu et al. 2018a). The stimuli-responsive elements
included in the delivery systems often mimic natural conditions (Korde and
Kandasubramanian 2019). Various polymeric materials in combination with other
materials have been engineered to provide smart drug delivery systems as per the
requirements. Usually a sensitive/stimuli-responsive moiety is incorporated in poly-
meric backbones. Different types of smart polymeric systems under investigation for
growth factor/drug delivery in bone tissue engineering will be discussed in this
section.

13.5.2.1 pH Responsive
The polymers containing acidic or basic moieties are capable of accepting or
releasing protons in response to the change in pH and, therefore, considered as

Fig. 13.16 Deferoxamine (DFO) loading on the surface of 3D-printed PCL scaffold and its effect
on bone regeneration (reproduced with permission from Yan et al. 2019). (a) Fabrication of
DFO-loaded PCL scaffolds by surface aminolysis and layer-by-layer assembly of carboxymethyl
chitosan (CCS). (b) Chemical structure of DFO and CCS. (c) The angiogenic and osteogenic effects
of PCL-DFO scaffold. (d) The mechanism of bone regeneration promoted by DFO in mesenchymal
cells (MSCs) and vascular endothelial cells (ECs)
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pH-responsive polymers (Kocak et al. 2017). Such materials are used in drug
delivery applications. The accumulation of lactic acid at the fracture site due to
interrupted blood supply may result in low pH (Zhang et al. 2017) and prolonged
inflammatory responses due to the bone diseases, such as rheumatoid arthritis and
infection, may also alter the pH of bone tissue. The resorption by osteoclasts also
creates an acidic microenvironment (Arnett and Dempster 1986). Consequently,
pH-responsive growth factor/drug delivery can be employed in such conditions.
Various polymers, gels/hydrogels, microparticles, and polymeric coatings with
pH-responsive functional groups and/or linkages have been investigated. Chitosan
is among the most extensively investigated polymer because chitosan-based
materials show pH-responsive properties due to the presence of free amine groups
in the polymer structure. The noncovalent interactions with the functional groups of
chitosan facilitate the loading of growth factors and drugs.

Mesocellular foam-based nanocarriers were fabricated by cross-linking
glycidoxypropyltrimethoxysilane (GPTMS) with N-carboxymethyl chitosan for the
pH-sensitive release of BMP-2, while maintaining its bioactivity (Gan et al. 2015b).
Chitosan (Chi)-coated mesoporous silica nanoparticles (MSNs) were developed for
the dual delivery of BMP-2 and dexamethasone and it resulted in significantly
increased osteoblastic differentiation in vitro and in vivo (Gan et al. 2015a). The
drug was loaded into the hydrophobic nanochannels of MSNs, which were coated
with chitosan and cross-linked using GPTMS, followed by the physical coating of
BMP-2 on chitosan surface (Fig. 13.17). BMP-2 was released immediately from the

Fig. 13.17 (a) Dexamethasone/BMP-2@chi-MSNs synthesis for the controlled release of BMP-2
and pH-sensitive drug release. (b, c) TEM and HRTEM images of MSNs. (d, e) TEM and HRTEM
images of chi-MSNs. (f) In vitro release profiles of BMP-2. (g) In vitro release profiles of drug.
(Reproduced with permission from Gan et al. 2015a)
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surface of chitosan-MSNs (Chi-MSNs), whereas the drug was released after the
endocytosis in cells. The low pH value resulted in change in the dispersing states of
chitosan due to the protonation of amino groups; thus, resulting in the drug release
into the cytosol. Luca et al. investigated the chitosan and hyaluronic acid-based
hydrogels for BMP-2 delivery and observed that the nature of carrier and formula-
tion pH influences the formation of bone volume and quality (Luca et al. 2010).
Polyelectrolyte multilayer (PEM) systems have been explored as pH-responsive
systems. PEM systems fabricated using layer-by-layer deposited poly(β-aminoester)
(PBAE) and chondroitin sulfate (CS) for BMP-2 release resulted in enhanced
preosteoblast differentiation than free BMP (Macdonald et al. 2011). In another
study, combined VEGF and BMP-2 release resulted in 33% higher bone density in
the de novo bone compared to BMP-2 alone (Shah et al. 2011). Poly-L-lysine (PLL)/
hyaluronic acid (HA) PEMs also released BMP-2 (Crouzier et al. 2011) while
preserving its secondary structure in films (Gilde et al. 2012), and hydrated and
dry coatings on Ti surfaces (Guillot et al. 2013). The BMP-2 adsorbed on anodized
Ti surface followed by poly-L-histidine and poly(methacrylic acid) coatings on it
showed high levels of protein release over several months while preserving its
bioactivity (Salvi et al. 2016). The protection of growth factors and maintaining
the concentrations in therapeutic window are critical to obtaining the desired
outcomes. Polymeric nanocapsules protecting internally loaded growth factors for
pH-sensitive release have been reported (Yan et al. 2010; Tian et al. 2016).

Deng et al. reported 3D-printed polyetheretherketone (PEEK) scaffolds for
pH-responsive delivery of Ag+ for in vivo antibacterial activity and Ca2+ release
for bone in growth and osseointegration in infective bone defects (Deng et al. 2020).
The Ag/apatite-integrated PEEK scaffolds were prepared by multilayer coatings of
polydopamine (pDA), silver nanoparticles (AgNP), and apatite. In presence of acidic
conditions, the solubility of apatite increased; thus, enhancing the delivery of Ca2+

and PO4
3� ions, resulting in osteoinduction. The calibrated release of Ag+ with these

ions provided a synergistic antibacterial and osteogenic local environment and the
attachment of bacteria to the implant surface resulted in the production of lactic or
acetic acid, leading to a pH reduction; thus, providing the stimulus for ion release.

13.5.2.2 Temperature Sensitive
Thermoresponsive polymeric materials modulate their properties in response to
change in temperature. Such hydrogels are promising in tissue engineering
applications as they can show sol-to-gel conversion and change in their swelling
and degradation behavior when subjected to a temperature change.
Thermoresponsive polymers and cross-linkers allow injectability and in situ gelation
of hydrogels. Most thermoresponsive polymers used in tissue engineering
applications have lower critical solution temperature (LCST) (Schild and Tirrell
1990; Klouda 2015) and form hydrogels on increasing the temperature. Polymers
like chitosan, poly(polyethylene glycol citrate-co-N-isopropylacrylamide) (PPCN),
hydroxypropyl guar-graft-poly(N-vinyl caprolactam) (HPG-gPNVCL), PCL, poly
(ε-caprolactone-co-1,4,8-trioxa-[4.6]spiro-9-undecanone)-poly(ethyleneglycol)-
poly(ε-aprolactone-co-1,4,8-trioxa[4.6]spiro-9-undecanone)(PECT), poly
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(ε-caprolactone-co-lactide)-b-poly(ethyleneglycol)-b-poly(ε-caprolactone-co-
lactide), poly(NIPAM-co-DMAEMA), and cellulose have been investigated as
thermoresponsive systems for growth factor and drug delivery in bone regeneration
(Liu et al. 2014; Morochnik et al. 2018; Müller et al. 2018; Parameswaran-Thankam
et al. 2018; Chen et al. 2019; Gaihre et al. 2019; Maturavongsadit et al. 2020).

The macroporous hydrogels show good cell penetration but often lead to rapid
burst release of drugs. Dexamethasone-glycidyl methacrylated dextran (Dex-GMA)/
gelatin scaffolds containing microspheres loaded with BMP have been used for
temperature-sensitive release (Chen et al. 2007). The incorporation of microspheres
into hydrogels resulted in the sustained release. The thermoresponsive properties of
matrix provided control over the growth factor/drug release. Besides growth factor
delivery, the most challenging task in this field is to design and develop smart and
minimally invasive scaffolds for irregular bone defects. Stimuli-responsive shape
memory scaffolds/hydrogels have provided a solution to this problem. Liu et al.
developed a PCL and hydroxyapatite-based porous scaffold loaded with BMP-2 that
can be compressed to a small volume using hot compression, which can subse-
quently regain its original shape at body temperature. These scaffolds showed
controlled release of BMP-2 and promoted new bone formation on implantation in
rabbit mandibular bone defects (Liu et al. 2014). Gaihre et al. developed an
injectable scaffold by using the combination of chitosan microparticles (MPs) with
thermoresponsive methylcellulose (MC) gels loaded with BMP-2 and VEGF. MPs
were loaded with BMP-9 and incorporated in the gel, whereas VEGF was introduced
within the gel matrix (Fig. 13.18). The temperature-sensitive gelation at physiologi-
cal temperature resulted in an injectable growth factor delivery system. The release
of VEGF from these scaffolds was higher compared to BMP-9. The BMP-9-VEGF-
loaded MP gels significantly enhanced the subcutaneous and cranial bone formation
as observed from the micro-CT images at 6 and 12 weeks of implantation (Gaihre
et al. 2019).

Kim et al. developed poly(ε-caprolactone-co-lactide)-b-poly(ethylene glycol)-b-
poly(ε-caprolactone-co-lactide)- and O-phosphorylethanolamine-conjugated algi-
nate hydrogels that can transform to hydrogels at physiological temperature
(37 �C) (Kim et al. 2020). The thermoresponsive property of these bioconjugates
enabled their subcutaneous administration as sols at lower temperature into the
dorsal region of Sprague-Dawley rats and in situ hydrogel formation at 37 �C.
These in situ hydrogels demonstrated the sustained release of BMP-2 and biominer-
alization in in vitro and in vivo. Thus, thermoresponsive hydrogels hold potential as
injectable drug delivery carriers in bone regeneration.

13.5.2.3 Biomolecule Sensitive
Biomolecules, such as enzymes, play important roles in the biological activities of
bone and other tissues with injury or disorders. Matrix metalloproteinases (MMPs)
are found at the injury site and play a crucial role in ECM remodeling. A provisional
fibrin-rich matrix containing growth factors is formed by platelets, neutrophils, and
macrophages after the injury. It is degraded by MMPs and growth factors regulate
vascularization and tissue regeneration in that region (Ravanti and Kähäri 2000).
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MMP expressions are found to be high in bone and cartilage under several patho-
logical conditions, like rheumatoid arthritis, osteoporosis, infection, and osteoarthri-
tis. Enzyme-sensitive biomaterial matrix has been developed for the on-demand
release of growth factors and drugs. Lutolf et al. synthesized a MMP-sensitive
BMP-2-loaded PEG-based hydrogel to regenerate bone within an orthotopic
model (Lutolf et al. 2003). The proteolytic degradation of gels by MMP-2 resulted
in 100% BMP-2 release, which was only 10% in saline, demonstrating that the
release kinetics was degradation dependent. These BMP-2-loaded MMP-sensitive
hydrogels improved the bone-healing outcomes in comparison to hydrogels without
MMP-sensitive activities or without BMP-2.

MMP-sensitive BMP-2-loaded polymeric delivery vehicles were fabricated using
thiol-ene chemistry and showed improved bone formation in critical-sized bone
defects in comparison to adsorbable collagen sponge (Mariner et al. 2013). In
another approach, MMP-sensitive difunctional peptides were used for cross-linking
maleimide-modified hyaluronic acid polymers to fabricate hydrogels capable of
protease-mediated degradation and BMP-2 release (Holloway et al. 2014). BMP-2
release from these hydrogels increased with a decrease in cross-linking density of
polymers or an increase in collagenase concentration. BMP-2-loaded hyaluronan

Fig. 13.18 Thermoresponsive MP gels for BMP-2 and VEGF delivery (reproduced with permis-
sion from Gaihre et al. 2019). (a) Fabrication of MP gels. (b) Thermoresponsive sol-to-gel
conversion. (c) BMP-2 and VEGF release from MPs gel scaffolds. (d) Micro-CT analysis of cranial
defects of rats after 6 and 12 weeks
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hydrogels covalently linked with bisphosphonate (BP) ligands have been
investigated for proteolytic degradation-mediated enzyme-responsive release of
BMP-2 (Hulsart-Billström et al. 2013). These hydrogels exhibited less than 10%
BMP-2 release over 2 weeks and preserved its bioactivity, resulting in the induction
of osteogenic differentiation. Chondroitin sulfate and PEG-based hybrid hydrogel
system were incorporated with MMP-sensitive lysine peptides for MMP-sensitive
degradation leading to tunable BMP-2 release and increased osteogenic activities
(Anjum et al. 2016).

Polymeric nanocapsules have emerged as another interesting candidate for
enzyme-sensitive release of growth factors. BSA-based nanocapsules have been
reported for the enzyme-responsive release of VEGF (Wen et al. 2011; Qi et al.
2019). Qi et al. reported the effectiveness of enzyme-responsive release of BMP-2
from systematically administered polymeric nanocapsules for promoting bone
regeneration (Qi et al. 2019). The monomer 2-(methacryloyloxy)ethyl
phosphorylcholine (MPC) and the MMP-sensitive bisacryloylated VPLGVRTK
peptide along with BSA were used for the fabrication of these capsules by in situ
free radical polymerization method in presence of ammonium persulfate (APS) and
10% N,N,N0,N0-tetramethylethylenediamine (TEMED) (Fig. 13.19). These nano-

Fig. 13.19 MMP-sensitive polymeric nanocapsules for BMP-2 delivery at the fracture site.
(Reproduced with permission from Qi et al. 2019.) (a) BMP-2-loaded nanocapsule formation and
cleavage of MMP-sensitive peptide linker by MMPs. (b) ALP activities of MSCs incubated with
native BMP-2 and n(BMP-2) (****P < 0.0001). (c) Alizarin red staining to visualize calcium
nodule accumulation in MSCs at 21 days. (d) In vivo fluorescence images of tibial injury. (e)
BMP-2 and n(BMP-2) distribution in main tissues and the tibial injury site after intravenous
injection of native BMP-2 and n(BMP-2). (f) Semi-quantitative analysis of the bone tissue volume
per total tissue volume (BV/TV) after 2 weeks of therapy (**P < 0.01, ***P < 0.001)
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BMP capsules (n(BMP)) retained the structure and function of BMP-2 during the
circulation time (~48 h) and accumulated at the fracture site through malformed
blood vessels. The accumulation of native BMP-2 was very less, as they were
rapidly eliminated (~30 min) from the circulation. It was due to the reduced
adsorption of serum proteins on nanocapsules that the uptake by macrophages
decreased in comparison to native BMPs. At the fracture site, the degradation of n
(BMPs) by MMPs led to the release of BMP-2, resulting in efficient repair of bone.
The in vitro studies showed increased ALP activities and calcium deposition at
21 days suggesting the efficiency of these nanocapsules in growth factor release. The
biodistribution of native BMP and n(BMP) showed that the nanocapsules reduced
the elimination of BMP-2 by liver, spleen, and kidney and in vivo studies showed
significantly increased bone formation by n(BMP). Overall, these nanocapsules
provide a promising approach for the systemic delivery of growth factors for fracture
healing.

Beside enzymes, glucose has been used as a stimulus for the growth factor
delivery. Xiao et al. developed glucose-sensitive core cell nanofibers for BMP-2
release to treat mandible defects in diabetic rats (Xiao et al. 2019). The inner core
layer of fibers was formed using BMP-2-loaded polyethylene oxide, whereas the
outer shell layer comprised of polyvinyl alcohol (PVA) cross-linked N-(2-hydroxyl)
propyl-3-trimethylammonium chitosan chloride (HTCC). The immobilization of
glucose oxidase on these nanofibers imparted glucose sensitivity to the material. It
reacts with glucose and converts it into gluconic acid resulting in a decreased
pH. HTCC can sense the pH, leading to swelling or shrinkage of the matrix for
growth factor release.

13.5.2.4 Redox Responsive
Reactive oxygen species (ROS) are generally produced during inflammation in
response to the immune system against the pathogenic microbes and foreign agents
(Kim and Wong 2013). Elevated levels of ROS have been detected in bone-related
disorders, leading to tissue damage and impaired healing (Porto et al. 2015).

Redox-responsive systems have been investigated for the growth factor/drug
release in bone tissue engineering. A study reported that injectable hydrogels
fabricated from thiolated PEG precursors via disulfide bond were able to release
the bioactive molecules upon encountering a reductant, such as glutathione (GSH).
GSH is commonly present in the ECM and secreted in excess, when the level of ROS
becomes high at the injury microenvironment. These hydrogels were able to provide
sustained release of BMP-2, resulting in an increased ectopic bone formation (Yang
et al. 2014). Gong et al. fabricated redox-sensitive poly(ethylene oxide) (PEO)-PCL
nanofibers with a core-shell structure for BMP-2 delivery in the bone defect (Gong
et al. 2018). PEO loaded with BMP-2 forms the inner core region of the nanofiber,
whereas 6-arm PEG-PCL/6-arm PEG-PCL-sulfhydryl nanogels (c-6A PEG-PCL/6A
PEG-PCL-SH NGs) containing disulfide linkages form the outer shell of the
nanofibers. The outer shell of nanofibers responds to GSH concentration leading to
nanogel degradation and increased permeability of shell, resulting in the release of
BMP-2 from the inner core region in vitro and in vivo (Fig. 13.20). BMP-2 release
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from the inner core of nanofibers increased with an increase in GSH concentration-
10 μM, 0.1 mM, and 1 mM GSH, which resulted in 13 � 1.5, 55 � 2.5, and
90 � 2.9% of BMP-2 release after 48 h of incubation. The redox switched behavior
of nanofibers was monitored by incubating in GSH for 8 h, PBS for 8 h, and GSH for
four cycle tests, and resulted in a sharp increase in BMP-2 concentration in GSH and
slight increase in PBS for all cycles. The nanogels released 10% � 3.2% BMP-2
after four cycles, whereas the cumulative release from the PCL/NG/BMP-2 NF was
observed to be 94.5 � 2.19%.

13.5.2.5 Magnetic/Electromechanical/Light Responsive
The polymeric biomaterials have been incorporated with external physical stimuli,
like magnetic field, electric field, light, mechanical strain, and ultrasound, to
remotely trigger the release of therapeutic payloads (Bansal and Zhang 2014;
Linsley et al. 2015; Manouras and Vamvakaki 2017; Wang et al. 2018; Madani
et al. 2020; Lanier et al. 2020). A study reported near-infrared (NIR) light-triggered
release of Sr2+ ions from PLGA loaded with SrCl2 and black phosphorous

Fig. 13.20 Redox-sensitive BMP-2 release from nanofibers with core-shell nanostructure.
(Reproduced with permission from Gong et al. 2018.) (a) Fabrication of nanogel-in-nanofiber
device via coaxial electrospinning and redox-responsive release of BMP-2 mediated via outer
shell degradation. (b) Release profiles of BMP-2 from the nanofibers at different concentrations
of GSH. (c) BMP-2 release from nanofibers on increasing GSH at fixed intervals
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(BP) nanosheets for excellent bone regeneration capabilities (Wang et al. 2018). BP
was incorporated in BP-SrCl2/PLGA microspheres for the NIR-responsive behavior.
The rapid increase in local temperature by NIR radiation leads to an increase in glass
transition temperature (Tg) of PLGA, causing the collapse and cracks in
microspheres, resulting in Sr2+ release. Magnetically responsive two-compartment
biomaterial systems were investigated for on-demand control over sequential deliv-
ery of BMP-2 and SDF-1α to optimize the bone regenerative outcomes (Madani
et al. 2020). The two-compartment biomaterial consisted of an outer compartment
made-up of hollow cylindrical gelatin gels (outer diameter of scaffold: 12 mm) and
inner compartment made-up of 8 mm alginate ferrogels (Fig. 13.21). The outer
compartment was loaded with SDF-1α and inner compartment with BMP-2. The
release of SDF-1α from outer compartment resulted in the recruitment of cells,
whereas the release of BMP-2 from inner compartment was magnetically controlled.
This system was capable of releasing BMP-2 in a delayed manner in response to
magnetic field applied; thus, providing a control over the timing between bone
progenitor recruitment by SDF-1α and release of BMP-2 for osteodifferentiation.
The ALP activities of cells provided with delayed release of BMP-2 at 14th day were
significantly higher than that of cells with immediate release of BMP-2 and control,
suggesting the potential of this system in bone regeneration.

Fig. 13.21 Magnetic stimuli-responsive delivery of BMP-2 and SDF-1α from two compartment
hydrogel system to recruit mouse mesenchymal stem cells (mMSCs). (Reproduced with permission
from Madani et al. 2020.) (a) Images of two compartment magnetic-responsive gels. (b) Cumula-
tive SDF-1α release from outer compartment of gel. (c) Magnetically triggered delayed delivery of
BMP-2 from inner compartment of gels and its effect on 2D cell culture at 14 days. (d) ALP
activities at 14 days. **Indicates statistically significant difference ( p < 0.01)
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13.6 Conclusions

Polymeric materials and nanomaterials fabricated from both natural and synthetic
polymers have been employed as drug delivery carriers to enhance bone regenera-
tion. Advancement in polymer engineering has resulted in the development of
diverse polymeric structures and smart drug delivery systems capable of tunable
local delivery of growth factors/drugs to the defect site along with providing an
ECM-mimicking structure to support cell growth and infiltration to enhance the
osteogenic outcomes. Growth factor/drug-loaded polymeric systems, like polymer-
drug bioconjugates, nanoparticles, microparticles, micelles, nanofibers, hydrogels,
polymeric scaffolds, multicomponent polymeric systems, and 3D-printed scaffolds,
have shown promising results both in vitro and in vivo. The smart polymeric systems
have been also used for the on-demand release of growth factors/drugs upon
exposure to a stimulus. Advanced drug-loading techniques, like core-shell
nanofibers, microparticles in hydrogel systems, and layer-by-layer loading, have
been employed using different polymer-based systems to control the drug concen-
tration and release kinetics. Dual/multiple bioactive factors and their sequential
release have been investigated in order to mimic the natural microenvironment and
phases of bone healing. Although multifunctional growth factor/drug carriers have
been developed to overcome the challenges associated with bone regeneration, the
design and development of a carrier mimicking the natural bone healing remains a
challenge. Bone healing is a complex process that requires the involvement of
multiple bioactive molecules at various phases of healing and, therefore, it is highly
desirable to investigate multifunctional and multiresponsive hybrid materials mim-
icking the bone-healing process to overcome the challenges of bone regeneration.
The stability and cost of growth factors also remains another major concern and,
therefore, several combinations of angiogenic and osteogenic factors/drugs should
be investigated using the biomaterials that can enhance the osteogenic outcomes
while reducing the side effects of drugs by providing the controlled/sequential and
sustained release. Difference in size and structure of grafts required for different
patients or fracture sites require patient-specific customized grafts. Multifunctional
and multiresponsive 3D-printed scaffolds must be investigated further for desired
outcomes in bone regeneration.
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Surface Engineering of Polymeric Materials
for Bone Tissue Engineering 14
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Abstract

Bone substitutes are under constant research since decades due to persistent cases
of accidental trauma, aging, sports injuries, and surgical interventions affecting
quality and length of human life. A bone has a vascular matrix with hard
connective tissues and serves as exoskeleton for protecting visceral organs of
the body. It possesses regenerating potential throughout the life of an individual
and plays a key role in the production of blood cells, locomotion, and providing a
posture and aesthetic look to the body. Delay and failure of the self-repair process
in large bone defects necessitate the understanding of cell–matrix interactions
required for tissue formation. Compliance and health issues associated with
autologous bone graftings like pain, shortage of donor site, and limitation of
special shape and multiple surgeries have motivated the search for artificial bone
substitute. One such attempt being made is the development of artificial extracel-
lular matrix (ECM) for bone growth. These porous matrices act as templates for
cell attachment, proliferation, and differentiation of cells, and organize them into
functional tissues. The chapter covers the strategies involved in the development
and engineering of extracellular matrix which can elicit new bone formation on
the target site avoiding unnecessary complications.
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14.1 Introduction

Bone serves as a strong framework of the body that not only assists in locomotion
and protection of visceral organs but also produces multiple progenitor blood cells
and helps in homeostasis by storing Ca and P ions. Bone diseases account for more
than half of the population above 50 years of age (Chahal et al. 2019). Despite the
inherent healing tendency of natural bone large segmental bone defects aroused due
to bone tumor resection, accidental injuries and aging cannot be accomplished
without any assistive therapy, which may involve surgical intervention and implan-
tation. Right from earlier century, materials such as wood, corals, shells, and several
metals (gold, silver, and amalgam) were used to correct defects arising from missing
human aesthetic and functional parts such as teeth and bones; however, alternative
materials of ancient times were mostly bioinert (biologically inert) and interacted
less with the surrounding tissues. The materials were even toxic to humans.
Complications that arose due to microbial infections or implant failure resulted in
compliance issues affecting quality and length of life.

Though autologous grafting is regarded as the gold standard of treatment but
morbidity, lack of desirable shape and size of bone is one of the major challenges
(Qu et al. 2019). This creates the need for artificial bone substitute which can sustain
cyclic load in dynamic conditions without undergoing fatigue failure. Unlike infinite
loading cycles exhibited by native tissue, artificial substitutes have limited life and
start to deteriorate with respect to environmental changes, time, and repeated stress;
hence, a search for a strategy which can fill the gap with the natural counterpart by
engineering the extracellular matrix with/without assistance of biochemical and
biomechanical signals and harvested cells became a possible hope and a thrust
area for research in the field of bone tissue engineering. Degradable polymer matrix
with cell proliferation ability can be the best susceptible technique for the growth of
natural bone tissue that can restore the lost one by allowing the growth of natural
tissue construct. These matrices behave as temporary biological scaffold or growth
template which allow the cell to crawl and proliferate through the mechanical
framework and integrate into functional tissue (Hasan et al. 2017). Scaffold directs
the growth of new bone cells, promotes angiogenesis, and invokes attachment of
cells to nearby intrinsic tissues followed by degradation. The main aim behind bone
scaffold is to mimic the structural and mechanical properties of cancellous bone as
close as possible. An ideal scaffold must be (a) bioresorbable/biodegradable;
(b) good mechanical and chemical properties and stability; and (c) good adhesion,
migration, and differentiation capability with the cells. It must also possess optimum
pore size and interconnected pore morphology to allow proper diffusion of nutrients
and metabolites, synchronized degradation with growing tissues, nontoxic degrada-
tion product, sterilizable, and good mineralization tendency. Since last decades
biodegradable natural-based polymers (collagen, silk, alginate, chitosan, hyaluronic
acid) and synthetic polymers (poly(lactic acid): PLA, poly(glycolic acid): PGA, poly
(lactic-co-glycolide): PLGA, poly(e-caprolactone): PCL, polyhydroxyalkanoates:
PHA) are widely been studied for exploring an ideal biomedical substitute. These
polymer matrices are modified in various ways to further improve the properties and
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overcome the shortcomings to be best suited as a tissue engineering construct. The
modification may range from surface functionalization, processing methods to
hybridized composites. Some of the recent trends involve the application of conduc-
tive polymers (CPs), inducerons (signaling molecules), and mechanical signals
(elastic polymer networks such as hydrogels) for three-dimensional (3D) bone tissue
engineering construct.

A bone structure has a complex hierarchy ranging from components in macro- to
nanoscale. It consists mainly of hydroxyapatite (HA) and collagen which accounts
for a total of 95% of bone mass in dry conditions. The inorganic minerals present in
bone such as calcium, phosphate, carbonate, and hydroxyl salts also increase the
mechanical strength and osteoconductivity of the bone. The organic component
consists of interwoven collagen fibers within a hydrated network of
glycosaminoglycans (GAG) chains. The structure acts as a frame and provides
mechanical strength to the network fibrils. The stoichiometric composition of natural
biological apatites varies due to the presence of certain amounts of impurities such as
Mg2+, Na+, Cl�, K+, F�, and Zn2+ in the human body. The human skeleton has HA
as its major inorganic component. It has two types of bones: (1) Compact bone and
(2) trabecular or spongy bone. Compact bone is densely hard solid with some groves
for Haversian canals, osteons, and lamellae. It accounts for 80% of the total bone
mass of human skeleton and provides a smooth, white, and solid look to the bone; on
the other hand, trabecular bone has interconnected porous network and possesses a
high surface-to-bone ratio. Compact bone is stiffer and more robust in longitudinal
than transverse section and has 20% higher compressive strength as compared to
cancellous bone. Cancellous bone has a compressive strength in the range of
2–12 MPa and elastic modulus of 0.05–0.5 GPa. The mechanical strength of
cancellous bone depends upon the distribution of trabeculae. Mechanical properties
of bone vary with respect to age and body part and have anisotropic Young’s
modulus and yield strength (Fig. 14.1).

14.2 Biological Response to Implanted Biomaterial

The body response to implanted biomaterials starts with a cascade of immunological
reactions which begins with initial stage of protein adsorption. Surface properties are
one of the factors which govern protein adsorption on the matrix. Modifying the
surface chemistry of a material results in different protein expression profiles and
cytokine responses. Conformational changes in localized proteins at biomaterial
interface result in exposure of some masked domains or epitopes, which can then
be recognized by immune cells resulting in variation in immunological responses
(Chen et al. 2016). Low molecular proteins are first to get attached to the surface
followed by one with high molecular weight. Blood proteins such as fibrinogen,
fibronectin, vitronectin, and complement system get adsorbed on surface of
biomaterials within few seconds forming a transient surface matrix. Activation of
complement system and signaling cascade is followed by thrombus formation and
activation of other cell populations (Chen et al. 2016). Factor XII (Hageman Factor)
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and high MW kininogen are the key components triggering thrombus formation.
Blood material i+nteraction also triggers inflammatory response with the release and
activation of neutrophils or (PMNs). With an effort to degrade the material, poly-
morphonuclear leucocytes (PMNs) release proteolytic enzymes and reactive oxygen
species (ROS) which may corrode or erode a part of material. Though disappearance
of PMNs from implantation site within the first 2 days occurs as a result of apoptosis,
mast cell degranulation continues to release inflammatory cytokines and histamines
which further escalates the immune response (Schindler et al. 2007). Chemokines
and chemoattractants recruit the monocytes to implant surfaces where they differen-
tiate themselves into macrophages. These macrophages phagocytize particles
released from biomaterial interface; if the particle size is greater than the optimum
size for engulfing, the macrophages coalesce to form foreign body giant cells
(FBGC) to remove the particulate antigen. These macrophages are classified into
M1 and M2 phenotypes based on surface markers. M1 macrophages are known as
proinflammatory macrophages that appear during initial response and secrete inflam-
matory cytokines; however, activated M2 macrophages govern late stages of the
tissue repair process, leading to the formation of either new bone or fibrous capsule,
by secretion of relevant cytokines (Mills et al. 2000). There is switching between M1
and M2 macrophages during the entire healing process (Mosser and Edwards 2008).
The switching pattern decides the acceptance or rejection of implants or suitability of

Fig. 14.1 Methodology involved in surface engineering of polymers
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biomaterial for cellular proliferation or fibrous encapsulation. Excessive switching of
M1 leads to prolonged inflammatory response, while excessive switching of M2
leads to a scar or delayed wound healing response. Hence, there exists a balance and
synchronized switching pattern between the two phenotypes for proper tissue
regeneration.

14.3 Fabrication-Based Surface Engineering

14.3.1 Electrospinning

Electrospinning is a technique of fabricating fibrous nonwoven mat of polymer
solution with fiber diameter in the nano range. It is a solution-based approach and
relies on the electrostatic repulsion between surface charges to form nanofibers. The
technique involves extrusion of viscoelastic polymer through a stainless-steel needle
under high voltage. A variety of natural and synthetic biomaterials can be aligned
into fibrous architecture resembling natural extracellular matrix (ECM) such as
chitosan, collagen, PVA, and PLA. They also mimic the biological function of
ECM and acts as template for cell proliferation and differentiation (Bianco et al.
2009). Cell morphology, attachment tendency, function, and physiological response
depend on the composition and topology of nanofibers. High aspect ratio nanofillers
such as cellulose nanocrystals (CNC), carbon nanotube (CNT), and silver nanorods
can easily be aligned during electrospinning giving the product superior mechanical,
electrical, and thermal properties. The properties of electrospun composite largely
depend upon the nature and concentration of filler used. Electrospun fabrics
incorporated with bioresorbable and bioactive fillers account for higher cell prolifer-
ation and differentiation (Okamoto and John 2013). The electrospun mat of poly
(3-hydroxybutyrate-co-3-hydroxyhexanoate)/silk supported differentiation and pro-
liferation of human umbilical cord-derived mesenchymal stem cells (hUC-MSC)
(Ling et al. 2020). Consistent release of vitamin D3 for 30 days was observed from
PCL/Gel/nanoHAp/D3 composite electrospun mat and demonstrated synergistic
response of nanoHA and D3 in mineralization, osteoconductivity, and differentiation
of stem cells (Sattary et al. 2019).

14.3.2 3D Printing

It is a computer-aided fabrication technology, which can make objects achieve rapid
and seamless transition between a computer model and the physical product. It is a
highly precise way of fabricating scaffolds with controlled pore size and pore wall
thickness. Various methods and printing materials are used in conventional AM,
such as stereolithography (SLA), fused deposition modeling (FDM), selective laser
sintering (SLS), power-based 3D printing, 3D printing, extrusion deposition, and 3D
bioprinting. There exists very fewer differences between 3D printed and CT imaged
model. It promotes enhanced productivity in a cost-effective way. 3D bioprinting
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technology has an edge over other fabrication technologies. It incorporates cells,
growth factors, and biomaterials all together as bioink in a printer cartridge and
proceeds by layer-by-layer deposition approach to generate tissue-like three-dimen-
sional construct. It uses photopolymerization to crosslink deposited ink layer
according to a computer design program. The technique has accuracy in the con-
struction of complex geometries of both hard and soft tissues such as multilayered
skin, bone, myocardium, tracheal splint, cartilage, and neuron. Multicomponent
composite is also fabricated easily by this technique. PCL/Gel/bacterial cellulose/
0.25%HAp were successfully printed with uniform pore dimensions and
demonstrated significant osteoconductive potential (Cakmak et al. 2020).

14.3.3 Hydrogels

Hydrogels are three-dimensional network of water-absorbing polymeric material
with highly flexible hydrophilic chains. They also can serve as ECM for tissue
engineering construct.

They have the potential for delivery of drugs and growth factors in both in vivo
and in vitro cases depending upon the nature of molecule and site of action. They can
be synthesized from both natural and synthetic polymers. Besides conventional 3D
gel structure hydrogel microbeads, nanogel, hydrogel, nanofibers, and injectable
hydrogel system are some other physical forms of hydrogel used in bone tissue
engineering (Bai et al. 2018). Fabrication involves use of both physical and chemical
techniques such as warming, stirring, coacervation, chemical crosslinking, radiation
crosslinking, and gelation of polyelectrolyte complex with oppositely charged ions.
Encapsulation of cells by hydrogel provides hydrated environment for cellular
growth and proliferation. Biological properties of hydrogels can be tuned either by
functionalizing the matrix chemically or by biological peptides such as arginine–
glycine–aspartic (RGD), incorporating growth factors, drugs, bioactive ceramics, or
antimicrobial compounds.

14.3.4 Microparticles

Porous microparticles are usually deployed in biomedical field as drug delivery
vehicles or transportation of growth factors in a controlled fashion for site-specific
delivery systems. They were initially developed for the delivery of anticancer drugs,
but due to advancement in research there was a paradigm shift in their applications
and eventually, they made their way for tissue regenerations. They gained impor-
tance for their use as an injectable scaffold. Scaffold-based porous microparticles
provide a unique overlap between tissue engineering and drug delivery system.
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14.3.5 Gas Foaming

This method involves bubbling inert gas into a precursor polymer solution for the
transformation of liquid into porous foam. Powder foaming is one of the alternative
techniques of foaming within polymer solution, where the dissolved powder chemi-
cally reacts with another component of solution to produce foam. This foam gets
entrapped by the solution and lyophilized to get well-defined porous morphology.
The drawback of gas foaming is lack of precise control over the morphology of the
scaffold. Composites of various synthetic polymers such as polyurethane have been
fabricated by this process with a library of fillers including bioactive and
bioresorbable ceramics to improve properties and make the matrix best susceptible
for bone tissue engineering application.

14.3.6 Freeze-Drying

Lyophilization or freeze-drying is a low-temperature dehydration process that
involves the removal of ice by freezing the product at low pressure followed by
sublimation (Fig. 14.2). It is regarded as standard experimental method for removing
solvents or volatile organic residues. It is also considered to be a versatile method to
achieve the plasticity of materials. The pores formed in matrix are replica of the ice
crystals developed prior to sublimation. The interconnected pore morphology and
irreversible change in microstructure of matrix prompt researchers to use the matrix
as bone tissue supporting construct. The average size of pores in porous architecture

Fig. 14.2 Major processing techniques for fabrication of scaffolds
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mostly used for bone tissue engineering range from 100 to 300 μm. The mechanical,
biological, and morphological properties of freeze matrix are usually tuned by
varying types and concentrations of fillers.

14.4 Response to Mechanical Stimulus

Cells not only adhere to the matrix but actively interact with their mechanical signals
and remodel their cytoskeletal network accordingly. Mechanical stimuli exhibited by
surface characteristics of biomaterial regulate the cellular behavior through structural
ligands, signaling peptides, proteases, and inhibitors. Cell response, according to the
contractile force sensed by them, depends upon stiffness and state of polymer in
stress and normal condition (Shi et al. 2016). Tuning the mechanical properties and
surface characteristics of polymer results in the transduction of different force signals
to cells, thus increasing or reducing cellular response. Bone marrow-derived mesen-
chymal stem cells (BMSC) have been reported to undergo neurogenesis and osteo-
genesis on soft and stiff substrates, respectively. Elasticity-dependent adhesion
eventually leads to changes in cell morphology, migration, gene expression, and
subsequent functions (Guilak et al. 2009). It also regulates proliferation and apopto-
sis. Stiff substrate shows lower apoptosis than soft ones (Kong et al. 2005). Rigid
surfaces also provoke strong cell adhesion tendency. In substrates with gradient
elasticity, the stronger contraction is generated on a more rigid region, thereby
directing the movement of cells toward such region. Differentiation is also tuned
by elasticity. It also varies with rigidity of substrate but within defined elastic range.
Cells differentiate easily with similar elasticity of substrate as native tissues.

14.5 Surface Topography

Cell polarity is one of the factors which regulates organogenesis, and its disruption
leads to pathological conditions including metastatic malignancy (Zhang et al.
2018). It is highly influenced by the surface topography of a material. The nano
and microscopic geometry in topography are decisive factors affecting the spread-
ing, shape, spatial arrangement, and functions of cells. Nanotopographical cues
impact the most either by elongating or aligning the cells parallel to the pattern or
in a favorable direction (Fig. 14.3). Nanogrooves such as nanopits and nanopost
affect filopodia formation and spreading of cells depending on the distribution,
density, and size of nanogrooves (Zhang et al. 2018). Uniform and well-spread
mesenchymal stem cells (MSC) undergo osteogenic differentiation easily than
nonuniform growth. Substrates with nanogratings have been reported to accelerate
cell adhesion and migration. Rectangular pattern with a higher aspect ratio and
pentagonal pattern with subcellular concave regions have been reported to readily
promote osteogenic differentiation of MSCs. Polymer scaffolds with microgrooves
in radial arrangement were reported to facilitate guided osteoblast recruitment and
enhanced bone repair. Surface topography of scaffold is also tuned by nanofiller
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addition. Nanofillers have been reported to alter the surface roughness of pore walls
which further regulates the cell adhesion and proliferation process in scaffold matrix
(Ali et al. 2019, 2020). Contractile force of cells is one of the essential factors
governing migration and proliferation of cells in a three-dimensional porous matrix.
Variation in distribution of nanofillers generates patterns of mechanical stimulus
which modulates intercellular forces. The upregulation of contractile forces results in
an increase in the turnover of focal adhesion proteins such as zyxin, vinculin, talin,
and paxillin (Giudicessi et al. 2008).

Nanotopography has been known to affect the proliferation of human embryonic
stem cells (hESC). Stem cells growing on nanofibrilliar scaffolds have enhanced
Nanog expression and activated phosphoinositide 3-kinase which is responsible for
higher self-renewal tendency of stem cells. Laser-generated nanopattern on polymer
substrate has been reported to activate β-catenin gene responsible for high cell
proliferation tendency of endothelial cells (Schernthaner et al. 2012).
Nanotopographical surfaces are reported to promote differentiation of stem cells,
particularly into osteogenic lineage when used in combination with osteogenic
medium (Ma et al. 2007; You et al. 2010). Differentiation of cells is not only
influenced by the width of the pattern but depth of the pattern too (Zouani et al.
2012). They are also utilized for the formation of multicellular structure with
enhanced functionality. Cells cultured on microcantilevers exhibited anisotropic

Fig. 14.3 Typical forms of patterned cues
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actin organization and had 65–85% higher contractile force compared with flat
surfaces (Patel et al. 2011). Photolithography and electron beam lithography are
commonly used techniques in the formation of nanopatterns of polymer surface.

14.6 Hydrophilicity

Hydrophilicity is one of the major factors governing protein adsorption in polymer
matrix. Hydrophobic surface favors adsorption of protein on the surface of biomate-
rial, while hydrophilic surfaces may restrict protein binding. The strong attachment
of protein on the surface of hydrophobic materials might denature the protein’s
native conformation and bioactivity. Water adhesion tension (τ�) of a surface
determines the hydrophilicity of a material. Vogler established the relation between
aqueous adhesion tension and contact angle of liquid and represented it as γ� ¼ γcos θ,
where γ is the surface tension of water. Materials with a contact angle greater than
65 were regarded as hydrophobic and surfaces less than that are considered hydro-
philic (Matlaga et al. 1976). So both cases of extreme hydrophilic and hydrophobic
are not favorable for cell attachment; instead surfaces with moderate wettability
absorb requisite amount of protein and hence elicit cell response avoiding unneces-
sary risk of conformational changes in adsorbed protein that may trigger immune
response. Several methods are employed for improving hydrophilicity of hydropho-
bic materials to tune their surface in a direction of getting cellular response. One such
measure is plasma treatment which can attach hydroxyl, amino, carboxyl, and sulfate
groups using various reactive gases. Another method is grafting hydrophilic polymer
on polymer substrate via grafting copolymerization. The introduction of peroxide
group in polymer matrix can be used to initiate grafting polymerization under UV
irradiation. Adjusting photo-oxidation time and grafting time of polymer, density of
the attached hydrophilic group can easily be tuned. Usually, hydrophilic polymers
such as poly(hydroxyethyl methacrylate) (PHEMA) and poly(acrylamide) are
grafted over hydrophobic polymers such as polyurethane, polycaprolactone,
polymethyl methacrylate, and polylactic acid to introduce hydrophilic nature.
Hydrophobic materials have been reported to invoke more monocyte adhesion in
respect to hydrophilic materials resulting in a heightened local immune reaction. On
the contrary, hydrophilic surfaces have been reported to inhibit macrophage adhe-
sion and fusion into FBGCs (Ma et al. 2007).

14.7 Microcontact Printing

It is a soft lithography technique developed by Whiteside’s group which translates
topographical pattern into chemical patterns on the biomaterial surface. Substance to
be printed (such as proteins) is coated on polydimethylsiloxane (PDMS) stamp with
desired pattern. The stability of micropatterned substrate relies on the interaction
between adsorbed protein and hydrophobic surfaces or chemical linkages between
metallic surface and desired group. It is an effective step in regulating cellular

406 A. Ali et al.



responses such as cellular orientation, attachment, and proliferation. This technique
combines with self-assembly monolayer (SAM) to prepare surfaces with a precise
physical or chemical pattern. Rectangular islands of laminin and fibronectin on gold
substrate or honeycomb pattern of polylysine on borosilicate glass are some of the
examples of this technology (Ma et al. 2007).

14.8 Surface Charge

Charge on the matrix surface is responsible for affinity-based binding approach for
biomolecules and proteins. Electrostatic interaction or ligand–receptor pairing is
used to immobilize bioactive molecules on the surface of polymer for desirable
biomedical applications such as drug delivery and tissue construct. Polymers having
cationic nature trigger higher inflammatory response than anionic and neutral ones.
Since the majority of body cells are negatively charged, loss of negative surface
charge of mammalian body cells by positively charged polymeric surface may
induce localization and conformational changes in protein which trigger immuno-
logical responses.

• The presence of negatively charged COOH group on the surface of biomaterials
enhances fibrinogen and albumin adsorption and increased cell proliferation
tendency; however, it exhibits density or concentration-dependent behavior
(Vladkova 2010). The presence of extra negatively charged COOH group on
surface inhibits cell adhesion.

• OH groups are one of the most abundant functional groups present on surface of
biomaterial even on neutral hydrophilic surfaces. Adsorption of fibronectin on
surface of polymer containing OH as functional group exhibited increased cell
attachment tendency and increased level of vital signaling components responsi-
ble for focal adhesion (Abraham et al. 2001).

• Amine (NH2) group imparts +ve charge to the polymer surface. The presence of
amine group resulted in increased proliferation, differentiation, and mineraliza-
tion of osteoblast cells (Lee et al. 1997). Fibronectin adsorbed on amine-treated
surfaces activates target receptors and focal adhesion components.

• Methyl group forms a major component of commonly used biomaterials. The
presence of methyl and similar groups makes surface hydrophobic and hence
accounts for increased protein adsorption via hydrophobic–hydrophobic interac-
tion between their moieties. However, stronger interaction results in alteration in
the conformation of proteins and hence denaturation leading to unfavorable
cellular response (Barbosa et al. 2006). Tight binding of proteins of such magni-
tude also exposes protein sites favorable to immune cells (De Geyter et al. 2013).
Surface functionalization by CH3 has been reported to increase the thickness of
fibrous capsule formed on implant surface leading to higher number of inflamma-
tory cells as compared to COOH and OH groups.
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14.8.1 Langmuir–Blodgett Film

Langmuir–Blodgett films are formed by depositing organized monolayer of
molecules on a solid substrate. Polymer surfaces possess functional groups that
help them to be homogeneously and physically coated with amphiphiles using the
Langmuir–Blodgett process (De Geyter et al. 2013). Substrate to be coated is dipped
into the solution containing coating component and lifted up slowly. Transfer of
material from liquid to solid phase is performed by dip and dry technique at the
liquid–air interface. Such type of interaction and assembly is achieved by the impact
of various forces such as ionic, intermolecular, and capillary action. The amphiphiles
used for coating have a surfactant structure with hydrophilic head groups and
hydrophobic tails. When a drop of amphiphilic molecule is added in water, the
molecules organize themselves at the air–water interface with polar head groups
toward the water while hydrophobic tail outside. Due to repulsive effect of hydro-
phobic groups toward each other, a perfectly ordered deposition of floating liquid
monolayer was observed at liquid surface. The organized monolayer adheres to the
biomaterial surface depending upon the electrostatic interaction between the
molecules and charged substrate. This deposited Langmuir film has opportunities
for multilayer structure by successive deposition of a single layer in stacked arrange-
ment of head-to-head and tail-to-tail configuration.

14.9 Biomimetic Approach for Surface Modification

Biomimetic approach of surface modification involves soaking a 3D polymeric
construct in simulated body fluid. Mineralizing scaffold before implantation can
improve the osteoconductive behavior and alkaline phosphatase (ALP) activity of
seeded cells. It also increases the mechanical strength of scaffold; however, the
variation in mechanical strength depends upon the rate of mineralization of
scaffolds. Several attempts have been made to enhance the mineralization tendency
of scaffold (Kretlow and Mikos 2007). Mineralization tendency of a biomaterial is
analyzed in in vitro conditions using simulated body fluid (SBF). The ionic concen-
tration of SBF is considered similar to that of human blood plasma under mild
physiological conditions. The use of more concentrated SBF accelerates the miner-
alization process (Kretlow and Mikos 2007). Collagen I has been added to 5� SBF
to make biomimetic collagen apatite that closely mimics the natural bone surface.
Albumin incorporation in SBF also leads to increased calcification due to enhanced
nucleation rate. The mineral phase of deposited apatite on the scaffold surface has a
tendency to adsorb protein from the surrounding environment and increase the
osteoinductive nature of the material. Negatively charged groups like dihydrogen
phosphate (PO4H2) and carboxylic acid (COOH) that proved to be the most potent
inducer of mineralization on the contrary methyl group (CH3) monolayer have
negligible mineralization tendency (Stephansson et al. 2002). Mineralized mono-
layer exhibits different Ca:P ratios with different crystal morphologies due to varia-
tion in the surface charge. In vivo mineralization of scaffold is the result of
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interaction between fibronectin and charged functional groups, the conformation of
which induces integrin binding by osteoblast cells and subsequently mineral
deposition.

Chemically incorporating anionic species on the polymeric matrix is one of the
strategies to enhance mineralization tendency. Incorporating negatively charged
carboxymethyl groups confers higher mineralization in SBF and cell spreading
in vitro than parent samples (Filmon et al. 2002). Patterning of anionic group on
polymer surface accounts for selective orientation and localization of deposited
minerals and selective binding of cells. Hydrolysis of scaffold is another strategy
to chemically modify surface groups and to introduce anionic entities. Urea and
sodium hydroxide-mediated hydrolysis are the most common hydrolysis techniques
used for modification. Attaching alkaline phosphatase (ALP) to hydrogels exhibited
higher mineralization tendency even that of anionic carboxyl group proving its role
in mineralization. One of the biological approaches involves incorporating bone
sialoproteins in the matrix (Hunter et al. 2001). Another strategy involves the
creation of native or near-native ECM on the scaffold surface by osteoblast under
static culture condition in a bioreactor. Culture-generated ECM contains native bone
proteins such as BMP-2, VEGF, TGF-β1, and FGF2 and promoted cellular prolifer-
ation, differentiation, and mineralization, thereby increasing the efficacy of tissue
engineering constructs (Gomes et al. 2006; Pham et al. 2006). Phosphate-containing
anionic functional groups are the most effective mineral depositing functional
groups on polymer surface. They stabilize the interaction of calcium ions over the
surface. Even polymer containing pendant phosphorus group or phosphonate side
groups mineralize faster than without it (Stancu et al. 2004). Scaffold incorporated
with HA or tricalcium phosphate (TCP) as a filler accelerates mineral deposition.
Polyethylene glycol (PEG) hydrogels containing phosphodiester backbone show
mineralization which is induced in two ways, one of which is over a course of
degradation and the other is the release of phosphate by diffusion. It is to be noted
that not all the phosphorus-containing polymers show mineralization in comparison
to phosphorus-deficient entity. Polymer processing techniques also tune the mor-
phology of the mineral phase and thereby affect the immune response and bone
healing capability.

14.10 Effect of Incorporation of Ions

(a) Calcium (Ca) is an important ingredient of calcium phosphate found in
mineralized form or as a bone apatite inside the bone. It is involved in the
regulation of signaling pathway associated with the inflammatory response. The
noncanonical Wnt5A/Ca2+ signal transduction pathway elicits inflammatory
response and stimulates macrophage to secrete proinflammatory prostaglandins
(De 2011). Extracellular calcium released from bone modulates immune
response by regulating hormone-based receptors. It forms an important compo-
nent of bioactive and bioresorbable ceramics such as HA and βTCP,
respectively.
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(b) Silicon (Si) is a trace element essential for bone regeneration. It is found at active
calcification sites during early mineralization phase of regenerating bone. Lack
of Si supplement leads to bone deformities (Carlisle 1970). Aqueous Si has been
studied to enhance osteogenic proliferation, differentiation, and production of
collagen. A higher level of Si inhibits osteoclast activity and resorption of excess
bone. It also triggers immune reactions; however, nano-sized silica particles
induce a milder fibrogenic effect than micro-sized.

(c) Magnesium (Mg) being biodegradable and biocompatible is currently under
research as a dopant and filler in 3D construct because of its mechanical
similarity to bone. Hence, incorporation of Mg can reduce chances of stress
shielding and improve in vivo degradation properties (Staiger et al. 2006; Wang
et al. 2012). Mg2+ ions are reported to suppress inflammatory response by
inhibiting toll-like receptor (TLR) pathway which otherwise triggers cytokine
production. Macrophage’s foreign body recognition also occurs by recognizing
the TLR pathway which can prolong degradation or may lead to rejection of
implants.

(d) Cobalt (Co) is known to promote angiogenesis by activating HIF (Hypoxia-
Inducible Factor) genes which lead to secretion of vascular endothelial growth
factor (VEGF). A number of materials modified by introducing cobalt result in
increase in vascularization of biomaterials. HIF gene has also been reported to
promote proinflammatory effects, and since its toxic effects of Co ions and its
implication in the failure of prosthesis cannot be ignored its use in biomaterial is
limited and controversial (Shweiki et al. 1992). Incorporation of Co in
mesoporous bioactive glass increased VEGF secretion, and the composite
increases osteogenesis (Wu et al. 2012a).

(e) Zinc (Zn) has high mineralization and bone formation tendency, but dietary zinc
can retard bone growth. So it is either incorporated as a filler or dopant in 3D
polymeric or ceramic biomaterials (Yamaguchi 1998). Besides it also possesses
immunomodulatory tendency and has been reported to regulate inflammatory
response by stimulating anti-inflammatory and osteogenic cytokines in a
concentration-dependent manner. It is involved in collagen production and
plays an important role in the mineralization of osteoblast through zinc traffick-
ing that involves zinc transporters and zinc storage proteins (Niranjan et al.
2013).

(f) Strontium (Sr) has been known to stimulate osteogenesis and inhibit
osteoclastogenesis. It has also been used for the treatment of osteoporosis. Sr
introduced in CaP ceramics has been reported to inhibit proinflammatory
cytokines such as TNFα and IL-6. It has also been known to promote cell
proliferation (Wu et al. 2012b; Zhang et al. 2013). Strontium (Sr2+) has syner-
gistic effect on released Calcium(Ca2+) in Sr/HAp/CS scaffold provoking oste-
ogenesis (Lei et al. 2017). Scaffolds with Sr have also been reported to enhance
alkaline phosphatase activity indicating high cell differentiation capability.
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14.11 Effect of Carbon-Based Fillers for Bone Tissue Engineering

14.11.1 Graphene

Graphene is an allotrope of carbon with sp2-hybridized carbon atoms in a hexagonal
lattice. It possesses two σ bonds and one π bond linked to a carbon atom. The
molecular structure accounts for high thermal and electrical conductivity (Shadjou
and Hasanzadeh 2016). The surface area of dispersed Graphene in polymer depends
upon how it interacts with the chains. The interaction can be due to π–π stacking,
electrostatic interaction or ionic interaction, and Van der Waals forces. Surface
functionalization such as amination increases dispersity of sheets in polymer solu-
tion. The ability for surface functionalization, tolerable cytotoxicity, and biodegrad-
ability has made graphene suitable for tissue engineering application. Entrapment of
colloidal HA NPs in 3D graphene network leads to self-assembled graphite-like shell
resulting in highly porous, electrically conducting, biocompatible graphene-HA gel
for tissue engineering. rGO/HA composite demonstrated spontaneous osteogenic
differentiation without inhibition of cell proliferation. They were also found to
promote osteogenesis in animal model without evoking inflammatory response
(Lee et al. 2015). Graphene at low loading ratios improves mechanical properties
due to strong interfacial adhesion between the filler and polymer matrixes which
may lead to efficient load transfer; on the contrary, higher concentration lead to
agglomeration, resulting in decline in mechanical properties. Graphene oxide
(GO) tunes the wettability of scaffolds by adjusting its concentration and imparts
hydrophilic characteristics to the matrix. It also enhances the bioactivity of the
matrix and stimulates mineralization process. Paramagnetic scaffolds Fe3O4/GO/β
TCP can enhance osteoblast proliferation and differentiation by applying an external
magnetic field. rGO/polypyrrole composite demonstrated good ability to stimulate
osteoblast proliferation. The scaffolds of such conducting composites are usually
prepared by layer-by-layer deposition technique and electrochemical deposition
technique (Song et al. 2016). Weak interaction between bioceramics and biopolymer
can be resolved by incorporating GO because of its tendency to form electrostatic
and π–π stacking linkages. Aspirin-loaded GO-HAp scaffold fabricated by layer-by-
layer assembly (LBL) biomineralization technique reduced pain and inflammation at
the bone surgical site. Besides imparting mechanical properties incorporation of GO
to beta-tricalcium phosphate (β-TCP) activates signaling pathways favorable for
osteoblast proliferation (Eivazzadeh-Keihan et al. 2019).

14.11.2 Carbon Nanotubes

CNTs are allotrope of carbon with long thin cylindrical morphology. Due to high
agglomeration tendency, they need to be functionalized for effective usage.
Functionalization also improves the biocompatibility and cell attachment tendency
of carbon nanotubes (CNT). Since the outer wall of CNT is relatively inert as
compared to the inner wall, therefore it requires special techniques for modification
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in both covalent and noncovalent cases (Liu et al. 2017). In the noncovalent
functionalization method, polymer chains are wrapped around CNT and dispersed
in the polymer matrix. It involves mild conditions such as sonication and tempera-
ture and does not affect the structure of CNT and their properties, unlike covalent
modification where direct covalent bonds are formed with carbon atoms.
Incorporation of CNT in CS, bioactive glass composite, improved mechanical,
chemical, and cell-stimulating properties of scaffold. CNT-coated scaffolds by
LBL assembly increased cell differentiation as measured by ALP. CNT possessing
neutral electric charge exhibited highest cell growth and produced platelet-like
apatite crystals (Zanello et al. 2006). Because of the complicated interaction of
CNT with cellular process in bone cells and agglomeration issues, its use as bone
filler is still a challenging area of research in bone tissue engineering.

14.11.3 Carbon Dots

Carbon dots (CD) are carbon-based nanomaterial with a negligible dimension of
approximately 10 nm (Sun et al. 2006). They are synthesized by laser irradiation on
carbon sources and comprise sp2- or sp3-hybridized carbon atom. They have a broad
bandwidth of absorption spectra from 260 to 320 nm. Maintaining efficient mineral-
ization throughout the entire body of scaffold is one of the major challenges which
can be solved using appropriate shape and size of dots. CD-peptide composites have
been known to possess sufficiently good osteoconductivity, cell adhesion, and
mineralization tendency (Gogoi et al. 2016). The uniform distribution of CDs in
scaffold improves and stimulates osteogenic activity of cells. Simple fabrication
method and low toxicity allow it to be used for bone tissue engineering applications.

14.11.4 Fullerenes

Fullerenes are closed-cage spherical structures of sp2-hybridized carbon atoms. C60
and C70 are some common examples of fullerenes. Increased cell adhesion tendency
on the surface of fullerene has made it applicable in biomedical field. Nanofibers
coated with fullerene exhibited increase in cell proliferation tendency over 4.5 times
in 7 days (Bacakova et al. 2007). The material proved to be safe and do not cause
DNA damage or altered cell morphology. Regularly aligned fullerene on the
material’s surface has better cell adhesion and proliferation characteristics than
random deposition. They have good stimulation on bone cells and possess high
biomineralization tendency on the surface and low cytotoxicity which make them be
used for such application.
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14.11.5 Nanodiamonds

Nanodiamonds are a form of semiconductor quantum dots. They have high surface
areas with tunable mechanical properties (Eivazzadeh-Keihan et al. 2019). They are
the only nontoxic carbon nanomaterials that are used in bone tissue engineering
applications. They also possess good osteogenetic and mineralization tendency.

14.12 Protein Adsorption

Adsorption of protein on biomaterial surface triggers a cascade of immunological
reactions that may lead to acceptance or rejection of implants. Hence, we can say that
nonspecific protein adsorption on the surface is one of the reasons for triggering
unwanted immune response which may lead to failure of implants. To resolve the
issue, the surface must possess antifouling properties and must allow selective
adsorption of protein molecules essential for cell bioactivity. Some strategies for
optimizing osteoinductive potential involve immobilizing characteristic proteins on
the polymer matrix which can trigger desired bioactivity. Proteins immobilized on
biomaterials surfaces are generally categorized into two main classes. Cell adhesion
proteins such as laminin. Fibronectin, collagen, and vitronectin form the first class.
These proteins are derived from ECM and function via ligand–acceptor interaction.
Growth factors form the second class of proteins, and these help in tuning cell
proliferation and differentiation. Epidermal growth factor (EGF), fibroblast growth
factor, vascular endothelial growth factor and, bone morphogenic protein are some
of the immobilized proteins on biomaterial surface. Adhesive peptide sequence, that
is, RGD, forms an important component of the majority of adhesive protein and
serves as a binding domain for integrin receptors present in cells. For controlling
protein–surface interaction, hydrophilic groups with neutral charge lacking hydro-
gen donor groups are also incorporated on polymer surface. PU foam modified with
lysine exhibited increased affinity for plasminogen adsorption; however, fluorinated
surface has been reported to decrease adsorption of protein from their surface.
Change in surface functionalities of biomaterial is reported to alter surface structure
of adsorbed proteins. Variation in content of α-helix, β-sheet, or β-coiled conforma-
tion in adsorbed protein leads to altered immune response and cellular interactions
(Hasan and Pandey 2015; Hasan et al. 2018). Acute inflammatory responses as
studied by implanting radiofrequency plasma glow discharge (RFGD)
functionalized disk demonstrated a trend in which the cellular response given by
the functional groups was arranged in the following order: –NH2 > –CH3–CFX > –

OH > Siloxy group. It has been observed that the fusion of macrophages into
granular foreign body giant cells also depends on the functional group and decreases
in the following order: –N(CH3)2 > –OH > –CONH > –SO3H > –COOH(–
COONa). Functional groups are also known to tune cell attachment and proliferation
and show decrease in attachment tendency in the following hierarchical order of
functional groups: –CH2NH2 > –CH2OH > –CONH2 > –COOH. Simply casting
proteins on biomaterial surface results in uneven distribution of protein molecules,
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so surface treatment is essential for even distribution which may involve few
strategies as mentioned below:

(a) Covalent immobilization of protein molecule on biomaterial surface involves
the introduction of reactive functional groups such as carboxylic, amino, or
hydroxyl into polymer chains which can serve as coupling sites for protein
attachment. Usually, PMMA, polyacrylic acid is grafted on polymer surfaces to
introduce carboxylic group. Hydrolysis and aminolysis can introduce reactive
groups in polyester. Covalent immobilization of protein can bring a permanent
change in a natural conformation of protein.

(b) Entrapment method involves swelling of polymeric surface insolvent and
nonsolvent containing protein molecules followed by immersion of the material
in pure nonsolvent solution, resulting in entrapment of protein on the biomate-
rial surface. Matrix entrapment and membrane entrapment are the two main
methods of entrapment. The latter of which involves immobilization of
molecules in hollow fiber network or hollow spheres performed by techniques
such as microencapsulation.

(c) Grafting and coating method involves initial covalent attachment of protein on
materials followed by physical coating of protein on the attached surface. The
density of immobilized biomolecules can easily be controlled by altering the
density of attached groups on surface.

(d) Layer-by-layer assembly is another technique which performs sequential depo-
sition of biomolecules on biomedical surface containing functional groups that
derive self-assembly. Most rely on electrostatic interaction between molecules
leading to sequential depositions (Ma et al. 2007). It is a delicate process, and
the majority of interactions are based on electron transfer.

14.12.1 miRNA Immobilization

miRNA is a short strand of approximately 22-ribonucleotide-long noncoding RNA
that regulates functions at posttranscriptional level. miRNA is being used to enhance
regeneration of tissues because they regulate the expression of their target genes.
miRNA-26a increased osteogenesis by targeting Gsk-3β in bone repair. miRNA-
222-loaded mesoporous silica nanoparticles promoted bone regeneration and
neurogenesis in bone marrow (Zhu et al. 2020). It plays role in regulating classical
signaling pathways of osteogenic differentiation such as bone morphogenic protein
(BMP) and Wnt-βcatenin signaling pathway. It can be delivered locally to target
cells at the site of implantation by loading it into porous scaffolds and hydrogels
which serves as a delivery vector.
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14.13 Chemical Modification

Surface chemistry of polymer has been reported to impact protein adsorption on
scaffold and interaction between cell and matrix. Chemical grafting of groups on the
surface of polymer is another way to enhance osteoconductivity and differentiation
of MSC. Chemical modification of polymer surface can be performed by various
techniques enlisted below.

14.13.1 Ozone Treatment

Treatment of biomaterials with ozone introduces peroxy groups in polymer for
enhancing conjugation capabilities of biomolecules. It is applied along with UV
radiations to increase the conjugation rate. Ozone/UV increased hydrophilicity and
reduced protein adsorption on grafting polyethylene oxide (PEO), chitosan, and
polyvinyl alcohol (PVA) to polyethersulfone membrane (Liu et al. 2008). Monomers
can also be grafted on ozone-oxidized surface. Ozone can also be used for steriliza-
tion of biomaterials.

14.13.2 Silanization

It is a liquid-phase chemical reaction, especially used in the modification of surfaces
with OH functionality. In spite of covalently crosslinked structure between silane
and hydroxyl groups, the linkage is readily hydrolyzable. Whitesides group studied
the arrangement of silane on polymer surface and dubbed it as self-assembled
monolayer (SAM) because it possesses tendency to self-organize on suitably
functionalized substrate surface in an ordered monolayer. Molecular vapor deposi-
tion is another method used in the process. Organosilanes are used to bind organic
polymer to inorganic substrate. Glass-reinforced polymers which employ adhesion
between glass and polymer are usually enhanced by the silanization process.
Organosilanes with different functional groups like polyethylene glycol (PEG),
bromine, and vinyl are commonly being used to tune biological properties. Bromine-
and vinyl-terminated silanes are altered by wet chemical methods to generate
carboxylic acid, amines, and hydroxyls. Polymers with OH functionality are nor-
mally used for such modifications.

14.13.3 Fluorination

Halogenation is performed to tune the surface characteristics of polymer. Fluorina-
tion increases the hardness and hydrophobicity of the surface. This also sometimes
imparts inertness to the material. Fluorinated RGD sequences were targeted to
bioactivate polyurethane surface without altering its characteristic properties (Blit
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et al. 2010). The methodology increased cell attachment and proliferation of
modified scaffold compared to native scaffold.

14.13.4 Wet Treatment

This method uses the treatment of polymer with liquid reagent to generate reactive
functional groups. They have an edge over other techniques as the liquid can
penetrate the interconnected three-dimensional porous structure rather than energy
involving techniques such as plasma. Alkaline or acid hydrolysis and aminolysis are
some examples of the treatment method. Peroxidation of films by treatment with
hydrogen peroxide is also done by this method, where the oxidized membrane is
placed in monomer solution followed by UV exposure to initiate polymerization on
parent polymer substrate. Hydroxyl and carboxyl groups are introduced in polyester
by autocatalytic cleavage of ester bonds. Chromic acid is also a potential candidate
for introducing carboxyl groups in some polymers. Enhanced surface roughness and
hydrophilicity can be achieved using this method. The drawback of such methods
includes nonspecific introduction of a range of functional groups in polymer, and the
treated liquid may initiate early degradation process resulting in loss in mechanical
properties. The process targets side chains of polymer and may depend upon the
orientation and arrangement of side chains.

14.13.5 Flame Treatment

Flame treatment is a method of nonspecific surface functionalization that bombards
ionized air on a polymer surface creating a variety of oxidation products. It has been
reported to impart aldehyde, hydroxyl, and carboxylic acid groups to the surface
increasing wettability and cell adhesion (Zhu et al. 2002). Reactive oxygen species
produced by the process activates the surface creating further opportunities for
grafting by various polymers. The main drawback is that it affects optical property
and needs constant monitoring of flame temperature and contact time which is
time-consuming and frustrating. The high number of parameters affecting flame
treatment and lack of specificity makes the method lag behind in comparison to the
latest techniques (Farris et al. 2010).

14.14 Radiation-Induced Surface Modification

Plasma treatment, corona discharge, and UV irradiation also add functional groups
such as hydroxyl and amine. Radiation-induced grafting of polymer can be achieved
by a broad spectrum of radiations such as gamma, UV, laser, plasma, microwave,
infrared, ultrasound, and visible spectrum depending upon time and energy of
radiation. They activate the surfaces creating reactive sites and also help to immobi-
lize different molecules on the surface.
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14.14.1 Laser

Laser serves as high-energy photon sources with very high intensities. They can
induce crosslinking or scission effects. Different types of laser-assisted fabrication
technologies are employed which modify biomaterials by making spatial arrange-
ment of patterns at a resolution less than 10 μm. These can be categorized as (1) laser
tweezers which use optical forces to trap individual cells and make pattern out of
them with high precision; (2) laser-initiated polymerization which generates chemi-
cal bonds using laser beam on the precursor; (3) laser-induced forward transfer
(LIFT) and matrix-assisted pulsed laser evaporation (MAPLE) to deposit heat-
sensitive polymeric material on solid substrate; and (4) laser ablation to selectively
remove polymeric biomaterials to create holes, grids, and parallel lines in microscale
(Koo et al. 2017). A significant increase in osteogenic expression levels was
observed on patterned surface in comparison to the unpatterned surface (Ortiz
et al. 2018). Laser treatment of electrospun PCL HA/PVAC surface increased cell
viability and cell density of MG63 cell lines (Aragon et al. 2017). Pulsed laser beam
was used to control crater size on surface of ultra-high-molecular-weight polyethyl-
ene (UHMWPE) with an increment of roughness and wettability (Riveiro et al.
2018). Laser-generated structures provide anchorage and contact guidance to
attached cells. Pulsed laser beam produces high-quality patterns on polymer surface
especially by reducing pulse length.

14.14.2 Ion Beam

Ion beams are deployed to ionize the surface of biomaterial or implants for improv-
ing biological properties. It offers higher resolution patterning than UV, X-ray, etc.
This technique is similar to electron beam lithography but uses heavier charged
particles in the form of ions. Ion beams of hydrogen, helium, gold, or uranium are
usually irradiated on the polymer to alter the surface chemistry of a polymer. The
process also depends on the nature of substrate that undergoes recrystallization
during annealing. The channeling effect of ions is one of the main unwanted hurdles
which create some unevenness in pattern. They are normally observed when the
crystallographic axis of grain is aligned in direction of incident radiations (Razali
et al. 2019).

14.14.3 Gamma Radiation

The high-energy γ radiation has the potential to trigger polymerization and grafting
of monomer on a solid substrate. They have also the tendency to produce peroxides
and hydroperoxides on the surface of biomaterial which can serve as initiating site
for graft polymerization (Kou et al. 2003). Gamma radiation was used to immobilize
sulfonated compound on the surface of the polymer. They were also used to
covalently attach albumin to the membrane for increasing hemocompatibility.
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Radiation-induced grafting of acrylamide and N-vinyl pyrrolidone increased blood
compatibility of silicon. Gamma irradiation was also used to synthesize hydrogel for
biomedical application. On exposure to radiation in UHMWP, the samples exhibited
an increase in modulus and hardness over the untreated ones (Benson 2002).

Following methods are used to induce grafting by gamma-ray irradiation:

1. Free radical assisted irradiation and grafting.
2. Peroxide group mediated grafting.
3. Radiation-induced grafting was initiated by trapped radicals.

14.14.4 UV-Induced Photoactivation

UV irradiation has been widely applied to induce graft polymerization on biomate-
rial surface using a photoinitiator or photosensitizer (Hoffman 1995). The sample to
be grafted is kept under inert atmosphere of argon or nitrogen under vacuum or
covered with monomer solution followed by UV irradiation. Benzophenone is the
most common photoinitiator used for free radical generation. Irradiation time,
monomer concentration, molar ratio, photoinitiator, UV, and solvent type
determines the degree of grafting (Xing et al. 2002). Since solvent selection had
impact on the degree of grafting and has inconsistency when multiple samples are
used, so to minimize the issue solvent-free grafting is performed for biodegradable
polymers, where they are subjected to vapor phase of monomers and the grafting
reaction is induced by the photoinitiation process.

14.14.5 Electron Beam Lithography

Electron beam lithography is a technique involving focusing of an electron beam on
electron-sensitive films for drawing customized shapes and patterns out of it. The
process involves selective removal of exposed from non-exposed regions by treat-
ment with solvent. The main advantage of this technique is drawing patterns in the
range of 10 nm resolutions. A nanopatterned substrate of particular dimensions and
arrangement is a more improved solution for better cell adhesion and proliferation
than native and can pave way for better tissue construct.

14.14.6 Plasma Radiation

Plasma is highly energetic radiation comprising of atoms, molecules, charged ions,
and electrons created in a medium of certain materials. It is also regarded as the
fourth state of matter. Plasma is basically of different forms and those used in
industries are cold plasma, low-pressure plasma, nonequilibrium plasma, and glow
discharge plasma. The most common glow discharge plasma used for biomaterial
surface treatment has radio frequency (RF) discharges in the range of 1 KHz to
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1 GHz. RF discharges operate at controllable low pressure, are efficient, and perform
spatially uniform coating or create different functionalities on materials surface in
the discharge environment. Modification of polyurethane (PU) surface by RF plasma
resulted in decreased protein adsorption tendency and increased hemocompatibility.
The technique also increased the hydrophilicity and wettability on RF plasma-
modified poly(methyl methacrylate) (PMMA) substrate. Vinyl sulfonic acid grafted
chitosan by this process exhibited significant cell adhesion tendency. PDMS plate
modified with oxygen plasma exhibited increased cell proliferation. Graft polymeri-
zation of PEG on PMMA by this technique increased the antistatic property
of PMMA.

14.15 Conclusion

Surface engineering of polymers largely depends upon the nature of the polymer
(i.e., hydrophilic/hydrophobic or synthetic/natural) and their ability to be processed
or modified by particular technique. Using appropriate method for surface modifica-
tion of substrate results in improved biological, mechanical, and other essential
properties which can make the biomaterial suitable as tissue engineering construct.
Osteoinduction, differentiation, mineralization, in vivo mechanical stability, and
immunomodulation are the major properties that are taken into account when
modifying the matrix for bone tissue regeneration.
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Abstract

Antibacterial surface modification of polymeric biomaterials or devices to control
diseases is gaining much attention. There are many materials especially poly-
meric biomaterials used worldwide to improve the health care. However, keeping
the surfaces of these biomaterials free from pathogenic microorganisms is a great
challenge for their clinical applicability, and these bacterial contaminations could
be detrimental to the patient. Another problem of using these biomaterials is the
formation of biofilm onto the implant surfaces. Drugs usually cannot penetrate
these biofilms formed on the biomaterial surfaces. If infections are treated with
common antibiotics, the effectiveness of these antibiotics become very limited as
the drug cannot enter inside the biofilm to kill all of the bacteria. Therefore,
antibacterial surface modification or surface coatings of biomaterials are thought
to be the best technique to avoid biofilm formation to reduce the infection-related
problems. Biomolecules such as proteins, carbohydrates, lipids, peptides, etc. are
widely used on biomaterial surfaces through various mechanisms to improve
biocompatibility and bactericidal effects. In this chapter, we focus on the descrip-
tion of various polymeric biomaterials used and new possibilities in the future in
biomedical implants or devices and the biofilm formation mechanism onto their
surfaces. Moreover, we also describe how to modify the surfaces of polymeric
biomaterials with antibacterial molecules to prevent the biofilm formation. Even-
tually, the knowledge of common and new methods of surface modification of
biomaterials and materials to be used as antibacterial agents will encourage
people to use polymeric biomaterials in medical devices or implants.
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15.1 Introduction

A biomaterial can be defined as any material applied for diagnostic, prosthetic,
therapeutic, or for storage of blood, and its components come in contact with
biological fluids and living tissues without harmfully disturbing the biological
constituents of the whole living organism. Various types of biomaterials are avail-
able originated from metals, ceramics, and polymers. These materials are used to
replace or support the lost, damaged, or malfunctioned body parts by accidents,
injury, etc. Biomaterials have been used from the early history of ancient Egyptian,
Chinese, Aztec, and Roman cultures for the replacement of damaged tissues of ears,
eyes, teeth, nose, etc. For example, gold was used in dentistry to attach or replace the
lost teeth and glass in eyes. Day-by-day, material science and medical techniques
have been improving and implants becoming sophisticated by fabricating with
numerous biomaterials (Hasan et al. 2020b). At the same time, clinical demand of
biomaterials to be used as medical devices and implants has been increasing (Yin
and Luan 2016). Implants can be described as the objects which do not need any
form of power, which may be chemical or electrical, to the formation of a reaction for
the correction of certain bodily functions or capturing information from the body
(e.g., knee prosthetics, breast implants, etc.). On the other hand, devices are the
objects which need any form of power to carry out its expected functions (e.g.,
pacemakers, defibrillators, etc.) (Teo et al. 2016). Depending on the use and lifetime
of the biomedical implants and devices, biomaterials such as polymers, ceramics,
and metal and their alloys are applied for the fabrication of them (Xinming et al.
2008; Dormer and Gan 2001; Granchi et al. 2006; Hasan et al. 2020a).

However, main problems of using these materials are their incompatibility and
complications with the body tissue would often occur. At the beginning of the
twentieth century, materials were anticipated to be inert to be considered as bioma-
terial. However, inertness is not considered as the main property in the twenty-first
century. Inertness of a material indicates its inability to produce immunological or
clinically measurable primary or secondary foreign body reactions. This concept has
changed in the recent decades, and it is considered that bioactive materials have
integrated appropriately with the neighboring tissue (Desmet et al. 2009). Because, if
biomaterials as implants have been used for a prolonged period of time in the body,
there is a possibility of adhesion and proliferation of bacteria on implant surface.
Eventually in some cases, there is a possibility of biofilm formation which originates
local infections. In worst cases, these infections causes implant failure and death of
the patients (Xu et al. 2017). A lot of implant-associated bacterial infections have
been reported. Usually, the tissue contamination by the opportunistic pathogens is
protected by the host immune system. Nevertheless, many problems (if this immune
response or a local tissue response gets activated owing to implant-associated
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infections) like foreign body reaction, acute and chronic inflammation, and granula-
tion of tissue development may occur. Finally, these actions may cause the microbial
colonization or biofilm formation as well as implant infections (Andrade Del Olmo
et al. 2020). Therefore, the implant infection can be expressed as various interactions
between the host immune response and biomaterials (Mariani et al. 2019). On the
other hand, microbial contamination through surgery frequently leads to the pros-
thetic contamination after surgery, and other types of infections like subacute (within
3–24 months) or late infections (more than 24 months) are also reported (Arciola
et al. 2018).

Biointegration is necessary which means the actions or processes happen at the
implant and host tissues and there will be no toxic effects like inflammation or
unusual tissue growth due to the placement of the implant (Ye and Peramo 2014).
Optimum surface properties of the implants, devices, and grafts prepared with
biomaterials are very important to increase the possibility of biointegration. More-
over, these biomaterials should have other essential bulk properties (particularly
mechanical properties) due to their requirement to be compatible with the host
bioenvironment. However, obtaining both requirements for designing a biomaterial
is not easy. A common way of fabricating biomaterials is taking acceptable bulk
properties and enhancing the surface properties by special treatment which is not
sufficient to fulfill all of the requirements. Depending on the end uses, both the bulk
properties and antibacterial activity of polymer biomaterials can be enhanced by
selective surface modification. For example, surface modification of biomaterials
can progress the device multifunctionality, tribology, biocompatibility, topography,
and especially the antibacterial properties which can reduce the necessity of devel-
oping brand new materials with expensive and time-consuming methods. Hence,
surface engineering of biomaterials is becoming an emerging area of research to
improve human healthcare system. Generally, more than one method is desired to
fulfill the demands of biomaterials, and also one should consider the product yield,
reproducibility, and reliability before final selection of any one of the methods
(Desmet et al. 2009).

In this chapter, we discuss the types and properties of polymeric biomaterials. The
limitations of using biomaterials without surface modification and the mechanisms
of bacterial adhesion and/or biofilm formation on the implants inside the human
body are also discussed. Moreover, biofilm-related infections are discussed. The
major part of the chapter focusses on the modification processes of the surfaces of
polymeric biomaterials with antibacterial molecules to prevent the biofilm forma-
tion. Prevention mechanism of biofilm formation are also discussed.
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15.2 Polymeric Biomaterials

15.2.1 Problems of Using Polymeric Biomaterials Without Surface
Modification

The single-cell prokaryotic microbes such as bacteria have different forms such as
spheres, ellipses, rods, or spirals. These microorganisms having size of a few
micrometers live in every portion of the Earth. They have the ability to stick to a
surface by being entrenched in ECM-forming biofilms. So, it is expected that the
antibacterial polymeric biomaterial substrates should be able to destroy microbes
such as bacteria, or hinder or interrupt their growth. Biomaterials used in the
manufacture of life-saving medical devices have the risk of infections when applied
in the patient’s damaged part. The risk of insistent and prolonged contagions will be
developed, if the bacteria undergo biofilm formation, and overall transmission to the
body circulation system. The medical devices which come in contact with blood
display high danger if there are bacteria adhered to the surface of these device
materials or exist in the application site of the materials. For example, heart valves,
intravenous or dialysis catheters, fluid shunts, cardiac pacemakers, joint prostheses,
contact lenses, etc. are the most susceptible to common bacterial infection in body.
The most commonly existing microorganisms forming biofilm on prosthesis devices
are, namely, Staphylococcus epidermidis, Staphylococcus aureus, Pseudomonas
aeruginosa, and Escherichia coli (Hall-Stoodley et al. 2004; Stewart and Costerton
2001). Bacteria may be settled on the polymeric prosthesis during surgery, so care
must be taken for proper sterilization. However, the expertise of the surgical team,
hygiene of the operation area, and all instruments used, as well as the circumstances
of the patient and the injured part, are vital issues for the achievement. In the case of
the development of biofilm, it is problematic to eradicate all the colonies as they are
sheltered by the ECM. In these situations, the first way out is to remove the implant
(Baveja et al. 2004). So, it is important to apply antibacterial surface coating on the
implant materials.

15.2.2 Polymeric Biomaterials Surface Properties and Morphology

The experimental studies reveal that bacterial adhesion to a material surface is a
competing process, where microorganisms contest with host proteins and cells for
the colonization on the exterior of transplant materials (Subbiahdoss et al. 2010).
Consequently, the perfect surface configuration of the polymer would be one that
aggressively endorsed the binding and addition of host cells while stimulating tissue
healing. This would inspire the conciliation of host biomolecule addition only to a
position that simplifies incorporation of the polymeric biomaterial into the host
systems without preventable immune response.

This would concurrently stop bacterial adhesion to surface and biofilm develop-
ment on it (Liu et al. 2004; Stobie et al. 2008). The surface properties of polymeric
biomaterial strongly influence bacterial attachment to its solid surface. The material
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surface properties including its physical and chemical properties such as its chemical
composition and reactivity, contact angle, polarity, electrostatic interactions, crys-
tallinity, and mobility of the surface functional groups, surface energy and
hydrophobicity, surface roughness, porosity, surface structure, depth, density, and
grip of the modifying layer. The influences of surface physical and chemical
properties on the integration of host cells and bacterial attachment are discussed in
the following sections.

15.2.2.1 Surface Free Energy and Hydrophilicity
Surface free energy of solid surface indicates adhesiveness and attraction to other
materials. It is due to the active functional groups on the exterior of solid surface and
the electrical charges existing on the external surface. The surface energy of a solid
become high when energy is increased upon bringing the surface into interaction
with other materials. Solid surfaces are wettable by most liquids which possess high
surface energy. On the contrary, most liquids do not wet solids having small surface
energy. In general, any liquid having surface tension lower then surface free energy
of a given solid surface will wet that surface entirely and develop a uniform liquid
film on the surface. Surface free energy controls the wettability of the solid surface
with water and, consequently, the hydrophilicity. This also influences the sorts and
route of the first adsorbed host proteins and cells layer.

The hydrophilic surfaces are categorized with electrical charges and polar func-
tional groups. High surface energy also encourages the addition with host proteins
fixed to solid surfaces less strongly due to higher interaction with neighboring water
molecules (Ratner et al. 1978; Hasan et al. 2020b; Pandey and Pattanayek 2013). In
contrast, protein adsorption in dynamically favorable hydrophobic interactions is
supported by hydrophobic solid surfaces. Nevertheless, it may bring powerfully
permanent adsorption and denature the protein’s natural conformity. Consequently,
the protein will denaturate and will lose its bioactivity. The measure of water
adhesion tension and degree of contact angle of the liquid drop are defined as the
hydrophilicity of materials. Hydrophilic surfaces possess contact angles less than
65�, whereas hydrophobic biomaterial shows contact angles greater than 65�. It was
revealed in many studies that solid surfaces that are either very hydrophilic or
hydrophobic prevent host proteins and cell attachment. Therefore, for the improve-
ment of proteins attachment and cell proliferation on the solid surfaces, an optimal
value of surface hydrophilicity is essential. So, the moderate wettable surface by
water is able to adsorb proteins without changing their conformity. They represent
optimistic cell adhesion and expansion (Matlaga et al. 1976).

15.2.2.2 Adhesiveness and Functional Groups of Surface
The surface hydration is responsible for the change of the adhesiveness of hydro-
philic surfaces. For instance, hydrated PEG/PEO (poly(ethylene glycol)) is provi-
sionally adhesive, while glass is adhesive whether hydrated or not (White et al.
1981). Some polymers used as biomaterials are grouped as adhesive (e.g., poly
(methyl methacrylate) (PMMA), tissue culture polystyrene (TCPS), poly(ethylene
terephthalate) (PET)), polyurethane (PU), nonadhesive (e.g., polypropylene (PP)),
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polytetrafluoroethylene (PTFE), and polyethylene (PE) based on the relationships
among cell adhesion and water contact angles. The adhesive and hydrophilic
properties of a polymeric biomaterial surfaces also count on the existence or absence
of functional groups and their alignment on the surface (Girard-Egrot et al. 2005).
The adsorption of proteins also depends on the position of the charged groups
whether to the exterior or the interior of the material surface.

The carboxyl (–COOH), hydroxyl (–OH), amino (–NH2), and methyl (–CH3)
groups are the most common functional groups present on biomaterials. For
instance, several studies have been conducted on the occurrence of these groups
on the biomaterial surface and their attractions with proteins as these groups are also
present in protein structures.

In case of polymeric surfaces, bearing carboxyl (–COOH) groups, have a nega-
tive charge functionality on their surfaces with enhanced fibrinogen and albumin
adsorption properties. It is also reported that an enlarged functional groups (car-
boxyl) density contribute an extra negative charges over the surface, which inhibit
the cell adhesion and growth (Planell et al. 2010). pHEMA is another common
biopolymer containing a hydroxyl (–OH) group. The bendable backbone of the
polymer carbon chain can simply revolve and alter the position of the functional
groups. pHEMA surface displays a hydroxyl-rich functionality in aqueous media,
and in air, a methyl-rich functionality (Girard-Egrot et al. 2005). Hydroxyl (–OH)
groups on the surface present an impartial hydrophilic surface. Previous research
into surface functionality suggests that cell growth is proportional to the amount of
oxygen-containing functionalities (Barbosa et al. 2006). Polymeric biomaterials
containing amine (–NH2) groups display a positive charge on the surface at physio-
logical pH. Studies on the amine-functionalized materials showed appropriate pro-
tein conformations after adsorption onto these positively charged surfaces, and these
frequently lead to amplified endothelial cell (Lee et al. 1998).

15.2.2.3 Morphology of Polymeric Biomaterials Surface
The primary reasons directly manipulating the cell interaction and tissue inflamma-
tory response are the surface morphology and physical structure. It also responds to
biofilm formation on solid surface (Hayward and Chapman 1984). Physical structure
such as surface irregularity has a noteworthy consequence on hemocompatibility and
biocompatibility of the applied biomaterials. When the number of edges, especially
sharp edges, of the applied biomaterials increases, then the intensity of the inflam-
matory response also increases. Several studies reveal that the inflammatory
response against implanted porous materials is more intense than nonporous
materials (Bird et al. 1989). For instance, several studies have been performed on
the engineered surfaces with micropillars or columns on adhesion of diverse cells.
Those studies were designed to know the relation among the stiffness of the surface
and cell adhesion. It is assumed from numerous reports that a combination of
chemistry, physical forms, and the stiffness of the surfaces is vital in cell adhesion
on the polymeric biomaterial exteriors.
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15.3 Biofilm

The term “biofilm” was formally introduced in 1978 by Costerton (Costerton et al.
1978). Costerton et al. define biofilm as “a structured community of bacterial cells
enclosed in a self-produced polymeric matrix and adherent to an inert or living
surface.” Biofilms comprises of two basic substances: bacterial species and extracel-
lular polymeric substances (EPS) (Vasudevan 2014). In short, biofilm can be defined
as the communities of microorganisms that are attached on a surface, encased
themselves in a self-secreted extracellular polymeric substances (EPS) matrix, and
thus resulting in formation of a 3D bacteria community (Narayana and Srihari 2020;
Armbruster and Parsek 2018; Rabin et al. 2015).

Bacterial species-produced biofilms are commonly found in the nature called
planktonic bacteria (Armbruster and Parsek 2018; Mah and O’toole 2001). On the
other hand, bacteria within the biofilm called sessile bacteria, which exist in a
dormant growth phase, and their phenotypes are distinct and different from plank-
tonic bacteria (Vilain et al. 2004; Stoodley et al. 2002). Biofilm-associated
organisms grow more slowly in comparison to planktonic organisms due to their
access to limited nutrient and oxygen (Donlan 2000). In comparison with planktonic
counterparts, bacteria within a biofilm are approximately 600 times less susceptible
to disinfectants and up to around 1000 times more resistant to antibiotics (Narayana
and Srihari 2020; Donlan 2000). This makes biofilms a major public health problem
since almost 60–80% of human microbial infections are caused by bacterial growth
as a biofilm. Bacterial infections are so sturdy as it results in resistance to therapy and
bacterial propagation to the host body as well (Ahmed et al. 2019; Kostakioti et al.
2013). The bacteria known to produce biofilm are Enterococcus faecium, Staphylo-
coccus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter species, collectively known as “ESKAPE” (Rice
2010). They have been nicknamed as “the ESKAPE pathogens,” because of their
ability to “escape” from the antibiotic action.

The second component of biofilm is the extracellular polymer matrix (EPS)
which provides the matrix or structure for the biofilm. Within the biofilm, the
bacteria those attach irreversibly to surfaces (i.e., eradicate by mild rinsing) start
cell division, form microcolonies, and then produce the extracellular polymer
(Donlan 2001a) matrix which is accounted for approximately 90% of the biomass
within the biofilm (Lewandowski and Evans 2000) EPSs are composed of proteins,
polysaccharides, lipids, extracellular DNA (3% by weight), and water channels
(97% by weight) (Da Cunda et al. 2020). In addition to these substances, EPS also
contains carbohydrate-binding proteins, pili, flagella, and other adhesive fibers
(Kostakioti et al. 2013). The “water channels” within EPS allow necessary essential
nutrients and oxygen to the cells growing during the process of biofilm formation.
These extracellular polymeric enclosures not only favor the microorganisms by
providing the essential nutrients but also create a favorable environmental condition
for their survival and offer architectural integrity (Vasudevan 2014). In the matrix,
nutrients, minerals, and various type of host components such as fibrin, RBCs, and
platelets are trapped for metabolic consumptions by the resident microorganism, and
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water is retained through H-bond formation with hydrophilic polysaccharides
(Kostakioti et al. 2013; Donlan 2001a). However, depending on the nutrient avail-
ability, enzymes secreted by the bacteria also changes which modifies the EPS
composition and thereby tailoring the biofilm architecture in response to the specific
environment (Sauer et al. 2004). Thus, a highly hydrated, robust EPS is formed that
keeps bacteria in close proximity, enabling intimate cell-to-cell interactions and
DNA exchange, while protecting the biomass from desiccation, predation, oxidizing
molecules, radiation, and other damaging agents (Flemming and Wingender 2010).

15.3.1 Reason for Biofilm Formation

Microbial biofilms are highly resistant to antibiotics and host immunity system.
Formation of biofilms by clinically relevant microbial pathogens is the main cause of
many chronic and recurrent infections in the human body (Hall et al. 2014). Biofilms
have been accounted for 80% of all microbial infections (Rabin et al. 2015; Sun et al.
2013). These kinds of infections are hard to diagnose and treat (Rabin et al. 2015).

Biofilm-associated infections can be broadly divided into two types: device-
associated infections, which are associated with indwelling medical devices; and
non-device-associated infections, which contribute about 65% of all bacterial
infections (Jamal et al. 2018; Sun et al. 2013).

The former type, device-associated infections, is known as biofilm infections
related to implanted external materials and medical devices. Biofilms are formed by
single or multiple different species of bacteria (Jamal et al. 2018).

The human body is susceptible to be infected by different microorganisms, such
as viruses, fungi, and bacteria. Bacteria can enter human body during surgery or even
through a minor injury like a cut finger. Sometimes, people have new implants put
into their bodies during surgery, like a new valve in the heart. Bloodstream or urinary
tract infections can be caused by biofilms originally formed from different indwell-
ing medical devices including various catheters, mechanical heart valves, sutures,
fixation pins and screws, voice prostheses, and dental implants (Unosson 2015; Sun
et al. 2013).

Implant-associated infection can commence from many sources. Pathogens may
originate from the epithelial flora of patients, hospital personnel, or from any other
sources in the environment. These generated microorganism form infectious
biofilms on the surfaces of implants and devices, and subsequently get into human
organs or tissues (Donlan 2001b). Even after hip or knee implants and heart valve
replacements, an infection can arise by hematogenous spread of bacteria which
entered into the bloodstream (Unosson 2015). Contamination of implants by bacteria
causes the host immune system to react to bacteria and to identify the biomaterial
surface as foreign body to cause an inflammatory response.

However, the situation becomes worse when the implant is placed into a fluid,
such as bloodstream, or the urinary tract. A conditioning film (comprised of protein-
aceous material present in the fluid) is formed on the implant. The surface properties
of the implant are then completely masked by the properties of the conditioning film.
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Biofilm formation are then significantly impacted by surface topography. Besides,
implant surface properties and bacterial cell surface characteristics also play an
important for biofilm growth. For example, the presence of flagella, pili, fimbriae,
or glycocalyx affects the rate of microbial attachment. To get permanently attached
to implant surface, the microbial cells must overcome all repulsive forces. In this
regard, during reversible attachment, these appendages allow the cell to remain
attached to surface, until the cells get permanently attached.Korber et al. (1989)
demonstrated that the flagella facilitated the attachment of Gram-negative bacteria to
surfaces. Rosenberg et al. (1982) showed the importance of fimbriae for attachment
of bacteria to surface. Microbial cell surface hydrophobicity is also very important
for attachment (Unosson 2015). In addition to this, to favor the attachment, bacteria
tend to position themselves to maximize their contact area with the surface (Feng
et al. 2015). The possible reasons for which bacteria form a biofilm could be as
discussed in the next paragraph.

Bacteria form biofilm to enhance their tolerance to harsh environmental
conditions. Bacteria in planktonic form are loosely attached to a surface or tissue
and thus can be easily washed away by water flow or blood stream. In contrast,
bacteria within biofilms can withstand repeated, strong shear forces and are nearly
1000 times more resistant than their planktonic counterpart (Rasmussen and
Givskov 2006).

15.3.2 Biofilm Growth

Biofilm formation mainly occurred in four main stages (Crouzet et al. 2014; Jamal
et al. 2018):

1. Biofilm adhesion, where planktonic (free floating) bacteria attach to the biomate-
rial surface.

2. Biofilm formation, where cells aggregate, form microcolonies, and excrete extra-
cellular polymeric substances (EPSs) and become irreversibly attached to the
surface.

3. Biofilm maturation, where biofilm matures, cells form multilayered clusters, and
three-dimensional growth occurs. After maturation, biofilm causes protection
against host defense mechanisms and antibiotics.

4. Detachment/dispersion of biofilm where the biofilm reaches a critical mass
disperses planktonic bacteria which may colonize to new surfaces.

15.3.2.1 Biofilm Adhesion
Bacterial adherence to abiotic surfaces is a spontaneous phenomenon. As free-
floating bacteria approach a surface, it encounters both attractive and repulsive
forces that vary depending on nutrient levels, pH, ionic strength, and temperature
(Narayana and Srihari 2020; Kostakioti et al. 2013). This initial attachment is
reversible, during which bacteria can detach and reattach the planktonic population
if disturbed by repulsive forces, or in the presence of available nutrient. Moreover,
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composition of bacterial cell-surface affect the velocity and direction of forces
toward or away from the contact surface (Kostakioti et al. 2013). For instance,
from a distance of 10–20 nm, the negative charges on the bacterial surface are
repelled by the negative charges on contact surfaces (Rabin et al. 2015). This
repulsion could, however, be overcome by attractive van der Waals forces, acid
base, hydrophobicity, Brownian motion, and gravitational, electrostatic, polar, and
ionic interactions between the bacterial cells and the surface (Narayana and Srihari
2020; Ahmed et al. 2019). Along with physical forces, bacterial adhesion to surface
occur by bacterial appendages such as pili; flagella act as adhesins and can lead to
biofilm formation (Jamal et al. 2018; Ahmed et al. 2019). Adhesion also occurs due
to the presence of a thin layer on indwelling medical device or living tissues
consisting of proteins such as fibronectin, fibrinogen, vitronectin, thrombospondin,
laminin, and collagen (Dunne 2002). This thin layer is called conditioning film on
the surface which plays a role in the attachment of bacteria to the abiotic surfaces
(Espersen et al. 1990; Ahmed et al. 2019).

Irreversible attachment is attained by those bacteria that can endure shear forces
and can maintain a steadfast grip on the surface (Kostakioti et al. 2013). During this
stage of attachment, bacteria can also stick to each other (cohesion attachment) or to
different surface-bound organisms (adhesion attachment) and thus form aggregates.
Interestingly, the presence of one species of microorganism on a surface can enhance
the adhesion of other species (Garrett et al. 2008). The hydrophobicity of the surface
may also strengthen the attachment of microbes, since it reduces the force of
repulsion between the bacteria and the surface (Tribedi and Sil 2014).
Microorganisms attach more likely to the hydrophobic and nonpolar surfaces, in
comparison to hydrophilic and polar surface (Fletcher and Loeb 1979) (Fig. 15.1).

15.3.2.2 Biofilm Formation
After an attachment of microorganisms to a biotic or an abiotic surface, the bacteria
then start to form a monolayer (Da Cunda et al. 2020). Bacteria in monolayer thus
form microcolony by producing cellular aggregates through multiplication and
division. Several multilayers of bacteria form an organized structure by producing
an extracellular polymeric substance (EPS) (Narayana and Srihari 2020). The EPS
provides the matrix or structure for the biofilm and consists of polysaccharides,
structural proteins, cell debris, nucleic acids, and water channels (Da Cunda et al.
2020; Donlan 2001a). The matrix formation is initially dominated by extracellular
DNA (eDNA) whereas later on regulated by polysaccharides and structural proteins
(Da Cunda et al. 2020). The attachment is now irreversible and the biofilm starts to
grow in a three-dimensional manner (Narayana and Srihari 2020). This three-
dimensional (3D) cell mass varies in its bioarchitecture constituting “tower-like”
structures (Da Cunda et al. 2020). Bacterial colonies in a biofilm can generally be
divided into many microcommunities. These microcommunities coordinate and
communicate with each other for exchange of substrate, distribution of important
metabolic products, and for secretion of metabolic end-products. For instance,
during anaerobic digestion, complex organic matter is converted into CH4 and
CO2, and requires involvement of a minimum three types of bacteria:
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(1) fermentative bacteria that start the production of acid and alcohol from organic
compounds, (2) acetogenic bacteria that consume the substrates produced, and
(3) finally methanogens that convert the acetate, carbon dioxide, and hydrogen
into methane and get energy. Thus, it can be said that biofilm provides a perfect
environment for the development of syntrophic association, an association of meta-
bolically different bacteria depending on each other for utilization of certain
substrates to get energy (Jamal et al. 2018; Davey and O’toole 2000).

15.3.2.3 Biofilm Maturation
Once bacteria have irreversibly attached to a surface, the process of biofilm matura-
tion begins. There are two stages of maturation:

Fig. 15.1 Stages of biofilm formation. After adhesion, bacteria interact with each other to form
microcolonies promoting bacterial aggregation. Large bacterial aggregates called towers develop
when polymeric matrix in biofilm progresses. PIA and eDNA expression in biofilm also contributes
to the biofilm formation. Phenol-soluble modulins form characteristic water channels and are also
involved in bacterial dispersal. (Figure adapted from Ahmed et al. (2019) with permission from
Elsevier)
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Stage I: Inter-cell communication and the production of autoinducer signal
molecules.

Stage II: Increase of the microcolony size and thickness to a value of around
100 mm, forming a macrocolony (Khatoon et al. 2018).

Stage I
In this phase, the adhered cells grow and mature by communicating among them-
selves through secretion of signaling molecules, known as autoinducers (Davies
et al. 1998). Bacteria within biofilm communicate with one another through
autoinducer signals (Vasudevan 2014). Cell-to-cell communication is an important
process to attain the required microbial cell density. These autoinducers facilitate
quorum sensing (Jamal et al. 2018). Maturation stage is regulated by quorum-
sensing systems. These factors determine the strength of surface attachment
(Narayana and Srihari 2020).

Stage II
Further remodeling, adaptation and development of cells in microcolonies lead to the
formation macrocolonies (Ahmed et al. 2019). The growth potential of any bacterial
biofilm is regulated by the availability of nutrients, the perfusion of those nutrients to
cells within the biofilm, and the removal of waste. The overall density and complex-
ity of the biofilm increase as surface-bound organisms (pili, fimbriae, flagella) begin
to actively replicate and the extracellular matrix components start to interact with
organic and inorganic molecules of the environment to create the glycocalyx (Dunne
2002). Thus, it can be said that biofilm maturation is achieved by regulation of pili,
fimbriae, flagella, exopolysaccharides, and glycocalyx. In addition, there exists an
optimum hydrodynamic flow across the biofilm that favors growth and perfusion
rather than erosion of the outermost layers. These factors determine the strength of
surface attachment. Other factors that control biofilm maturation include internal pH,
oxygen perfusion, carbon source, and osmolarity (Dunne 2002; O’toole and Kolter
1998). Biofilm eradication is very hard after maturation.

15.3.2.4 Detachment/Dispersion of Biofilm
Biofilm maturation is followed by the detachment step, which is also crucial for the
biofilm life cycle. In this phase, microbial cells within the biofilm undergo quick
multiplication and dispersion to convert from sessile into motile form.

Detachment occurs in a spontaneous pattern (Costerton et al. 1999). Many factors
are responsible for dispersal of biofilms, such as lack of nutrients, or perfusion,
decreased pH, pO2, or an accumulation of toxic metabolic by-products, outgrown
population, etc. At some point, the biofilm reaches at a critical mass. A dynamic
equilibrium is reached at this point where the outermost layer of growth (farthest
from the surface) begins to generate planktonic organisms. These organisms are now
free to escape the biofilm. Whole or a part of biofilm may disperse. However, release
of planktonic bacteria on dispersion of biofilm again promotes the initiation of new
biofilms at other sites (Rabin et al. 2015). Some bacteria do not produce extracellular
polysaccharide, and the bacterial cells disperse directly into the environment
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(Baselga et al. 1994). During the detachment process, microorganism within the
biofilm produce different saccharolytic enzymes that help to release the surface of
the microbes into a new area for colonization. For instance, Escherichia coli
produces N-acetyl-heparosan lyase, Pseudomonas aeruginosa and Pseudomonas
fluorescens produce alginate lyase, and Streptococcus equi produces hyaluronidase
for the lysis of the EPS matrix and subsequent detachment (Sutherland 1999). After
getting detached from the biofilm, bacteria resume to planktonic mode and float
freely in the surrounding body fluids causing spreading of infection. Biofilm disper-
sion causes the selection of new sites or further local invasion and aid in the
spreading of infections (Narayana and Srihari 2020). Proteases and accessory gene
regulator (Agr) controls this stage (Jamal et al. 2018).

15.3.3 Infections Due to Biofilm Formation

15.3.3.1 Biofilm-Associated Infections
Microbial biofilms are highly resistant to antibiotics and host immunity system.
Formation of biofilms by clinically relevant microbial pathogens is the main cause of
many chronic and recurrent infections in the human body (Hall et al. 2014). Biofilms
have been accounted for 80% of all microbial infections (Rabin et al. 2015; Sun et al.
2013). These kinds of infections are hard to diagnose and treat (Rabin et al. 2015).
Biofilm-associated infections can be broadly divided into two types: device-
associated infections, which are associated with indwelling medical devices; and
non-device-associated infections, which contribute about 65% of all bacterial
infections (Jamal et al. 2018; Sun et al. 2013).

The former type, device-associated infections, is known as biofilm infections
related to implanted foreign materials and medical devices. Biofilms are formed by
single or multiple different species of bacteria (Jamal et al. 2018).

For instance, bloodstream or urinary tract infections can be caused by biofilms
originally formed from different indwelling medical devices including various
catheters, mechanical heart valves, sutures, fixation pins and screws, voice
prostheses, and dental implants (Unosson 2015; Sun et al. 2013). Implant-associated
infection can commence from many sources. Pathogens may originate from
the epithelial flora of patients, hospital personnel, or from any other sources in the
environment. These generated microorganism form infectious biofilms on the
surfaces of implants and devices, and subsequently get into human organs or tissues
(Donlan 2001b). Even after hip or knee implants and heart valve replacements, an
infection can arise by hematogenous spread of bacteria which entered into the
bloodstream (Unosson 2015). Contamination of implants by bacteria causes the
host immune system to react to bacteria and to identify the biomaterial surface as
foreign body to cause an inflammatory response.

Few Biofilm-associated clinical infections have described below.
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Urinary Infection
Biomaterials in the urinary tract, such as catheters, increase the chance of biofilm
formation and cause urinary infection (Tenke et al. 2006). Catheters provide surfaces
for bacteria to attach. Both the inner and outer surfaces of urinary catheters are
infected with bacterial biofilms, for example, P. mirabilis biofilms, which can block
catheters, and need to be replaced (Jacobsen et al. 2008).

Prosthetic Joint Infection
Gram-positive bacteria, such as Staphylococci, usually cause prosthetic joint infec-
tion. After surgery, bacteria come from blood or the lymph attached to the surface of
prosthetic joints and form biofilms. In contrast to typical bacterial infections, this
infection shows other symptoms like pain and emerge (Khardori and Yassien 1995).

Cardiac Valve Infection
Bacterial biofilm on cardiac valve implant causes a disease called prosthetic valve
endocarditis. The microorganisms that cause endocarditis are S. epidermidis,
S. aureus, Streptococcus spp., Corynebacterium spp., Enterococcus spp., and Can-
dida spp. (Khardori and Yassien 1995). Biofilm formation can disrupt or block the
artificial cardiac valve, resulting in diminished flow, turbulence, or even leaking.
Detached biofilm cells can transfer along with the blood stream and cause infection
in other organs.

Dental Implant Infection
Peri-implantitis is generally caused by biofilm-producing oral pathogens. This
infection causes inflammation and a progressive bone loss around the dental implant
(Mombelli et al. 2012). Periimplantitis has been reported to affect around 10% of
implants and is a major reason of worry for patients and dentists. Species that cause
peri-implantitis and other implant-associated infections do not only pose an imme-
diate threat to the implant and the surrounding bone, but may also cause bacteremia.
Bacteremia is the presence of bacteria in the bloodstream which can cause infection
and biofilm formation even on other sensitive implants such as artificial heart valves
(Unosson 2015).

Bone Implant Infections
The microorganisms responsible for orthopedic implant-associated infections have
been reported as Staphylococcus aureus and Staphylococcus epidermidis (Mombelli
et al. 2012; Pye et al. 2009). Both of these species are common around the human
body. S. aureus are available in the nostrils and S. epidermidis are found on the skin
(Pye et al. 2009). These microorganisms cause harm if the skin barrier is broken, or
the immune system is not strong enough. Both of these species are strong biofilm
formers and have reported to develop resistance to a range of antibiotics. Unfortu-
nately, the methicillin-resistant strains of S. aureus (MRSA) and S. epidermidis
(MRSE) are often developed at the hospital, which cause worse condition of patient
(Unosson 2015).
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15.3.3.2 Non-device-Associated Infections
Biofilm-associated clinical infections are often chronic infections and mainly include
cystic fibrosis lung infection, recurrent tonsillitis, recurrent urinary tract infection,
chronic otitis media, chronic wounds, dental caries, chronic rhinosinusitis, chronic
prostatitis, dental caries, and periodontitis (Hall-Stoodley et al. 2012; Del Pozo
2018; Burmølle et al. 2010).

Cystic Fibrosis (CF)
Cystic fibrosis (CF) occurs in the lung and causes formation of thick and sticky
mucus. Sticky mucus blocks patient’s airway and causes breathing problem (Lyczak
et al. 2002). P. aeruginosa is mostly responsible for cystic fibrosis (Pedersen et al.
1986). Antibiotic treatment often alleviates P. aeruginosa infection; however, it does
not necessarily cure the infection. The reason behind incomplete cure is mainly due
to P. aeruginosa biofilms that cause disease recurrence (Costerton et al. 1999).

Dental Infection
Biofilms play a vital role in dentistry. More than 700 species of bacteria have been
reported to cause dental plaque (Overman 2000). Dental plaque is actually composed
of mixed biofilms (Overman 2000) and can be divided into healthy and disease-
associated dental plaque. The composition of the healthy plaque biofilm is signifi-
cantly different from disease-associated plaque biofilms.

S. sobrinus and S. mutans have been reported to be involved in dental caries, and
they have very high acid tolerance (Unosson 2015). Streptococcus mutans, which
are responsible for both caries and plaque formation, have also been found to
colonize on dental implant surfaces (Jamal et al. 2018).

Periodontitis is an infection of the gums. The biofilm formation on gums due to
poor oral hygiene also causes tooth loss, soft tissue damage, and damages of the
bones supporting the teeth (Kokare et al. 2007). This is caused by Fusobacterium
and P. aerobicus (Narayana and Srihari 2020).

Wounds
Chronic wounds are usually associated with biofilms, whereas acute wounds are not
associated with biofilm (James et al. 2008). So, chronic wounds persist and slowly
heal. For wound, biofilms are usually formed on the outer layer; however, in few
cases, biofilms may also be embedded in the deep layers of a wound, such as
P. aeruginosa biofilms (Hall et al. 2014).

Bone Infection
Osteomyelitis, a disease of bones, is caused due to the entry of bacteria into bones
through the bloodstream or through previous infections (Narayana and Srihari 2020).
Bone infection leads to the formation of white blood cells (WBC) which secrete
enzymes. These enzymes may lyse the bone and results in the formation of pus
which spread through the bone blood vessels and cause tissue damage and deterio-
ration of the function of the affected bone areas (Jamal et al. 2018).
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15.4 Improvement of Antibacterial Properties of Polymeric
Biomaterials by Surface Modifications

Various surface modification or treatment procedures have been developed for the
preparation of antibacterial surfaces over the past decades (Tiller et al. 2001; Bazaka
et al. 2011b). The surfaces are usually allowed to undergo either chemical or
physical treatments. Such surface modifications include surface functionalization,
derivatization, polymerization, or mechanical or surface architecture alteration
(Bazaka et al. 2011a; Muñoz-Bonilla and Fernández-García 2012). Among the
methods, surface functionalization, derivatization, or polymerization techniques
prominently involve the chemical modification of the surface, whereas both the
mechanical and surface structuring approaches are considered as the
physicomechanical alteration of the surfaces (Hochbaum and Aizenberg 2010; Tiller
et al. 2001).

15.4.1 Physical Methods

15.4.1.1 Physical Adsorption
By definition, adsorption refers to the linkage of atoms, ions, biomolecules, or
molecules of gas, liquid, or dissolved solids onto a different solid state. Adsorption
is generally utilized to alter the surfaces of polymeric biomaterials through the
successful immobilization of bioactive compounds through ionic attractions or
pairing between ligand and receptor (Xia and Whitesides 1998; Takahara et al.
2000). To obtain strong adsorption, substrate materials are required to have certain
groups to interrelate the coating materials. As reported, the biotin–avidin correlation
is considered as one of the strongest noncovalent bonds with a force up to 250 pN.
Adsorption is also promising in case of its application in drug delivery due to its
simplicity and reversibility. In various applications, physical adsorption of the
molecules that are biocompatible (such as proteins and enzymes) have been found
to achieve through dip coating of the substrate materials (Guney et al. 2013).

15.4.1.2 Surface Micro- and Nanopatterning
Biomaterial surface can easily be improved following various techniques to generate
both the micro- and nanopatterns. The obtained design can either be arbitrary or well
in order (Goddard and Hotchkiss 2007).

Lithography is considered as one of the prominent approaches to pattern bioma-
terial surface and is normally applied in the microelectronic industries. The topo-
graphic pattern, in case of biomaterial applications, is created on the silicon wafer
which is simulated on the polymeric surface.

The process is analogous to the photolithography. In this process, a single beam
of light (commonly UV) is allowed to cross a film that carries the reverse of the
chosen pattern onto the coated silicon surface. After the successful exposure, the
substrate undergoes washing and the pattern (which is transferred) gets stable
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through etching process with a suitable solvent. Such substrate can also be utilized as
a model to produce the reverse copies.

On the other hand, laser machining (a quicker, cleaner, and easier method to
adapt) has been demonstrated prominently in various surface modifications (Kurella
and Dahotre 2005; Duncan et al. 2002). Complications encountered in photolitho-
graphic process was also overcome (difficulties associated with acid etching).
Moreover, the expected pattern can easily be organized regarding the height-to-
depth ratio and spacing of the surface (Hallgren et al. 2003).

Microcontact printing, considered as another significant surface alteration
method, utilizes polydimethylsiloxane (PDMS) stamps having the contrary design
shaped on its surface. In this process, a chosen design is produced first on silicon
wafer, photoresist in nature, following the regular photolithography as stated earlier.
Further, an opposite model can also be attained following thermal curing process
(utilizing PDMS) on the surface. Here, PDMS stamp retains as is. In case of printing
the biomolecules on the biomaterial surface, the stamp, which is of elastomeric
nature, is allowed to dip in a medium containing the particular molecules which is
further forced on the directed exterior. Following the same approach, structures
including proteins, fluorescent molecules, quantum dots, or even cells can easily be
shifted onto a designed surface (Ma et al. 2007; Ozdemir et al. 1999).

15.4.1.3 Langmuir–Blodgett (LB) Film Deposition
Characteristic functionalities present on the surfaces of polymeric biomaterials
ensure proper coating, both physically and uniformly with amphiphiles, while
implementing the Langmuir–Blodgett (LB) process (Heens et al. 1991). According
to this technique, the substrate is allowed to submerge into a solution comprising of
the coating materials, which is further removed gradually by taking off. Deposition
of the coating materials takes place onto the solid surface while dipping and
removing the substrate from solution. However, the presence of surfactant molecules
reduces the energy (free energy) while establishing a well-organized single layer on
the material surface. Formation of such assembly has been found to be accomplished
and controlled by several forces enlisted as intermolecular, capillary, and electro-
static forces or connective motion of solvents (Takahara et al. 2000).

Coating materials usually act like amphiphiles in nature while attaining a surfac-
tant having the structure with both the hydrophilic head and hydrophobic tails. Such
molecules are found to get spread rapidly on the surface of the water when a dilute
solution of an amphiphile is allowed to add in an aqueous solution. The molecules
get rearranged themselves at the interface in a manner whereas the polar head groups
remain inside the water and the tail groups remain at the outside. Hydrophobic
groups, present on the outside of water, simply deliver a strong repulsive energy to
each other resulting in a properly ordered layer that floats at the liquid surface while
affecting the surface strain of the liquid (Knobler 1990; Ulman 1991).

The previously arranged layer can further be moved to a biomaterial surface in
numerous manners. If a solid material is allowed to get dip in vertical manner and
further detached slowly, either the hydrophilic head groups or the hydrophobic tail
groups present on the molecules get bonded to the solid surface via ionic attractions
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according to the surface charges resulting in a properly ordered monolayer coating
known as Langmuir film. Successively, multilayers can also be obtained via contin-
uous deposition of monolayers. Such deposition approach is known as Y-type,
involving a stack of head-to-head and tail-to-tail configurations. Nevertheless, the
occurrences regarding the transformation of floating monolayer during the immer-
sion (known as X-type deposition) or the emersion (known as Z-type deposition) of
the substrate material have also been found in literature (Guney et al. 2013).

15.4.2 Chemical Methods

Surfaces of the polymeric biomaterials can also be modified by numerous methods
involving straight chemical reactions with a gaseous medium (for example: ozoni-
zation, fluorinization, etc.), reactions with a solution (known as wet treatments), or
covalent attachment between the macromolecules to the sample surface (simply
known as grafting). The characteristic functionality conveyed to the inactive surface
should be well suited with the sensitive sites of the substrate to be covalently bonded
to the surface. Covalently bonded molecules usually provide the steadiest bond
between the substrate and the molecules. Moreover, such conjugations spread their
half-life, retain their activity, and inhibit their metabolism as well when the bonded
molecules are bioactive in nature (Kuhl and Griffith-Cima 1996; Zheng et al. 1994).

15.4.2.1 Ozone Treatment
Peroxy groups, on which different molecules can get conjugated, in the polymers are
attained through the application of ozone. According to various studies, such
conjugation can be enhanced with UV irradiation (Gao et al. 2003). In a study, Liu
et al. reported the effect of UV irradiation in combination with ozone in case of
grafting the polymers that are hydrophilic in nature, for instance, chitosan, poly
(vinyl alcohol) (PVA), etc. to a polyethersulfone ultrafiltration membrane (Liu et al.
2008). The alteration process was found successful and the prepared films showed
improved hydrophilicity and roughness together with reduced protein adsorption.

15.4.2.2 Silanization
In general, silanization is one of the cheapest and efficient covalent coating method
improving materials surface enriched with hydroxyl groups (Hasan et al. 2018a;
Hasan and Pandey 2020). Silanized surface can also be altered via further grafting
(Hasan et al. 2018b; Hasan and Pandey 2020). In a study, Zhang et al. considered
hydroxyapatite (HA) with fluorescein isothiocyanate (FITC) through altering HA by
3-aminopropyltriethoxysilane (AMPTES), and then grafting FITC via successful
interaction with the amino group (Zhang et al. 2008; Yuan et al. 2010). Even though
the silanization process is very modest and efficient in nature, the reaction conditions
(e.g., reaction time and silane concentration) must be cautiously organized to avoid
the thick polymerized silane network on the surface. If not, the interaction between
silane and the surface can further get hydrolyzed in certain environments
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(Wasserman et al. 1989). The chemistry of the distinctive silanes utilized during the
modification procedures is shown in Table 15.1.

15.4.2.3 Fluorination
Surface modification of the biomaterials can be achieved through the proper addition
of fluorine or other halogens. Among the halogens, fluorine has evoked distinct
interests in the recent times as it upsurges both the hardness and hydrophobicity of
surfaces. Following the fluorination method, prominently improved hydrophobic
surfaces like Teflon (that shows very much nonadhering property) can be produced
which further prevents the attachment of protein on the polymeric surfaces (Guney
et al. 2013).

15.4.2.4 Wet Treatments
In wet treatments, surface of the materials is generally treated with liquid reagents to
produce reactive functional groups (for instance, aminolysis, alkaline, or acidic
hydrolysis). In addition, the treatment between the polymeric surface and hydrogen
peroxide results in reactive sites for the consecutive attaching of vinyl monomers.
On exposure of UV radiation, hydrogen peroxide gets decomposed to yield hydroxyl
radicals that exhibit much more sensitivity than that of other oxidative chemicals.
This technique is frequently applied to produce hydroperoxide groups on the
polymeric surface which is attained by proper dipping of the substrates in hydrogen
peroxide solution while irradiating with UV concurrently. The sample is further
immersed in a solution of monomer and allowed to expose UV for another session
which initiates the polymerization reaction. In alternative study, Goddard et al.
reported another promising form of oxidation utilizing low-density polyethylene
(LDPE), whereas the samples were endorsed to treat with chromic acid introducing
carboxylic groups on the surface (Goddard et al. 2007).

Table 15.1 Silanes used for modifying biomaterials

Silanes X ¼ Leaving group R ¼ Functional group
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15.4.2.5 Flame Treatment
Flame treatment, usually known as a general surface modification technique,
involves bombarding of the polymeric surface with ionized air generating a wide
range of oxidation products at the top of various monolayers (Zhu et al. 2002a). In
this approach, reactive oxygen is usually produced via successful burning of an
oxygen-enriched gas mixture resulting in both the surface wettability and surface
energy of the material while increasing the affinity with coatings. Flame treatment
has also been reported to provide hydroxyl, aldehyde, and carboxylic acid
functionalities to polyethylene and is applied to improve printability, wettability,
and adhesion as well (Zhu et al. 2002b). After the complete activation of the surface
(by flame treatment), further alteration through grafting of polymeric materials can
also be attained.

15.4.3 Biological Methods

Binding between the bioactive molecules and the surface of biomaterials is usually
done to modify the compatibility of biomaterials in human body. According to the
biological recognition on the cell activities, two main approaches of biomaterials in
surface engineering are frequently applied. Primarily, surface properties (such as
chemical composition, hydrophilicity/hydrophobicity, surface charge, roughness,
etc.) of the materials are modified to a state where the adsorbed proteins can sustain
their usual bioactivities though this method cannot prompt specific cell behaviors
owing to nonspecific protein adsorption. The second strategy involves direct immo-
bilization of certain biomolecules on the biomaterial surfaces inducing specific
cellular responses (Desmet et al. 2009).

Numerous groups of polymers have been found to be used, as shown in
Table 15.2, in immobilization process along with a variety of applications. Hence,
while binding a bioactive molecule, the surface is allowed to get activated first which
further undergoes functionalization through proper binding with a linker (linking can
easily be done between the activated surface and bioactive molecule) having differ-
ent functionalities. Finally, the desired bioactive molecules get bonded covalently to
the generated functionalities.

Table 15.2 Varieties of bioactive compounds with their applications

Types Applications

Enzymes As biosensors, active packaging, biomaterials, bioreactors, microanalytical
devices, etc.

Peptides In tissue engineering and antimicrobial surfaces

Polysaccharides In tissue engineering, hemocompatible materials, antimicrobial surfaces, etc.
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15.4.4 Radiation Methods

Radiation methods are extremely applied in the field of medical science both in
disinfection and stimulation of the surfaces. In medical applications, radiation
methods are extensively used for sterilization or surface activation. Generally,
certain chemical bonds that are present on the surfaces of biomaterials can easily
be broken through irradiation process resulting in free radicals which can further
undergo reactions leading to oxygenation or amination. While considering
polymers, irradiations with high energy usually provides certain cross-linking
and/or degradation on top of activation as well. The produced free radicals can
recombine and form cross-linking, or chains can get cleaved resulting in the degra-
dation of polymer matrix (Södergård 2004). Various types of radiations have been
found to be successfully applied to biomaterials, and the most common forms are
enlisted as plasma, microwave, corona discharge, gamma (γ), and electron (e) beam
radiations.

15.5 Mechanism of Preventing Biofilm Formation

The key reason for bacterial infections accompanying polymeric biomaterials is the
biofilm. The formation of biofilm starts while the bacterial community sticks to a
solid surface. The bacterial inflammation associated with polymeric biomaterials are
currently thought to be the most severe and devastating complications for using
biofilm as implants and medical devices instead of having some prolific uses. Being
indispensable in the healthcare system nowadays, different types of body implants
are used every day. These body implants could be affected by the bacterial stream
which may cause serious health problems, even death. The death rate of these types
of bacterial infections are found more compared with other medical reasons. Thus,
the bacterial contamination that developed in implanted devices could be critical as it
is reckoned that infections kill more people than other medical causes. Therefore, the
ultimate motive is the inhibition of the biofilm genesis or the annihilation of bacterial
attachment to the facet of implants. To avoid this bacterial adhesion and subsequent
biofilm formation, numerous techniques are studied and most of them are linked
with surface design. The approach related to surface design can be classified into two
categories (Fig. 15.2): one is bacterial repelling and the other is bacteria-killing
surfaces (Vasilev 2019). The former technique acts by prohibiting the development
of biofilm, and the latter follows the complete destruction of bacterial cell (Andrade
Del Olmo et al. 2020).

15.5.1 Bacteria Repelling Mechanism

This mechanism incorporates several tactics to lessen the bacterial adherence to the
surface, for example, preventing the coalition of bacteria, and it is performed by
maintaining a certain surface structure that is unfavorable for the growth of
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microorganisms. That is why an extremely hydrated surface being able to prevent
bacterial adhesion is used to cover the hydrophilic surfaces. Polyethylene glycol
(PEG) polymers and zwitterionic elements attached to the surfaces can be treated as
good examples of this antibacterial hydrophilic surface. Bacteria repelling action can
be illustrated and categorized depending on three effects: (1) steric; (2) electrostatic;
and (3) superhydrophobic effects that could be noticed in hydrophilic, charged, and
superhydrophobic surfaces, respectively.

15.5.1.1 Hydrophilic Surfaces
It is established that the hydrophilic surfaces avert the adherence of bacteria to the
cell wall due to the layer of water molecules acting as a cover. For being adsorbed on
the surface, microbes must overcome the obstacle which is created by the hydrogen
bond between water layer and hydrophilic material acting as a barrier. This adsorp-
tion involves the driving away of water molecules from the surface, particularly a
decrease in free energy barrier resulting from the entropic effect produced from the
demolition of the hydration layer (Savvides and Bell 1993). Thus, a highly hydro-
philic film could act as a repellent for bacterial attachment along with being a simple
method. That is why such kinds of coatings have been explored for the last few
years. Superhydrophilic zeolites coated on titanium alloy surface showed its poten-
tial as body implants without any bacterial infections (Wang et al. 2011). A multi-
layer of hydrogen bonding between poly(ethylamine) and poly(urethane acrylate)
compounded with silica nanoparticles was reported as a superhydrophilic coating
(Lin et al. 2016).

In fact, hydrophilic polymers are able to diminish bacterial adherence to mini-
mum level even so maximum antifouling characteristics are only attained when
steric repulsion complements surface hydration (Chen et al. 2010). In this type, some
extraordinarily hydrated polymers are given extra emphasis as these have proved the
ability to lessen bacterial attachment by steric hindrance. PEG on a surface notably
demonstrates a large exclusion volume effect and chain flexibility decreasing protein
and bacterial addition. Derivatives of PEG have also been fixed on the surfaces by
adsorption or covalent grafting method. The higher duration of bacterial-resisting

Fig. 15.2 Techniques for the development of antibacterial surfaces based on: (a) steric, (b)
electrostatic, (c) contact killing, and (d) biocide release effects (Andrade Del Olmo et al. 2020)
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activity was confirmed for the covalently linked PEG polymers compared to the
physically adsorbed PEG molecules (Kingshott et al. 2003). Moreover, neutral and
hydrophilic polymers, such as poly(2-alkyl-2-oxazoline), have also exhibited analo-
gous non-fouling properties to PEG (Hadjesfandiari et al. 2014).

The other type of material termed as polymer brushes are fabricated by grafting
high-density polymer molecules on the surface. A clear drop of bacteria adhesion
was observed when PEG or PEO (polyethylene oxide) have been grafted to different
surfaces. For instance, covalently grafted PEOmolecules on the surfaces of glass and
silica were responsible for 98% decrease of adhered Staphylococci and Escherichia
coli (Roosjen et al. 2006). Furthermore, equal or even better bacteria-repellent
properties homologous to PEG were shown by polyacrylamide (PAAm) brushes
that were developed on silicon or golden wafer substrates (Hadjesfandiari et al.
2014).

15.5.1.2 Charged Surfaces
Because of the ionization of carboxyl and phosphate, the cell membrane of microbes
produces a negative charge. In consequence, electrostatic repulsion arises during the
time negatively charged surfaces and bacteria cells approach together clarifying the
general eradication of bacterial attachment (Liu et al. 2014). Surfaces cross-linked
with zwitterionic polymers having long chain with containing positively and nega-
tively charged functional groups are intriguingly able to show antifouling properties.
In terms of PEG, there acts a physical and energetic barrier originating from the
strongly attached aqueous layer at the surface diminishes bacteria adsorption. Com-
pared to hydrophilic polymers, bound water interaction by ionic salvation is stronger
than the hydrogen-bonding linkage water, which strengthens the antifouling nature
of zwitterionic surfaces (Chen et al. 2010). Apart from the effect of steric hindrance
of this hydration layer, the cationic group could kill bacteria on contact.

Preparation of antibacterial coatings for hydrogel, fibers, and membranes requires
zwitterionic polymers. It was noticed that formulated poly(sulfobetaine methacry-
late) (PSBMA) membranes have strong resistance to Gram-negative P. aeruginosa
and Gram-positive P. epidermidis adhesion (Lalani and Liu 2012). Moreover, a very
prospective material for wound healing application from zwitterionic poly
(sulfobetaine methacrylate) hydrogel crosslinked with poly(ethylene glycol)
dimethacrylate is thought to have enhanced antibacterial and mechanical properties
(He et al. 2019).

15.5.1.3 Superhydrophobic Surfaces
Superhydrophobic surfaces are well known and have been investigated for their
bacterial antifouling ability. Due to the contact angle of water (>150) of this surface,
it is difficult to wet. The superhydrophobicity property of this type surface promotes
the elimination of primarily adhered microbes before the biofilm formation by
lowering the adhesion force between microbes and the surface. Non-wetting prop-
erty of hydrophobic surfaces have facilitated numerous characteristics like anti-
reflectivity or self-cleaning, thus broadening the utilization of these surfaces (Kang
et al. 2010).
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FromWenzel theory, it can be depicted that there might be an air layer in between
the surface and droplet of water, and this layer allying liquid-solid interfaces
approved the capability to minimize bacterial attachment and fostered easy exclusion
of bacteria that are attached on the surface area. This superhydrophobicity is the
fusion of hierarchical topography in the micrometer or submicrometer scale and a
chemical composition that allows a low energy surface (Andrade Del Olmo et al.
2020). This phenomenon is recognized as the effect of lotus leaf where the leaf does
not get wet by water droplets, rather droplets roll off very easily (Wu et al. 2018).

15.5.2 Bacterial-Killing Mechanism

This particular mechanism illustrates the application of surfaces having the capabil-
ity to kill or smash the bacteria or microbes that are attached to them (Tiller et al.
2001). This bacterial-killing activity consists of three effects: (1) nanopatterned;
(2) contact-based; and (3) release-based mechanisms which will be discussed briefly.

15.5.2.1 Contact-Based Antibacterial Surfaces
Antibacterial agents or specific biocides that are attached to the surfaces are capable
of killing attached bacteria by creating contact-based active materials. These
antibacterial agents follow the irreversible bonding when used on the surface of
medical accessories (Kaur and Liu 2016). Quaternary ammonium compounds
(QACs) and numerous biological macromolecules gained from natural sources
including enzymes (AMEs) and peptides (AMPs) having antimicrobial property
and chitosan are some examples of such kinds of materials. Thallinger et al.
(2013) showed the prevention or destruction of biofilm formation by using the
combination of different AMEs (proteases, polysaccharide-degrading enzymes,
sensing enzymes, and so on). A recent research showed the inhibition of biofilm
construction against monomicrobial polymicrobial biofilms of Staphylococcus epi-
dermis using the effectiveness of chitosan-based biomaterial (Tan et al. 2018).

15.5.2.2 Release-Based Antibacterial Surfaces
Release-based antibacterial surfaces have been developed extensively through the
last few years. This system destroys bacteria through a controlled release technique
to the medium over time with loaded biocides as carriers (Vasilev et al. 2009). The
very important time for biofilm genesis is the first 24 h. To attain antibacterial
success of an implant, a short-term (24 h) release of biocidal agents is only needed
in most of the cases. For instance, ZnO nanoparticle-incorporated medical grade
silicone is used as a strategy to diminish the chance of infection (Noimark et al.
2015).

15.5.2.3 Nanopatterned Surfaces with Antibacterial Behavior
Antibacterial surfaces could be derived by fabricating nanopatterns with precise
properties. These films should have the parameters of nanoscale as the pattern of the
surfaces that demonstrate nonbacterial behavior is microscale sized. Some
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morphological parameters of these nanoshapes, such as height (H ), diameter/width
(D/W ), and interspacing (iS), should be maintained to obtain the bacterial-resistant
surface of medical accessories.

It could be concluded that the bactericidal mechanism depends on the destruction
of the bacterial cellular membrane as there lies a strong bond between bacteria and
patterned surfaces leading to the penetration of high-aspect-ratio nanopatterns
(Fig. 15.3) (Modaresifar et al. 2019). The varying values, 100 nm < H < 1000 nm,
10 nm < D/W < 300 nm, and iS<500 nm, are the most studied bactericidal
parameters. The inhibition of E. coli fabricated by biomimetic nanopillars on poly
(methyl methacrylate) after direct contact with nanopillared surfaces was reported
(Dickson et al. 2015). Other study presented the antibacterial action against the
microbes Escherichia coli and Klebsiella pneumoniae using nanocone arrays onto
polystyrene (Hazell et al. 2018).

15.6 Conclusions and Future Prospects

Biofilm formation on the implant surfaces has been a challenge for the prevention of
implant-related infections. Therefore, the demand on research about the fabrication
of suitable antibacterial surfaces of biomaterials for the inhibition and reduction of
biofilm generation increases day by day. In this chapter, problems of using
biomaterials without surface modification, biofilm formation mechanism, and how
to improve the antibacterial properties of biomaterials by their surface modifications
with various approaches have been discussed. The best surface modification could
be achieved by applying combination of more than one surface modification
techniques together. Prevention mechanism of biofilm formation by surface modifi-
cation of substrate surfaces have also been discussed. However, bacterial adhesion is
a very complex system and depends on many parameters like used material
properties, types of bacteria, and environment. Therefore, further researches are
necessary to realize the mechanisms of biofilm formation and implant-related
infections in details.

Fig. 15.3 Bacterial-killing mechanism of nanopatterned surfaces (Andrade Del Olmo et al. 2020)
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Polymer Surface Engineering in the Food
Packaging Industry 16
Iqra Azeem, Binish Ashfaq, Muhammad Sohail, and Basit Yameen

Abstract

Packaging technologies have gone through a remarkable evolution since their
first use in ancient Egypt. Among the diverse variety of materials available,
polymers are commonly used to fabricate food packaging. The widespread use
of polymers in packaging is due to their availability in large quantities, cost-
effectiveness, attractive mechanical performance, and tunable barrier to gases and
other volatile odorous compounds. The emerging surface engineering
technologies such as mechanical patterning of the polymer surfaces, exposure
to high energy radiations, wet chemical and light-induced surface chemical
modifications, and nanoparticle application are revolutionizing the polymer-
based food packaging industry. Both decorative and functional aspects of pack-
aging encompass these surface engineering technologies, thus preserving the
quality and prolonging life span of the packaged food. The polymer-based
packaging protects food from spoilage by providing a shield against microbial
and chemical toxins, temperature change, oxygen, humidity, light, and external
physical forces. Recent innovations in food packaging have introduced new
concepts of active, intelligent, and smart packaging. The concomitant
developments in stimuli-responsive materials is enabling the advancements in
packaging technologies by driving the growth in functional polymeric
nanocomposites, nanomaterial-based coatings, electrospun functional material,
and nano(bio)sensors. This chapter covers the recent advances in the surface
engineering technologies that are at the heart of the development of polymer-
based food packaging for the future.
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16.1 Introduction

Packaging has become an essential step in food processing. A desirable package is
required to preserve the packaged food for a reasonable time at an affordable cost.
With the expanding distribution at local and global levels, food packaging is
required to play a pivotal role in preserving the nutritional content over the entire
supply chain, starting from the farms to the processing facilities and from storage
facilities to the end-users. From food safety and quality point of view, packaging
helps in protecting food from adverse alterations that may be brought about by the
chemical and biological contaminants that can be amplified by environmental factors
such as exposure to variations in temperature, oxygen, moisture, and light (Han et al.
2018). Food packaging is being produced from various materials, including glass,
tin, paper, and currently, polymers. The widespread use of synthetic polymers for
packaging purposes is evident from the fact that about 40% of the total production of
synthetic polymers is consumed by the packaging industry (PlasticsEurope 2016).
Polymers have emerged as attractive materials for packaging, which is because of
their availability in large quantities, attractive mechanical and optical properties, a
tunable barrier to gases such as oxygen, carbon dioxide, and volatile odorous
compounds, thermal stability over a wide temperature range (from below zero to
moderately high temperatures), heat sealability, and recyclability. While bulk
properties of the polymers make them suitable for packaging industry, their surface
physical and chemical properties are not always appropriate and often require
modification for satisfactory decorative and functional performances. The surfaces
of polymers can be modified by employing a range of mechanical, physical, and
chemical surface engineering methods, which impart desired characteristics to the
polymer surfaces. These characteristics include simple properties such as improved
adhesiveness, wettability, surface roughness, and barrier properties or more sophis-
ticated characteristics such as reporting counterfeit, detecting and reporting changes
in the food quality, altering physical properties of the packaging (e.g., absorbance of
barrier), or releasing substances in response to the environmental stimuli (originating
from external environment or the packaged food) to protect and enhance the life of
the packaged food, are edible, and biodegradable when disposed of. As a result,
development of facile and scalable surface modification methods constitutes an
active research area in both academic and industrial settings. Various mechanical
and physicochemical techniques are being developed to engineer the surface mor-
phology and chemistry of polymers (Siracusa 2019). The choice of surface engi-
neering process depends on the chemical nature of the polymer and the targeted
properties that the final packaging is expected to display.
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It is worth highlighting here that the evolution in consumer demands due to the
ever-evolving lifestyle, retailing practices, and industrial production trends drives
the innovation of novel materials for improved, active, and intelligent packaging.
The future packaging is expected to display time, temperature, pH, humidity,
pathogen threat, and specific food quality indicators on the packaging surface to
satisfy end-users. The packaging that can respond to the changes in their environ-
ment and make the necessary adjustments in the properties of the packaging
materials to enhance or reduce the barrier to light or gases or release active agents
to elicit antimicrobial and antifungal activities to protect the packaged food and the
concepts of self-cleaning and self-healing surfaces are expected to revolutionize the
future landscape of the food packaging. The advancements in the aforementioned
technologies are being enabled by the simultaneous developments in designing
stimuli-responsive materials, functional polymeric nanocomposites, nanomaterial-
based surface coatings, electrospun functional material, and nano(bio)sensors
(Youssef and El-Sayed 2018; Silvestre et al. 2011). This chapter provides an insight
into the synthetic and natural polymers used for packaging and the recent advances
in their surface engineering that are enabling the development of active, smart, and
intelligent polymer-based food packaging.

16.2 Polymers for Food Packaging Applications

For over 50 years, the food packaging industries have used a range of synthetic
polymers that provide comfort and convenience to mankind. Majority of the cur-
rently used synthetic polymers are derived from non-renewable petrochemicals and
are non-biodegradable. Polypropylene (PP), polyethylene (PE), polyethylene tere-
phthalate (PET), polybutylene terephthalate (PBT), polyvinyl chloride (PVC), eth-
ylene vinyl alcohol (EVOH), polyamides (PAs), polycarbonate (PC), polymethyl
methacrylate (PMMA), polystyrene (PS), acrylonitrile butadiene styrene (ABS),
styrene acrylonitrile (SAN) resin, polyarylsulfone (PSU), polyether ether ketone
(PEEK), and polyoxymethylene (POM) represent the major classes of synthetic
thermoplastic polymers being produced globally. However, polyurethanes (PU),
unsaturated polyesters (also known as alkyd resins), melamine resins, vinyl ester
resins, acrylic resins, silicon-based polymers, phenol-formaldehyde resins, and urea-
formaldehyde resins constitute the major synthetic thermosetting polymers that are
being produced across the globe. The total global production of plastics (2018) was
estimated to be around 360 million tons. Due to their production and consumption at
such a large scale, their petrochemical origin and non-biodegradable nature, genuine
concerns related to the sustainable supply of synthetic polymers and the associated
environmental impacts are also being recently voiced by the global for-profit and
not-for-profit organizations, civil society, governments, and intergovernmental
organizations. Therefore, innovative biodegradable polymers synthesized in the
laboratories or derived from renewable natural resources have gained much attention
as a replacement for non-biodegradable plastics. In addition to looking for more
sustainable and environmentally benign alternatives, the development of polymer
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composites (including nanocomposites) to augment various properties of the pack-
aging made from the petrochemical-derived polymers and biopolymer has attracted
increasing attention (Balakrishnan et al. 2014).

Polymers used in the food packaging industry can be broadly classified into three
categories (1) polymers that are generally non-biodegradable and are derived from
the petrochemicals or from the chemicals that are derived from renewable sources
(e.g., biomass), (2) biodegradable synthetic polymers that are synthesized either
from petrochemicals or from chemicals derived renewable sources (e.g., biomass),
and (3) natural biopolymers that are fully derived from the renewable sources
(Fig. 16.1).

16.2.1 Synthetic Non-biodegradable Polymers

The most commonly used synthetic non-biodegradable polymers include PE, PP,
PET, PS, PVC, and PA, which constitute >80% of all the polymers used to produce
films for application in food packaging. Because of its transparent and flexible
nature, PE is among the most widely used thermoplastic polymer in food packaging.
By varying the polymer chain length and substitution, a variety of PE polymers
exhibiting distinct properties can be produced. The commonly used variants of
PE include low-density PE (LDPE), linear low-density PE (LLDPE), high-density
PE (HDPE), and ultra-high-density PE (UHDPE). Low surface energy and poor PE
barrier properties determine their application and treatment processes at the com-
mercial level. PP, another polyolefin, is an attractive packaging material owing to its
low density, high melting point, convenient sealability, chemical inertness, and low
cost. In contrast to polyolefins, the soft and flexible films can be produced from PVC

Fig. 16.1 Different synthetic
and natural polymers used for
food packaging
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by tuning the plasticizer content and stereochemistry. PVC films show lower gas
permeability, but higher moisture permeability that limits its application domains.
On the other hand, PET, a semi-crystalline polymer with a benzene ring in its
chemical structure that provides strength and stiffness to the polymer, is also widely
used for packaging various types of foods. PET shows excellent chemical resistance,
rigidity, thermal stability, transparency, and barrier properties. It is generally used to
make plastic containers and bottles for soft drinks (Shrivastava 2018). PS, produced
by free radical polymerization of styrene monomer, is also one of the most consumed
polymers in the packaging industry. PS offers high tensile strength, stiffness, and
lightweight. Recently, the migration of unreacted monomer styrene from PS derived
packaging material into the packaged food was observed. Since styrene has toxic
effects on the central nervous system, this migration issue has limited the use of PS
in food packaging applications (Abolghasemi-Fakhri et al. 2019). Polymers with
amide linkages, known as polyamides, show high mechanical strength. Nylon 6, 6,
nylon 6, 10, and nylon 6, 11, are commonly used PAs in food packaging
applications. PAs show high permeability to moisture owing to the polar amide
groups present in their backbone. This can lead to the plasticizing effects that result
in increasing tensile strength, but reducing their tensile strain. Nonetheless, owing to
their superior resistance to chemicals, mechanical strength, and barrier properties,
PAs have received significant attention for manufacturing flexible films for food
products, personal care products, and pharmaceuticals (Bhunia et al. 2013;
Robertson 2016). Majority of the synthetic polymers being used for packaging
purposes at the commercial scale offer less than optimum surface properties. There-
fore, in order to meet the specific characteristics required by the emerging
applications, surface engineering of the films derived from these polymers is often
required to improve their surface properties such as wettability, printability, and
adhesion. The modification of surface properties of packaging material is generally
carried out without changing their bulk physiochemical properties. Various surface
engineering strategies can be applied for the surface modification of polymer films
discussed later in this chapter.

16.2.2 Chemically Synthesized Biodegradable Polymers

Majority of the packaging materials are derived from non-degradable polymers.
Besides, many food packaging are multilayered that are difficult to separate. Conse-
quently, polymer packaging derived from the non-degradable polymers are either
down cycled or end up in landfills or burnt. Landfilling and burning practices have
resulted in the challenge of plastic-related pollution of both land and waters,
damaging the different forms of life on earth. To lessen the impact of plastic
pollution, eco-friendly biodegradable polymeric materials are being designed for
the packaging industry as alternatives to non-degradable plastics. At present, many
chemically synthesized biodegradable polymers are commercially available; these
include polylactic acid (PLA), polyglycolic acid (PGA), polylactic-co-glycolic acid
(PLGA), polybutylene succinate (PBS), polycaprolactone (PCL), polyethylene
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adipate (PEA), and polydioxanone (PDO) (Siracusa et al. 2008). PLA is a polyester
and is the most attractive biodegradable polymers commonly synthesized from the
lactic acid derived from the renewable sources (fermented sugar feedstock and corn).
It offers attractive physical properties with the added advantage of cost-
effectiveness. The performance of the PLA can be controlled by adjusting the ratio
of its three stereoisomers L-lactide, D-lactide, and L-D-lactide. PLA is used to
manufacture carrier bags, bin bags, and packaging for food. Like PLAs,
polyhydroxyalkanoates (PHAs) also belong to the biodegradable polyester family.
By varying the polymer chain length and employing combinations of different chain
lengths, different types of PHAs have been produced. The crystallinity and polymer
chain length determine the rate at which PHAs biodegrade. PHAs are often used to
fabricate disposable products, food, and cosmetic containers. Similarly, polymers
such as PBS and PCL are biodegradable polymers based on fossil fuel and exhibit
mechanical characteristics similar to PE and PP. While we develop a fully biode-
gradable polymer derived from renewable resources that exhibits a set of properties
similar to synthetic plastics, the degradable polymers derived from non-renewable
resources may be a transient option to help control the environmental damage
associated with plastics. Although biodegradable polymers can degrade in a reason-
able time and help reduce environmental pollution, they generally offer less than
optimum mechanical strength and thermal stability, limiting their application in the
packaging industry on a wider scale (Panchal and Vasava 2020).

16.2.3 Natural Biopolymers

Owing to their (bio)degradability, biocompatibility, eco-friendliness, inherent
antibacterial, antioxidant, and anti-inflammatory activities, natural polymers
(derived from natural sources) are attractive alternatives to the polymeric materials
derived from the non-renewable source. Biopolymers are most suitable for use as
edible food packaging (Mustafa and Andreescu 2020). Natural polymers include
polysaccharides (starch, cellulose, chitosan, alginate, agar, and carrageenan), and
proteins (soy protein, corn zein, wheat gluten, gelatin, collagen, whey protein, and
casein). Starch is one of the most abundant biodegradable polymers that offer a
moderate oil barrier property. However, its brittleness and hydrophilic nature limit
its use for packaging dehydrated food. Similarly, chitosan offers a decent film-
forming ability and can be used with other bioactive agents such as high molecular
weight carrageenan and alginate that act as a thickener, stabilizing, and gelling
agents during the fabrication of edible packaging films (Zhu et al. 2017). Both starch
and chitosan exhibit antimicrobial activity that can be employed to fabricate antimi-
crobial films to enhance the product shelf life by protecting the packaged food from
spoilage due to microbial activities. Besides carbohydrates, proteins obtained from
plant and animal sources are also attractive materials for packaging applications.
Due to the renewable and biodegradable nature, they are used in many industrial
applications along with plastics. Proteins are known to be brittle and sensitive to
water. Thus, the most efficient ways to use protein-based plastics for industrial
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applications are plasticization and mixing with biodegradable polyesters (Mangaraj
et al. 2019; Mohamed et al. 2020).

16.2.4 Polymer Nanocomposites

Polymer nanocomposites are multiphase hybrids composed of nanofillers dispersed
in a polymer matrix. Besides imparting novel properties to synthetic polymers,
nanocomposite can also improve the physicochemical properties of bioderived
polymers and enhance their suitability as food packaging materials. The nature of
nanofillers plays an important role in designing the nanocomposites and controlling
their properties. Nanofillers of appropriate physicochemical properties can enhance
mechanical strength, thermal stability, gas and moisture barrier, antioxidant, and
antimicrobial properties of the conventional polymer-based packaging materials
(Youssef and El-Sayed 2018; Vasile 2018; Arora and Padua 2010). Nanofillers are
generally classified into two types:

Inorganic nanofillers include metal or metal oxide nanoparticles (NPs) and clay.
Metallic NPs (silver, copper, and zinc NPs) show antimicrobial activity that are
recently being applied to fabricate antimicrobial food packaging. Clay NPs such
as montmorillonite (MMT), saponite, and hectorite are recognized as promising
nanofillers owing to their low cost, ease of availability, considerable improve-
ment in the tensile strength, and comparatively simple process of fabricating
nanocomposite (Unalan et al. 2014; Gill et al. 2020).

Organic nanofillers include cellulose nanofibrils, chitin nanofibrils, starch
nanocrystals, and chitin nanofibrils. As reinforcing agents, cellulose and chitin
nanofibrils are used to improve various characteristics of the resulting
nanocomposites. They offer optical transparency, non-toxicity, and improved
tensile strength when applied as nanofillers to fabricate packaging materials
(Valencia et al. 2019; Jeevahan and Chandrasekaran 2019).

Polymer nanocomposites have opened new research avenues for the development
of novel packaging materials for the food industry. Employing a very low content of
nanofillers, polymer nanocomposites showing improved mechanical and gas barrier
properties while retaining the inherent properties of the matrix polymer have been
reported. In short, several new research and development avenues to novel packag-
ing technologies have been opened by the developments in the field of polymer
nanocomposites. Polymer nanocomposites appear to have a bright future in context
of the development of innovative, active, intelligent, and multifunctional food
packaging technologies (Shankar and Rhim 2016).

16 Polymer Surface Engineering in the Food Packaging Industry 463



16.3 Surface Engineering Technologies

“Surface,” in its most broad sense, includes the peripheral or the uppermost layer of a
physical object. From the materials science perspective, the surface is characterized
as the interface between two different phases. In several instances, materials offer
attractive bulk properties, while their surface properties are often inadequate for the
desired application. Both the surface morphology and surface chemical nature need
to be modified to achieve desired surface properties. In this context, many surface
engineering strategies are employed as powerful tools for the microstructural and
compositional surface modifications to improve the surface morphology or bring
suitable chemical functionalities on the surface. The term ‘surface engineering’
covers a wide range of methods that are being employed for research, development
and production purposes. During the most recent 20 years, there have been colossal
advancements in the field of surface engineering techniques. These techniques are
generally categorized into two groups: (1) mechanical surface modification, which
encompasses modification of surface physical morphology through surface
microstructuring and patterning, (2) physical and chemical surface modification,
which brings about change in the surface chemical compositional through a variety
of different surface treatment and coating strategies (Mozetič 2019). These two
major groups are further classified into various methods that are schematically
represented in Fig. 16.2.

Fig. 16.2 Schematic
representation of different
surface engineering
techniques
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Ion implantation, thermo-chemical treatments (nitriding, boriding, carburizing,
chromizing, and aluminizing), laser and electron beam treatments can be employed
to influence the surface properties of the thin layer substrates, whereas, welding and
cladding are used to develop thicker coatings on the surface that are mostly
employed to impart corrosion resistance to the coated substrates. Some advanced
coating technologies such as laser processing, thermal spraying, cold spraying,
anodizing, chemical, and physical vapor deposition are also used to impart the
desired properties to the substrate surface. These methods can be applied to a
range of substrates, including glass, metal, natural and synthetic polymers,
irrespective of their physical form and chemical nature (Quintino 2014).

In the context of polymer surface engineering, different mechanical, physical, and
chemical methods can be applied to modify surface properties of polymeric
substrates. As described earlier, mechanical methods include changing surface
roughness and surface physical morphology through surface microstructuring and
patterning. The physical methods include treating surfaces with high energy reactive
radiations such as plasma, corona, laser, UV, flame, and ion beams. These physical
methods can modify the surface roughness as well as modify the surface chemical
nature. The chemical modifications imparted through these physical methods are
generally confined to the surface polymer molecules and are mostly reported to be
short-lived. Chemical surface modification methods result in a permanent change in
the surface chemical nature of the polymeric substrates. These methods can be either
purely wet chemical or a combination of physical and chemical approaches, leading
to a well-defined change in the surface chemical nature. (Nemani et al. 2018). All
these methods are briefly discussed in the next section.

16.4 Polymer Surface Engineering Routes

Surface physical and chemical nature of polymer substrates can be modulated to
control their surface properties such as hydrophilicity, hydrophobicity, adsorption,
desorption, and transportation of materials across polymer membranes, which can
greatly influence their performance in a certain application (Hetemi and Pinson
2017). Figure 16.3 demonstrates numerous surface modification methods widely
employed to change surface chemistry of polymeric substrates, predominantly in
thin-film conformation employed in industrial applications.

16.4.1 Mechanical Routes

Mechanical methods are comparatively simple, economical, and scalable. They are
used to modify polymer surface properties by changing their surface roughness at the
micro- and nanoscale while maintaining the inherent bulk physical and chemical
characteristics of the polymer (Yao et al. 2011). For instance, superhydrophobic PE
films were fabricated by using the lamination templating method against woven wire
mesh templates. A 3D arrangement of systematic PE micro-posts was formed on the

16 Polymer Surface Engineering in the Food Packaging Industry 465



surface of PE films (Xu et al. 2011) (Fig. 16.4). Similarly, an adaptable method has
been designed for the successful replication of PP surfaces with T-shaped
micropillars using a microinjection compression molding technique. Such methods
are excellent candidates for the development of microfluidics (Chen and Huang
2016). Superhydrophobic, anti-fouling, and ice-phobic surfaces useful for industrial
applications can also be developed using mechanical methods. The key benefit of
mechanical modification is that they do not need chemical treatments that can be
difficult to scale during large-scale fabrication. The polymers’ surface engineering
by mechanical routes is robust and their impact does not decay over time. They are,
however, most suitable for engineering the surfaces of thermoplastics (Xue et al.
2010).

Fig. 16.3 Polymer surface engineering methods

Steel plate

Step 1. Laminate assembly
under heat and pressure

Step 2. Cool and peel off
mesh

Steel plate

Polymer film Polymer film

Mesh template

Structured
surface

Fig. 16.4 Schematic of the lamination peeling process. (Reprinted with permission of Xu et al.
(2011). Copyright (2011) American Chemical Society)
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16.4.2 Physical Routes

Plasma Treatment and plasma polymerization: Plasma treatment is a physical
treatment that involves exposing the surface of a polymer substrate to partially
ionized gas, which is usually obtained when gases are bombarded with either radio
or microwaves or electron beam from a hot filament. Typically, cold plasmas having
translational energy ~1–10 eV that is enough to break chemical bonds to generate
reactive species such as ions, radicals, or radical-ions are used. Plasma treatment is
certainly the most extensively used method for the surface engineering of polymers
(Lieberman and Lichtenberg 2005). Modification through plasma can be categorized
into two general categories:

(a) Treatment with gas plasma: Argon (Ar), water (H2O), oxygen (O2), and
nitrogen (N2) gas-based plasmas can be applied to produce functionalities that
make the surface of polymers hydrophilic, irrespective of the bulk chemical
nature of the polymers. For example, PET films treated with O2 plasma installed
hydroxyl (–OH) groups on the surface that helped in binding poly-L-lysine and
trichloro(1H,1H,2H,2H-perfluorooctyl) silane via dip-coating and self-assembly
methods to fabricate triboelectric generators (TEGs). These generators produce
energy using the triboelectric effect, in which when opposite dipole surfaces
come in contact with each other, electricity is generated by the charge transfer
mechanism (Shin et al. 2015) (Fig. 16.5). Hydrophilic PE, PP, and PET surfaces
can also be produced by treating with H2O/O2/NH3-based plasma (Lee et al.
1991; Kull et al. 2005). Such a plasma setting would install nitrogen- and
oxygen-containing functionalities on the surface of polymers. Similarly, the
flat surface of PEEK has been treated with air plasma to functionalize their
surface with polar groups (–OH, –CHO, and –COOH) (Ellinas et al. 2014).
Plasma treatments are offered by many companies such as Dyne Technology,
Acxys, Lectrotreat, TriStar Plastics, Keol, Plasma Etch, and Alma Plasma that
can be used in textile industry for cleaning, improving surface adhesion, print-
ing, and modifying the surface of the fabric (Zille et al. 2015).

(b) Treatment with plasma-containing reactive organic species: Generally,
gas-based plasma modifications are short-lived and lose their effect readily by
interacting with molecules in the surroundings. For modification that may last
for longer periods, reactive organic molecules (silanes or monomers) are
introduced during the plasma treatment at a low vacuum that helps in anchoring
organo-silane or polymer coatings on the surface or the treated polymer sub-
strate. For example, PET upon treatment with the plasma containing acrylic acid
(AA) led to the PET surface coated with a coating displaying a high density of
COOH groups. The surface COOH could be employed in the subsequent
conjugation with polyethylene glycol (PEG), and heparin by EDC coupling
resulted in antithrombogenic PET surfaces (Pandiyaraj et al. 2009). Other
surface functional groups (such as amino, hydroxyl, and carboxylic acid) can
be incorporated on the surface for chemical diverse polymers. In the same
context, Janus textiles with different wetting properties have been fabricated.
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This simple surface engineering is an innovative method for fabricating durable
textiles with waterproof and breathable properties (Airoudj et al. 2016; Sohail
et al. 2019; Pegalajar-Jurado et al. 2014; Yameen et al. 2011).

Treatment with corona discharge: Corona discharge, unlike plasma, can be
initiated in the air or an inert atmosphere. Since 1960, this physical treatment has
been used to modify the polymer surface with the target of increasing surface energy,
improving adhesion, improving antifouling properties, and enhancing selective
permeability of different gases. This method is also used to sterilize food packaging
materials using ozone as a medium (Van Veldhuizen and Rutgers 2001). The
reactive species such as ions and radicals strike the polymer surface during corona

Fig. 16.5 Schematic of plasma-treated PET surface grafted with the poly-L-lysine solution (a) with
trichloro(1H,1H,2H,2H-perfluorooctyl) silane (FOTS) (b) Water contact angle measured for
functionalized surfaces (c–e). (Reprinted with permission from Shin et al. (2015). Copyright
(2015) American Chemical Society)
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discharge and initiate polymerization, surface-confined degradation, and oxidation.
The efficacy of corona treatment depends primarily on the energy transmitted by
energetic species generated inside the chamber, the thickness of the polymer film
under treatment, and humidity. Higher energy is required for thicker films to bring a
considerable change in the surface properties (Cáceres et al. 2012). The chemical
composition of the film under treatment also plays a role in the effectiveness of
corona treatment. For example, PET exhibits more reactive sites than polyolefins
after corona treatment (Zenkiewicz 2008). The change in the surface chemical nature
of different polymers upon exposure to corona should be carefully studied. For
improving surface printability, PET, PE, and PP require lower energy corona to
achieve surface with the desired surface energy (Lindner et al. 2018). Corona
treatment of various chemically different polymer surfaces can be carried out to
effectively improve their wettability that results from the surface oxidation without
affecting their bulk properties. It is common to observe that the energy of corona-
treated surface decreases with aging (storage time), which happens due to the
reorganization of the surface molecules and reaction of the generated groups with
the molecules available in their immediate environment. The life of the surface
treatment and its decay rate depend on the chemical nature of the polymeric substrate
under treatment (Louzi and de Carvalho Campos 2019).

In summary, polymer surface engineering with corona discharge has undergone
substantial improvements over the past several years. The most important factor that
needs to be considered while performing this treatment is the density of corona
discharge. Corona treatment is a short-lived treatment, but the enhancement
observed in the surface energy depends on the method variables and the chemical
nature of the surface under treatment. In the case of organic solvent-based coatings,
the decrease in surface energy overtime is frequently observed. These coatings
appear to lose their adhesion property and revert to their original chemical nature,
whereas water-based coatings can retain the effect of corona treatment for relatively
long periods. The rate of reversion to the original state also varies with the intrinsic
surface energies of the treated substrates. To better understand this physical proce-
dure, the association between the corona-treated surface and its impact on other
surface properties such as wettability, adhesion, and roughness is subject to detailed
analysis.

Ultraviolet (UV) treatment: Another physical method used to modify the
surface of polymers is by exposure to UV radiations. For example, direct writing
on the thermoplastic polymer bisphenol A polycarbonate (BAPC) surface is made
possible by irradiating its surface with high-speed laser light (Jiang et al. 2014). UV
radiations are used to develop patterns by placing a mask between the material
surface and the source of light (Rajajeyaganthan et al. 2011). UVO method, when
UV treatment is performed in the ozone atmosphere, enhances the low surface
energy to improve the treated polymer surface adhesion property. For instance,
PET and poly(hydroxymethylsiloxane) (PHMS) surfaces were subjected to the
UVO treatment to improve adhesion and proliferation of cells (Liu et al. 2016).
Compared to the plasma and corona discharge techniques, UV treatment has more
control over surface modification with a slower reaction rate. However, the
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technique suffers from three major drawbacks, (1) polymers have to be photoactive
to respond to the UV radiations, (2) UV treated polymer surfaces gradually revert to
their original surface chemical nature, (3) polymers can degrade when subjected to
UV radiation for extended periods (Rudko et al. 2015).

Upon UV irradiation, radicals are produced on the surface of polymers bearing
photoactive functionalities as part of their chemical structure. PEEK is one such
example where benzophenone ring in the main chain of PEEK can act as a
photoinitiator when exposed to UV radiations. This characteristic of PEEK can be
employed to functionalize PEEK surface via radical reactions such as reactions with
vinyl monomers that may result in surface-initiated polymerization (SIP, “grafting-
from”) or reactions with any preformed polymers (“grafting-to”) that contain
functionalities capable of reacting with the radicals. Similar reactions can be
performed by immobilizing photo-reactive functionalities on the surface of polymers
that do not intrinsically possess appropriate functionality to participate in
photoreactions. In addition to grafting photoinitiator moieties on the polymer
surfaces, polymer surfaces have also been functionalized with functionalities that
participate in radical reactions such as vinyl-based functionalities. A mixture of a
vinyl monomer, vinyl groups containing crosslinker, and an appropriate
photoinitiator (UV curable mixture) can be applied to the surface of polymer films
functionalized with the vinyl group-containing functionalities. Subsequent exposure
to the UV radiations of the appropriate wavelength results in the coating or printing
of the polymer films with UV curable coatings. The chemical nature and physical
properties and hence the functionality of the coatings can be controlled by adding an
appropriate vinyl monomer or a mixture of monomers in the UV curable mixture.
Such a UV printing is a cost-effective and efficient polymer surface modification
technique that can be applied to a variety of chemically diverse polymer films
(Sohail et al. 2019). The effectiveness of UV printing is determined by the required
thickness of the coating applied to the surface of the substrate. With the increased
required thickness of the coating, the penetration of the UV radiations decreases
which reduces the effectiveness of this method (Knaapila et al. 2014). Because of the
radical nature of the polymerization, UV printing is sensitive to the presence of O2 in
the atmosphere. The rate of photo-polymerization (photo-curing) decreases as O2

molecules quickly capture the UV-generated reactive specie to generate peroxy
radicals that are least reactive to initiate or continue the process of polymerization.
To overcome the oxygen inhibition effect, the inert atmosphere is used during the
UV printing of polymer coatings (Studer et al. 2003). Overall, UV printing is a
scalable method to graft chemically diverse polymer coatings and fabricate
functionalized surfaces as per application needs.

Surface modification by patterning: Polymer surface engineering via pattering
develops surfaces that have numerous applications in electronics, optical devices,
packaging for food, and biomedicine. For example, inkjet printing technology is
used to develop organic electroluminescent displays by deposition of luminescent
colloidal quantum dot (QD)-polymer nanocomposites or light-emitting polymers
(Wood et al. 2009). Patterning, a cost-effective physical technique, can be applied to
a variety of surfaces irrespective of the chemical nature of the substrates. In this
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context, a mixture of polymers along with a liquid crystal was exposed to UV light of
different wavelengths to initiate polymerization in two directions that led to the
formation of micrometer-sized polymer containers filled with a switchable liquid
crystal. These designed surfaces were used as displays and can be produced on a
variety of substrate (Penterman et al. 2002). Besides fabrication of displays, periodic
surface structures were developed on thin films of poly(trimethylene terephthalate)
(PTT) when it was exposed to laser light. Such nanostructured substrates were
subsequently coated with a gold layer via pulsed laser deposition to effectively use
them as substrates for surface-enhanced Raman spectroscopy (SERS) (Rebollar et al.
2012). Similarly, hexagonally ordered metal dot patterns were fabricated by block
copolymer nanolithography. Various patterning processes such as instability-
induced, evaporation, electric and thermal field gradient, photolithography, block
copolymer, microcontact printing, nanoimprinting lithography, laser surface textur-
ing are used to fabricate surfaces with improved surface tension, charge density, and
adhesion. Currently, laser surface texturing (LST) is the most studied technique in
context of polymeric substrates. The surfaces textured through lasers can be
modified at macro, micro, and nano levels with improved resolution and stay
sterilized owing to the non-contact design of the technique. LST also has other
benefits, including the ability to pattern various surfaces, negligible waste produc-
tion, precision, high reliability, and reproducibility (Nemani et al. 2018).

16.4.3 Wet-Chemical Routes

Chemical modification is beneficial where conventional physical treatments are
inadequate to bring the desired functionalities to the surface of polymer substrates.
Chemical methods include wet chemical processes to tune surface properties. For
example, the surface energy of nylon can be improved by dipping in an iodine-
potassium iodide solution that oxidizes the surface and recorate the surface with
reactive functional groups and improves adhesion of the polymer surface toward
metals (Abu-Isa 1971). Similarly, PP films treated with chromic acid etching
increased the surface oxygen content and improved its adhesion toward epoxy-
based adhesives (Regis et al. 2012; Sheng et al. 1995). Similarly, PET surfaces
have also been oxidized by the successive treatment with permanganate and sulfuric
acid to bring carboxylic groups on the surface. The carboxyl groups could be
employed in the subsequent conjugation of the amino group-containing molecules
to the surface of PET (Marchand-Brynaert et al. 1995). The use of wet-chemical
surface engineering methods is limited because of the corrosive nature of the
chemicals (NaOH, permanganate, and sulfuric acid) that are used for surface
modifications. In addition to the wet-chemical methods described above, controlled
surface chemical modifications can also be employed by performing controlled
organic chemistry reactions on the surface of polymers offering functionalities that
can be transformed into other functionalities in a controlled manner. For instance,
benzophenone groups of PEEK can be reduced to alcohol groups that can be
subsequently used in reactions with acid halides. PEEK surface has been modified
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with the initiators for the atom transfer radical polymerization (ATRP) and
functionalized with the functional polymer brushes via surface-initiated ATRP
(SI-ATRP) (Yameen et al. 2009).

16.5 Polymer Surface Engineering for Food Packaging
Application

Food packaging is a dynamic industry, which is always in quest of advanced
innovation (Siracusa 2019). Polymers indeed show commendable performance
when applied in food packaging. Designing new polymer-based materials meeting
the emerging needs of next-generation packaging is an active area of research and
development in both academic and commercial domains. The need for innovative
polymer-based packaged materials is ever expanding with a primary focus on
meeting the buyer’s requirement of better quality food with an element of traceabil-
ity. The successful progress in the field of packaging in recent years can be grouped
into different categories that are described in the following sections.

16.5.1 Packaging with Improved Mechanical and Barrier Properties

Improved packaging generally refers to the packaging offering enhanced mechanical
and barrier properties. Polymer composition and the method used to design the final
packaging play a significant role in defining the properties of resulting packaging.
The packaging containers commercially used to store food often encounter low
temperatures. It is, therefore, necessary to ensure their mechanical performances
under these conditions. The values for the tensile strength, tensile strain, and
Young’s modulus of the food packaging material are important indicators of the
mechanical properties of polymers (Siracusa et al. 2008). Among different polymer
surface modification methods, cold plasma treatment can be used to improve the
mechanical strength, adhesion, sometimes anti-adhesion, printability, and anti-fog
properties of packaging materials by carefully tuning their surface energies. It is
worth mentioning here that these modifications are short-lived and treated surfaces
gradually lose the impact of the surface treatment. To overcome this effect, plasma-
assisted deposition of silica nanoparticles after plasma-assisted nano-texturing of
surface PC surface led to a long-lasting modification impact that was demonstrated
for antifogging surface nature of the treated film (Di Mundo et al. 2014). Besides, a
short treatment of gas plasma has been shown to result in efficient inactivation of
microorganisms that tend to stick to the polymer surfaces. This method can be
employed on plastic bottles, lids, and cling films to quickly sterilize them using
cold plasma, without affecting the bulk properties of the polymer film (Thirumdas
et al. 2015; Chen et al. 2019). Recently, nanomaterials have been incorporated
within the synthetic polymers to improve mechanical strength of the resulting
polymer films. Montmorillonite (MMT), the most commonly used cost-effective
silicate, incorporated into nylon, LDPE, PS, PLA, EVA copolymer, PET, and
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chitosan improves the mechanical properties, thermal stability, and water vapor
permeability (WVP) of the resulting composite films (Pereira et al. 2009; Molinaro
et al. 2013; Parvinzadeh et al. 2010; Abdollahi et al. 2012). Similarly, chitosan films
showed an increase in the tensile strength and a decrease in the tensile strain by the
addition of 5% (w/w) of nanosilver. PHA films obtained after incorporation of
nanosilver and cellulose nanocrystals showed improved mechanical strength com-
pared with the pristine PHA (Rhim et al. 2006; Yu et al. 2014). Other systems such
as films produced from microcrystalline cellulose (MCC) and nanosilver containing
PLA showed improvement in mechanical properties. In addition to the mechanical
property, nanoclay also provides considerable improvements in the gas barrier
properties if it is properly distributed in polymer film matrix. This is particularly
important for application in packaging for meat, cheese, sweets, cereals, fruit juices,
carbonated drinks, and dairy products (Fortunati et al. 2012). Similarly, cellulose-
based nanomaterials have been shown to impart improved gas barrier property due to
their high crystallinity and polarity. Using a shear-coating technique, low barrier
nanocellulose films were converted to superior gas barrier anisotropic films that
effectively controls the gas diffusion path and hence tune the barrier properties
(Fig. 16.6). Such anisotropic nanocellulose films could be utilized for the fabrication
of oxygen-sensitive packaging (Chowdhury et al. 2018).

16.5.2 Active Packaging

Active packaging technologies offer functionalities beyond the regular function
expected from the packaging platforms. According to the type of functionality,
active packaging technologies are categorized into several groups that are described
here (Shankar and Rhim 2016; Yildirim et al. 2018; Vilela et al. 2018).

Fig. 16.6 Anisotropic nanocellulose films could be utilized for oxygen-sensitive packaging
applications. (Reprinted with permission from Chowdhury et al. (2018). Copyright (2018) Ameri-
can Chemical Society)
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Antimicrobial packaging: The short shelf-life of fresh foods is due to their high
nutrient content and moisture that lead to their rapid decomposition owing to the fast
growth of microorganisms. Meat products are particularly susceptible and favor the
growth and spread of pathogenic microorganisms. The oxidation of myoglobin,
calpains, and fatty acids within the meat causes deterioration of the food quality
and safety. Traditionally, refrigeration, as a preservation technique, is used to control
microbial growth, but it does not ensure a long shelf-life. Modern packaging
technologies have emerged as an effective tool augmenting the effectiveness of the
traditional means of food preservation. In this context, antimicrobial packaging
technologies are designed to ensure that packaged food is safe against microbial
activities and preserve product quality for a more extended period (Fang et al. 2017).
In this context, modifying polymer-based packaging material via cold plasma
treatment or designing multifunctional composites by adding metal NPs, essential
oils, or natural extracts has been explored to fabricate packaging exhibiting antimi-
crobial properties (Al-Tayyar et al. 2020; Zanetti et al. 2018). For example, chemical
resistance, mechanical, thermal, and barrier properties of PET films are suitable for
use in different food applications. Cold plasma treatment and surface
functionalization of PET surface for immobilization of bioactive molecules have
been demonstrated to help in reducing the microbial growth. Similarly, immobiliza-
tion of antimicrobial peptides on the surface of plasma-treated PET has been shown
to reduce the growth of foodborne microorganisms (Gogliettino et al. 2020). In the
same context, PET films hydrolyzed through a treatment with NaOH has been
demonstrated to adsorb chitosan and hyaluronic acid in a layer-by-layer fashion.
Such multilayers adsorbed on the PET surface can be used as potential antibacterial
films for packaging food and biomedical devices (Pérez-Álvarez et al. 2016).

Metal and metal oxide NPs, such as silver, copper, titanium, zinc, titanium oxide,
zinc oxide, and magnesium oxide NPs, are widely used to impart antimicrobial
property to a variety of materials. Polymer nanocomposite containing cellulose
acetate, PEG, and cetyltrimethylammonium bromide-modified MMT nanoclay
also exhibits appreciable antimicrobial activities (Saha et al. 2016). Similarly, a
nanocomposite film based on silver NPs incorporated in the biopolymers such as
chitosan, agar, and gelatin showed strong antimicrobial activity against Gram-
positive and Gram-negative bacteria (Shankar et al. 2014). Commercially available
antimicrobial packaging technologies are primarily based on silver-based additives
incorporated into the polymeric materials. Zeomic® is among the pioneering
technologies and uses inorganic silver-based compounds to inhibit the growth of
Gram-positive, Gram-negative bacteria, and fungi. Other systems based on silver in
zeolites such as Microban®, AgIon®, and Irgaguard® work in the same way (Wyrwa
and Barska 2017). The successful commercialization of antimicrobial platforms has
been obstructed by several distinct hurdles. The major one is the environmental
concern throughout the package life cycle starting from the manufacturing to
purchase and finally, the disposal. Active packaging technologies that rely on
laminated multilayer thermoplastic-based polymeric films to achieve the desired
characteristics are difficult to recycle due to their inherent nature. Examining a
cradle-to-grave lifecycle throughout the product development process must ensure
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that new technologies comply with current environmental regulations (Werner et al.
2017).

Oxygen scavengers: Oxygen scavenging films are designed to better protect
oxygen-sensitive foods against bacterial growth, prevent rancidity, avoid yellowing
of food, prevent oxidation, and increase life span of food items (Gaikwad et al.
2018). A variety of synthetic polymer-based plastics (PE, LDPE, HDPE, and PET)
that are being used for packaging purpose offer less than optimum resistance to
permeability to gases across the packaging barrier, which remains a formidable
challenge. For many years, significant studies have been done on designing effective
oxygen scavenging systems for preserving food. Pyrogallol-coated LDPE films have
been shown to exhibit high oxygen scavenging capacity (Gaikwad et al. 2017; Ahn
et al. 2016). In addition to coating, an alternative way is to incorporate oxygen
scavengers in the packaging film. For example, iron, palladium, and unsaturated
hydrocarbon-based scavenging systems have been demonstrate to exhibit high
oxygen scavenging rates. Nano iron and palladium-based scavenging systems
could be employed in the presence of moisture as well as in inert conditions. They
can catalytically form water from O2 in the presence of H2. Another alternative for
packing dry foods is unsaturated hydrocarbon-based scavenging systems, but the
quality of the packaged food is affected due to the formation of aldehydes, ketones,
and organic acids as a by-product. Besides, eco-friendly systems like ascorbic acid,
tocopherol, enzyme, and microorganism-based scavenging systems are also
designed, but have slower scavenging rates and require light, UV radiation, heat,
or transition metal atom as a trigger, which increases the overall cost when compared
to the nano iron-based scavenger systems (Dey and Neogi 2019). In the same vein,
enzyme-based systems such as hydrophobically modified glucose oxidase mixed
with EVA, and such blends when coated on the interior of glass containers act as
oxygen scavenging coatings. These coatings effectively reduced the headspace
oxygen by 2% and enhanced the protection of oxygen-sensitive food (Wong et al.
2017). In multilayer packaging, polymer incorporated with the oxygen scavenger is
generally sandwiched between the two PET films to make a three-layered packaging
system. Such a system was tested on freshly cut, untreated apples, and results
showed that it has the potential to improve the shelf-life of oxygen-sensitive food
items (Shin et al. 2011). Currently, the food packaging industry focuses on designing
nanocomposite-based coating like TiO2 NPs/polymer-based nanocomposites films
with methanol as a hole scavenger. Upon UV irradiation, these coatings deoxygenate
the surroundings and can be employed as active packaging materials for oxygen-
sensitive food items (Xiao-e et al. 2004). Zero valent copper NPs, although have not
been much explored in this field, have great potential as oxygen scavenger primarily
due to their high tendency to undergo oxidation. In addition to potential use as
oxygen scavenger, zero valent copper NPs also exhibit intrinsic antibacterial
properties. Such a system can be used to impart both oxygen scavenging and
antimicrobial properties to the packaging materials.

Ethylene scavengers: Ethylene (C2H4) is a plant hormone responsible for
accelerating the respiration rate, resulting in the ripening of fruits and vegetables.
Its accumulation during shipping, storage, and handling causes the accelerated
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ripening of fruits and vegetables. This needs to be avoided to improve the life of the
packaged fruits and vegetables, especially for avoiding food spoilage during ship-
ment via sea (Álvarez-Hernández et al. 2018). The most commonly used ethylene
scavengers are silica or alumina-supported potassium permanganate (KMnO4).
KMnO4 oxidizes ethylene that can be visually detected with a color change from
purple to brown. Yet, KMnO4 cannot be used directly with foodstuffs and mostly
placed in the form of sachet within the packaging box due to its high toxicity
(Spricigo et al. 2017). Alternative environmentally friendly systems with improved
ethylene scavenging ability are required. Different packaging systems are designed
including metal oxides, clays, zeolite nanoparticles, and activated carbon. For
example, PP films coated with TiO2 NPs showed higher ethylene scavenging
efficacy for packaged horticultural products. This is due to titanium oxide (TiO2)
displaying photocatalytic ability that can photodegrade ethylene and prolong the
ripening process (Maneerat and Hayata 2008). Similarly, chitosan films with
nanosized TiO2 showed ethylene absorbance maintaining quality products and
extending the shell life of cherry tomatoes (Kaewklin et al. 2018).

16.5.3 Smart/Intelligent Packaging

Packaging materials are generally applied as passive and inert barriers to avoid
humidity, oxygen, and toxins from reaching the food product, thus protecting the
quality against chemical and mechanical stresses. The degree of functionality
introduced into packaging materials is rapidly increasing, which is supported by
the development of innovative systems that can detect and report the food quality
change in real time and in some cases even automatically respond to impede the
quality of food products from degrading. The objective of intelligent/smart packag-
ing is to monitor the packaged food or its surroundings, by providing the consumers
with information about the food quality through a variety of signals. In general,
intelligent packaging systems can be comprehended by three main innovations:
(1) indicators like chromogenic polymeric materials that can be incorporated within
the packaging matrix and help to display quality parameters outside the packaged
food (Sadeghi et al. 2020), (2) information carriers, for example, barcodes and
radiofrequency identification tags (RFID) that are explicitly specified for storage,
distribution, and traceability purposes (Qian et al. 2020), and (3) sensors, which take
into consideration a quick and positive evaluation of the analytes in a variety food
items (Ghaani et al. 2016). In order to fabricate sensors within the packaging
systems, specific indicators are employed that can respond to the physical or
chemical changes happening within the packaged food being monitored. Early
detection helps in preventing the intake of hazardous food and thus reduces the
chances of food-borne diseases. Intelligent and smart packaging includes gas
sensors, chemical sensors, pH indicators, time-temperature indicators, bacterial or
fungal growth indicators, and anti-counterfeiting sensors. Nanodevices or
nanosensors are being integrated with the modern intelligent packaging. Among
nanosensors, optical nanomaterial-based indicators such as metal or metal oxide
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NPs, photonic nanocrystals have been extensively applied. Such materials are
primarily used owing to their distinctive optical characteristics and high surface
reactivity that translate into better performance when compared to the traditional
colorimetric indicators (Bumbudsanpharoke and Ko 2019). For instance,
chlorogenic acid carbon dots were doped into PVA to fabricate a functional film
that also exhibited good physical and mechanical properties. The resulting compos-
ite film showed strong antioxidant capacity, resistance against photobleaching, and
ability to detect Al3+ residues in food, and sense amines produced during spoilage
(Zhang et al. 2020). Similarly, colorimetric pH sensors have been integrated with a
hybrid food packaging system. For instance, incorporating a dye conjugated cellu-
lose into PVA resulted in a film that exhibited a visible color change from yellow to
brick-red and to purple under strong acidic and basic conditions. Such pH sensors
were shown to detect spoiled shrimps through change in the color and could be used
to visually detect food quality in real time (Ding et al. 2020). These sensors can be
fabricated on different substrates such as synthetic polymeric films, paper, glass, and
microfluidic devices (Yousefi et al. 2019). Besides, natural food colorant,
anthocyanins, incorporated biopolymeric films have been designed that are
pH-responsive and have the potential to ensure food safety. Such dyes due to their
natural antioxidant property can also help in improving the shelf-life of the packaged
food (Roy and Rhim 2021). Poultry industry is one of the largest sectors in the food
industries. Poultry industry has adopted the intelligent/smart packaging technologies
to improve food safety and maximize customer satisfaction. Indicator devices such
as time-temperature indicators, freshness indicators, biosensors, and oxygen sensors
are incorporated into the packaging system that monitor temperature, shelf life, and
spoilage status. Barcode and identification tags provide detailed information about
product starting from the source of production till it reaches to the consumer. Such
advanced technology builds trust between the customers and the suppliers that has
improved the sales at the domestic and global level (Chowdhury and Morey 2019).

Several gas sensors have been designed that can quantify or identify
microorganisms based on their gas emissions. Aerobic microorganisms grow in
the presence of oxygen during food storage. This problem has attracted more
attention to design harmless and irreversible oxygen sensors. In this context,
photoexcitable dyes are usually coated on the inner side of the food packaging,
which does not work until exposed to the UV light. The drawback associated with
this type of design is that the dye can leach out when in contact with water that not
only stains the food but also becomes a potential hazard. Recently, alginate polymer-
based oxygen indicator films are designed to prevent dyes from leaching out (Vu and
Won 2013). Similarly, the dye leaching was controlled by using furcelleran as the
coating polymer, extracted from edible red seaweed (Imran et al. 2016). Besides
using dyes, polymer nanocomposites can be employed as monitoring systems for
rapid, simple, and cost-effective detection. Such platforms allow monitoring of the
quality of packaged foods during transport and storage. To detect specific signal
molecules, gold NPs, carbon nanotubes, magnetic NPs, and quantum dots are used
as efficient sensing systems due to their unique physicochemical, optical, magnetic,
and electrochemical characteristics that show predictive and high sensitivity changes
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in response to their interaction with other species of chemical or biological origin.
Such sensors are incorporated into packaging materials to detect microbes, toxins,
temperature changes, and oxygen (Mustafa and Andreescu 2020).

Electrospinning method has emerged as one of the modern approaches for the
production of intelligent packaging. This method is used to produce nanofibers that
offer high surface area, and absorbance capacity as well as high porosity. These
properties make electrospun nanofibers, along with the active food spoilage
indicators, effective in an intelligent packaging. Such novelty, in recent years, is
mostly used in designing pH indicators (Aman Mohammadi et al. 2020).
Non-destructive colorimetric labels that indicate freshness directly through chemical
change within the package or indirectly by a change in storage temperature among
wide variety of new technologies are currently being considered for the development
of intelligent food packaging systems. Different sensors such as ripeSense, active
colorimetric labels developed by Insignia, and Tempix Technologies are commer-
cially available. Temperature-sensitive indicators do not directly provide informa-
tion; however, they are cost-effective and provide valuable details that help in
assessing the shelf-life of the packaged food. Along with commercially available
packaging sensors, there are a large number of sensors designed at the lab scale as
well where a particular emphasis is on the exclusion of any toxic compounds that
may contaminate the packaged food and limit its consumption. Keeping the exten-
sive development in perspective, we are expecting to see continued evolution of the
low-cost disposable sensors for monitoring freshness of packaged food all along the
supply chain (Dincer et al. 2019).

16.5.4 Packaging Derived from Biopolymers

Biopolymers (carbohydrates, lipids, and proteins) have gained considerable impor-
tance in recent years owing to their potential capacities to substitute conventional
plastics and are used as edible films/ coatings (Mohamed et al. 2020). These
polymers show inherent physicochemical properties that can protect the packaged
food. Furthermore, the incorporation of active ingredients such as plasticizers,
emulsifiers, antimicrobial agents, and antioxidants in the biopolymer-based packag-
ing materials enhances their mechanical properties and moisture resistance
properties, and suitability as packaging materials. Biopolymer-based coatings can
also be directly applied as a thin layer on the surface of food by spraying or dipping
and can be eaten by the consumer along with the food with zero risks (Janjarasskul
and Krochta 2010). Generally, protein-based edible packaging provides mechanical
stability and good barrier properties against oxygen, aroma, and oil, whereas lipid-
based and carbohydrate-based are used to control moisture permeability and gaseous
transmission across the interface, respectively (Wihodo and Moraru 2013). Valencia
et al. fabricated a transparent, biodegradable, and flexible film with increased
thermal stability from an immersion of oil in water that was stabilized through
cellulose nanofibrils by solvent casting method (Valencia et al. 2019). Zhang et al.
prepared edible sheets from soya proteins and also observed the effect of plasticizer
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and cross-linker (Zhang et al. 2001). In another study, starch-polybutylene adipate-
co-terephthalate composite films were prepared by extrusion blowing method, and
the effect of starch content on the water barrier and mechanical properties of films
was studied (Zhai et al. 2020). In addition to chemical methods, physical methods
are also used to design edible packaging. In this context, UV treatment, a low-cost
and environment-friendly method, is employed to enhance structural, morphologi-
cal, barrier, and mechanical properties of the packaging films. Among all other
biopolymers, starch has gained considerable attention because of its low cost,
biocompatibility, nutritional value, and mechanical properties. To further modify
its characteristics, various methods are employed such as physical, enzymatic,
chemical, the addition of additives, or a combination of these methods (Souza
et al. 2012; Shah et al. 2016). The potential of edible packaging has been well
documented by various scientific research groups and by the food industries. A
variety of innovative approaches have been designed as substitutes for existing
technologies. Nanocomposites are likewise at the front line of biopolymer-based
innovative packaging technologies. This allows researchers to engineer
nanostructure on the surface of packaging materials to achieve desirable barriers
and mechanical properties and to carry bioactive agents. Nevertheless, biopolymer-
derived packaging, including edible packaging, needs to overcome several develop-
mental barriers before wide-scale commercial deployment.

16.6 Summary

Polymer surface engineering approaches are being employed to fabricate functional
surfaces for the development of innovative packaging technologies. In this chapter,
we have discussed mechanical, physical, and chemical routes that are commonly
used to achieve the desired surface modifications particular in context of surface
engineering of polymer films used in food packaging industry. Food packaging
technologies are emerging fast in response to our lifestyle changes and the ever-
growing demand for the quality food with a prolonged life span. In this context, we
have provided a detailed analysis of the role various emerging technologies, includ-
ing nanotechnology, are playing in design and development of smart surfaces to
develop active and intelligent food packaging technologies. We have particularly
provided an overview of the development of packaging platforms exhibiting antimi-
crobial, oxygen scavenging, improved barrier to gases, and ability to absorb ethylene
gas. In addition, we have also described recent advancements in the development of
packaging integrated with the sensors for detecting pathogens, allergens, toxins,
heavy metals, pH change, temperature change, and ripening indicators such as
ethylene and CO2. In short, this chapter provides a comprehensive guide to different
routes that are being employed for polymer surface engineering to develop innova-
tive food packaging technologies.
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Polymeric Membranes in Wastewater
Treatment 17
Adil Majeed Rather, Yang Xu, Robert Lewis Dupont, and
Xiaoguang Wang

Abstract

Water covers around 71% of the earth’s surface; however, only 2.5% is fresh
water available for consumption. Rapid industrialization and increasing human
activities, such as the use of fertilizers, mining, and pesticides, add many harmful
organic and inorganic pollutants into the water, which endangers fresh water
resources and the ecological environment. Various conventional methods for
wastewater treatment, including chemical precipitation, physical adsorption, ion
exchange, and membrane separation have been present since long times. Among
these methods, polymeric membrane separation has become the main focus of
attention over the past couple of decades for wastewater treatment, owing to an
ease of operation, low energy consumption, and their unique and proficient
separation of contaminants which yields high-quality treated water. In addition,
these membranes can be used at an increased range of temperature conditions and
the recyclability of these membranes is also very promising. Polymeric
membranes for wastewater treatment are generally separated into four major
categories, based on their performance, characteristics, pore size, and specific
separation qualities. These four categories are microfiltration (MF), ultrafiltration
(UF), nanofiltration (NF), and reverse osmosis (RO). This book chapter will
provide a comprehensive summary for readers to understand the progress in the

A. M. Rather · Y. Xu · R. L. Dupont
William G. Lowrie Department of Chemical and Biomolecular Engineering, The Ohio State
University, Columbus, OH, USA

X. Wang (*)
William G. Lowrie Department of Chemical and Biomolecular Engineering, The Ohio State
University, Columbus, OH, USA

Sustainability Institute, The Ohio State University, Columbus, OH, USA
e-mail: wang.12206@osu.edu

# The Author(s), under exclusive license to Springer Nature Singapore Pte
Ltd. 2022
L. M. Pandey, A. Hasan (eds.), Nanoscale Engineering of Biomaterials: Properties
and Applications, https://doi.org/10.1007/978-981-16-3667-7_17

487

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-3667-7_17&domain=pdf
mailto:wang.12206@osu.edu
https://doi.org/10.1007/978-981-16-3667-7_17#DOI


area of wastewater treatment using polymeric membranes and to highlight the
recent advances in polymeric membranes and background study of wastewater
treatment. In addition, the potential benefits and challenges of utilizing polymeric
membranes for wastewater treatment will be briefly discussed.

Keywords

Polymeric membranes · Porous polymers · Wastewater treatment

17.1 Introduction

The connection between human civilization and water has existed throughout the
ages, from the first settlements created in fertile river valleys, to the efforts of the
United States Environmental Protection Agency (US EPA), the clean water act, and
beyond. Water has been utilized across many eras of human civilization as a source
of kinetic energy for mills and other mechanical processes, and as a fuel to keep our
biological processes operating, such as crop growth and food digestion (Yevjevich
2009). Thankfully, this invaluable resource makes up approximately 71% of the
Earth’s surface. However, around 96.5% of the water is found in the oceans and is
not safe for drinking. Of the remaining freshwater, almost 69% is found in glaciers
and ground ice (Shiklomanov 1993).

The limited sources of freshwater are also in danger from various sources of
pollution. For example, the US EPA completed a study on the levels of pollution in
the water resources of the United States and found that approximately 55% of the
mileage of rivers and streams that were tested were deemed impaired, meaning they
were unable to support one or more of their designated uses, such as fishing or
swimming. Additionally, 70% of the measured lake acreage, 78% of the measured
coastal square mileage, and 98% of the miles of measured Great Lakes coastline
were determined to be impaired. On top of this, only 62 total square miles out of the
53,332 square miles that were tested of the Great Lakes open waters were found to be
able to support their designated uses as they were not deemed impaired
(U.S. Environmental Protection Agency (EPA) 2017). Common sources of pollution
were mercury, polychlorinated biphenyls, fertilizers, and pathogens. The sources of
these pollutants are commonly storm-water runoff, domestic drainage, and industrial
discharges (Virgil 2003).

Storm-water runoff can carry oils, gasoline, and other automotive fluids from
roads and other urban areas. It can also carry fertilizers, pesticides, and animal
wastes from agricultural fields, with many of these providing sources for nitrogen
and phosphorous pollution (Virgil 2003). Domestic drainage includes wastewater
produced from domestic sources, including what is flushed down sinks and toilets,
and is a common source of pathogens and bacteria. Lastly, industrial discharges
come in many forms but are typically larger than domestic sources. For example,
pulp and paper mills mix clean water with wood chips and chemicals, such as bleach,
during their many processes before eventually removing the water from the finished
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products and returning it to the source. In many of these processes, the water must be
cleared of pollutants before being returned to nature (Virgil 2003). This can be done
through a variety of mechanical or chemical processes, including filtration through a
membrane. These pollutants can cause death or outbreaks of diseases like cholera,
hepatitis, and typhoid (Khalifa and Bidaisee 2018).

A number of methods have been used to treat the wastewater from urban and
industrial sources in an effort to protect and repair the limited supplies of available
fresh water. However, many of these methods produce sludge and other by-products
that require large amounts of energy to treat. For example, the entire population of
15,014 publicly owned treatment works in the United States and Puerto Rico taken
from the 2012 clean watersheds needs survey were found to produce a total of 13.85
million tons of sludge solids per year (Seiple et al. 2017). The sludge that is produced
is typically hazardous, containing by-products from reactants or captured pollutants
and pathogens, and requires further, energy-intensive treatment. The energy use of
wastewater treatment in the United States accounts for around 2% of the total energy
use of the country with a third of that being used solely to treat sludge (Pabi et al.
2013). These numbers will increase as the population grows and as more countries
begin to develop their own wastewater treatment systems.

To combat the creation of sludge and the high energy usage, polymeric
membranes are being implemented to separate solids and sometimes pathogens
from wastewater. Polymeric membranes do not require energy to function, and
instead depend on the difference in pressure to drive the wastewater through while
impeding the flow of pollutants. Additionally, these polymeric membranes do not
create sludge that requires further treatment. This chapter will focus on the use of
these polymeric membranes for wastewater treatment while providing a brief dis-
cussion on other conventional methods.

17.2 Conventional Methods for Wastewater Treatment

This growing problem of water contamination has a significant influence on the
economic development of countries, as well as human livelihoods and the quality of
the environment, all throughout the globe. Some pollutants, such as heavy metal
ions, do not readily biodegrade and, when ingested, can cause a series of irreversible
physiological diseases. For instance, mercury (Hg2+) can damage the central nervous
system (CNS) and can cause headaches, stomatitis and gastroenteritis (Tchounwou
et al. 2003). Similarly, lead (Pb2+) can cause an inadequate stream of oxygen and
nutrients throughout the body, resulting in brain and tissue damage (Daniel et al.
2004). Moreover, cadmium ions can replace calcium (Ca2+) ions in the bones and
deter the normal deposition of Ca2+ resulting in cartilage disease (Miyahara et al.
1984). Excess arsenic can inhibit the normal metabolism of cells in the body, causing
cell wounds and eventually leading to organ damage. Additionally, organic
pollutants in water, including fertilizers, plasticizers, pesticides, detergents,
pharmaceuticals, oils, and other hydrocarbons, are also hazardous and are mainly
derived from agricultural runoff, food and paper industries, and domestic sewage. In
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order to metabolize these organic pollutants, a large amount of dissolved oxygen is
needed, which in turn jeopardize aquatic organisms and their ecosystem (Goktas and
MacLeod 2016). Therefore, the removal of organic and inorganic pollutants and the
effective treatment of wastewater are vital for the aquatic ecosystem and for the
generally health of humanity. In the past, various conventional methods have been
adopted for the treatment of wastewater, including chemical precipitation, ion
exchange, adsorption, and biological treatment, which are discussed below.

17.2.1 Chemical Precipitation

Chemical precipitation is a method of wastewater treatment in which the dissolved
materials in wastewater are turned into solid, insoluble particles through the addition
of various chemicals to the wastewater. Specifically, chemical precipitation is used
to remove the ionic constituents from wastewater by reducing their solubility using
specific counter ions. Chemical precipitation is mainly utilized in the removal of
metal cations but can be used for the removal of anions such as cyanide, phosphates,
nitrites, and various organic molecules (Brady 2003; Kwon et al. 2012; Kim et al.
2013). Chemical precipitation is typically followed by a solid separation process
such as sedimentation, filtration, and coagulation to remove the precipitates. Most of
the metal ions are precipitated through hydroxide precipitation but can also be
precipitated through carbonate and sulfide precipitation. In some cases, the chemical
constituents to be removed must be oxidized or reduced. Phosphates can be removed
by precipitation as iron or alum salts, while fluorine can be eliminated using calcium
chloride (CaCl2). A chemical precipitation method typically includes four major
stages including the addition of reagents, flocculation, sedimentation, and solid-
liquid separation. Chemical precipitation is performed in various means as described
below.

17.2.1.1 Hydroxide Precipitation
Hydroxide precipitation is a type of chemical precipitation which involves the
addition of a suitable hydroxide to the wastewater to form an insoluble metal
hydroxide precipitate. The precipitation reaction is illustrated as:

Mnþ þ n OHð Þ� ! M OHð Þn #
Every metal has a discrete pH value at which the hydroxide precipitation takes

place creating the insoluble metal hydroxide. Reagents commonly used for hydrox-
ide precipitation are typically alkaline compounds, such as lime or caustic soda.
Although the hydroxide precipitation method has several advantages, including a
low cost, simple design, ease of pH control, and an easy removal of the metal
hydroxides through flocculation and sedimentation, this method produces a large
quantity of relatively low density sludge, which causes dewatering and disposal
problems.
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17.2.1.2 Sulfide Precipitation
Sulfide precipitation is another chemical precipitation process in which both insolu-
ble sulfides, such as ferrous sulfate, and soluble sulfides, including sodium sulfide
and hydrogen sulfide, are used to precipitate the metal ions as insoluble metal
sulfides. Sulfide precipitation occurs at neutral pH conditions, as the metal sulfides
have a lower solubility than hydroxides below neutral pH and in the alkaline pH
range. The basic principle of the sulfide precipitation method is similar to the
hydroxide precipitation in which the sulfide is added to the wastewater to precipitate
the formed slurry which is subsequently removed through filtration. The formation
of metal sulfide is illustrated as:

Mnþ þ Sn� ! MSð Þ #
The benefits of sulfide precipitation over hydroxide precipitation are the reduction

in the quantity of sludge generated and the ability to more easily process the sludge
to recover the metals which helps offset the cost of treatment. Moreover, the high
reactivity of sulfides with metal ions and the insolubility of the metal sulfides are
attractive features compared to hydroxide precipitation. However, sulfide precipita-
tion is not viable for all situations because of the toxicity of the sulfide ions and the
dangers of hydrogen sulfide (H2S).

17.2.1.3 Carbonate Precipitation
Carbonate precipitation is generally used to remove metal ions either through
converting hydroxides into carbonates using carbon dioxide or direct precipitation
using a carbonate reagent like calcium carbonate. The solubility of most carbonates
is in between that of hydroxides and sulfides and usually forms easily filtered
precipitates. When sodium carbonate is added to water, the basic carbonates are
formed as:

Mnþ þ COn�
3 ! MCO3 #

The precipitated metal carbonates are generated as a sludge and are removed
through filtration.

Chemical precipitation offers many advantages as a treatment alternative for
removing many industrial wastewater pollutants. It meets stringent discharge criteria
and has been used for many years. Moreover, this method is relatively simple and
can be used to remove specific components from wastewater with a high degree of
selectivity. However, this technique also possesses several limitations, including a
high cost, restrictions to its applications, a high energy input requirement, manual
oversight, and the generation of large quantities of sludge.
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17.2.2 Ion-Exchange Method

Ion-exchange is a wastewater treatment method in which ions of particular species
are replaced with ions of analogous charge but of a different species to generate an
insoluble resin. In essence, the ion-exchange method is a sorption process coupled
with a reversible chemical reaction. The most common applications of the
ion-exchange method are the removal of calcium (Ca2+) and magnesium (Mg2+)
through “water softening,” the removal of bicarbonates through de-alkalization, and
the removal of all ions through water desalination. Moreover, the ion-exchange
method is also very efficient in removing various toxic heavy metal ions including
radium (Ra), uranium (U), chromium (Cr), and several charged atoms or ions such as
fluorides, nitrates, sulfates, perchlorates, and iron from wastewater (Al-Enezi et al.
2004). The main component of the ion-exchange method is a microporous exchange
resin comprising of small, microporous beads that are insoluble in water and organic
solvents. The most widely used base materials for ion-exchange resins are polysty-
rene and polycarbonate with a diameter ranging from 0.3 to 1.3 mm. These beads are
composed of around 50% of a water-dispersed gel-structured material. As the water
is homogeneously dispersed throughout the beads, the water-soluble materials and
particles can freely move in and out of the beads. Each of the monomers in the
polymer beads consists of a specific functional group that interacts with various ions
through electrostatic interactions. In general, there are two types of ion-exchange
resins: cation-exchange resins, which can remove most of the positively charged
ions from wastewater including iron, lead, barium, copper, and aluminum, and
anionic-exchange resins, which can remove negatively charged ions including
nitrates and sulfates.

17.2.3 Adsorption

Adsorption is another wastewater treatment method, where water is passed through a
layer of porous and granulated materials like activated charcoal and zeolites. It relies
on a surface phenomenon with a common mechanism for the removal of organic and
inorganic pollutants. When the wastewater passes through a highly porous surface,
the impurities, such as dissolved organic and inorganic molecules, ions, and salts, are
removed. Various physical and chemical interactions between the pollutants and the
surface drive the adsorption of contaminants onto the surface. The particles retained
at the solid surface are known as the adsorbate and the solid surface on which the
adsorbate is retained is known as the adsorbent. The adsorption process is one of the
most efficient methods of treatment for the removal of organic and inorganic
contaminants from wastewater. The adsorption method has several advantages
over other techniques because of its simple design and low investment of initial
cost and infrastructure while also meeting stringent water quality standards. Adsorp-
tion has garnered the attention of many researchers throughout the years.

The adsorbents used during this process are classified as either natural or syn-
thetic. Natural adsorbents include clay, charcoal, zeolites, and ores (Rashed 2013).
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These natural adsorbents have several advantages such as being abundant in nature,
relatively cheap, and possessing significant potential for modification to enhance
their adsorption capabilities. Synthetic adsorbents are developed from household
waste, agricultural waste, industrial waste, and polymers.

17.2.4 Biological Treatment

Biological treatment is typically a secondary wastewater treatment that uses bacteria,
protozoa, and other specialized microbes to purify wastewater (Jessica et al. 2013;
Liu et al. 2013). In this particular treatment, the microorganisms break down the
organic pollutants into smaller pieces which stick together creating a flocculation
effect allowing the organic contaminants to settle. Subsequently, the produced
sludge is dewatered and disposed as a solid waste. Typically, biological wastewater
treatment can be classified into three main categories: aerobic, where the microor-
ganism require oxygen to break down organic matter and other contaminants into
carbon dioxide (CO2) and microbial biomass, anaerobic, where microorganisms
break down organic pollutants in wastewater without using oxygen, often forming
CO2, methane, and microbial biomass, and anoxic, where microorganisms use other
molecules besides oxygen for their growth. Anoxic biological treatments are com-
monly used for the removal of additional contaminants that are not possible through
the other two methods, such as sulfates, nitrites, and selenates. The amount of
organic contaminants that can be decomposed through aerobic biological treatment
is measured in terms of the biological oxygen demand (BOD) which refers to the
amount of dissolved oxygen required by the microorganisms for the breakdown of
organic contaminants into smaller molecules (Tripathi and Shukla 1991). In general,
biological wastewater treatment optimizes the natural microbial break down of waste
and other contaminants into small molecules, which offers a cheap and efficient
additional or alternative method for wastewater treatment (Busk et al. 1989).

17.3 Polymeric Membranes

In addition to these methods, another important and widely adopted method for
wastewater treatment is the use of polymeric membranes. Polymers are widely used
advanced materials and are found in nearly every material used on a daily basis. The
significance of polymers has been highlighted in a plethora of applications in
different domains of science, technology, and industry, including as biomaterials
(Hasan and Pandey 2015; Hasan et al. 2017, 2018), smart materials (Rather and
Manna 2016; Parbat et al. 2017; Vanessa et al. 2018), catalytic materials (Xu et al.
2019; Wang et al. 2017), and the removal of oil spills (Rather et al. 2017; Shome
et al. 2019). In addition to these applications, polymers have contributed signifi-
cantly to wastewater treatment.

Membrane separation technologies for wastewater treatment are increasing rap-
idly because of pressures from environmental protection laws and the strict
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regulations on drinking water quality all around the world. Recent advances in
membrane-based purification technologies have led to a large utilization of synthetic
polymeric membranes for wastewater remediation through the elimination of bacte-
ria, viruses, and other toxic chemicals from the polluted and contaminated water
resources. In this regard, the broader applications of synthetic polymeric membranes
can be owed to their unique benefits, including the vast number of polymers which
allow for the ability to select a specific polymer for the exact separation problem
from an existing set of polymers (Visakh and Olga 2016). The removal of selected
pollutants and contaminations from the aqueous phase using polymeric membranes
can vary significantly and depends on the target pollutants and contaminants as well
as several aspects, including the physiochemical properties of the constituents, the
condition of operation, and the membrane structure.

To date, a number of polymeric membranes have been developed based on a
variety of different components (Anna et al. 2016), such as cellulose acetate (CA),
cellulose nitrate, polyethersulfone (PES), polysulfone (PS), polyvinylidene fluoride
(PVDF), polypiperazine (PPZ), polypropylene (PP), and polyacrylonitrile (PAN).
The first generation of polymeric membrane materials, CA membranes, were pro-
duced in 1963 from Loeb and Sourirajan’s group and exhibited a high salt rejection
with high flux values (Sidney and Srinivasa 1963). They also found applications in a
wide range of filtration processes. However, these membranes lacked long-term
thermal, biological, and chemical stability, which limits their practical applications
in complex conditions including high temperature and extreme pH environments.
With the development of other polymeric membranes, PS and PES have emerged
among the most common choices for ultrafiltration systems as well as the secondary
substrates for nanofiltration and reverse-osmosis processes. These polymeric
materials have a high permeability, great selectivity, high mechanical stability, and
high chemical resistance. For instance, PES usually has a high glass transition
temperature (Tg) at approximately 225 �C and PS shows a high pH stability and
oxidation resistance (Souzanchia et al. 2013). However, the main limitation of these
polymeric membranes is their intrinsic hydrophobicity, which results in a high
biofouling tendency and leads to higher operating costs, shorter lifespans, and
irreversible separation performances.

To solve this problem, surface modification tools have been developed to enhance
the hydrophilicity of these polymeric materials (Victor et al. 2014). It is generally
accepted that increasing the surface hydrophilicity of the polymeric membranes
reduces the fouling issues as many foulants, including organic contaminants and
proteins, are hydrophobic in nature. There are a lot of methods to develop hydro-
philic polymeric membranes, such as the homogeneous physical blending method
(Sinha and Purkait 2013; Fan et al. 2014a, b), surface chemical treatment (Xia et al.
2014), and UV irradiation (Vázquez et al. 2005; Gu et al. 2009). Amphiphilic
copolymers, like Pluronic F127, can be used as a surfaces modifier and pore-
forming agent to prepare antifouling polyethersulfone (PES) ultrafiltration
membranes (Zhao et al. 2008). Experimental results have shown that surface modi-
fication can be a robust and efficient solution for enhancing the antifouling properties
(Rana and Matsuura 2010). Despite various other approaches, including grafting,
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hydrophilic modification, and etching, chemical modification is still considered to be
the most facile and convenient method for surface modification. In the past, various
polymers and surface-modified polymers with tunable surface properties have been
explored for various applications, such as antibiofouling, nonspecific protein adsorp-
tion, and biocompatibility (Hasan and Pandey 2015). For instance, the amine
functionalization of polymeric membranes significantly enhances the hydrophilicity
and charge of the membranes. A membrane with more hydrophilicity and charge
was found to foul less and better reject salts through increasing the electrostatic
interactions (Zinadini et al. 2014).

Similarly, the pH sensitivity of polymeric membranes is another property that can
be adjusted through a number of techniques. For example, functional polymers, such
as polymethyl methacrylate (PMMA) and polyacrylic acid (PAA), can be mixed
with polymeric membranes to enhance their pH sensitivity. Additionally, the
shrinking and swelling of the pores of the polymeric membranes can be tuned
through the deionization of carboxyl groups (–COOH) around their pKa which
further enhances the permeability of the membranes (Mikaa et al. 1995; Kang and
James 2007). The classic method of preparation for these membranes involves the
direct blending of PAA with other polymers, so that the elution of PAA is possible
even though it is water insoluble. For instance, Wei et al. reported a blending method
to prepare tunable polymeric membranes by combining a cross-linked PAA gel with
a PES solution by adopting a phase separation technique (Qiang et al. 2009).

Temperature-controlled water filtration is another class of functional polymeric
membranes. A commonly used polymer is poly(N-vinylcaprolactam) (PVCL), a
thermally responsive polymer with a lower critical solution temperature (LCST) in
the physiological range. PVCL-based microgels can be explored to coat the com-
mercially available hollow fiber membranes used for microfiltration and
ultrafiltration-based applications (Daniel et al. 2014). The main advantage of these
microgel systems is their versatility which allows them to be applied to almost any
kind of membrane application by adopting a facile membrane fabrication process. In
this instance, the membranes exhibited reversible, thermally responsive permeability
and rejection (Young-Hye et al. 2011). The details of various polymeric membranes
used for wastewater treatment, their applications, and methods of fabrication are
presented in Tables 17.1 and 17.2.

17.3.1 Classification of Polymeric Membranes and Their
Applications

The separation performance of porous polymeric membranes usually depends on the
effective pore size of the polymeric membrane and the particle size of the constituent
particles in the water. As the pore size shrinks, the driving force behind the process,
typically the filtration pressure, increases (David et al. 2018). Polymeric membranes
are broadly classified into four major categories, based on their pore size, perfor-
mance, characteristics, and specific separation potentials. These four categories are
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microfiltration, ultrafiltration, nanofiltration, and reverse osmosis. The utility and
applications of these membranes in various filtration techniques are detailed below.

17.3.1.1 Microfiltration and Ultrafiltration
Microfiltration (MF) is classified as a low-pressure process, with an operating
pressure typically below 2 bar. The separations using MF operate through filtering
and removing the suspended particles or solids, bacteria, protozoa, and, to a lesser
extent, algae, owing to the relatively larger pore size between 100 and 1000 nm
(Baker 2012). However, microscopic particles, atomic or ionic species, dissolved
particles, natural organic matter, and water can pass through the filter membrane
(Crittenden et al. 2012), as depicted in Fig. 17.1. These types of polymeric
membranes can generally separate macromolecules of molecular weight less than
100 kDa (Siobhan et al. 2002). The MF membranes are commonly used in the sugar
and sweetener industry, dairy industries, and in bioprocessing industries. For exam-
ple, in the dairy industry, the MF method is mainly used to remove the fat from whey
in the production of whey protein isolates, in the purification of cheese brine, and in
the separation of casein and serum from skim milk.

Ultrafiltration (UF) membranes also operate mainly through filtering; however,
UF membranes possess a wider range than MF membranes with a pore size that is
generally between 2 and 100 nm. UF is also considered a low-pressure process and
typically operate between 0.1 and 5 bar. Additionally, they are dependent on the
transmembrane pressure to drive the separation process. These types of membranes
are capable of separating large materials, such as colloids, proteins, enzymes, fats,
and bacteria, while allowing sugars, salts, and other low molecular weight solids to
pass through, as shown in Fig. 17.1 (El-Dessouky and Ettouney 1999). In this
separation process, the separation range is expressed in daltons (Da) or kilodaltons
(kDa) and is usually in the range of 1 Da or 100 KDa. For instance, Su et al. used the

Fig. 17.1 The schematic illustration displays the nominal pore diameter and various pollutants
allowed and rejected by various filtration techniques using different polymeric membranes
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combination of UF and electrodialysis (ED) for the treatment of a copper slurry
(Su et al. 2014). The combined setup of UF and ED removed particles and Cu2+ from
the slurry through the use of a PVDF flat sheet membrane with a molecular weight
cutoff of 30 kDa, corresponding to roughly 4 nm in diameter, while possessing a
high mechanical strength.

The elimination rejection achieved by MF and UF polymeric membranes usually
depends on the properties of the polymeric membranes and hydrodynamic
conditions (Fane et al. 2011). Therefore, interferences in the upstream wastewater
treatment process can negatively influence the performance of both MF and UF
polymeric membranes.

17.3.1.2 Nanofiltration and Reverse Osmosis
Nanofiltration (NF) refers to the category of polymeric membranes which possess
pore sizes in the range of 1 to 10 nm that are operated at high pressure, typically
around 3 to 20 bar. The separation range in NF is classified on the basis of rejection
of known multivalent cationic solutes including magnesium sulfate (MgSO4) and by
the removal of disinfectant by-products including natural and synthetic organic
matter (Raymond 1999; Roy et al. 2017). In general, a typical NF membrane can
retain the molecules of varying sizes below and above the pore size of the polymeric
membranes (Bruggena et al. 2008). The membranes used for nanofiltration are made
of polymer thin films which include PET, PS, PES, or PPZ polymers (Lu et al. 2002;
Gopal et al. 2006; Tolba et al. 2015). NF membranes can efficiently remove divalent
ions, polysaccharides, and small organic molecules while permitting monovalent
ions, water, and monosaccharides, as shown in Fig. 17.1. NF membranes operate at
lower pressures and have a higher water permeability than reverse-osmosis systems,
thus reducing the specific energy consumption. These properties enable the NF
membranes to be applicable in wastewater treatment, biotechnology,
pharmaceuticals, and food engineering applications. For instance, Ren et al.
demonstrated the sustainability of using poly(m-phenylene isophthalamide)
(PMIA) NF membranes for the removal of chromium (Cr) ions from wastewater
(Ren et al. 2010). The separation mechanism was mainly based on the interaction of
Cr(IV) and the negatively charged NF polymeric membrane. Moreover, NF
membranes have also been used to treat seawater, where high recoveries of salt
water are possible at reasonable pressures as the membrane allows most of the Na+

and Cl� ions to pass through while retaining the unwanted sulfate ions (Davis et al.
1996). It is worth noting that previous research has indicated that NF membrane
systems can achieve a higher recovery through nonthermal crystallization (Azadi
et al. 2016) and can reduce the second level fouling through pre-ozone treatments
(Parka et al. 2017).

Reverse osmosis (RO) is another wastewater treatment process that utilizes a
semipermeable membrane to remove various ions, unwanted organic and inorganic
molecules, and large particles from drinking water. RO membranes possess pore
sizes below 1 nm and operate at high pressures, around 5 to 120 bar. RO is a very
versatile method that can remove many types of suspended and dissolved chemical
and biological contaminants, including bacteria and salts (David et al. 2016), which
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brands it a great source for use in industrial processes and the production of potable
water. Interestingly, salts are highly rejected by RO membranes owing to their
sub-nanometer scaled pores, commonly used in the removal of salt from seawater
(Argyris et al. 2019). For instance, commercial seawater RO membranes can remove
99.5 to 99.8% of NaCl from the seawater. Important polymers that are being used in
RO processes include polyamide, cellulose-acetate, cellulose-diacetate, and
cellulose-triacetate (Yang et al. 2019). Furthermore, RO is considered as a complete
barrier for pathogens, bacteria, and other microorganisms that are harmful to infants
and the elderly. For instance, in a previous study of RO based wastewater treatment,
it was found that neither Escherichia coli nor viruses were detected in the permeate
after filtration through the RO polymeric membrane (Tama et al. 2007). Moreover,
RO membranes were further found to be beneficial in eliminating high molecular
weight organic constituents, such as humic acid and fulvic acid (Rodriguez et al.
2009).

17.3.1.3 Challenges Associated with Polymeric Membranes
Although wastewater treatment using polymeric membranes has shown great poten-
tial, there are still several technical challenges that need further investigation and
research. Some of the challenges are detailed as below:

1. Polymeric membrane fouling and scaling will lead to the increase of water cost.
Fouling and scaling are the accumulation of materials deposited on the polymeric
membranes. They usually result in pore clogging and, eventually, decreased flux.
Therefore, a regular and periodic cleaning of the polymeric membranes is inevi-
table, and the expenses associated with filter changes is another hassle that can
increase costs.

2. The selectivity of the polymeric membranes to specific waste materials is very
important, which is restricted depending on the membrane surface charge and the
pore size. However, they require a large amount of energy to maintain high
pressure during purification in practical applications. In addition, the fouling-
driven decline in polymeric membrane permeability leads to a reduction in the
flux. This increases the pressure needed to keep a normal level of flux. Hence, the
performance under constant high pressure is a substantial challenge for wastewa-
ter treatment using polymeric membranes.

3. Some of the polymeric membrane filtration techniques require some pretreatment
methods for some heavily polluted wastewater. These pretreatments include the
addition of chemicals or the use of other treatment methods, both of which
increase the cost of using polymeric membranes.

17.4 Outlook and Conclusions

Global water scarcity is growing rapidly in many regions of the world due to an
increase in human activities and the growth of agricultural and industrial needs. On
top of this, unmanaged wastewater streams have caused the pollution of many

17 Polymeric Membranes in Wastewater Treatment 507



existing fresh water sources. Problems with water are expected to grow in the
coming decades and water scarcity is expected to appear in many new regions,
including those that are currently water rich. Hence, the treatment and reuse of
wastewater is a critical issue. In this chapter, we have discussed various conventional
methods including chemical precipitation, ion exchange, and adsorption for waste-
water treatment. However, these methods have various limitations including a high
cost, restrictions to their applications, a high energy input, and the generation of
large quantities of sludge during treatment.

In addition to these conventional methods, another class of water treatment using
polymeric membranes has been extensively studied and used in a number of
applications, including wastewater treatment. Moreover, we have conferred in detail
that the separation performance of porous polymeric membranes usually depends on
the effective pore size of the polymeric membrane and the size range of
contaminants present in water. As the pore size shrinks, the separation process
requires a higher driving force, which is typically the filtration pressure. Moreover,
we have discussed the four major categories of polymeric membranes of wastewater
treatment, including microfiltration, ultrafiltration, nanofiltration, and reverse osmo-
sis, based on their performance, characteristics, pore size, and specific separation
qualities. Their applications in wastewater treatment were discussed briefly in this
chapter. Additionally, the benefits of polymeric membranes include a series of
outstanding properties, such as high flexibility, excellent chemical and mechanical
durability, high permeability of water, chemical species selectivity, and efficient
removal of waste products. Hence, the development of polymeric membrane tech-
nology has allowed for the next generation of water supply systems to advance
beyond the conventional and traditional methods with a more affordable price and
higher efficiency.
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Functionalized Fluoropolymer Membrane
for Fuel Cell Applications 18
Om Prakash, Ashok K. Pandey, and Pralay Maiti

Abstract

Polymeric membrane has been the key component of research in view of the fact
that previous few decades had newest enhancement in both production and design
aspect. Porous and nanochannel developed polymeric membranes have put on
much interest in this viewpoint for their consumption in a various sectors such as
adhesive, sensor, biotechnology, waste water treatment including separation
techniques, and ion exchange membranes (IEMs) for polymer electrolytes mem-
brane fuel cell (PEMFCs), because of their good thermal and outstanding
mechanical properties along with electrical properties when properly
functionalized with some functional group. This chapter mainly focuses on the
research work being conducted on fabricating porous polymeric membranes
followed by the functionalization and subsequently their applications in the
field of fuel cell technology as electrolyte membranes. In this context, swift
heavy ions (SHI) bombardment on the polymeric membrane, design the porous
membranes having controlled channel dimension using ions of different size,
nanoparticle and fluence variation. The effect of SHI on the polymeric membrane
creates reactive sites (free radicals) which are utilized to functionalize the appli-
cation of fuel cell membrane. However, the aim of this book chapter is to discuss
the fabrication of porosity in polymer membrane and subsequent
functionalization for energy applications especially in fuel cell technology.
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18.1 Introduction

Energy is prime important in all the areas of the modern life including the water,
food, and health sectors. Due to increasing world population, the long-term
sustainability of the fossil fuel becomes scarce very fast and expensive (Prakash
et al. 2020). There is an urgent need to suggest an alternative for fossil fuel energy
(Kamcev and Freeman 2016). As a substitute of conversational fuels, clean and
environmental friendly biofuels, based on sunlight such as solar cell, based on the
chemical reaction like fuel cell, and others like wind, are instantly demanded
(Hoogers 2003). As a result, materials that can straightly renovate or store renewable
energies are being widely studied, that is, as portable power source is in demand.
Developing the new inexpensive technology with better efficiency than existing
technology is the real challenge of the day (Javaid Zaidi and Matsuura 2009).
Among several emerging technologies, the fuel cell is most promising, greener,
and ecofriendly technologies in the field of storage and portable stationary power
sources (Wang et al. 2011). The basic parts of the fuel cell are fuel, electrolyte, and
electrodes, and the electrolytes are the key component of the technology (Prakash
et al. 2020). Porous polymeric membranes put on much awareness in the field of fuel
cell technology when functionalized with specific functional group (Thomas et al.
2009). These functional groups are capable of transporting ions and electron and
forming complex with the heavy metal ions. Mostly the functional groups are
sulfate, phosphate, chlorate, and nitrate for cation exchange membrane and phos-
phonium, sulfonium and quaternary ammonium (QA) imidazoliums, spiro-
ammonium, guanidinium, pyrrolidinium, piperidinium, and metal cations for the
anion exchange membranes (AEMs). However, poor acid, base stability, and low ion
conductivity of the AEMs remain as challenges in emergent superior performance
membrane materials (Liu et al. 2018). Nowadays, non-fluorinated polymer
backbones including poly (phenylene oxide), polybenzimidazole, poly (ether sul-
fone), and poly (ether imide) are used in polymer electrolyte membranes but the
major drawbacks of these aromatic-based polymer are thermal stability and flexibil-
ity, due to aromatic moieties in the membrane. To overcome the above drawbacks
aliphatic fluoropolymers such as poly (vinilidene fluoride) (PVDF) and its
copolymers such as (PVdF-HFP), poly (vinylidene fluoride-co-
hexafluoropropylene) (PVDF-CTFE), (PVDF-TrFE), poly (vinylidene fluoride-co-
chlorotrifluoroethylene), and poly (vinylidene fluoride-co-trifuoroethylene) are
being used to make PEMs (Smith et al. 2014). All the above polymer backbones
show excellent thermal and mechanical properties because of their nonreactive and
insulating behavior which together with their durability and thermal stability convert
them for membrane application for fuel cell membranes and other applications
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(Prakash et al. 2018). Fluoropolymer like PVDF and its copolymers exhibit different
crystalline phases (α, β, γ, δ, and ε), some of them are polar/partial phases (β, γ, δ,
and ε) and others nonpolar (α). The polar phases exhibit the piezoelectric and
pyroelectric properties which make them useful for electronic applications. How-
ever, conversion is the prime need for electronic applications of the phases, which
can also be induced by the addition of some specific fillers, chemical species, and
fiber fabrications. The chemical structure of the nonpolar α-phases and polar β-phase
with possible configuration is presented in Fig. 18.1 (Jana et al. 2016).

Because the above-listed fluoropolymer backbone are nonreactive and chemically
inert, various techniques such as radiation-induced grafting, followed by
functionalization using chemical reagents for grafting, composites membrane, etc.
are reported in the literature for intruding the appropriate ionic group on the neat
polymer chain (Prakash et al. 2020; Balanzat et al. 1995). In this chapter, the details
of the preparation of functionalized membrane of polymer electrolytes using differ-
ent polymeric materials and various techniques used for the functionalization
followed by fabrication of single fuel cell setup and to measure the cell performance
of the functionalized membrane have been discussed.

Fig. 18.1 Schematic representation of the (a) α-trans gauche conformation; (b) β-all trans confor-
mation of crystalline PVDF, where black sphere represents the carbon atoms, pink for hydrogen,
and yellow for fluorine atoms, and the arrows signify -CF2 dipole directions
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18.2 Fundamentals of Fuel Cell Technology

Fuel cell is an electrochemical device. In electrochemical reaction, chemical energy
is transformed into electrical energy and heat energy is produced with high
efficiencies by the oxidation of different class of fuel in presence of air with the
help of redox couple reaction. Electrochemical-based devices are able technologies
for the renewable energy, stationary power management, energy storage, pollution
control, and greenhouse gas reduction. These devices optimize the cost and size of
the electronic devices. For all the above technologies, fuel cell is one of the capable
electrochemical devices that produces power in few mW toMW and is being utilized
in various applications (Zakaria et al. 2020). Fuel cell produces energy only if there
is supply of fuel, and hence, continuous fuel supply is the prime need. The electro-
chemical process in the fuel cell is not governed by the thermodynamic law like
Carnot’s cycle; hence, their operation is simple as compared to the internal combus-
tion (IC) process. High efficiency makes them an alternative option of the future
power source for a wide range of applications such as transportation, stationary and
portable electronic power banks such as computers, laptops, mobiles, watches, video
cameras (Hallinan and Balsara 2013). Fuel cells consist of electrode, fuel, and
electrolytes. When fuel pass through electrodes (anode/cathode) it convert form of
the ions and electrons after reacting with catalyst and the ions pass through the
electrolytes which highly resist the flow of electron through the electrolytic mem-
brane alkaline solution (Jana et al. 2017). Further, electrons flow in the outer circuit
to balance the chemical reaction. In fuel cells technology, the resultant chemical
reaction is similar to the combustion of the fuels but the fuel is separated with an
electrolyte, while in combustion there is a direct contact. The fundamental driving
force of the migration of the ions through the membrane is its ionic group present in
the backbone of the polymer electrolyte membrane or the concentration gradient
electrode-electrolytes interface (Jana et al. 2017). The typical open circuit voltage of
the polymer electrolytes membrane was reported as ~0.7 V. In the 1900s, the
development of fuel cells as power sources started but their use was limited like
for space research with light weight space and defense applications (Drobny 2012).
New attempts were made to develop fuel cells at the end of 1900s or beginning of
twenty-first century. In recent years, the fuel cell technologies have been more
efficient and environment friendly and act as sustainable energy resources. Presently,
the fuel cell technologies are in the verge of commercialization almost in every
sector of market, but the overall efficiency is still low and needs improvements. The
schematic of the fuel cell setup is shown in Fig. 18.2.

Based on the fuel, electrolytes, and operating conditions the fuel cell is classified
into different types. The working principle, used electrolytes, chemical reaction,
advantages, disadvantages, and electrical fuel efficiencies are presented in
Table 18.1.

The electrical efficiencies of the fuel cell devices depend on the operating
temperature. Based on the operational temperature, fuel cell technology is classified
broadly into three classes: low temperature (LT), this category includes polymer
electrolyte membrane fuel cells whose operating temperature is below 100 �C; solid
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oxide fuel cells, also known as high temperature (HT) fuel cells, operate at
temperatures greater than 800 �C; and moderate temperature (MT) fuel cells are
molten carbonate fuel cells whose operating temperature is between 100 and 800 �C
(Badwal et al. 2014). The low temperature operating condition of PEMFCS makes it
lower efficiency fuel cell while the SOFCs make them as highest electrical efficiency
cells. The electrical efficiency of the cell with equation is dealt in Sect. 18.2.2.

18.2.1 Fuel Cell Requirement and Assembly

Electrochemical device fuel cells have tunable power delivery applied in different
fields of life. Presently, most of automobile makers are in succession to lunches the
Honda car (Chrysle, GM) buses, boats (Helion), trains, planes scooters, forklifts,
even bicycles based on light weight fuel technology such as fuel cell. In 2019, the
global fuel cell market capita was ~10.5 billon USD, with a registered Compound
annual growth rate (CAGR) of 15.5% over the estimated time period (Wang et al.
2011). Continuously increasing order (demand) for unconventional resources of
energy is a prime factor driving the development of alternative. The contribution
of the shares in market is mainly in stationary, transportation, and portable power
sources. The stationary power sources covered approximately 70% market till 2019,
and in different types of fuel cell having polymer electrolytes membrane fuel cell
(PEMFCs) the contribution was ~67%. From the above discussion, it is clear that the
polymer membranes as electrolytes are given much attention in fuel cell
technologies.

Fig. 18.2 Working principle and fuel cell setup
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18.2.2 Fuel Cell Efficiency

In electrochemical devices, the transformation of chemical energy to electrical
energy is due to temperature and pressure gradients: firstly to transform chemical
energy to kinetic energy followed by conversion to electrical energy. The conversion
of electricity is classically governed by the Carnot cycle but not limited to the Carnot
cycle. The net amount of energy available to produce the electricity during the fuel
oxidation reaction is known as the Gibbs free (ΔG) energy. The Gibbs free (ΔG)
energy is calculated from the Gibbs-Helmholtz Eq. (18.1) after the fuel oxidation
process.

ΔG ¼ ΔH � TΔS ð18:1Þ
where ΔH is the heat of enthalpy generated by the oxidation process of the fuel, ΔS
is the entropic term and T is the absolute temperature at which the oxidation reaction
occurs.

From Eq. (18.1), it is clear that only Gibbs free energy is responsible to convert
electrical energy from chemical energy, with the remaining energy to raise the
entropy of the system. The open circuit voltage (Voc) of the cell is given by
Eq. (18.2).

Voc ¼ �ΔG=nF ð18:2Þ
where n is equivalent to the number of electron changes during the oxidation process
of the fuel and F is the Faraday constant which is equivalent to the ~96,500 Coulomb
charge or 1 mole electronic charge of atoms. The open circuit voltage of different
fuel oxidation reactions are presented in Table 18.2. The maximum thermodynamic

Table 18.2 Thermodynamic parameters such as free Gibbs energy (ΔG), enthalpy (ΔH ), open
circuit voltages (Voc), thermodynamic efficiencies of fuel cell (η), and oxidation reactions of the cell
(Giddey et al. 2012)

Electrochemical (cell
reactions)

No. of
electrons

�ΔH
(Kcal/mol)
Enthalpy

�ΔG (Kcal/
mol)
Gibbs free
energy

V0
oc(V)at 25 �C

Open circuit
voltages

%
ηTh

H2(g) + ½ O2(g) ¼ H2O
(l)

2 68.14 56.69 1.23 83

C (s) + ½ O2(g) ¼ CO
(g)

2 26.4 32.81 0.71 124

C (s) + O2(g) ¼ CO2(g) 4 94.04 94.26 1.02 100

CO(g) + ½ O2

(g) ¼ CO2(g)
2 67.62 61.45 1.33 91

CH3OH + 3/
2O2 ¼ CO2 + 2H2O(l)

6 167.9 167.9 1.21 97

CH4 + 2O2 ¼ CO2 + 2
H2O (l)

8 195.6 195.6 1.06 92
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efficiency (ηTh) of the of the fuel cell is defined as the ratio of the Gibbs free energy
(ΔG) and heat of enthalpy (ΔH ) generated from the cell reaction. The maximum
thermodynamic efficiency is given by Eq. (18.3) (Giddey et al. 2012):

%ηTh ¼ ΔG=ΔH � 100

%ηTh ¼ 1� TΔS=ΔHð Þ � 100 ð18:3Þ

The thermodynamic efficiency may be increased or decreased depending upon
the entropy change during the oxidation process. The thermodynamic parameters,
cell reaction, and efficiencies are presented in Table 18.2.

The variation of fuel followed by the cell reaction alters the cell’s efficiency, that
is, the carbon fuel cell shows the highest cell efficiency approximately 100% while
hydrogen, methanol, and methane fuel cells show 83, 97, and 92% thermodynamic
theoretical fuel cell efficiencies, respectively. In most of the cases, the entropy values
are positive which means that the randomness of the system increases during the
oxidation of the fuel and gives the efficiency less than 100%, but in some cases the
entropy of the system is negative and the cell efficiency may be more than 100%,
which can happen only when the system absorbs heat from surroundings. Maximum
cell efficiency is achieved through fuel optimization and temperature. There are no
ideal systems operated at maximum as thermodynamics efficiencies. The overall
electrical efficiency of cell is different than the thermodynamic efficiency. The
factors involved in cell efficiencies are discussed below, for example, fuel utilization
and output voltage. When fuel cell stack was operated, the internal losses exist which
reduce the open circuit potential (Voc) to operating potential (Vop). The losses of the
open circuit potential results in the ohmic resistance of the fuel cell parts like
electrodes, electrolytes current collector plate, and ionic or gas molecules evolved
from the electrode/electrolyte interfaces and electrode over potential losses. Various
parameters also alter the operating potentials like concentration gradient, absorption
of the impurities, charge transfer, dissociation of the gas molecules on the electrode
surface, applied load, etc. The cell Vop is given by (Giddey et al. 2012):

VOP ¼ VOC � IdR� ηa � ηc � Idr � ηconc ð18:4Þ
where

Voc ¼ open circuit potential.
Vop ¼ operating potential.
Id ¼ current density (normalized with area).
R ¼ internal resistance of air and electrode.
ηa ¼ anodic polarization/overpotential losses at anode/electrolyte interfaces.
ηc ¼ cathodic polarization/overpotential losses at cathode/electrolyte interfaces.
r ¼ internal resistance of air and electrode.
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ηconc. ¼ concentration polarization related to rate toward electrode surface resulting
in the formation of the electrode electrolyte interface, usually noticed at high
current density.

The terms Idr and IdR refer to the ohmic voltage losses and increase linearly by the
increment of load of the system, and nonlinear/nonohmic voltage losses observed
with load (current density) are extremely needy in the fuel composition, electrode
materials, reaction mechanism, and operating conditions such as temperature, gas
supply pressure, and design of the cell stack. The voltage efficiency of the fuel cell is
the ratio of the operating potential (Vop) and open circuit potential (Voc). The open
circuit voltage efficiency decreases with the increase in the load (applied current
density), while the maximum power density of the cell is the product of operating
voltage (open circuit voltage) and maximum current density. Initially, the power
density increases, and then at a certain current density it shows the peak (maximum
power density) followed by the decrease of power density. The single cell perfor-
mance is given in Sect. 18.4.2.

18.2.3 Polymer Electrolyte Membrane and Its Properties for PEMFCs

The polymer membranes are used as electrolytes cum separator of the electrons in
fuel cell technology. For the application of polymer membrane in polymer
electrolytes membrane fuel cell (PEMFCs), the functionalized membrane should
meet the essential properties such as high ionic conductivity (IC), water uptake
(WU), ion exchange capacity (IEC), and low permeability of the membrane
(Peighambardoust et al. 2010). The functionalized membranes must have excellent
mechanical and thermal properties for construction of the membrane electrode
assembly (MEA), excellent electrochemical stability in acid/base solution, moderate
swelling during the electrochemical reactions, and the most important factor of
comparatively low cost and long durability (Golcuk et al. 2013). In addition to the
above properties, hydration of the ionic membrane (water content) and thickness of
ionic membrane play significant roles and affect the whole performance of fuel cells’
assembly. The selection of membrane materials and the processing for the
functionalization are more important criteria for efficient membranes.

18.3 Fabrication Method of the Polymer Electrolyte Membranes

To achieve the desired properties of the membrane, the grafting and
functionalization is of prime importance for tuning the characteristic properties of
the membrane for further application as PEMFCs. Based on the nature of materials
and functionalization route the polymer electrolyte membranes are classified as
follows.
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18.3.1 FunctionalizedMembrane Preparation Via Radiation-Induced
Grafting

Radiation-induced graft copolymerization followed by the functionalization is an
easiest way to modify the existing polymer with enhanced and imprinting new
properties without affecting the intrinsic properties of the polymer. There are
particular interests to introduce a variety of functional groups on the backbone of
the polymer. In radiation-induced grafting method, the active sites are generated in
the chain of base polymer using high energy particle radiation such as γ-radiation,
electrons beam radiation, and swift heavy ions (SHI) (Balanzat et al. 1995), and
particle radiations. The irradiated polymer is passed through monomer solution,
which propagates the side chain polymerization followed by its termination (Jana
et al. 2015). Two standard methods are followed for radiation-induced polymeriza-
tion: first method is preirradiation in an inert atmosphere to trap the radicals followed
by copolymerization. In this method, the irradiated polymer is deep in distilled
monomer solution under the optimized polymerization condition. If the irradiation
experiment is performed in aerobic condition, the free radicals formed by the
irradiation react with air to produce peroxide and hydroperoxide species which can
be decomposed at elevated temperature, and subsequently they can be used for
copolymerization (Gülzow and Schulze 2004). Second method is the simultaneous
irradiation and copolymerization, also known as direct method. In this method, the
polymer and the monomer solution are kept together before irradiation. Each of the
above grafting techniques has its own merits/demerits based on the polymer-
monomer recombination condition (Javaid Zaidi and Matsuura 2009). For example,
the direct method leads to considerable degree of grafting because of the efficient
consumption of radicals formed after the irradiation. While the preirradiation method
is effective, mainly when the monomer is more reactive, to obtain the desire level of
grafting and optimization of the parameters are required. The chemical processes of
these two methods are shown in reaction Scheme 18.1.

The radiation-induced graft copolymerization has several advantages against the
other methods for various reasons including simplicity, flexibility of the chemical
reaction, and the extent of graft moieties which can be controlled by varying the dose
of radiation. This provides an analytical method to develop special design (tuning of
properties of the membrane) of membrane for various applications (Ee et al. 2013).
For the preparation of the graft copolymerized membrane for various applications
present development is related to the radiation induced grafting techniques. The
membrane preparation process is cost effective and therby suitable for industrial
process (Jana et al. 2018). Among these radiation techniques, the swift heavy ions
(SHI) is one of the most promising techniques for the creation of reactive sites such
as free radicals (Saikia et al. 2006). Swift heavy ions are the particle radiation, and
the energy, fluence (ions/cm2), and ions alter easily as per the requirement (tailor),
that is, the properties of membrane. The fabricated nanochannel/porous membrane
prepared through SHI and subsequent sulfonation to convert into conducting
nanochannels, which provide the conducting path for the ion (proton) transport
through the membrane. Jana et al. used swift heavy ion-irradiated PVDF and its
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copolymers and nanohybrid membrane exclusively for fuel cell applications with
better efficiency as compared to commercially available membrane (nafion117)
(Jana et al. 2017).

In radiation-induced grafting the irradiation experiment on the membrane matrix
mainly follows on three steps such as irradiation of the membrane matrix, grafting of
the distilled monomer after sulfonation/ionic group tagging on base matrix as well as
grafted specimen. The schematic of radiation process is presented in Fig. 18.3a. High
energy swift heavy ion lose their maximum energy when they pass through thin
polymer membrane (Prakash et al. 2020), the energy loss is mainly due to the
electronic and nuclear collision after polymer SHI interactions. The path of the
ions in polymer membrane is generally amorphous, and the amorphous zone of
the membrane can be removed with the help of chemical reagent to form through
channels of radiated membrane. (Prakash et al. 2019) The dimension of the latent
track depends on mass of ions, accelerating energy of the ions, number of ions per
unit area (fluence), and time/temperature of the chemical treatment (Balanzat et al.
1995). Further, the generation of the reactive sites is mostly responsible for the
radiation-induced grafting after the functionalization process (Balanzat et al. 1995).

SEM (scanning electron microscope) and AFM (atomic force microscope)
images of samples before and after SHI bombardment followed by chemical etching
indicate a channel distribution as shown in Fig. 18.3b–d. The size of the nanochannel
is bigger at higher fluence than that of sample exposed with lower fluence due to

Fig. 18.3 (a) Schematic of the irradiation, grafting followed by the sulfonation; (b) SEM images
after the irradiation of SHI followed by chemical treatment; (c) channel distribution through the
SEM images; and (d) AFM image of the chemical etched membrane (Jana et al. 2015). Reproduced
by permission of The Royal Society of Chemistry (RSC)
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more ion bombardment in the same location. Hence, after the chemical etching, the
larger channel dimension found is in accordance with some previous literature (Jana
et al. 2013).

At constant fluence nanohybrid membranes exhibit uniform distribution with
smaller dimension. Li+ ion bombarded specimen shows the channel diameter of
30 nm as opposed to 60 nm channel diameter of sample irradiated with Ag+ ions
(Jana et al. 2018). The channel dimension and number density are also influenced
due to the variation in etching temperature (Rohani et al. 2009). Rohani et al.
reported that the variation of the surface latent track diameter varies by the etching
temperature (180 nm at 120 �C, 120 nm at 25 �C, and 100 nm at �84 �C), and from
the result it is clear that the pore diameter increases at higher temperature (Rohani
et al. 2009). Grasselli and Betz (2005) have prepared etched track membrane by
bombarding the heavy ions (Sn) beam on the piezoelectric β-phase PVDF foil and
reported the variation of channel dimension by changing the etching time and
etchant concentration at constant temperature and fluence (Grasselli and Betz 2005).

The etched membranes have active free radicals inside the nanochannels which
are suitable for grafting with olefinic monomers like styrene, thiophene, pyrole, etc.
followed by sulfonation. The evidence of grafting and sulfonation was understood
through spectroscopic techniques such as NMR, IR, UV, EDX, and GPSC for the
molecular weight and determination of mechanical testing done through universal
testing machine. The nanochannel/pores fabricated using accelerator and subsequent
grafting followed by the sulfonation is exclusively conduct the ionic species for fuel
cell electrolyte application.

18.3.2 Functionalized to Prepare Chemical Modified Membrane

The direct functionalization of polymer matrix using the catalyst and monomer
solution followed by different ionic group insertion lead to enhance the ionic
properties (ionic conductivity) of the membrane. Fabrication of the membrane is
done through compression molding for further applications. There are several
literature reports available for direct functionalization followed by the fabrication
of fuel cell setup. Prakash et al. reported the direct sulfonation of PVDF-co-HFP and
enhanced the pristine properties of the polymer (Prakash et al. 2018). Direct
sulfonation of PVDF with various temperature and reaction time generates differen-
tially stable polymer membranes suitable for PEMFCs (Kumar Jana et al. 2015).
Aromatic backbone containing polybenzimidazole (PBI) exhibits higher proton
conductivity of 114 mS cm�1 (Kumar et al. 2020). Coupling of poly (aryene
ether) dicarboxylic acid functional group with diamine functional group leads to
proton conductivity of 47 mS cm�1 and has been applied for proton exchange
membrane. The approaches of several research groups have developed sulfonated
aromatic copolymers by introducing the sulfonate group on to the main chain. The
direct sulfonation is an alternative approach for the preparation of PEM (polymer
electrolyte membrane). This method gives a controlled design of molecules and
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degree of sulfonation. Major drawback of this method is the location of
functionalization and overall mechanical stability of the membrane. To avoid these
problems, fluoropolymer without aromatic ring is being considered for membrane
design. The chemical modification is one of the important routes to tailor the proton
conductivity of functionalized membrane by altering the grafting as well as doping
extents for better polymer electrolytes membrane for fuel cell technology.

18.3.3 Blend and Composites Membrane

Several research groups proposed the incorporation of fillers such as acids/ionic
group in commercial/conventional polymer electrolyte membranes, such as Nafion/
anion exchange resin, by enhancing the water preservation factor, and thereby,
provide the additional path for ion transport. These factors give important parameter
of proton conductivity enhancement at elevated temperature and relatively low
humidity as operating condition required for the functioning of fuel cell. In these
aspects, organic/inorganic composite membranes such as Nafion, PFSAs, PBI,
SPSF, SPEEK, and PVDF are used (Bébin et al. 2006). Polymer membranes with
inorganic nano-fillers, so-called composite membrane, can be produced using dif-
ferent advanced techniques. The water absorbing inorganic oxide (fine powder)
impregnation in porous polymeric membrane is one of the conventional routes.
Another method is the addition of precursor such as acidic metal alkoxides/ion
conducting oxides solution into the pores of the membrane followed by the transfer
of precursor for selective ion transportation. In most of the cases, the addition of
variety of metal oxides with desired amount of solid commercial membrane
Nafion117 leads to improvement of proton conductivity of the membrane at elevated
temperature. Hydrophilic inorganic fillers, such as SiO2, TiO2, ZrO2, zeolites etc.
(Sahu et al. 2007) to develop composite nafion membranes which enhance the water
retaintion capacity by increasing the binding energy of water and the strength of
acids with water molecules, and thereby, alter the ion conduction path in the
membrane. These nano-fillers narrow down the hydrophilic channels of nafion
matrix (7.9 to 6.5 nm) (Sahu et al. 2009) which leads to inhibit the fuel permeability
of the membrane. Some other proton conductor fillers such as Zr(HPO4)2, titanium
phosphate (TiP), and CsO4P

2�, and different heteropolyacids are used in polymer
membrane (Sigwadi et al. 2019; Alberti and Casciola 2003). Prakash et al. (2018)
incorporated the organically modified nanofiller (30B) in PVDF and its copolymer
matrix to alter the proton conductivity and other properties such as barriers, electri-
cal, mechanical, and thermal properties of the functionalized membrane. The
functionalization has been done through the accelerator and subsequent chemical
modification (Prakash et al. 2019). Some limitations of the polymeric membrane for
PEMFCs still exist which require extra attention. Successful membrane for PEMFCs
should have sufficient thermal stability, mechanical flexibility, long-term durability,
chemical resistance, and easy to membrane electrode fabrication method.
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18.4 Fundamental Aspects of Functionalized Membrane
for PEMFCs

For polymer electrolytes membrane fuel cell, the functionalized membrane should
bear various essential properties like ionic conductively (km), fuel crossover (P—
permeability), selective parameter (SP), ionic groups exchange capacity (IEC),
percentage water uptake (%WU), and activation energy (Ea). All these properties
are key components of the fuel cell membrane for PEMFCs. The details of the
explanation and its calculation using different mathematical equation are discussed
below.

18.4.1 Proton Conductivity (km) and Activation Energy (Ea)

The transport of ions (H+/OH�) across the functionalized membrane mainly follows
two mechanisms: first is vehicle (electro-osmotic vehicular) mechanism or coopera-
tive mechanism where water molecules combine with the free protons to form
hydrated water molecules (H3O

+) across the membrane through chemical reactions,
and second is Grotthuss mechanism, where proton conduction occurs through
stepping process/hopping, the movement of proton across the membrane. Grotthous
mechanism favors ion transport, when present in sufficient quantity the exchange-
able group is attached with polymer chain. The higher proton conductivity (km/
Scm�1) of the membrane indicate its suitability for PEMFCs. The activation energy
(Ea) is one important thermodynamics physical quantity of the functionalized mem-
brane; lower the Ea, higher will be the proton conductivity value, and in some cases,
the higher activation energy indicates high temperature stability of the functionalized
membrane. The activation energy (Ea) was calculated using the logarithmic
Arrhenius equation Eq. (18.5) (Kumar et al. 2016);

ln κm ¼ � Ea

RT
ð18:5Þ

where absolute temperature T in Kelvin and universal gas constant R. The activation
energy (Ea) of functionalized membranes was examined using the slope of ln
(km) vs. 1000/T K�1.

18.4.2 Methanol and Gas Permeability (P)

Fuel permeability is another important parameter, and lower fuel permeability
through the membrane indicates higher fuel cell efficiency. In direct methanol fuel
cell (DMFCs), the methanol diffusion across the membrane causes the death of a cell
after some days. So, it is significant to lower the methanol cross-over/permeability to
enhance electrical efficiency of the fuel cell stack. The methanol permeability is
examined through the diaphragm diffusion cell consisting of two components of
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cylindrical glass and joined with the help of o-ring and spring clip, where one is filled
with distilled water and other is filled with the 50% methanol water mixture. These
two cells are separated by a functionalized membrane. Methanol concentration is
calculated as a function of time using refractometer instruments and methanol
permeability (P) of the membrane is calculated using Eq. (18.6) (Tripathi et al.
2010):

P ¼ 1
A

CB tð Þ
CA t � t0ð Þ VBL ð18:6Þ

In Eq. (18.6), CA and CB are the concentration of methanol in both the
compartments at time t � t0 and time t, respectively. L is the membrane thickness
and A is the cross-section area of membrane and VB volume of compartment B.

The ratio of proton conductivity (km) and methanol permeability (P) provides the
selective parameter of a membrane. Prediction of the performance of PEMFCs
membrane is estimated through this SP parameter. The gas permeability of hydrogen
fuel cell polymer electrolytes membrane is an important parameter for the develop-
ment of functionalized membrane. The gas permeability through the membrane
before and after functionalization was calculated using three-layer parallel gas
setup connected with the pressure gauge with constant feed pressure. The circular
membrane of ~9 cm2 area with the thickness of ~30 μm is sealed with the aluminum
foil and Teflon tape between two circular stainless steels. The soap solution flow
meter is generally used for the determination gas permeation rate. The gas perme-
ation rate is calculated using the mathematical Eq. (18.7) (Saxena et al. 2020a):

Gas flow rate Gfrð Þ ¼ 10ml
t � 60

ð18:7Þ

where t is time in s and flow rate of gas is cm3/s. Gas flux is measured from the Gas
flow rate per unit area keeping the feed pressure constant (~80 psi). The normalized
gas pressure is measured using Eq. (18.8).

NormalizedgasFlux ¼ Gas flux
Guage pressure

ð18:8Þ

where the gauge pressure is the difference of feed and permeates side pressure, gas
permeability coefficient (GPS) ¼ NGF � membrane thickness, GPS express in
barrer (1 barrer ¼ 10–10 cm3 [STP] cm cm�2 s�1 cm Hg�1) (Saxena et al.
2020b). Both the methanol permeability and gas permeability are the important
parameters of the PEMFCs membrane. Lower the fuel permeability of the mem-
brane, higher will be fuel cell efficiency of the cell. When fuel pass through the
membrane the open circuit voltage dropped leading to the damage of the cell. To
avoid this effect, the low permeability functionalized membrane is fabricated for the
PEMFCs applications.
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18.4.3 Water Uptake (WU) and Ion Exchange Capacity (IEC)

Percentage water uptake and ionic group exchange capacity of the membrane
directly reflect the number of ionic group present. Higher values of these parameters
indicate the greater extent of grafting followed by sulfonation or other ionic group
attached with the polymer chain. The comparative study of different functionalized
membrane with the characteristic properties against the commercial nafion117
membrane is presented in Table 18.3.

18.5 Fuel Cell Stack and Electrical Efficiency
of Membrane: DMFCs

Direct methanol fuel cell (DMFCs) is a type of polymer electrolytes membrane fuel
cell, which utilizes the methanol–water (CH3OH – H2O) mixture anodic fuel
(Oxidation reaction) to generate electricity. The methanol fuel is used directly in
fuel cell setup without any reforming unit, when methanol fuel is in contact with
catalyst with the help of peristaltic pump and methanol gets oxidized as proton,
electron, and carbon monoxide. The protons pass through the membrane electrode
assembly and combine with the oxygen to form water as a waste product and heat
energy. The membrane separates the electrons and passes through the external
circuits and electronic load for storage or instant applications. At anode side
Pt-Ru/carbon catalyst is used while at cathode side the Pt/carbon catalyst is used.
The basic reason this occurs with ruthenium catalyst at anode side is it forms better
complex with carbon monoxide, hazardous gas which needs to be removed during
the electrochemical redox reactions. Direct methanol fuel cells are eco-friendly and
greener technology. Prakash et al. fabricated the membrane electrode assembly
(MEA) of the functionalized membrane such as PVDF and its nanohybrid using
radiation induced grafting of the 3-hexyl thiophene monomer (3-HT) on the main
chain of the polymer membrane and measured the fuel cell performance of the
functionalized membrane with the help of the single cell setup and found power
density of 92 mW cm�2 corresponding to current density of 300 mAcm�2. This
performance is better than the commercial membrane nfion117 (Prakash et al. 2019).
The current voltage (I � V) polarization curve of the PVDF functionalized mem-
brane and power density vs. current density measurement is presented in Fig. 18.4a,
b, respectively, comparing the nafion membrane.

From the literature survey different functionalized membrane with various route
of fabrication such as composites membrane, direct functionalized membrane,
radiation-induced grafting, nafion–inorganic blend etc. used as PEMFCs and their
comparative cell performance is presented in Table 18.4.

The mechanical and thermal stability, durability, and cost of the membrane
suggest that the fluoropolymer-based functionalized membrane is suitable for energy
applications such as fuel cell technology, and energy harvesting is the future
alternative of the renewable energy with stationary as well as portable power
sources.

534 O. Prakash et al.



Table 18.3 Characteristic properties of the different membranes against the commercial mem-
brane nafion117

Membrane
Thickness
(μm)

(%
WU)

IEC
(mmol/
g)

(%
DS)

(km/
Scm�1 � 10�2) Ref.

Nafion@117 175 38 0.9 27 9.56 Tripathi and
Shahi (2009)

PVDF-s 130 22 0.36 27 0.06 Kumar et al.
(2015)

PVDF -NH-s 130 27 0.50 32 0.50 Kumar et al.
(2015)

HFP-18 80 12 0.78 18 3.72 Prakash et al.
(2018)

PVDF-sty-s 30 10 0.22 14 0.05 Prakash et al.
(2020)

NH-sty-s 30 14 0.33 16 0.13 Prakash et al.
(2020)

PVDF-3HT-s 50 15 – 25 4.59 Prakash et al.
(2019)

NH-3HT-s 50 20 – 30 4.21 Prakash et al.
(2019)

QAPPESK 50–100 – 0.052 Fang and Shen
(2006)

QAPVA ~300 – 0.073 Xiong et al.
(2008)

FEP-g
PVBTMAOH

~50 1.0 0.011 Herman et al.
(2003)

FEP-g
PVBTMAOH

~60 0.7 0.021 Danks et al.
(2002)

QPPESN-2 ~200 2.12 0.067 Lai et al. (2019)

FPAES-Im-
52

– 1.92 0.036 Shen and Pu
(2019)

PVDF-s direct sulfonation poly (vinylidene difluoride), PVDF-NH-s direct sulfonation of the PVDF
nanohybrid membrane, HFP-18 Direct sulfonation poly (vinylidene fluoride-co-hexafluoro propyl-
ene) membrane, sty styrene, 3HT 3-hexyl thiophene, QAPPESK quaternized poly (phthalazinon
ether sulfone ketone, QAPVA novel cross-linked quaternized poly (vinyl alcohol) (PVA)
membranes, FEP-g-PVBTMAOH The radiation-grafting of vinyl benzyl chloride onto poly
(hexafluoropropylene-co-tetrafluoroethylene) films with subsequent conversion to alkaline anion-
exchange membranes,QPPESN Synthesis of quaternized phenolphthalein based poly (arylene ether
sulfone nitrile), FPAES-Im-52 Synthesis of fluorene-containing poly (arylene ether sulfone)s with
imidazolium groups (FPAES-Im-x) and preparation of the membranes
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18.6 Perspective and Future Scope of Fluoropolymer
Membrane

Nafion membrane is being used for the polymer electrolytes membrane fuel cell
technology, because of some merits such as high proton conductivity and good
mechanical stability. There are some demerits of the commercial membrane like
high temperature stability, high fuel permeability, decrease in proton conductivity at
higher temperature, and cost of commercial membrane. There is high requirement of
an alternative of nafion membrane. Functionalized fluorine-based polymer is the
suitable alternative for the polymer electrolytes membrane as they fulfill almost all
the demerits of the commercial membrane.

18.7 Conclusion

The aim of this chapter is to focus the functionalized fluoropolymer membrane for
the energy applications especially in the field of polymer electrolytes fuel cell
membrane. The polymer membrane is key component of PEMFCs. Various
techniques such as chemical, composite, and radiation-induced grafting are used
for the fabrication of functionalized membranes and among these the radiation-
induced grafting technique is promising to introduce desired properties in the
functionalized membrane. The swift heavy ions bombardment on polymer mem-
brane creates chemical, physical, and structural alterations. SHI generates free
radical, olefinic bonds, and cross-linking among the macromolecules along with
the evolution of gases. The path of SHI is amorphous latent track in the membrane.
Nanochannels are created by chemical treatment of the membrane and the
nanochannels are filled with conducting monomer through in-situ polymerization
followed by functionalization of the channels to make them exclusively conducting.

Fig. 18.4 (a) Polarization curve of the functionalized membrane against the commercial mem-
brane; (b) maximum power density (MPD) vs. maximum current density (MCD) plot (Prakash et al.
(2019). (Reproduced by permission of RSC (Royal Society of Chemistry)
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This conducting channel allowed the transport of proton and reduced the fuel
permeability due to dispersion of the nano-dimensional clay. The polymer matrix
gives the mechanical as well as thermal stability and controls the channel size and
distribution. Ionic conductivity and fuel crossover data of the ionic membrane is
appropriate for fuel cell electrolytes membrane. MEA can be constructed out of this
functionalized membrane whose efficiency appears to be better than the commercial
membrane having low cost. Therefore, PEMFCs with modified polymer membrane
is an alternative of the stationary and portable power sources.
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Bioceramics for Biomedical Applications 19
Rushikesh Fopase and Lalit M. Pandey

Abstract

Research and applications of biomaterials have been extensively increased in the
biomedical field and are proven effective in many clinical needs. Among the
popularly used materials for clinical applications, the biocompatible nature of the
ceramics makes them suitable for implants, tissue regeneration, and engineering
applications. Bioceramics comprising of calcium phosphate and bioglass possess
apt tunable characteristics that stimulate the osteocytes and, therefore, are widely
used in bone regenerations. Casting ability and controllable mechanical
properties of biomaterials are utilized in the scaffold designing for tissue and
organ growth for various biomedical requirements. The recent advances in
material sciences, especially nanotechnology, have further enabled the design
of multifunctional bioceramics by engineering the surface properties and chemi-
cal compositions. Certain bioceramic materials such as hydroxyapatite
incorporated with iron oxide nanoparticles offer magnetic properties and can be
used as multifunctioning biomaterials in magnetic hyperthermia and medical
imaging. Scaffolds of such magnetic bioceramics are used in bone cancer therapy
with simultaneous imaging for in situ analysis. The porous characteristics of
bioceramics are capable of drug loading and controlled release for the prolonged
availability required to treat cancer and other diseases. This chapter highlights the
characteristics and application of bioceramics for biomedical purposes. The
classification and periodic advancements of bioceramics have been discussed in
brief. Some recent studies emphasizing the potentials of bioceramics in the
biomedical field are described in detail.
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19.1 Introduction

Bioceramics are used in bone implants and tissue regeneration matrices since the
beginning of the twentieth century. Over the last few decades, the advancements in
material science have widened the scope of bioceramic applications in the biomedi-
cal field for the improvement of treatment quality (Hench and Wilson 1993).
Increased demand for implants and tissue regeneration therapies with the growing
population has boosted the research in the field of bioceramics. Bioceramics offer
compatible characteristics similar to the natural tissues, which have resulted in their
extended use in the biomedical field.

Bioceramics are biocompatible materials comprising metallic and nonmetallic
elements held together by ionic and covalent bonds and processed using thermal
energy (Keane 2003). Based on the synthesis process, bioceramics can be in the form
of powder or bulk material. Powdered bioceramics are often used as biocompatible
coatings over the various biomaterials such as metal implants (Campbell 2003).
Interaction ability of bioceramics with the tissue determines the type of bioceramics,
namely bioinert (e.g., zirconia, alumina), bioactive (e.g., hydroxyapatite, bioglass),
and bioresorbable ceramics (e.g., tricalcium phosphate). The objective of
applications and desired characteristics regulate the selection of bioceramics.

Applications of bioceramics range from load-bearing bone and tissue implants,
porous scaffold materials, drug delivery vehicles to diagnostics materials. Ca-P
bioceramics are popularly used in orthopedic and dental implants because of similar
characteristics to natural tissues like bone or teeth (Predoi et al. 2007; Sowmya et al.
2013). Bioceramic scaffolds allow the better integration of cells and stimulate the
growth, proliferation, and differentiation for tissue regeneration. Porous and surface-
modified bioceramics are useful in the controlled delivery of biomolecules or drug at
the implant site (Baino et al. 2015). Incorporation of magnetic materials into the
bioceramic matrices allows their use in the hyperthermia cancer treatment and
medical imaging (Zhang et al. 2016). Few bioceramics also restrict biofilm forma-
tion over the implant and thus act as antifouling agents (Zhang et al. 2017).

This chapter discusses the applications of bioceramics in the biomedical field.
Classification of bioceramics with the advancement of technology and science has
been described in brief. The properties affecting the selection of bioceramics for
various applications are also highlighted. Finally, an emphasis on the recent
advancements of bioceramics for various applications has been highlighted to
express the potential of bioceramics in the biomedical field.
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19.2 Classification and Generations of Bioceramics

Implantation of any foreign material in the body results in the specific cellular
responses depending on the types of material. The surface characteristics of the
implant govern the interaction between cells and material. Based on the
biointerfacial interactions, bioceramic materials can be classified as follows (Pina
et al. 2018).

Bioinert Bioceramics These bioceramics are chemically and biologically inert and
have no or minimal interaction with the tissues surrounding the implant. Such kinds
of materials are used in the implants with the purpose of structural support. Alumina
and zirconia are examples of bioinert bioceramics and are used to develop femoral
head in the hip implants.

Bioactive Bioceramics These bioceramics are intended to react with the
surrounding biological components and integrate with the tissues. Such integration
of the bioactive bioceramics with the natural tissues is regulated by changes occur-
ring in the material surface with time. For instance, Ca-P-based bioceramics such as
hydroxyapatite (HAp) exchange ions with the biological fluids and form a calcium
apatite layer with similar characteristics of mineral phases of natural bone. Other
bioactive bioceramics like bioglass and glass-ceramics are being used for treating
small bone defects and periodontal problems.

Bioresorbable Bioceramics Certain bioceramic implants get absorbed within the
body and are replaced by the natural tissue with the span of time. These bioceramics
are bioactive, and their interactions with the biological components lead to the
absorption of the implant in the body. Calcium phosphate (Ca-P)-based bioceramics
like tricalcium phosphate (TCP) are the mostly used scaffold fabrication materials
for tissue regeneration.

Other than the interaction with the tissue, bioceramics can be classified based on
the origin, crystallinity, or composition. On the basis of origin, bioceramics are
classified as natural and synthetic. For example, calcium carbonate-based shells and
bones are natural bioceramics, while alumina and zirconia are synthetically
originated bioceramics (Ben-Nissan 2003). In the crystallinity-based classification,
lattice structure divides the bioceramics into crystalline and amorphous bioceramics.
HAp is one of the most used crystalline bioceramics, while bioglass is an amorphous
bioceramic (Naghizadeh et al. 2015; Saxena et al. 2019). Further, composition-based
classification is based on the material’s principal constituent and is further described
in Sect. 19.4.

Based on the applications or the reactivity with the tissues, generations of the
bioceramics are defined as shown in Fig. 19.1. With the progress of research in the
field of bioceramics, the objective and scope of the applications have been extended.
At the beginning of the twentieth century, the sole objective of bioceramics was to
obtain nonreactive materials to avoid toxicity to living cells, i.e., biocompatibility
(Vallet-Regí and Ruiz-Hernández 2011; Best et al. 2008). These materials aimed to
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replace natural bone or hard tissues and are called first-generation bioceramics.
Ceramics like alumina and zirconia have been used for such purpose as they do
not induce any immune responses. These implanted materials get encased with outer
acellular collagen coating by the body, and thus no toxic reactions get induced
(Castner and Ratner 2002). However, such strategies were not able to solve the
problem of the damaged tissues in regards to tissue regeneration.

The regeneration of tissues requires the growth-stimulating conditions and a
supporting structure for the development. In the 1970s, researchers have reported
the similarities between bone characteristics and some ceramics composed of cal-
cium phosphate (Zapanta-LeGeros 1965). Such materials can interact with the
biological components leading to tissue regeneration such as bone. These bioactive
bioceramics are referred to as second-generation bioceramics. Ca-P-based and
bioglass-like bioceramics possess bioactive characteristics and are capable of induc-
ing osteogenesis (Vallet-Regí 2006). The major drawback of these ceramics is the
poor mechanical properties, which limit their use as fillers and coatings. The third
generation of bioceramics contributes to the tuned structural and interfacial
properties between the bioactive bioceramics and cells. Tunable properties of the
bioceramics allow the preparation of different scaffolds, which induce tissue regen-
eration and support tissue growth. Bioceramics of Ca-P, mesoporous silicas,
bioglass, and templated glasses are used in various scaffolds for tissue regeneration
(Arcos et al. 2009).

In recent years, researchers have proposed the fourth generation of bioceramics
with improved mechanical and surface characteristics to regulate tissue regeneration
in a better way (Ning et al. 2016). Various cellular signals are responsible for
stimulating tissue generation, and the next-generation bioceramics are proposed
based on the bioelectricity system. Such bioceramics like calcium-titanium-zirco-
nium hexaorthophosphates are intended to manipulate cellular signals for stimula-
tion of tissue regeneration. The second aim is to regulate and monitor the
communication between host and materials (Ning et al. 2016; Napier and Shimmin
2016).

Fig. 19.1 Generations of bioceramics on the basis of biointerfacial interactions
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19.3 Properties of Bioceramics

Biocompatibility is the main criteria for the ceramics intended for biomedical
applications. The surface characteristics of the materials define the interaction of
the bioceramics with tissues. Therefore, tuning the interface between cells and
material is necessary to achieve success in tissue regeneration. In addition, compa-
rable mechanical properties are prerequisite for a given biomedical application.

Mechanical Properties Bioceramics are aimed toward interaction, replacement,
and regeneration of the tissues. Therefore, the properties of the applied materials
need to match the biological characteristics of targeted tissues. Implants for bone and
teeth require to withstand the body’s load and, therefore, must have higher mechani-
cal strength. The load experienced by bones varies with the type of physical activity
and location where the load is measured. Typically, bones experience a load of about
4 MPa, while that on tendons and ligaments, it is in the range of 40–80 MPa. Hip
joints bear the average three times load of the body (3000 N) and around ten times
higher load while jumping (Dorozhkin 2018; Currey 2008). Different biological
fluids may also have different pH (ionic strengths) from basic to acidic or vice versa
in various tissues.

Therefore, an implant needs to possess good mechanical strength and corrosion
resistance. Higher mechanical strength and fatigue resistance allow implants to bear
and dissipate the load. Thus, higher wear and corrosion resistance of the bioceramics
give a long-term stability to implants, eliminating or reducing future surgical
requirement (Popa et al. 2004). The mechanical properties of the ceramics are
decreased with increasing amorphous phase, microporosity, and grain size. More-
over, highly crystalline, less porous bioceramics have more stiffness and increased
tensile and compressive strength. The strength of the bioceramics is inversely
proportional to the square of the grain size. However, some of the mechanical
properties of bioceramics are not suitable for their use as biomaterials. These
properties involve low fracture toughness and elasticity, and high stiffness and
brittleness. These limiting properties can be tuned and overcame by using polymer
coatings or incorporation of polymers within porous bioceramics (Peroglio et al.
2007).

Scaffolding Ability Scaffolds are designed to guide the new growing tissues in the
desired form. Mechanical properties play an essential role in designing and fabrica-
tion of the scaffolds for tissue regeneration. The porosity offered by the bioceramic
scaffolds is ideal for tissue integration. Interconnected scaffolds with more than 50%
pore content of total volume are suitable for tissue integration (Baino et al. 2015).
However, the porosity decreases the mechanical properties and should be in balance
with the mechanical properties. The scaffold characteristics should also match the
surrounding tissue to avoid stress gradient at the biointerface and implant failure
(Hench and Wilson 1993). Tuned elasticity, compressive strength, and low brittle-
ness can make bioceramics suitable for scaffolding applications (Yunos et al. 2008;
Baino et al. 2015).
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Biointerfacial Interactions The biointerfacial interactions between the body and
implants are the function of responses from both tissues and implant material. Tissue
response depends on the type, health, and age of the host tissue, while the material
response is determined by composition, phases, and surface characteristics of the
implant. Also, blood flow and the motion between tissue and implant interface play a
vital role in the total response of a biomaterial (Dorozhkin 2018). When implanted or
administered in the body, the implant bioceramics initially interact with the proteins
in the biological fluids. Thus, the adsorbed protein corona layer governs the interac-
tion, proliferation, and migration of cells with the implant surface. The role of
adsorbed proteins on the surface for cell adhesion and spreading has been
investigated by Hasan et al. (2018). FBS (fetal bovine serum)-treated surface showed
higher cell adhesions and spreading compared to surfaces without protein layer
absorbed (Hasan et al. 2018). Further, the surface characteristics of the implants
majorly affect the cellular interaction of the bioceramics. Surfaces offering higher
electronegativity (zeta potential) increase the propensity of cellular attachment on
the bioceramic materials, which is the function of the protein corona layer (Smith
et al. 2004).

Bioactive and bioresorbable Ca-P-based bioceramics such as HAp and TCP can
react with the biological fluids and exchange Ca and P ions. Such ion exchange leads
to the formation of the apatite layer over the bioceramic surface by partial dissolution
of bioceramics. The apatite layer acts as an attachment site for various growth factors
that originate from stem cells and macrophages leading to bone tissue regeneration
(Vallet-Regí et al. 2008; Zhou et al. 2019). Cellular differentiation, proliferation, and
growth are regulated by cell signaling through specific ions, proteins, and growth
factors for specific functions (Rao et al. 2018). Communication and interaction
between the cells occur via cell adhesion molecules (CAM) like integrins and
cadherins of the extracellular matrix (ECM) (Aplin et al. 1999). Ion- and growth
factor-anchored apatite layer formed over the bioactive bioceramics may act as
stimulators for such communications for cell growth and proliferation and therefore
initiate tissue regeneration. Also, ECM can be influenced by mechanical stimulus
from implants, which leads to cellular signaling toward the proliferation and growth
of tissues like bone (Sebastine and Williams 2006).

19.4 Few Examples of Bioceramics

Alumina Alumina or aluminum oxide (Al2O3) is used as a component of high load-
bearing implants like hip prostheses and dental implants since the initial bioceramic
era (Boutin 2014). Over a period of time, alumina is used for total replacement
therapy as femoral head or coating over the implant material (López 2014). The
tensile strength of the Al2O3 is tunable by controlling grain size and density. High-
density alumina (>99.5% purity) offers excellent wear resistance and high mechani-
cal strength. Also, the stability of the alumina owes to the strong ionic and covalent
bonds and thus resistant against strong acidic or alkaline conditions. Hence, good
corrosion resistance and biocompatibility make this bioceramic suitable for
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long-term implant applications. In the dental implants, fine grain size (<4 μm)
α-Al2O3 is prepared by the sintering process with the small amounts (<0.5%) of
MgO, SiO2, and CaO to avoid grain growth. Such prepared α-Al2O3 offered
improved compressive strength allowing higher fatigue and fracture resistance
(Hulbert 1993).

Zirconia Zirconia or zirconium oxide (ZrO2) is a polycrystalline bioceramic and
has been used as bioinert bone implants. It exhibits monoclinic phase at room
temperature, tetragonal phase above 1170 �C, and cubic phase above 2370 �C before
melting (Yoshimura 1988). The phase transformation from tetragonal to monoclinic
offers enhanced mechanical properties and is tunable by partial stabilization/substi-
tution of zirconia using yttrium for biomedical implants (Piconi and Maccauro
1999). The grain size of the yttrium-stabilized tetragonal zirconia ranges up to
0.5 μm. Yttrium-stabilized zirconia is stabilized at tetragonal or cubic phases
providing improved fatigue strength. The desired mechanical properties and good
wear performance of the zirconia are comparatively better than alumina (Kumar
et al. 2018). However, zirconia may change the phases to monoclinic in the wet
environment leading to loss of density and implant strength like femoral head. High
density, reduced grain size, and uniform distribution of yttrium between the grains
reduce the transformation rate (Piconi et al. 2003; de Almeida et al. 2016).

Alumina-Zirconia Composite Alumina and zirconia offer various advantages of
better mechanical properties and inertness. However, these bioceramics may acquire
cracking and surface instability due to reaction/interaction with the water molecules.
Composites of alumina and zirconia can be used to achieve higher surface stability
and mechanical properties for implants (Kumar et al. 2018). Researchers have
reported that alumina can stabilize tetragonal and cubic phases of zirconia, and
thus, the obtained composites possess improved cracking resistance necessary for
load-bearing and long-term applications (Naglieri et al. 2013; Gutknecht et al. 2007).

Ca-P-Based Bioceramics Ca-P-based bioceramics are used since the early twenti-
eth century for bone and dental implants due to their bioactive nature. The ability of
Ca-P-based ceramics to interact with the bone and surrounding tissue stimulates the
osteogenesis. The load-bearing characteristics of these bioceramics are suitable for
application as bone and dental implants. Ca-P-based bioceramics exchange ions with
the biological fluid, which initiate the formation of apatite for bone formation (Zhou
et al. 2019). The ratio of Ca and P determines the apatite’s crystal structure and
usually ranges from 1.5 to 1.67, depending on the synthesis conditions. Hydroxyap-
atite (HAp) [Ca10(PO4)6(OH)2] possesses the Ca:P ratio of 1.67, which is similar to
natural bone (Vallet-Regi and González-Calbet 2004; Saxena et al. 2019). High
crystallinity, stability, controlled degradability, bioactivity, and osteoconductivity
make HAp the most suitable candidate for bone tissue engineering applications. The
surface activity and biocompatibility of the HAp have been tuned by using many
elements such as Fe2+, Zn2+, and Mg2+ (Saxena et al. 2018; Tran and Webster 2011;
Stipniece et al. 2018). Other than elemental doping, many biological molecules such
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as proteins and growth factors have been reportedly incorporated with HAp to
improve tissue integration with the implant (Jun et al. 2013).

Another form of apatite, β-TCP [β-Ca3(PO4)2], contains 1:5 molar ratio of Ca and
P and is prepared by a high temperature sintering of apatite (Tampieri et al. 1997).
This bioceramic stimulates the osteogenesis and gets resorbed fully with the regen-
eration of tissues. The mechanical properties of the β-TCP are weak; therefore, some
bioactive polymers are used to improve the elastic modulus of material for applica-
tion in the implants. Sometimes, both phases of HAp and β-TCP can be present in the
material offering properties of both constituents, referred to as biphasic calcium
phosphate (BCP). Such materials are popularly applied for orthopedic, dental, and as
abrasive agent for implant surface modifications (LeGeros et al. 2003).

Silica-Based Bioceramics Silica-based bioceramics are generally amorphous
bioceramics. Bioglass is one of the popularly used materials. The composition of
the bioglass is silica (45 wt%), CaO (24.5 wt%), Na2O (24.5 wt%), and P2O5 (6 wt
%) and coded as 45S5. Bioglass is prepared by the sol-gel method and offers good
bioactivity. 45S5, when used in implants, reacts with biological fluids and forms a
layer of HAp for better cellular adhesion and osteogenesis (Rahaman et al. 2011;
Yadav et al. 2020). Templated glass is the ordered nanostructured mesoporous
bioceramic comprising SiO2-CaO-P2O5 and offers high surface area. The Ca2+

ions from CaO control the mesoporosity in the silica structure, while the phosphate
group acts as a bioactive component of the material. The high bioactivity of the
templated glass results in the quick formation of the apatite layer (8 h as compared to
3 days of bioactive sol-gel glasses) when reacted with simulated body fluid
(Izquierdo-Barba and Vallet-Regí 2011). Therefore, templated glass is a new gener-
ation of bioceramics with the potential applications in tissue regeneration as well as
local drug delivery applications (Vallet-Regi et al. 2012).

19.5 Applications of Bioceramics

19.5.1 Tissue Engineering

Tissue regeneration is one of the most explored research areas, which has widened
the scope of bioceramics in medical applications. Regeneration of tissues requires a
scaffold structure acting as a support and guiding framework for soft and hard
tissues. With technological advancements, the use of bioceramics have escalated
from bare supporting materials to tissue replacement, as discussed in the generations
of bioceramics. The designed bioceramic materials with tuned mechanical properties
are applied for scaffolding purposes (Baino et al. 2015). Such scaffolds can be
integrated with growth factors for inducing the osteocytes and with antibiotics/
antibacterial agents to avoid bacterial infections. Zhang et al. (2017) reported the
modification of 3D-printed β-TCP scaffolds using silver nanoparticle-linked
graphene oxide (Ag@GO) by a soaking method. These modified scaffolds were
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found to be effective against Escherichia coli and accelerated the osteogenic differ-
entiation of bone marrow cells in rabbit bone.

Stem cell stimulation is key to the regeneration of new tissue. The surrounding
microenvironment conditions regulate the regeneration capability of stem cells. The
required stimulating conditions can be offered or controlled through bioceramic
materials. Ca-P-based bioceramics like HAP and TCP exchange ions with the
biological fluids in in vivo conditions and regulate proliferation and differentiation
of bone cells (Chai et al. 2012; Barradas et al. 2012). Specific growth factors
incorporated within the bioceramic scaffolds controlled the release of these growth
factors, which in turn induce tissue regeneration. Bakopolou et al. studied the dentin
regeneration through Mg-based bioceramics scaffold combined with human treated-
dentin matrices (teeth with experimental cavities) and growth factors along with the
controlled release of Mg2+, Ca2+, Si2+, and Zn2+ (Bakopoulou et al. 2016). The
sol-gel prepared scaffolds of bioceramics were shaped for dentin matrix cavities
using polyurethane foam to form a porous framework. The scaffolds were adjusted
into the cavities and added with human dental pulp stem cells along with growth
factors (TGFβ-1, DMP-1, and BMP-2) in a complete culture medium. After the
observation period (3, 7, and 14 days), the scaffolds were observed for tissue
regeneration, and positive results were observed with adequate mesenchymal stem
cell markers. The stem cells were observed to undergo odontogenic differentiation
inside the scaffolds evidenced by higher expression of several genes, including
specific to added growth factors. The released ions from scaffolds acted as a stimulus
for the apatite formation. The formation of apatite over the scaffold was confirmed
by X-ray diffraction and elemental analysis, which confirmed the potentiality of the
scaffold bioceramics for tissue regeneration. Figure 19.2 shows the images of dental
tissue regeneration over the scaffolds after 28 days with apatite layers. The formation
of bioapatite was confirmed by XRD at 2θ value of 31.8 (Bakopoulou et al. 2016).

Bioceramics have been extensively applied for bone regeneration applications.
As bone is the load-bearing framework of the body, bioceramics are modified to
possess load-bearing capabilities along with the osteogenic nature (Zhang et al.
2007). Ca-P-based scaffolds are widely used for bone implants. These scaffolds
are modified in various ways to tune and improve strength and performance.
Polymers like chitosan, alginate, hyaluronic acid, poly(lactic acid), poly(glycolic
acid), and silk fibroin are incorporated in the Ca-P-based bioceramics to tackle the
brittleness and improve the strength of the bioceramics to fabricate scaffolds
(Ramesh et al. 2018; Farokhi et al. 2018). Mondal et al. fabricated poly(lactic
acid)-reinforced 3D-printed HAp scaffolds to test their potential in bone tissue
engineering (Mondal et al. 2020). Among the different orientations on XY angles
used for scaffold printing, the scaffold printed at 90� on the XY plane observed to
possess higher compression strength. Further, modification of the scaffold surface
with HAp nanoparticles enhanced the compressive strength to ~53 MPa. The HAp
nanoparticles also served to improve cell adhesion and proliferation over the
scaffolds confirming the applicability of 3D-printing techniques. Other than
polymers, several elements are used as dopants in the Ca-P-based bioceramics to
modulate the characteristics according to an objective. Researchers have reported the
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doping of strontium (Prabha et al. 2020), zinc (Saxena et al. 2018), magnesium
(Shao et al. 2016), silver (Dubnika and Zalite 2014), copper (Baino et al. 2018), and
graphene oxide (Wu et al. 2015) in Ca-P-based bioceramics for various bone tissue
engineering applications.

Likewise, Si-based bioceramics are reported to activate human bone marrow
mesenchymal stem cells and osteoblasts via ionic stimulations of signaling pathways
to proliferate and differentiate (Zhai et al. 2013; Wu and Chang 2013; Zhai et al.
2012). Recently, Huang et al. reported the capability of silicate bioceramics to
modulate the host immune system while stimulating osteogenesis. Two silicate
bioceramics, namely akermanite and nagelschmidtite, were used to study inflamma-
tion responses and osteogenesis. The released Si, Mg, and Ca ions showed the
inhibition of inflammatory signaling with simultaneous apoptosis activation of
macrophages. Thus, the osteogenic activity of the silicate bioceramics was

Fig. 19.2 Dental tissue regeneration using bioceramic scaffolds and growth factors. (A) Scanning
electron microscope (SEM) micrographs of (a–b): cell-free scaffolds, (c–d): dentin matrix loaded
with scaffolds and stem cells construct, (e–f): construct treated with BMP-2, (g–h): construct treated
with DMP-1, (i–j): mineralized tissue bridging between the scaffolds and the dentinal cavity walls;
(B) XRD pattern of (a): scaffold as control, (b): control scaffold with a phosphate-rich medium for
28 days, (c): control nature dentin, (d): dentin matrix loaded with scaffolds and stem cells construct,
(e): construct treated with BMP-2, (f): construct treated with DMP-1. (Adapted with permission
from (Bakopoulou et al. 2016))
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confirmed with no interference from the host immune system. Such dual
functionalities have eliminated the risk of implant failure with improved tissue
regeneration and may guide toward new effective bioceramics for tissue engineering.
In another study by Bunpetch et al., Si-based bioceramic scaffolds were used to
understand the osteochondral defect repair mechanism in the rabbit model (Bunpetch
et al. 2019). The two scaffold variants were prepared as sol-gel products of
Si2Ca7P2O16 (Si-Ca-P) and Ca-P, followed by reinforcement using polyvinyl alco-
hol (PVA). Templates of the porous polyurethane foam were used as a framework
for scaffolds and exposed to a high-temperature vacuum to obtain porous Si-Ca-P-
and Ca-P-based scaffolds. The animal models were operated to have osteochondral
cylindrical cartilage defects on both left and right limbs. Test groups were treated
with the prepared scaffolds of Si-Ca-P and Ca-P variants. After the completion of the
experimental duration, the sacrificed animal models were analyzed for the growth of
the bone tissues at the defect site. Si-Ca-P scaffold-treated models showed rapid and
complete repair of the defect compared to untreated and Ca-P scaffold-treated
models. Also, a higher ICRS (International Cartilage Repair Society) score and a
better ratio of bone volume (BV) to tissue volume (TV) were observed for the Si-Ca-
P-based scaffolds. The computed tomography (CT) scan also confirmed the regen-
eration of tissue at defect sites. Figure 19.3 shows the experimental procedure and
observed tissue growth at the defect site. The efficient results of Si-Ca-P scaffolds
were dedicated to Si ion released from the scaffolds. The release of Si ions from the
Si-Ca-P scaffolds exhibited to promote osteogenesis of bone marrow stem cells and
the simultaneous regeneration of cartilage and subchondral bones. The effects of Si
ions were confirmed by the transcriptome RNA sequencing performed over cells
isolated from experimental sites of the animal model.

19.5.2 Delivery Systems

The success of drug treatment for any disease or injury depends on delivering an
adequate amount of active drug at the target site at earliest and for the desired period.
When administered in the body, drug molecules have to sustain varying physiologi-
cal conditions and cross the biological barriers to reach the target site. Also, it is
necessary to maintain the concentration of drug molecules for a particular time
period. Therefore, a controlled drug delivery system for the desired time is required
(Arcos and Vallet-Regí 2013). In hard tissue like bone and teeth, drug delivery is a
challenge. In the treatment of bone defects, injury, or bone tumors, implant materials
like bioceramics are used as drug delivery systems. Bioceramic scaffolds have
porous structures that accommodate biomolecules like enzymes, growth factors, or
drug molecules and act as local drug delivery systems (Sarigol-Calamak and
Hascicek 2018). Ca-P-based and bioglass bioceramics are proven biocompatible
and widely acceptable as drug or biomolecule delivery matrices. These bioceramics
can be applied in the form of scaffolds, powders, granules, or coatings depending on
the requirement.
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Loading of drug molecules can be performed during the fabrication of scaffolds
or post-fabrication. Most of the drug or biomolecules are susceptible to change in the
pH or temperature; hence, the loading of such molecules is avoided during the
fabrication of scaffolds (Langer 1998). Post-fabrication loading of target molecules

Fig. 19.3 Tissue regeneration for the repair of the osteochondral defect using Si-based scaffolds.
(a) Experimental design; (b) Images of defects in the experimental groups; (c) ICRS (International
Cartilage Repair Society) score of experimental groups after treatment; (d) 3D micro-CT images for
tissue regeneration at defect site; and (e) quantitative analysis of new tissue formation by bone
volume (BV) and the ratio of bone volume to tissue volume (BV/TV) after treatment. (Adapted with
permission from (Bunpetch et al. 2019))
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is done by simple physical adsorption via van der Waals forces, electrostatic
attractions, however offering the less controlled release. In another way, bioceramic
scaffolds are modified to have functional groups for the specific interaction of the
biomolecules like enzymes and growth factors. Such an approach offers improved
binding strength and better-controlled release (Mouriño et al. 2013; Fopase et al.
2020a).

Researchers have reported many studies on the use of HAp for drug delivery
applications. Kim et al. have studied the potential of Zn-doped HAp for the doxoru-
bicin delivery and tissue engineering application (Kim et al. 2018). Zn-doped HAp
nanoparticles were prepared by the coprecipitation method, and doxorubicin
(0.002 M) was loaded by simple physical adsorption. The maximum loading of
the drug was observed for 1 mol% of Zn-doped HAp due to increased c-bond length
in the crystal structure. The release profile of doxorubicin showed a maximum
release of 66% at a pH of 4.5 over 48 h, confirming the suitability for cancer
treatment with an acidic pH environment and sustained release of drugs. The
scaffolds prepared by these bioceramic materials with the aid of starch as binder
showed excellent cellular adhesion and proliferation and proven a potential candi-
date for drug delivery and tissue regeneration applications. Figure 19.4 shows the
schematic for doxorubicin-loaded Zn-doped HAp for drug delivery application.

In another study, Vu et al. reported the application of TCP scaffolds for the
controlled release of vitamin D3 for bone regeneration (Vu and Bose 2020). A
sustained supply of vitamin D3 is required to act as a micronutrient for bone

Fig. 19.4 Drug delivery application of Zn-doped HAp bioceramic. (Adapted with permission from
(Kim et al. 2018))
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generation and keeping of bone health. Two types of TCP scaffolds were prepared
by traditional fugitive methods and 3D printing methods with random and controlled
porosity, respectively. 3D-printed scaffolds showed more surface area and enhanced
pore interconnectivity with a pore volume percentage of 48.9� 2.5% than that of the
traditionally prepared scaffold of 45.8 � 1.5%. The loading of the vitamin D3

(500 μg) was done through a polymer mixture of polycaprolactone (PCL) and
polyethylene glycol (PEG) by pouring on scaffolds. The release profile showed the
vitamin D3 release of 37.5 � 3.0% from traditional scaffolds while 47.5 � 2.8%
from 3D-printed scaffolds after 60 days in PBS. The sustained release of the vitamin
D3 because of larger surface area and better interconnectivity also resulted in a
higher (up to 50%) human fetal osteoblast adhesion and proliferation on 3D-printed
scaffolds compared to traditional scaffolds. Therefore, the use of scaffolds as
delivery systems for biomolecules and drugs can be explored for tissue regeneration
applications.

Templated glasses are advanced ordered mesoporous bioactive glasses
bioceramics used in tissue regeneration and drug delivery systems. The higher
surface area to volume ratio allows a higher amount of drug loading and release.
The functionalization of the templated glass allows stronger binding affinity and
control over the release (Subhapradha et al. 2018). Zhang et al. reported the
application of strontium-doped mesoporous bioactive glass (Sr-MBG) scaffolds to
deliver dexamethasone for bone regeneration (Zhang et al. 2014). The 3D-printed
scaffolds resulted in a higher mechanical strength of 9 MPa and showed stability up
to 7 MPa after 7 days of SBF soaking. The maximum drug loading efficiency
(52.5 � 1.8%) of the scaffold was observed for 5% strontium-doped mesoporous-
templated glass. The release profile showed a faster release of 75–85% of the loaded
drug in 24 h, followed by a slower release rate. The scaffold showed a good amount
of apatite formation over the surface and higher cell adhesion of MC3T3-E1.
Therefore, the application of templated glass in the drug delivery model for bone
tissue engineering was justified. Figure 19.5 illustrates the application of
mesoporous templated glass for drug delivery and bone tissue engineering.

19.5.3 Hyperthermia and Imaging

Magnetic materials are used for targeting and radiotherapy for various types of
cancers, including bone cancer. When exposed to alternating frequency, the move-
ment of magnetic moments of the magnetic material elevates surrounding tempera-
ture, which is utilized to kill the cancer cells without harming normal cells. Owing to
temperature susceptibility, apoptosis is triggered in the cancer cells by elevated
temperature, while normal cells dissipate the excess heat through a well-developed
vascular system (Fopase et al. 2020b; Fopase and Pandey 2020). Such a treatment
strategy is referred to as magnetic hyperthermia, and the range of the hyperthermia
temperature is 43–47 �C. Bioceramics incorporated with magnetic materials such as
magnetite (Fe3O4) and maghemite (γ-Fe2O3) are popularly used for this purpose.

556 R. Fopase and L. M. Pandey



In some cases, doping of Fe3+ ions has also been reported by researchers (Farzin
et al. 2017; Zhuang et al. 2019). In a study by Farzin et al., multifunctional scaffolds
of a bioactive bioceramic hardystonite (HT) were doped with Fe3+ for hyperthermia,
drug delivery, and tissue engineering applications (Farzin et al. 2017). The sol-gel
prepared powders were cast into scaffolds using polyurethane sponge, which
showed excellent mechanical properties (1.8–2.5 MPa) due to an increase in Fe3+

concentrations and a decrease in porosity. The drug release profile of scaffolds for an
anticancer drug cisplatin (cis-dichlorodiammineplatinum(II), CDDP) showed a burst
within an initial 3 h followed by a sustained release studied for 240 h with 90% of
release. The magnetic studies for the Fe-doped HT showed the magnetic saturation
of �1 emu/g with a visible hysteresis loop stating the heat generation due to
hysteresis loss. When exposed to an alternating magnetic field of 800 A/m and
750 kHz frequency, the scaffolds powder (15 mg/mL) showed an increase in
temperature to 40 �C in 200 s. This rise in the temperature can be utilized to kill
the cancer cells, and the loaded anticancer drug can support the treatment for the
effective elimination of cancer cells. The Fe-HT scaffolds showed apatite layer
formation over the surface when soaked in SBF for 28 days, confirming the
bioactivity and suitability for tissue regeneration at bone defects due to cancer tissue.
Figure 19.6 depicts a strategic illustration of multifunctional scaffolds for bone
cancer treatment.

Other than hyperthermia, magnetic material-doped bioceramics are used for
imaging applications such as magnetic resonance imaging (MRI). The magnetic
materials in the scaffolds act as the contrast agent and reduce the relaxation time of
contrast agents giving higher signal intensity. The relaxation of magnetic moments is

Fig. 19.5 Drug delivery by strontium-doped templated bioactive glass (strontium-doped
mesoporous bioactive glass (Sr-MBG)) for bone tissue engineering. (Adapted with permission
from (Zhang et al. 2014))
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a function of the type and density of surrounding tissues and can easily differentiate
between normal and defected tissues (Grover et al. 2015). Such an approach in tissue
engineering helps to analyze the growth and physiological condition of tissues and
the state of the implants. The imaging can be used in combination with hyperthermia
or drug delivery to see the changes occurring at the target site. Such a multifunctional
theranostic approach can improve the efficacy of the tissue regeneration strategy. In
a study by Kalidoss et al., the potentials of calcium-deficient hydroxyapatite
(CDHA) nanoparticles and Ag, Gd, and Fe ion-substituted calcium-deficient
hydroxyapatite (ICDHA) nanoparticles were assessed for multimodal imaging and
drug delivery applications (Kalidoss et al. 2019). The nanoparticles were prepared
by microwave-accelerated wet chemical methods, and ICDHA showed higher con-
trast compared to CDHA in X-ray radiography and CT imaging. The magnetic
saturation studies showed the diamagnetic behavior of CDHA nanoparticles and
the paramagnetic behavior of the ICDHA nanoparticles. T1 and T2 modes of the
magnetic resonance imaging showed improved contrast for ICDHA over CDHA
using a 4.7 Tesla magnetic resonance system performed in the distilled water. The
improved contrast was due to both Gd3+ and Fe3+ ions in the matrix of HAp. The
observed drug-loading efficiencies were 65–70% and 40–55% for CDHA and
ICDHA nanoparticles, respectively. Ion substitutions in the HAp reduced the surface
area and hence decreased the drug binding. The drug release profiles for CDHA and
ICDHA were found to be similar and showed a maximum release of 47–52% in the
initial 24 h, followed by slower release up to 120 h. The ICDHA nanoparticles

Fig. 19.6 An illustration of multifunctional Fe-HT scaffolds for the treatment for bone tumors by
combine therapy of hyperthermia, local drug delivery, and regeneration of tissue. (Adapted with
permission from (Farzin et al. 2017))
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showed good antibacterial activity due to the presence of Ag ions. The CDHA and
ICDHA nanoparticles showed good biocompatibility on Swiss 3T3 fibroblast cells.
Figure 19.7 shows the potentiality of multifunctional bioceramics for imaging and
drug delivery applications.

Fig. 19.7 Multifunctional ion-doped calcium-deficient hydroxyapatite for medical imaging and
drug delivery application. (a) X-ray radiography of ICDHA; (b) CT contrast if ICDHA in HU
(Hounsfield Units); (c, d) T1 and T2 MRI of ICDHA in distilled water; (e) release profile for
tetracycline loaded on CDHA and ICDHA; and (f) cytocompatibility of tetracycline loaded and
unloaded CDHA and ICDHA nanoparticles on Swiss 3T3 fibroblast cell line. (Adapted with
permission from (Kalidoss et al. 2019))
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19.5.4 Antifouling Property

The surface reactivity of the materials plays a crucial role in the success of the
implantation. Nonspecific and unnecessary interactions may result in the toxic or
immune response by the host body leading to failure of the implant. Bacterial
infections are a significant challenge in medical procedures, and such challenges
need major attention while designing the biomaterials. Among the biomaterials,
bioceramics have reported a lesser degree of microbial adherence compared to
ultra-high molecular weight polyethylene (UHMWPE), stainless steel (SS), and
Ti–6Al–4V alloys (Choudhary et al. 2018; Jakubowski et al. 2008). However, a
small extent of the infection may cause adverse immune reactions and thus increases
the risk of implant failure. Also, biofilm formation over the surface may escape the
immune system and generate antibiotic resistance, making it difficult to eliminate or
treat (Arciola et al. 2018). Therefore, it is necessary to control the surface reactivity
and bacterial adhesion to prevent infection and adverse effects. In this direction,
bioceramics are modified to possess antifouling properties to inhibit the random
adhesion and interactions.

Zwitterion polymers can be used to modify the surface with a repulsive electro-
static layer over the surface of bioceramic, which repels the bacteria and other
contaminants. Colilla et al. showed the dual antibacterial activity of a novel
zwitterion SBA-15 bioceramic using alkoxysilane N-(2-aminoethyl)-3-
aminopropyl-trimethoxysilane by the co-condensation method having -NH3/-
COO� or -SiO�/-NH3 (Colilla et al. 2014). Thus, modified surface with zwitterion
characteristics inhibited adhesion of S. aureus compared to bare SBA-15 surface and
reduced the risk of infection at the implant site. A similar study by Sanchez-Salcedo
et al. modified HAp with the zwitterion pairs of -NH3/-COO

� by
3-aminopropyltriethoxysilane (APTES) and carboxyethylsilanetriol sodium salt
(CES) to inhibit the adhesion of E. coli (Sánchez-Salcedo et al. 2013). Such
antifouling capabilities of bioactive HAp augmented its application in the biomedi-
cal field.

Another way to limit the microbial adhesion on the surface is to add antimicrobial
agents to the bioceramics constituents. Metal ions such as Ag+, Cu2+, Zn2+, and
Mg2+ are reported to be antimicrobial ions, which can be incorporated into the
bioceramics matrices such as HAp and TCP (Veljovic et al. 2019; Saxena et al.
2018). In a study by Choudhary et al., forsterite (Mg2SiO4) scaffolds were tested for
its antibacterial and mechanical properties for load-bearing applications (Choudhary
et al. 2018). The scaffolds showed excellent mechanical properties similar to cortical
bone (compressive strength of 201 MPa). The antibacterial activity of the forsterite
was observed on both Gram-positive and Gram-negative bacterial strains and found
to inhibit more than 75% at a concentration of 2 mg/mL. The bactericidal activity
was attributed to the released Mg2+ ions from the scaffolds leading to the change of
pH into alkaline and killing of bacteria. Thus, such antimicrobial ions containing
bioceramics are suitable candidates for biomedical application to reduce the risk of
bacterial infections. Figure 19.8 shows the antibacterial potential of the forsterite and
thus possible applications.
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19.6 Conclusion

Bioceramics are promising biomaterials for various biomedical applications such as
orthopedic implants and tissue regeneration since long time. Reactivity of the
bioceramics classifies the material into bioinert, bioactive, and bioresorbable.
Depending upon the objective of the applications, the type of bioceramics material
is selected based on their mechanical and biological properties. Interaction and
ability to stimulate tissue regeneration play an important role for the use of the
bioceramics in tissue engineering applications. Structural characteristics of
bioceramics are useful in bone or dental implants and biocompatible coatings over
metallic implants. The recent advances in material science and nanotechnology have
enabled to engineer the surface properties and chemical compositions of
bioceramics. This in turn has facilitated to design multifunctional bioceramics.

Alumina, zirconia, and titania possess excellent mechanical properties and resis-
tance to corrosion and wear, and thus, they are frequently used in the load-bearing
implants and dental applications. Bioceramic-based scaffold provides a temporary
framework for the regeneration of the tissues. The porous structure of the
bioceramics is also reportedly used for controlled drug delivery applications. In
addition, magnetic bioceramics are applied for applications such as magnetic hyper-
thermia and medical imaging. Antibacterial characteristics of bioceramics do not
allow bacterial adhesion over the surfaces of the implant and thus prevent infections
owing to antifouling properties. With numerous advantages and ease of tuning,
multifunctional bioceramics are proven irreplaceable part of the biomaterials for
biomedical applications.

Fig. 19.8 Antifouling of magnesium silicate bioceramic for biomedical applications. (Adapted
with permission from (Choudhary et al. 2018))
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Applications of Nanomaterials in the Textile
Industry 20
Satadru Chakrabarty and Kabeer Jasuja

Abstract

The science of nanomaterials has taken giant leaps during the last three decades.
Not only has the synthesis of nanomaterials become easier and more accessible,
their integration in existing technologies is also becoming more feasible.
Nanomaterials present extraordinary opportunities on account of the unique
properties packed within their small sizes; this aspect is being used to improve
a number of applications. Textile and apparel research too are being benefited by
nanotechnology. Nanomaterials such as graphene, carbon nanotubes, metal
nanoparticles (Ag/Au, TiO2, ZnO and CuO) and bio-based nanomaterials have
been used in textiles to augment their functionalities. Examples of these
functionalities being conductivity, water repellence, microbial control, high
strength, anti-static properties, colour blocking, etc. Textile industries have not
only been enriched in the products they deliver due to the advent of
nanomaterials, they have also benefited from the fact that nanomaterials can be
used to degrade pollutants found in textile effluent streams, which have posed
serious environmental challenges for a long time. Thus, it seems, the future of
textile industry is firmly entrenched in the smart incorporation of nanomaterials. It
must also be mentioned that even with the remarkable opportunities that
nanomaterials provide to the textile industry, there are some obstacles that need
to be addressed such as that of scalability and cost. The lifecycle of nanomaterials
and their toxicity in textile products also need to be evaluated and safeguards need
to be in place for the safety of the consumer and the environment. In this chapter
we will systematically present some perspectives on the foray of nanomaterials
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and the impact they have brought about in the textile industry and where it is
headed.

Keywords

Textiles · Apparels · Smart wearables · Nanomaterials · Nanocomposites ·
Environment

20.1 Introduction

The rapid progress of nanotechnology has also led to the advancement in the science
of nanomaterials, which has developed considerably in recent times. Nanomaterials
have been in use since Roman times as depicted in the case of the Lycurgus cup
(Leonhardt 2007). But it is during the last two decades that we have begun to
understand the basic science behind these fascinating materials. This has also led
to practical applications where nanomaterials have been used extensively. Areas
such as medicine (Fernandez-Fernandez et al. 2011), agriculture (Khot et al. 2012),
sensors (Yin and Qin 2013; Li et al. 2009), food (Bradley et al. 2011), environmental
remediation (Ghasemzadeh et al. 2014; Daer et al. 2015) have been enriched by the
applications of nanomaterials in multitudinous ways. Scientists and industrialists
alike are still trying to incorporate nanomaterials in even more areas with the
ultimate goal of advancement of technology and to move nanotechnology from lab
to real-world consumer products (Thangudu 2020). Because nanomaterials are of
extremely small size, their surface chemistry and reactivity are vastly different from
their bulk counterparts, this is one of the reasons why gaining deeper insights into the
realm of nanomaterials has been challenging. But with the development in powerful
microscopic and spectroscopic techniques like transmission, tunnelling and scanning
electron microscopy, in conjunction with newer synthesis methods such as molecu-
lar beam epitaxy, chemical vapour deposition, etc., these challenges have been
overcome (Cao 2004; Xiao et al. 2020; Liu and Hu 2020), thus, paving the way
for applications in a wide variety of domains. Nanomaterials can be synthesized via a
multitude of procedures, and broadly they can be classified into two main schemes:
top-down and bottom-up. The bottom-up route provides the opportunity to synthe-
size nanomaterials in a wide range of sizes, in turn giving rise to the possibility of
using these nanomaterials in various associated applications.

One of the emerging frontiers where nanomaterials are finding an increased
prominence is the textile industry, although its footprint is smaller relative to other
conventional areas. In spite of that, the textile industry was one of the first to adopt
nanomaterials in their products. In some high-performance fields such as that of
medical, protective, automotive, and furnishing textiles, nanomaterials are consid-
ered to be the next-generation approach for superseding the classical hindrances that
these products currently possess (Matsuo 2008; Joshi and Bhattacharyya 2011).
Research in the textile field mainly deals with the inclusion of nanoscaled substances
(such as nanofibres, nanocomposites, nano-electronics) during the manufacturing or
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finishing steps to impart various novel properties (Joshi and Bhattacharyya 2011). It
can be conjectured that the potential of nanotechnologies in textile-based
applications is immense, and till now, it seems that the community has only
scratched the surface. Of late, however, there has been a surge in the endeavour
aiming to tap this potential and develop novel nano-based smart and environmen-
tally adaptive textile products (Krifa and Prichard 2020). A stand out aspect of the
textile industry is the fact that it provides an easy and ideal interface (the textile
itself) for the integration of nanomaterials, electronic components as well as optical
devices. This ease of integration leads to the materialization of stimuli receptive
products viz. electrical, mechanical, chemical, thermal, magnetic, optical, etc. Some
criteria that the nano-engineered materials need to pass include the seamless infusion
into fabrics while maintaining breathability and flexibility, providing performance,
weight, and appearance. Nanotechnology and, more specifically, nanomaterials can
be used to impart permanent functional properties the likes of which have been
mentioned earlier without compromising on the intended use of the textile (Yetisen
et al. 2016). What makes the current age exciting for the textile industry is that the
corporations as well as public figures are embracing wearable technologies which
enable them in setting themselves apart in society. Hence, the field is ripe with
opportunities for innovations. Figure 20.1 depicts a representative schema of the
various applications that nanomaterials are involved within the textile industry.
Since textile industry is a relatively low-tech industry, therefore it is primed for
newer innovations and the foray of nanotechnology-based materials. A breakdown
of the worldwide textile market shows that about 60% of the market is represented
by clothing, 35% by furnishing textiles, and the rest is represented by nonconven-
tional and technical textiles such as medical, military, and sports (Ngô and Van de
Voorde 2014). It is interesting to note, that at present, most of the manufacturing of
textiles has moved from the western hemisphere to the Asian manufacturing hubs.
Textile industry has a significant impact on the economy as well as the environment,
because with rising population, the demand for wearables has skyrocketed and
industries and governments are hard-pressed on that front (Shabbir and Kaushik
2020). As a corollary, it can be said that the involvement of nanomaterials in the
textile industrial sphere will provide attractive opportunities for developing Asian
economies as it has a high turnover. In Fig. 20.2 the current market shares along with
the projected growth of smart textiles in the global market is shown. Even though the
opportunities are numerous, there are some challenges that are posed by the
applications of nanomaterials in textile industry. The release of nanomaterials such
as silver nanoparticles is a source for concern—Ag nanoparticles are documented to
be toxic to aquatic organisms (Bianchini and Wood 2002; Wood et al. 1996).
Exposure to nanomaterials or particles is also an issue at the workplace, which
might cause respiratory issues. Currently, textile industry accounts for about 10% of
the carbon emissions globally (Agarwal and Jeffries 2013). Customers today are
generally much aware and would therefore want the products be as environmentally
friendly as possible. Textile industries would therefore do well if they can ensure
climate neutrality and also reduce greenhouse emissions.
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In this chapter, we would systematically present the evolution of the usage of
nanomaterials in the textile industry, as well as the current and future direction the
industry would take, while also discussing few of the problems associated with
widespread use of nanomaterials for textile and apparel-based applications.

20.2 Early Days of Nanomaterials in the Textile Industry

Nanotechnology has found applications in practically all spheres of life, but what led
to the foray of this disruptive scientific paradigm into the so-called conventional
industry? The answer like in most cases is nature. Scientists found out that a surface
structure that mimics the natural world can be developed using nanotechnology and
by extension nanomaterials (Barthlott and Ehler 1977). Although nature provided
the initial impetus, what has driven the textile industry more and more towards
nanoscaled materials was the ever-increasing global competition and rapidly

Fig. 20.1 Applications of nanotechnology/nanomaterials in textile industry. (Adapted from
Yetisen et al. (2016). Copyright 2016 American Chemical Society)
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changing consumer needs. The primary objective of present-day textile industry is to
stand out among the competition, achieving this required technological innovation
and nanomaterials provided the access to realize this goal (Kaounides et al. 2007).
Textiles were among the first industries who adopted the use of nanomaterials, and
the first such application came to the fore in the year 1995, the first industrial
collaboration taking place with Nano-Tex, LLC being at the helm in the year 2000
(Lo et al. 2007). From there on there was no looking back and various nanomaterials
like particles, capsules, tubes, composites, ceramics, sols, fibrillars, and fibres have
been commonly applied or integrated in textile substrates (Norberg 2005). This foray
of nanomaterials gave rise to what we know today as ‘nanofinishing,’ the technique
of nanofinishing included various facets such as UV-blocking, anti-microbial, anti-
static, water-repellence, and flame retardancy (Mariana 2009; Sawhney et al. 2008).

20.3 Applied Nanomaterials in Textiles

Before delving into the actual applications of nanomaterials, it is also important to
understand the entire process of textile manufacturing from the production to their
end of use and recycling. It is imperative on the textile manufacturers to ensure that
there are no adverse effects on the environment and human health due to the usage of
nano-textiles. Figure 20.3 shows the entire life cycle of nano-textiles (Pereira et al.
2020). The central merit of nano-engineered textiles is to achieve various enhanced
properties from incorporating nanomaterials. To achieve this, two main forms of
nanostructures are used: nanofibres or nanoparticles. In this section we will apprise
the reader about the types of nanomaterials that have been researched for their ability
to be used in textiles.

Fig. 20.2 Global share and CAGR by individual regions. (Adapted from Yetisen et al. (2016).
Copyright 2016 American Chemical Society)
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20.3.1 Nanotubes

Nanotubes are a class of 1-D nanomaterials where the axial dimension is usually in
the micron range and diameter is in nanometres. Of all the nanotubes synthesized,
perhaps the most famous of them are carbon nanotubes (CNTs). These nanotubes
can again be of two types: single-walled or multi-walled. Since, CNTs are very good
conductors of heat and electricity, efforts have been put in to produce conductive
fibres by dispersing CNTs into the polymer matrix such as poly-cellulose (Lee et al.
2016). Textiles which can withstand velocity impact have also been investigated by
the inclusion of CNTs in epoxy-based textiles (El Moumen et al. 2017). Figure 20.4
shows how the modification of a conventional textile fibre occurs with the addition
of CNTs. In addition to that, the flame retardant properties of textiles after addition of
CNTs was also investigated along with their thermoelectric textile fabrics (Ryan
et al. 2018; Yin et al. 2015). CNTs have also been used as an effective antimicrobial
additive in textile fabrics as it was found that these nanotubes could damage the
bacterial cell membranes (Lee et al. 2018; Baranwal et al. 2018). Quantum nanorods
similar to nanotubes have been immobilized in good amounts on cotton-based
fabrics along with metal organic frameworks (MOFs). These immobilizations led
to the sensing of toxic gases via conductivity of the rods and the luminescence of the
MOFs, paving the way for sensing and electronic textiles. Such nano-chemical
sensors show the potential of being used in various textile substrates (Ozer and
Hinestroza 2015; Zhukovskyi et al. 2014).

Fig. 20.3 Life cycle of nano-engineered textiles. (Adapted from Pereira et al. (2020) copyright
2020, Elsevier)
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20.3.2 Nanodiamonds

As the name suggests, these particles are nanoscaled diamond particles, first reported
in the 1960s and produced by the mode of detonation (Danilenko 2004). Since then,
interest in nanodiamonds (NDs) have increased manifold, owing to their excellent
mechanical, chemical, thermal and optical properties (Bradac and Osswald 2018;
Mochalin et al. 2012). In a recent report, it was found that coating wool fabrics with
NDs led to a great increase in their hydrophilicity (Houshyar et al. 2019b). Not only
that the tensile strength and the abrasion resistance of the fabrics were also found to
increase. Successful reinforced polyvinyl acrylate (PVA) fibres were obtained by
dispersing NDs into PVA matrix in one, while the tensile strength was only
moderately enhanced (Indrová et al. 2015). Even cotton fabrics showed greater
strength, thermal stability and surface energy when modified with NDs (Houshyar
et al. 2019a). It was also found that NDs can enhance a desired property in a
polymeric fabric such as polyaniline (PANI), while not adversely affecting its
other properties such as conductivity (Tamburri et al. 2012).

Fig. 20.4 SEM micrograph indicating the modification of cellulose fibre after the addition of
CNTs. The numeral indicates the number of hydrogen bonds formed with the cellulose fibre.
(Adapted from Lee et al. (2016) copyright 2016 Elsevier)
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20.3.3 Nanoclays and Silica Nanoparticles

Nanoclays are mainly layered mineral silicates categorised into various types such as
montmorillonite, bentonite, kaolinite, hectorite and halloysite. They are classified
under quasi-2D nanomaterials. Among the various types of clays, montmorillonites
(MMTs) have found the most widespread use in materials applications. From the
viewpoint of the textile industry too, MMTs have been widely used as filler for
fabrics and fibres. Analysis of cotton fabrics which were treated with MMTs during
the finishing process to produce functionalised fabrics, showed a marked increase in
their flame retardancy and tensile strength. The functionality was also not found to
decay after washing (Göcek 2019; Shahidi and Ghoranneviss 2014). In a recent
study, nylon fabric modified with bentonite nanoclay showed increase in their
hydrophilicity (Abeywardena et al. 2018). It is interesting to note that nanoclays
have also been used to produce superhydrophobic textiles (Subasri and Hima 2015).
Antibacterial property of nanoclays have also been looked into and established
(Maryan and Montazer 2015). An offshoot yet important application of nanoclays
is in the area of dye adsorption from textile effluents. Nanoclays have proved to be
effective in adsorbing dyes (non-ionic, cationic, anionic), thus also helping in the
remediation of the pollution caused by the textile industry (Yang et al. 2005;
Stagnaro et al. 2015; Hassani et al. 2015). Similar to nanoclays, silica nanoparticles
have also found applications in the textile industry, particularly in enhancing super-
hydrophobicity of textile fibres such as cotton (Pereira et al. 2011). Recent studies
suggest that self-assembly of these nanoparticles impart self-cleaning property to
fabrics (Anjum et al. 2020). Since silica nanoparticles have highly ordered structure,
they have also been used as colouring agents in textile materials by manipulating the
Bragg diffraction of white light with the silica nanoparticles (Gao et al. 2017). Not
only does silica nanoparticles impart hydrophobicity, but it also acts as an effective
UV blocking agent, thereby making textiles multifunctional (Attia et al. 2017).
Figure 20.5 shows the beneficial effect of hydrophobic surfaces on textiles.

20.3.4 Metallic Nanoparticles

A variety of nanoparticles formed from a wide range of metallic precursors has been
used in creating functional textiles. Among the various applications probed, antimi-
crobial properties of metal nanoparticles have been reported in huge numbers
throughout the years. Generally, metal ions damage microbial cells owing to their
ability to diffuse through the cell membranes and infiltrate to the interior of the
bacterial cell and thereby restricting growth and proliferation of the microorganism
(Yamanaka et al. 2005). Initially it was believed that metal ions only reside in the cell
membranes. Among the common metal nanoparticles, silver nanoparticles have
most frequently been used in textiles as antimicrobial agents (Tulve et al. 2015;
Ballottin et al. 2017; Ribeiro et al. 2018). The nanoparticles of titanium (Stan et al.
2016), zinc (Kalpana et al. 2018) and copper (Xu et al. 2018) have also been used in
antimicrobial textiles. Electrical conductivity can also be enhanced by the usage of

574 S. Chakrabarty and K. Jasuja



metallic nanoparticles. For example, gold and silver nanoparticles/nanowires have
been used in fabricating e-textiles (Han et al. 2015; Kapoor et al. 2020). Nickel too
has been recently favoured as a conductive agent in textile matrices, along with
magnetic textiles. Wearable energy storage devices have also been developed using
nano-nickel (Bian et al. 2016; Moazzenchi and Montazer 2019; Lu et al. 2018).

20.3.5 Biological Nanomaterials

Bio-based nanomaterials hold an advantage, in that they are mostly environmentally
benign and also much less cytotoxic when compared to metallic nanomaterials. Thus
these nanomaterials have also gained respectable attention in textile research. Cellu-
losic and chitosan-derived nanomaterials are presently in the lead in finding
applications in the textile industry. Cellulose nanowhiskers have been
copolymerised and their candidacy for conductive textiles has been examined
(Hebeish et al. 2014). Also, cellulosic nanofibres show improved dyeability and
knitting properties while being cost effective and scalable in its manufacture (Jia
et al. 2018). Wearable electronics have been gaining traction of late and cellulose
nanocrystals are reported to be beneficial in fabricating high-performing
supercapacitors and wearable electrodes (Chen et al. 2019). Biodegradability of
textiles is an issue that needs to be addressed seriously. Textile fibres derived from
cellulosic nanocrystals have demonstrated the ability to be more thermally resistant

Fig. 20.5 Top panel—Nanoclay on textile substrate, water drop on surface and rolling off due to
hydrophobicity. (Adapted from Subasri and Hima (2015) copyright 2015 Elsevier). Bottom panel—
(a)–(e) Microscopic images of structurally coloured fabrics with silica nanoparticles. (f)–(j)
Corresponding reflectance spectra. (Adapted from Subasri and Hima (2015) copyright 2015
Elsevier)
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as well as being more biodegradable than conventional textiles (Xu et al. 2019).
Cellulosic nanofibrils are finding use in 3D printing as well as printing of smart and
e-textiles (Cao et al. 2019; Nechyporchuk et al. 2017). Chitosan derived from an
abundant biopolymer, namely chitin, is mostly found in the shells of crustaceans.
Chitosan has been investigated for its antimicrobial activity, and thus is an attractive
candidate as an additive for antimicrobial textiles (Shahid ul and Butola 2019;
Morin-Crini et al. 2019; Arshad et al. 2018). In some other applications, nano-
chitosan has been used as a strengthening and reinforcing agent for fabrics and also
to impart improved washability and hydrophilicity (Shabbir et al. 2017). Truly,
chitosan has manifested itself as a versatile substance for the textile industry since
it can also be used as a dye adsorbing agent (Qamar et al. 2020; dos Santos et al.
2018) in addition to be used as a textile effluent decolourizer and detoxifier (Bilal
et al. 2016). Nanomaterials have also been examined as candidates for drug release
in textiles. Although, not strictly a biological nanomaterial, but in one such study Cu
benzene tricarboxylic acid MOF-199 was coated and enmeshed in cotton fabrics for
controlled release of a known insecticide (permethrin), and the objective was to use
the fabric as a preventive measure for malaria (da Silva et al. 2012).

20.3.6 Graphene

No discussion about nanomaterials is complete without invoking graphene. After its
discovery in 2004, graphene has taken the world of materials by storm and it shows
no signs of subsiding anytime soon. Research focus on graphene and its properties
has been intense for years. Scientists and industrialist alike have been proactive to
find applications where graphene could be used. It was therefore natural that
graphene be probed as a textile additive for achieving augmented functionalities.
Primarily, graphene, its derivatives and its composites have been gauged by their
candidacy for making textiles conductive (Gu and Zhao 2011; Shateri-Khalilabad
and Yazdanshenas 2013; Yu et al. 2011). In one study, where graphene oxide was
reduced to rGO, the dispersion could then be applied to the fabric via a pad-dry
technique, which could be used as activity monitoring sensor, and at the same time it
increases the tensile strength of the fabric, while not compromising the texture and
feel of the fabric (Karim et al. 2017). Graphene incorporated e-textiles in their early
stages showed poor conductivity and higher power consumption. Steadily enough,
this hurdle was surmounted as reported (Afroj et al. 2020) by producing graphene
e-textiles with lowest sheet resistance, which have great flexibility and these also do
not lose their functionality even after repeated washing cycles. Due to the high
conductivity of the fabrics, skin mounted sensors and ultra-flexible supercapacitors
can be realised. Besides being used as activity sensors, graphene infused textiles
have also been used in cardiac monitoring (Yapici et al. 2015). When compared to
conventional electrodes, the graphene-textile composite showed almost the same
performance. An important functionality of textiles that is being sought after is that
of fire resistance. It was found that when rGO was dry coated onto silk fabrics, they
not only showed robust fire resistance but were also conductive (Ji et al. 2017).
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20.3.7 Nanomaterials for Textile Waste Treatment

Textile industry is one of the largest producers of wastewater due to its water
consumption for various processes. This aspect is also a major impediment to the
development of textile industries, as they are one of the biggest water polluters
(Holkar et al. 2016). In addition to harmful dyes belonging to azo, anthraquinone,
triarylmethyl families being released, the textile wastewater also contains heavy
metals like zinc, cadmium, chromium, copper and arsenic in certain cases, which are
also an environmental and public health threat (Chowdhury et al. 2017). Thus,
removing such waste matter from textile effluents has become of paramount impor-
tance. Nanomaterials have a role to play in textile waste remediation as well (Cai
et al. 2017). Due to their high surface to volume ratio, nanomaterials act as effective
adsorbents. Adsorption is also a widespread technique involved in the removal of
heavy metals. In a systematic review by Jawed et al., the types of nanomaterials used
as absorbents have been laid out. Engineered nanomaterials based on carbon,
graphene, iron oxide, titanium oxide, silica and bio-nanomaterials were found to
be effective in removing heavy metals (Jawed et al. 2020). Processes that brought
about surface functionalization, such as cross linking, electrostatic interactions and
chelation, were found to augment the adsorption capacity of nanomaterials.
Functionalizing nanomaterials with chemical groups which have strong affinity
towards specific heavy metals is also a useful method in arresting heavy metal
contamination. These modified nanomaterials would in turn also need to be utilised
carefully, which would enable effective desorption and reusability for multiple
cycles (Pandey 2021). These technological advancements with nanomaterials, if
properly implemented, would be beneficial in treating textile-based wastewater.
Dyes, which are another major source of contamination in textile wastewater, have
also been removed by employing nanomaterials such as zerovalent iron, zinc, Fe3O4

MgO and TiO2 (Ruan et al. 2019).

20.4 Commercialized Products

Owing to the large research efforts invested in nanomaterials, a good number of
products have actually made it to functioning products, which has created a positive
feedback loop leading to even greater emphasis on research into nanomaterials-
based textile products. In this section we will inform the reader about such products
which are currently in use in markets.

1. Nanosan: This is a kind of spun polymeric fibre, which is manufactured by
integrating microscale particles into the nanofibre structure. These fibres find
applications in filter and adsorbent fabrics (AZoNano 2013). These fabrics can
also be engineered to perform as high-strength and flexible materials, and
Nanosan fibres have been applied to medical, military, filter and even cosmetic
products (Smith and Ring 2016; Lademann et al. 2011, 2016; Chun et al. 2014).

20 Applications of Nanomaterials in the Textile Industry 577



Nanosan is marketed by SNS-Nano Fiber Technology (USA), and Schill and
Seilacher (Germany).

2. SmartSilver:Marketed by Nano-Horizons (USA), this product is an antimicrobial
yarn. The company develops silver nanoparticles additives providing antimicro-
bial resistance to the products where they are integrated (Delattre et al. 2012,
2015).

3. Wearable Motherboard: A flagship of medical-textiles, this fabric is marketed by
Sarvint Technologies, Inc. (USA). It uses nano-engineered fibres as sensors of
bodily indicators such as blood pressure, temperature, heart rate and respiration
rate (Esmaeilzadeh et al. 2015).

4. NanoSphere: This is in essence a finishing technology which is touted to impart
hydrophobic properties to surfaces mimicking the lotus effect. The company
(Schoeller Textiles AG, Switzerland) manufacturing NanoSphere claims that
this technique provides better water/oil repellence than conventional textiles
and at the same time retaining its breathability as well as comfort, also the
marketer claims that textile functionality is maintained even after many washing
cycles (Textiles 2020). The company also has several patents for microbicidal and
antibacterial nanofibres and polymer finishing with nanoparticles (Greiner and
Röcker 2010; Greiner and Hehl 2008) along with substrate finishing applying
nanotubes and nanoparticles (Tabellion et al. 2011).

5. Gore-Tex: Originally a microporous structure which could be stretched to about
800% of its original length (Gore and Allen 1980), and in addition, also being
lightweight and waterproof, owned by W.L. Gore & Associates (USA). In recent
times, though the company has been incorporating nanostructures into its
products, for example, their engineered jackets (Gore-Tex 2020). Gore-Tex
holds patents for burn protective materials (Panse 2013), nanoemulsions,
nanofibres for filtration (Gebert 2014; Xu and Hegenbarth 2014), and
nanoparticles for electrical conductors (Cotter et al. 1996).

These products/companies represent a miniscule sample of the entire market,
most of the companies and products have come out of developed/developing
economies. In the near future, focus will shift to the eastern hemisphere with
emerging markets in Asia predicted to be in the lead. Table 20.1
(UnderstandingNano 2019) shows an abridged list of companies currently using
nanotechnology to improve textile fabrics.

20.5 A Matter of Cost

Industries willing to adopt nanomaterials into their product lines will also have to
bear in mind the associated cost with the introduction of such novel materials.
Trends show that with evolving technologies, the manufacture of nanomaterials is
increasingly becoming commonplace and this in turn is driving the cost down
(Rivero et al. 2015). Synthesis of nanomaterials by techniques such as molecular
self-assembly, ultrasonication and solution processing have evolved over the years,

578 S. Chakrabarty and K. Jasuja



and are now ripe to be introduced in the industrial domain (Wen and Wu 2014;
Tulinski and Jurczyk 2017; Lin and Wang 2014; Duan et al. 2020; Charitidis et al.
2014). At present though, insightful research into the exact cost analysis of
nanomaterials being used in the textile industry is still lacking in current scientific
literature. One reason for that might be that the enhanced textile products, which
involve nanomaterials and focus on performance enhancement with cost reduction,
mostly fall under the ambit of conventional apparel industry (Cientifica 2012;
Yetisen et al. 2016). With the rapid adoption of nanomaterials in textile-based
products, this scenario is bound to change. The total value of the global textile
industry was estimated to be near $1 trillion in 2019. The market is expected to grow
at a compounded annual growth rate (CAGR) of 4.3% (Grandviewresearch 2020). It
was also estimated that the smart textile market (which incorporates nanomaterials in
its products as one of its strategies) would have breached the $5 billion mark by 2020
(Markets 2015). It is also forecasted that the Asia-Pacific region would see the
highest CAGR of ~44% in the next 5 years. It is indeed right to state that the textile
market will keep steady in its growth trajectory, and developing economies would be
at the forefront. With the market pivoting from conventional textile-based products
towards more engineered high-functioning wearables, the applications for
nanomaterials in the wider market are diverse (Cientifica 2015). One has also to
keep in mind that while textile industries are a big generator of wastes, and
nanomaterials can also be used in the remediation of textile waste. This we believe
would increase the cost of production in the short term for textile industries.

Table 20.1 Representative list of companies employing nanotechnology to improve textile fabrics

Company Product Advantage

Nano-tex Fabric enhanced with nanowhiskers Water/oil, strain resistance

Aspen
Aerogel

Fabric enhanced with nanopores Insulating properties

BASF Fabric enhanced with nanoparticles (Mincor®

TX TT)
Better hydrophobicity

NanoHorizons Fabric enhanced with silver nanoparticles Microbicidal and odour
inhibition

Schoeller
Technologies

Fabric enhanced with nanoparticles
(NanoSphere®)

Water and stain resistant

Nanex Water-repellent coatings

Nano Group Nano-treated fabrics Liquid and stain resistant,
UV protection, etc.

Odegon
Technologies

Nanoporous materials which act as adsorbents

Global
Photonics

Fabric woven from thread that generates
electricity from the sun (FlexPower™)

Flexible fabric that
generates electricity

Konara Harnessing solar energy (Power Fiber™) Electronic wearables
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20.6 Issue of Toxicity

As of date, the most commonly used nanomaterial in the textile industry has been
nanoparticles, metallic nanoparticles to be precise. Silver nanoparticles have been
incorporated in many textile products as functional additives. On investigation it was
found that many silver containing products release considerable amount of
nanoparticulate matter into liquids used for washing (Quadros et al. 2013; Benn
and Westerhoff 2008; Gagnon et al. 2019). It was also seen that some products
released particulates at a lower rate than other products, indicating difference in
manufacturing processes, which need to be rectified. In another study, it was found
that sweat also led to the release of nanoparticles from impregnated fabrics such as
shirts and pants. The pH of the sweat determined the amount of release (Kulthong
et al. 2010; von Goetz et al. 2013). Besides Ag nanoparticles, some other
nanoparticles are also toxic and are released from textiles which are impregnated
with these nanoparticles. In a study, the release of TiO2 nanoparticles in sweat after
incubation was ascertained. It was found that in acidic sweat, the release was about
63 μg g�1 L�1 when the particle size was lesser than 450 nm and about
725 μg g�1 L�1 when size of the particles was greater than 450 nm. In alkaline
sweat, the release was 38 and 188 μg g�1 L�1, respectively, for the corresponding
particle sizes mentioned earlier (von Goetz et al. 2013; Yu et al. 2007). The release of
nanomaterials is obviously a source of concern as they are detrimental to aquatic life
(Davies et al. 1978; Grosell et al. 2002) and also might disrupt bacterial habitat
owing to its antimicrobial properties (Choi et al. 2008). Carbon footprint of textiles
will also need to be assessed seriously. In one such study, it was reported that about
2.55–166 kg of CO2-equivalent was the impact of silver added shirts depending
upon the manufacturing process (Walser et al. 2011). In addition to these detriments
based on the form of nanomaterial used as well as the method of manufacturing,
potential risks to humans can also occur, for example, in the form of inhalation of the
nanomaterials (Demou et al. 2009). These investigations are limited in number and
scope at present. However, for the boom that is expected in the textile industry, such
studies would need to become more prolific in scope to better gauge the adverse
effects of nanomaterials from textile products. Nanomaterials have brought about a
sea change in the textile industry, but at the same time it has made us—the
consumers, aware of the probable damage that these materials can do to the environ-
ment and humans alike. Thus, the onus would be on consumer awareness, which
would drive the industries to design better life cycle assessments and toxicity
analyses at all stages, beginning from the production of nanomaterials to their
incorporation into textiles, their usage, washing and eventual disposal and recycle.

20.7 Going Forward

It would not be an unrealistic claim to make that in the near future the customer
demand for trendy as well as multi-functional clothing and accessories would keep
rising at a brisk pace. The advent of nanomaterials in the textile markets and
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industries has to an extent tried to meet this demand; by offering a huge array of
materials with varied functionalities to choose from. Nevertheless, scalability, cost
effectiveness, ecological impact, time and work hours are a few challenges that stand
before the industry. These factors need to be effectively optimised so that commer-
cialization of nanomaterial-based products does not face impediments. Conventional
functionalities such as water/oil repellence, antimicrobial, antistatic and colour
blocking have been enhanced by incorporating nanomaterials, in addition to these
more advanced functionalities such as drug release, electromechanical sensors,
photo/thermal/electrical conductivity, and energy harvesting/storing components
integrated directly into fabrics are actively gaining the attention of mainstream
products and markets. Customers of present day and age are also concerned about
the impact that the products they use have on the environment. As such, an avenue
for future research is green synthesis of nanomaterials and environmentally benign
finishing techniques, as well as stable nano-additives which can withstand repeated
washing. A case in point is the development of newer binding mechanics based on
covalency, which could better attach nanomaterials to the textile fabrics. Currently,
the continued immobilization of nanomaterials within the textile fabrics is a techni-
cal challenge. Thus, innovation in the area of surface finishing needs an impetus that
would ensure integrity of the textile products in majority of cases. New nano-
additives and stabilizers might have to be invented that would prevent the agglom-
eration of nanomaterials during the formulation and finishing treatments. This would
require novel surface-activated polymers or composites that would help in the
adhesion of the nanomaterials to a greater degree, without compromising their
unique properties. The potential for polluting water and soil looms over these
fantastic and innovative products. Commonly used nanomaterials based on silver,
titanium, iron, etc. are in certain cases cytotoxic and can disrupt the delicate
ecological balance if the release of these nanomaterials goes unchecked. Nano-
textile products that have biocidal properties have been found to destroy important
soil bacteria upon their release. Also, recycling of these clothing products poses a
challenge as mainly they are dumped in landfills further exacerbating soil pollution.
Thus, developing analytical tools which can correctly quantify the release of
nanomaterials from textile products is becoming the need of the hour. These risks
and challenges further warrant that stricter rules be put in place by the regulators and
toxicity analysis be done at all stages of usages so that nano-textiles do not become a
serious risk to humans, animals and the environment.
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Abstract

Comparing to the last century, advanced composite materials (ACMs) are cur-
rently becoming more important and have perceived significant interest. ACMs
are also known as advanced polymer matrix composites and have found broad
and recognized applications in the aircraft, aerospace, and sports equipment
sectors. The primary advantages of advanced composite materials are their high
strength, high stiffness, high modulus, low density, relatively low weight, excel-
lent resistance to fatigue, and corrosion resistance. Materials with such categories
are called “advanced” materials. Typical advanced composite materials include
reinforced concrete, plywood, fiber-reinforced polymer or fiberglass, ceramic
matrix composites, metal matrix composites, etc. However, while advanced
composite materials have promised significant benefit, most of them are
associated with some undesirable difficulties such as high moisture absorbance
capacity, expensive, labor-intensive, less plastic deformation before failure, etc.
The unique physical and chemical properties of advanced composite materials are
replacing metal components in many uses, particularly in the aerospace industry
for aircraft and aerospace structural parts. The focus of this chapter is to point out
the characterization techniques of advanced composite materials. In addition,
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various types of advanced composite materials are also presented. It also
summarizes what the authors believe are the significant properties and
requirements for advanced composite materials.

Keywords

Composite material · Aerospace · Reinforcement · Stiffness · Polymer matrix

21.1 Introduction

Advanced composite material is a great invention in the field of material science, and
it performs outstanding characteristics due to its excellent mechanical properties and
high strength-to-weight ratio (Carlsson et al. 2014). Generally, composite material
consists of a mixture of two or more micro- or macroconstituents resulting in a
material that can be designed to have improved properties than the constituents
alone. The primary advantages of composite materials are their high strength, high
stiffness, high modulus, low density, relatively low weight, excellent resistance to
fatigue, and corrosion resistance. The subsequent properties are mainly reliant on the
distribution, percentage contents, and geometries of the constituents. Materials with
such classes are known as “advanced” materials. In other words, composite material
is represented as advanced composites when two or more phased material is com-
bined together in which one of them is stronger and stiffer and serve as the basis of
primary load-carrying phase and the other one is a weak link. The story of the
advanced composite material has passed a long journey since 1930. Before that
people have manufactured different types of laminated composites made of metallic
and nonmetallic substances. The development of polymer-based composite
materials attracted commercial utilization in numerous fields by 1960. At the
beginning, composites are treated as high-class materials which are structured and
manufactured for multipurposes such as mechanical and aerospace, automotive, and
sporting tools due to their superior features.

Typically, a composite is a combination of two different materials which are
termed as continuous phase or matrix or binder and discontinuous phase or rein-
forcement. On the one hand, the reinforcement material (fibers, whiskers,
particulates, or fabrics) delivers the mechanical strength and transfers load in the
composite. On the other hand, the matrix protects the reinforcement from abrasion or
environment by binding and upholding the alignment or spacing of the reinforce-
ment material with a view to giving it a desirable structure. Depending on the
application, the reinforcements can be harder or softer. In case of components that
needed excellent wear resistance, harder reinforcements are used, while to attain
properties like greasing substances, softer reinforcements having excellent
corrosion-resistant properties such as graphite and molybdenum (Mo) are selected.
The quality of the composite materials completely relies on the properties of the
reinforcements and the matrix. There are several factors that influence the physical
characteristics of composite such as the geometrical structure of the discontinuous
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phase, size and shape of the reinforcing material, percentage of content, and align-
ment of reinforcement (Callister and Rethwisch 2011).

Galy et al. (2017) studied the mechanical properties of silicon carbide (SiC)-
reinforced aluminum metal matrices (Al-MMCs) and showed that the hardness of
the composite decreases after increasing the particle size. In addition, Rao et al. (Rao
2018) experimented the SiC-reinforced Al 7075 and observed that the mechanical
properties of the composite was improved by increasing the size of the particle and
the ratio of SiC. Pradhan and his coworkers (Pradhan et al. 2017) reported the
fabrication of SiC-reinforced aluminum alloy LM6 MMC by stir casting method
and studied its tribological properties. The study showed that the minimum friction
was obtained in dry sliding condition than moist environment and after that in a basic
medium. Moreover, Kandpal et al. (Kandpal and Singh 2017) reviewed the
characteristics of Al2O3-reinforced Al 6061 composite. The finding of the experi-
ment indicates that the ductility reduced with the increase of reinforcing material
(Al2O3).

Application of advanced composites can be originated from aerospace, marine,
automotive areas to biomedical implants. Nowadays, various composites have been
used for strengthening of different structural elements. Fiber-reinforced plastic
(FRP) and carbon fiber-reinforced plastic (CFRP) systems become very popular
that offer a higher strength-to-weight ratio and stiffness-to-weight ratio than many
structural materials. These lightweight composites aid many applications where the
potential energy savings and carbon emissions reduction occur. RC beam usually
wrapped with the polymer composites such as glass fiber-reinforced polymer, carbon
fiber-reinforced polymer, basalt fiber-reinforced polymer, aramid fiber-reinforced
polymer, etc. With the recent advancement of composites and due to their superior
properties, metal matrix composites have been used in various arenas of engineering.
The structures used in aerospace purposes completely depend on the composite
materials. These materials are very significant for the development of different
aircraft tools and machineries. Numerous aircraft parts, for example, fairings,
spoilers, landing gear doors, flight control surfaces, propellers, turbine engine fan
blades, and interior components, were developed for their less weight than aluminum
materials. The main body and wing of the modern aircraft are made from the
composite materials which demand for the detailed knowledge of composite
properties due to the repair of composite structures. This chapter provides a concise
summary of properties and characterization of advanced composites and their types
with their important aspects. It outlines what the authors accept are the critical
prerequisites for advanced composite materials.

21.2 Classification

The classifications of advanced composite materials are commonly based on either
the forms of reinforcements or the matrices used.
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21.2.1 Based on Matrix Materials

Advanced composites are divided into three types based on the geometry of the
matrix as follows: polymer, metal, and ceramic.

21.2.1.1 Polymer Matrix Composites (PMCs)
Among available composites, PMCs are currently the most frequently used
advanced composites. However, the matrix of PMCs is usually reinforced with
ceramic fibers due to their higher strength than the polymer matrix material. The
properties of PMCs are influenced by several factors such as the matrix material,
reinforcing agent, process control parameters, microstructure, nanostructure, per-
centage of content, and the interphase. PMCs are familiar in recent years due to the
cost-effective and easy manufacturing method. The producers of PMC can make
easily affordable products with numerous manufacturing processes. PMCs are
composed of matrix material like thermoplastic or thermosetting plastic and one or
more reinforcing agents like carbon, glass (E-glass, S-glass, etc.), steel, and natural
fibers. Polymers can be processed very conveniently to produce good components,
as they are lightweight in nature. Polymer matrix composites (PMCs) deal with a
broad range of properties such as low cost, excellent tensile properties, high chemi-
cal and corrosion resistance, and outstanding mechanical features. The PMCs are
usually applied in skyrocket, airplane, and sporting tools (Bhargava 2012).

21.2.1.2 Ceramic Matrix Composites (CMCs)
Ceramic matrix composites are a mixture of ceramic matrix like calcium alumino-
silicate with ceramic particulates, fibers (e.g., carbon or silicon carbide), and
whiskers. CMCs are usually solid materials that exhibit strong chemical bonding
like ionic and sometimes covalent too. Though ceramics fail catastrophically under
tensile or impact loading, the ceramic matrix composites are having exceptional
advantages such as high compressive strength, corrosion resistance, high melting
points, chemical inertness, low density, and stability at high temperatures (Akca and
Gursel 2015). Ceramic matrices are commonly used in elevated heating region of the
machineries such as pistons, blades, casing, and rotors in gas-turbine parts. The
metal and polymer matrix composites are not suitable for utilization in this purpose.
The CMCs can endure at elevated temperatures, and they can operate very efficiently
also in corrosive conditions. It is crystal clear that the principal goals of making
CMCs are to improve the toughness of the materials for the reason that monolithic
ceramics have high stiffness and strength.

21.2.1.3 Metal Matrix Composites (MMCs)
Due to their enhanced mechanical and thermal properties, metal matrix composites
are familiar as advanced materials. MMCs perform more excellent properties com-
pared to the other engineering materials in terms of good wear resistance and
exceptional thermal conductivity. The excellent elastic characteristics, extreme
heat enduring capability, insensitivity to aqueous condition, good corrosion resis-
tance and better wear, tear, abrasion, flaw, and fatigue resistances have made MMCs
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more attractable (Akca and Gursel 2015). MMCs show better characteristics than the
monolithic metal such as steel. Currently, different metals such as aluminum,
copper, iron, nickel, and titanium are the most commonly used matrix metals for
MMCs. Among the matrix metals, aluminum-based MMCs are the mostly used
MMCs applied in vehicle and aircraft structures due to their good forming and
assembling properties, reduced density, high strength, and corrosion resistance.

21.2.2 Based on Reinforcing Materials

Advanced composites can be also classified according to the geometry of the
reinforcement as follows: particulate, flake, fibers, nanocomposites, foamed
composites, and biocomposites.

21.2.2.1 Particulate Composites
The particulate composites consist of particles incorporated in matrices like alloys
and ceramics. As the particles are immersed randomly, they are usually called
isotropic. These composites have provided some benefits like better strength, higher
operating temperature, and corrosion resistance. Examples of such kind of
composites include aluminum particles in rubber and silicon carbide (SiC) particles
in aluminum, etc.

21.2.2.2 Flake Composites
Flake composites consist of flat reinforcements of matrices. These composites are
very attractable because of high tensile strength, excellent flexural strength and
modulus, and easily affordable cost. However, the difficulty associated with the
orientation of the flakes has reduced its applications. Glass, aluminum, and silver are
the most commonly used flake materials.

21.2.2.3 Fiber Composites
Fibers are generally anisotropic in nature. The fiber composites consist of matrices
reinforced with different length of fibers. The basic units of long fiber-matrix
composite may be unidirectional or woven fiber laminas. Examples of such kind
of matrices are epoxy, aluminum, and calcium aluminosilicate.

21.2.2.4 Nanocomposites
Nanocomposites have attracted a great interest in the field of material science. At
least one of the constituent materials of the nanocomposite is in the scale of
nanometers (10�9 m). The size of the constituent substances of the advanced
composite materials are in the microscale (10�6 m) range. The nanocomposites
show better properties than the composite resulting from the material of microscale.
Nanocomposites have played a great role in versatile fields such as pharmaceutical
industries, biomedical field, water purification, packaging purposes, food and
cosmetics industries, etc.
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21.2.2.5 Foamed Composites
Foamed composites perform excellent features among the recently produced
materials. The necessity for the production of lightweight constructional materials
and acoustic and thermal insulating materials have expedited the invention of
foamed composite. The foamed composites may be composed of fiber and polymeric
resin. The durability, excellent mechanical properties, and elastic behavior of the
foamed composites have increased their applications in versatile fields. The foamed
composites can be utilized as noise absorber, barrier for sound transmission, and
vibration inhibitor.

21.2.2.6 Biocomposites
Biocomposites are eco-friendly materials that are composed of two or more
components containing at least a naturally derived material. The natural polymers
include polysaccharides, such as chitin, chitosan, cellulose, heparin, and chondroi-
tin; proteins, such as gelatin, keratin, fibrin, and soy protein; etc. The synergistic
effect of the constituent materials in the biocomposites show more excellent property
than the individual constituents. The biodegradability, biocompatibility, antimicro-
bial activity, excellent mechanical properties, and wear resistance of the
biocomposites have augmented their utilization in versatile sectors (Hasan and
Pandey 2015).

21.3 Manufacturing Process

21.3.1 Compression Molding

Compression molding is one of the oldest methods used to manufacture advanced
composite materials. This method is popular in the industrial and commercial
fabrication of plastic materials. It is used to manufacture different types of electrical
items such as wall switch plates and circuit breakers; kitchen items such as bowl,
cups, and dishware; machinery items such as pump components, gears, brake parts,
and vehicle panels; and other items such as bottle caps, buttons, protective
helmets, etc.

In this process, a thermoset resin is subjected to heating under severe pressure
within a closed mold cavity. Under pressure, the resin liquefies as it is heated to the
required temperature, and it flows as a viscous liquid to take the shape of the mold.
The heat and pressure induce the resin to cure as a result of a chemical reaction. This
reaction causes cross-linking of the long polymeric molecules in the resin, thus
hardening into the desired part or product (Guerrero et al. 2019). After cooling it
down to an extent where the resin has become strong enough to hold its structural
integrity, the mold is removed, and the cycle is complete although the curing reaction
continues as it cools down to room temperature (Tatara 2017). Some examples of
commonly used resins are phenolic (phenol formaldehyde), urea-formaldehyde,
silicone, melamine-formaldehyde, vinyl ester, epoxy, polyester, rubber, alkyds,
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diallyl phthalate (allyls) along with various elastomers. This method is used to
manufacture items having excellent mechanical performance.

21.3.2 Reaction Injection Molding

Reaction injection molding (RIM) is a versatile method for composite
manufacturing. In this method, different liquid materials are regulated separately
into a mixing head where they are combined by high-pressure impingement mixing.
They, then, polymerize to take the shape of the mold. The required equipment
includes material conditioning system, high-pressure metering system, mixing
head, and mold carrier. As this process requires the mold to hold a chemical reaction,
the liquid starting materials are consistent in every shot. For this reason, the material
conditioning system has several tanks to hold the starting materials and agitators to
make sure that the material in the tanks has a constant temperature.

Poly(dimethylsiloxane), cyclic olefin polymer (COP), cyclic olefin copolymer
(COC), polymethylmethacrylate (PMMA), polycarbonate (PC) and polystyrene
(PS), and polyurethane are most commonly used materials in this method
(Sandström et al. 2015).

21.3.3 Resin Transfer Molding

Resin transfer molding method has gained attention due to its application in natural
fiber-reinforced composite fabrication. Different types of materials can be produced
by this method including small supporting tools for buses to big machineries for
water purification system (Lee and Wei 2000).

The method uses several layers of fiber mats or even cloths laid inside the mold
cavity. The resin is placed into the mold through the injection ports and gradually
impregnates the fibers. The resin engulfs the mold as air is expelled through the air
vents. As the mold is filled up, it is cured (Zhao et al. 2004). The complexity of resin
impregnation is influenced by some factors like the alignment of the fibers, mold
temperature, resin thickness, and injection pressure. A special type of cost-effective
resin transfer molding technique is vacuum-assisted resin transfer molding which is
used to produce glass fiber-reinforced composites. This process uses a vacuum to
drive the resin to fill the mold.

21.3.4 Filament Winding

Filament winding, a type of open mold method, is a relatively simple method of
composite fabrication. This method uses rovings or monofilaments as continuous
reinforcements over a rotating mandrel (Shibley 1982). This method is usually
employed to manufacture pressure vessels, rocket motors, natural gas vehicle
tanks, power transmission shaft sand roller, sporting goods, and boats.
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In this method, filament-, wire-, yarn-, or tape-like continuous reinforcements are
kept in a rotating form by either impregnating with a matrix material before or
impregnating during winding. The wound form is cured after the application of
sufficient amount of layers. Finally, the mandrel can be removed or left as part of the
structure to meet certain stress conditions. The most popular fiber for commercial
filament winding is fiberglass. Aramid fibers have also been used extensively. They
can impart great consistency in making by ensuring a low coefficient of strength
variation. Lastly, carbon fibers have taken this mantle to an unprecedented height
due to its improvements in fiber modulus, tensile strength, and surface finish. The
major advantages of the filament winding method are its low cost and capacity to
fabricate composite with high fiber volume. The low cost is due to the reason that
expensive fibers can be combined with an inexpensive resin to produce an inexpen-
sive but stronger composite.

21.3.5 Lay-Up Manufacturing

Lay-up process opened the possibility of producing thermoplastic composites in
large-scale industrial applications. In this process, thermoplastic prepreg tapes are
prepared by laying up fibers and resin mixture in a specified pattern. These prepreg
tapes are bonded together by heat and pressure. For this purpose, a hot torch or laser
is usually used to heat up and melt the thermoplastic matrix. Pressure is applied using
a compaction roller after preparing the tapes and heating it up to the required
temperature. While the hand lay-up process requires manually laying down individ-
ual layers or prepregs by hand. Fibers are pre-impregnated with resin and bundled
into tows. Then, they are arranged either in a single unidirectional ply or woven
together (Elkington et al. 2015). This process is cost-effective and easily adjustable
with different new parts.

21.3.6 Spray-Up Manufacturing

Spray-up manufacturing is another type of open mold method for composite fabri-
cation. This method is also known as directed fiber preforming process. Here, fiber
rovings like glass and carbon are chopped and sprayed onto a mold surface along
with low viscosity resin. This method is applicable for both synthetic and natural
fiber and can be used to fabricate components of structural fittings (Zin et al. 2019).

This method uses spray guns connected to a robotic arm to deposit chopped
strands of the reinforcing fiber. The chopped fiber strands are mixed with resin and
catalyst and deposited onto a mold surface. Pressure is applied on the mold surface
after the composite layering is complete to remove any unwanted void. The advan-
tage of this method is that it helps to prepare materials having dimensionally accurate
parts.
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21.4 Properties of Advanced Composite Materials

21.4.1 Physical and Chemical Properties

ACMs encompass advantageous physical and chemical properties that make them a
multibillion-dollar industry worldwide. These enviable properties include the light
weight combined with the high rigidity and thermal immovability, strength in the
path of fiber reinforcement, temperature and chemical stability, high strength fiber
with low density, hygroscopic tenderness, electrical and environmental robustness,
and resistance to corrosion and erosion (Pilato and Michno 1994). Due to these
properties, ACMs are taking the place of metal elements in many applications, in
particular in the aerospace manufacturing. This section addresses these properties
briefly to comprehend the grounds behind growing significance of ACMs in various
engineering applications.

21.4.1.1 Weight and Density
In the stringent significance, lightweight construction, which even surpass the
performance and safety requirements, are gaining more importance, and in several
structural applications, ACMs have been shown to be efficient although having a
lighter weight compared to other available materials.

Density of AMCs depends on the reinforcement (particle, whisker, or fiber) and
matrix used. With increasing weight percentage of reinforced material, bulk density
tends to increase. Carbon fiber-reinforced composites have lower density compared
to glass reinforced composites. It is also a function of processing temperature,
although different composites behave differently with varying temperature. Selec-
tion of high- or low-density AMCs depend on their applications in specific condition
(Wu and Kim 2011).

21.4.1.2 Hygroscopic Sensitivity
Hygroscopic behavior of a substance is a route in which water molecules are
attracted and retained by either absorption or adsorption from the neighboring
environment, which is normally as usual in room temperature. As high-performance
composites need advanced understanding of their mechanical performance in
diverse surroundings, it is required to predict how ACMs behave when they are
often exposed to changing humid environments throughout their lifespan.
Biocomposites cooperate with the humid atmosphere due to the hydrophilic nature
of natural fiber reinforcements, and their sensitivity to moisture is generally
described by their complicated multiscale arrangement and biochemical structure
(Hill et al. 2009). Réquilé et al. (2019) used hemp/epoxy unidirectional
biocomposites to give an extensive comprehension into sorption of moisture over
a widespread range of relative humidity to explain its effect on progression of the
tensile behavior. Their measurement of moisture sorption and hygroscopic strain
showed that an exponential decay of tensile modulus for increasing moisture content
and the observed progression of the hygroscopic characteristics is accountable for
the formation of inclusive radial stresses on the fiber/matrix interface, which elevates
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the transfer of load and improves the performance of the interface. Several
researches on how transient residual stresses in PMCs can be influenced by moisture
inclusion and influence of anisotropy has been done (Tounsi et al. 2005). In every
case, these residual stresses were highly affected by the hygroscopic behavior of the
composites and responsible for the optimal design of composite structures. Zawada
et al. (2003) studied the fatigue behavior of different CMCs in moist environment.
The study showed that direct contact to moisture fog resulted in rapid deterioration
of the fiber coating and radically decreased fatigue endurance.

21.4.1.3 Thermal Stability
In order to use ACMs as insulating and structural materials as well as in aircraft
engineering, it is important to have a comprehend knowledge about their thermal
properties. Takeno et al. (1986) prepared carbon, silicon carbide, and alumina fiber-
reinforced epoxies as ACMs and measured their thermal conductivity and thermal
contraction to investigate their use in cryogenic application. The study found that
these materials are classified as appropriate for cryogenic structural support members
and effectiveness under variable thermal condition depends upon the fiber type.
Hancox (1998) summarized the works of numerous researchers on effects of thermal
cycling and thermal degradation on different PMCs. Thermal cycling damage,
mainly matrix cracking resulting in reduced flexural and transverse properties, has
been widely documented. There tends to be a minimum temperature, depending on
the material, below which no damage or deterioration occurs, but beyond that, for a
given processing time and temperature, degradation is higher in oxidized condition
than in inert environment. The frictional portion of the interfacial stress was seen to
be virtually insignificant when the thermal expansion of the matrix was smaller than
that of the fiber and increased linearly with thermal expansion difference when the
thermal expansion of the matrix was higher in a number of CMCs reinforced with
silicon carbide fibers. A wide range of CMCs are currently being used in heat
exchanger, HVAC systems, and emerging energy technologies for their thermal
stability (Sommers et al. 2010). Thermal expansion of fiber- and particle-reinforced
MMCs over a wide range of temperature exhibits moderate residual strains.

21.4.1.4 Electrical Conductivity and Resistivity
ACMs are extensively used in modern appliances as resistors, sensors, and
transducers, such as thermistors, piezoresistors, and chemical sensors. Electrical
conductivity of PMCs such as polymer/graphite composites depends on the config-
uration of percolation arrangement, while it depends on parameters of filler and
matrix (Kausar and Taherian 2018). Electrical resistance of PMCs depends on the
tensile strength. It increases at the beginning of tensile test, but falls due to the
debonding of the fibers/matrix and then suddenly amplifies before the breakdown of
the samples due to the breakup of the fibers (Harizi et al. 2019). In CMCs, use of
carbon fibers increases the electrical conductivity, provided the fibers associate each
other and the voltage source. But in general, CMCs can be used as an excellent
electrical insulator. Effectiveness of resistance to electricity of CMCs can be
comprehended by dielectric constant, which is the ratio of the permittivity of the
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material to that of vacuum. Due to presence of free electrons, metals are highly
electrically conductive, and that is why MMCs provide comparatively higher con-
ductivity compared to other conventional composites (Clyne 2018).

21.4.1.5 Magnetic Permeability
Magnetic permeability of any material is known as the material’s characteristic to
enable the magnetic force line, which is directly proportional to the conductivity of
the material to traverse it. PMC material based on Nd-Fe-B reinforced with epoxy
provides exceptional amalgamation of better magnetic and mechanical properties.
The magnetic filler material is directly accountable for the magnetic activity of the
bonded magnets obtained (Grujić et al. 2010). Glass fiber-reinforced epoxy PMC
can be mixed with cobalt or barium ferrite particles to introduce magnetic properties
among them, which enables excellent ability for the examination of these materials
by means of nondestructive tests (NDT) that are sensitive to changes in magnetic
field. It helps to establish magnetic flux leakage (MFL) testing, which is a frequently
used NDT to identify rust, pitting, fatigue, and wall failure in steel structures,
comprising steel pipelines (Fulco et al. 2016). The nanocomposites of iron-
aluminum MMC reinforced with carbon nanotube demonstrated an incessant rise
in saturation magnetization with the increase in the aluminum content and with
integration of cobalt nanoparticles, the soft magnetic characteristics of the MMC
substantially enhanced by dropping coercion and retentivity (Tugirumubano et al.
2020). Incorporation of magnetite (Fe3O4) nanoparticles into aluminum-based
MMC improves its magnetic properties greatly. An increase in the saturation
magnetization and remanence magnetization and a gradual drop in coercive field
can be found with increasing magnetite content (Ferreira et al. 2016).

21.4.1.6 Corrosion and Erosion Resistance
AMCs corrosion entails the chemical or physical degradation of its components
(comprising the structure of the fiber-matrix and the protective surface coat) when
introduced to an aggressive atmosphere. Once exposed to CO and CO2 vapors,
carbon and glass fiber-reinforced PMCs experience corrosion. In presence of oxy-
gen, carbon fibers are more vulnerable to oxidation and glass fibers with higher silica
content show greater corrosion resistance. Nearly all matrices of metals form oxides
with gaseous oxygen; that is why they have a poor resistance to corrosion. Ceramic
matrices, on the other hand, exhibit excellent resistance to oxidation (Hihara and
Latanision 1994).

Erosion behavior of AMCs refers to weakening the material surface due to
mechanical activity, often due to impingement of liquid, slurry scratch, fast-flowing
liquid or gas suspended particles, bubbles or droplets, cavitation, etc. Tilly et al.
(Tilly and Sage 1970) studied the sand erosion characteristics of composites made
from glass/nylon, carbon/nylon, glass/epoxy, and steel/epoxy and accomplished that
composite materials typically have low erosion resistance. Pool et al. researched the
erosion activity of composites of graphite/polyimide, aramid/polyimide, aramid/
epoxy, and graphite/polyphenylene sulphone (PPS) and found that well-bonded
ductile fibers pose the lowest erosion rates in a thermoplastic matrix (Pool et al.
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1986). In general, glass and graphite fibers are fragile and quickly break. On the
other hand, until breakup, aramid fibers break into fibrils and absorb a significant
amount of energy and poses better erosion resistance (Mitramajumdar and Aglan
1992).

21.4.1.7 Environmental Friendliness
The applications of composite materials have dramatically increased in the recent
years which has become a matter of great concern in terms of sustainable develop-
ment. The production of composite materials with reducing the number of nonrecy-
clable plastic wastes and nullifying the environmental impact is the major target to
maintain the environmental friendliness. The biocomposites are the green
composites that are composed of natural fibers and have very low adverse effect
on environment. These composites are very eco-friendly due to their low carbon
dioxide emission, reduced energy consumption, biodegradability, and biocompati-
bility. Recently, these properties are taken into consideration during the production
of any type of composite materials.

21.4.2 Mechanical Properties

ACMs comprehend useful mechanical properties that make them exceptional
materials for replacing metal and ceramic components. These desirable mechanical
properties include tensile strength, flexural strength and modulus, fracture tough-
ness, impact strength, fatigue endurance, hardness, etc., which are discussed in the
following.

21.4.2.1 Tensile Strength
PMCs are highly anisotropic material and have higher tensile strength and stiffness.
The strength and stiffness of PMCs are high when measured similar to the fibers but
low when measured vertical to the fibers. Their stress versus strain curves are
normally linear to failure. The general key characteristics of PMC are such that
they are more efficient in uniaxial tensile loads and bending, giving less deflections
and more resistant to dynamic loads (Kaur and Singh 2020). The fiber-matrix stress
transfer function plays an important role on PMC’s mechanical efficiency
(Mohammed et al. 2015). For instance, Franco and Gonzalez studied the mechanical
behavior of high-density polyethylene (HDPE) reinforced with continuous henequen
fibers (Herrera-Franco and Valadez-Gonzalez 2004). They observed a 10% increase
in longitudinal tensile strength and a 43% increase in the transverse tensile strength
(from 2.75 MPa to 3.95 MPa).

CMCs generally possess excellent compression strengths, and their density is
very low compared to the structural metals. Gadow et al. (2005) used not only
continuous liquid phase-coated carbon fibers but also uncoated fibers to prepare
unidirectionally reinforced CMCs with polysiloxane-based matrix. They observed
that fibers coated with carbon and silicon carbonitride have increased the strength of
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the composite. Though the coatings created decoupling during processing, it
improved the fiber-matrix interface properties.

MMCs show excellent tensile modulus and strength when metal matrices are
reinforced with any fiber. The stress versus strain curves of MMCs frequently show
substantial nonlinearity brought about from yielding of the matrix. MMCs act as
brittle materials though they show nonlinearity in stress-strain curves.

21.4.2.2 Flexural Strength and Modulus
Flexural properties denote the stiffness of the materials, and they measure the
strength when materials are subjected to bending (Benkhelladi et al. 2020). Franco
and Gonzalez (2004) observed that for the HDPE-henequen fiber composites
(Fig. 21.1), fiber-matrix adhesion was promoted by fiber surface modifications
using a silane coupling agent. They observed that for longitudinal fiber direction,
the flexural strength increased from 95.9 to 130.5 MPa, and for the transverse fiber
direction, the flexural strength increased from 6.2 to 15.6 MPa, respectively. Such
changes represent flexural strength increases of approximately 36% and 251% in
longitudinal and transverse directions with respect to the matrix strength. It is clear
from the research findings that the modification of surface has little influence on the
fiber-dominated behavior of the materials. However, for the matrix-dominated
behavior, such as the transverse fiber direction, the improvement in the fiber-matrix
interactions shows a more significant role (Suzuki and Ohsawa 2015).

Fig. 21.1 Effect of various fiber surface treatments on the flexural strength of HDPE-henequen
composites. (Reprinted from PJ Herrera-Franco and A Valadez-Gonzalez (2004) with permission
from Elsevier)
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Multidirectional reinforced composites are weaker than unidirectional reinforced
composite. Because the number of fibers oriented in any specific directions are very
low. The flexural and tensile strengths for a good unidirectional fiber-reinforced
CMC was found in the range of 600–1600 MPa. Ochi produced composite materials
from kenaf fibers and PLA resin having the unidirectional and biodegradability
properties (Ochi 2008). He demonstrated the effect of fiber content on tensile and
flexural strengths and found that both properties increase linearly with increasing the
amount of fiber up to 50%. Increasing the fiber content up to 70%, the tensile and
flexural strengths were found 223 and 254 MPa, respectively. Benkhelladi et al.
(2020) prepared composites from three naturally available fibers such as flax, jute,
and sisal reinforced with epoxy resin, using a 10–20 wt% volume fraction of fiber.
The flexural modulus of flax-, jute-, and sisal-reinforced composites was found
61.87%, 14.80%, and 25.19%, respectively, resulting from the excellent bonding
between fibers and matrix. It was concluded that the fiber–matrix interface greatly
influences the mechanical properties of composite materials.

The improvements in properties of fiber-reinforced CMCs are dependent upon
fiber architecture. Like PMCs, the fiber-reinforced ceramic matrix composites are
also anisotropic. Hyde studied the properties of carbon and silicon carbide fiber-
reinforced oxide matrix composites, GAKC and GAKS, respectively (Hyde 1993).
The ultimate strength of GAKS, determined by four-point flexure, was reported to be
of 900 MPa. Fiber-reinforced CMCs possess high modulus, and if the interface is too
strong, then matrix cracks form normal to the fibers, propagate in a planar mode
through the fibers, and give brittle behavior similar to that in monolithic glasses and
ceramics (Grande et al. 1988).

21.4.2.3 Fracture Toughness
Fracture toughness of a fiber-reinforced composite is mainly dependent on the
brittleness of the fibers and the interfacial bonding. The efficiency of the interfacial
bonding can be characterized by the fiber pull out of a fractured surface. A weak
interfacial adhesion causes very extensive fiber pull out, whereas a high interfacial
adhesion brings about the breaking of the fibers near the fracture plane of the matrix.

The fracture toughness of the composites is greatly influenced by the alignment of
the reinforced fiber to the direction of applied force. The highest strength and
fracture toughness of the material is obtained when the reinforcing fibers are aligned
parallel to the direction of applied force. Both properties decrease with changing the
alignment of the fibers, and it continues to the lowest when the applied force is
vertical to the fiber direction. Kepple et al. produced epoxy–carbon composites using
carbon fiber (CF) laminas functionalized in situ with carbon nanotubes (CNTs). The
CNT as grown on the woven CF was shown to improve the fracture toughness of the
cured composite by 46% (Fig. 21.2). This was accompanied by no loss in structural
stiffness of the final composite structure. In fact, the flexural modulus was reported
to be increased by approximately 5% (Kepple et al. 2008).

A strong interfacial strength is important for better shear properties, whereas
poorer interfacial bonding is needed for toughness. The interfacial strength plays a
dominant role in determining the shear properties, a higher bond strength give higher
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composite strength. But weaker longitudinal behavior may occur due to higher bond
strength in case of glass and ceramic matrix composites.

A fiber-reinforced CMC is more attractive in comparison to glass and ceramic
materials because of its quality to act against catastrophic brittle fracture. The
particulate-reinforced CMCs show similar fracture mechanism to the glass and
ceramics, while the fiber-reinforced CMCs show different mechanism. So, during
using particulate-reinforced CMCs, the manufacturer can plan with greater confi-
dence due to their higher fracture toughness and Weibull moduli.

Furthermore, the deformation and fracture properties of fiber-reinforced MMCs
are strictly influenced by several factors such as the ductility of reinforcing fibers,
percentage content of fiber, interfacial interaction between reinforcing agent and
matrix, distribution of fiber in the matrix, the percentage of strain, and operating
temperature. It is reported by Lee et al. (2000) that the flow stress shows positive
relation with strain rate but negative with temperature. They found the maximum
fracture strain at low-rate testing, although great increase with strain rate and
temperature is found in the dynamic range. The fracture toughness of MMCs is
invariably lower than that of the base alloy.

Fig. 21.2 Fracture toughness for carbon epoxy composites. (Reprinted from Kepple et al. (2008)
with permission from Elsevier)
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21.4.2.4 Impact Strength
Impact is a dynamic event that may involve high contact load acting over a small
area for a very short period of time. Composites do not show good impact strength
due to the absorption of impact energy by following the fracture mechanics instead
of elasticity and plasticity (Kreculj and Rasuo 2018). One of the fundamental
quantities in impact dynamic is impact velocity. The fatigue of composites cannot
be demonstrated without considering the effect of the damage because of low
velocity impacts on the starting of fatigue fracture. In particular, this low energy
impact incites delaminations inside the composites, which can spread under cyclic
loading. During the prediction of fatigue fracture, the damage initiated by a light
impact is considered (Bathias 2006).

Shah et al. (2019) studied the factors upon which the impact resistance and
damage tolerance of fiber-reinforced composite depend. The factors are classified
into primary and secondary factors. The primary factors include fabric design and
resin toughness that greatly influence the impact resistance and damage tolerance of
fiber-reinforced composite. Whereas, secondary factors include hygrothermal
conditions, stacking sequence, fiber and matrix hybridization, impactor size,
shape, and mass. Various methods have been proposed for improving the impact
resistance of composites structures such as using tough matrix system, through
thickness stitching, woven fabric, and hybrid fibers. The key target of the techniques
is to increase the interlaminar fracture toughness and the strength of composites.

For fiber-reinforced composites, Mylsamy and Rajendran (2011) found the
impact resistance value of 1.53 J for agave fiber epoxy composite with matrix
crack growth. They concluded that good chemical bonding between fiber and matrix
is important for improved impact strength, flexural strength, and flexural modulus of
the composites. Moreover, Hande and Omer (Sezgin and Berkalp 2017) found that
by adding high impact resistant fibers in outer layer, and placing high tensile strength
fibers at the inner layer, higher impact values and tensile strength of composite
materials can be attained simultaneously.

For particle-reinforced composites, for example, PMCs reinforced by glass fiber
and titania particles, mostly the titania particles, prevents the growing of crack and
results in changing the crack and its direction by turning it to a group of minor
cracks. This changing in shape and direction of the crack leads to an increase in the
material resistance, since there is a bonding between the titania particles and the base
material (Marhoon 2018).

21.4.2.5 Fatigue Endurance
The factors that affect the fatigue behavior of brittle composites are matrix cracking,
interfacial debonding, and delamination. Fiber-reinforced composites’ fatigue fail-
ure mechanisms may change with the degree of applied force level. It has been stated
that the fatigue strength of a composite is influenced by its constituent fibers and
matrix (Papakonstantinou and Balaguru 2007). The composites produced from the
same matrix reinforced with different fibers show important differences in fatigue
strength.
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In PMC, the fatigue damage is not related to plasticity. In case of PMCs
reinforced by long fibers, matrix cracks appear first followed by the fracture of the
fibers. These microcracks having thickness of one layer cause the starting of damage.
Propagation causes multiplication of cracks and bring about delamination, until the
rise of ultimate fracture of the fibers. Barkoula et al. (2008) prepared PP-woven
composites and observed the possible damage development mechanisms. PP-woven
composites was found to have high resistance to fatigue, and their endurance limit
was as high as 65% of their UTS. High resistance to fatigue of all-PP composites has
good interfacial properties. On the other hand, Pannkoke and Wagner (1991) studied
the fatigue behavior of unidirectional (UD) composites with different fibers and
matrices and concluded that the fiber-matrix bond probably has little influence on the
fatigue resistance of the composite.

The fatigue resistance of PRCs depends on numerous factors such as percentage
content of reinforcing agent, particle size, matrix structure, and the presence of
defects arising from processing. Different researches have investigated the reason
of high fatigue resistance and pointed increased volume fraction and decreased
particle size (Chawla et al. 1998; Hall et al. 1994). For an applied stress, the
composite undergoes a lower average strain than the unreinforced matrix. Thus,
the fatigue lives of particle-reinforced composites are generally longer than those of
unreinforced matrix.

21.4.2.6 Hardness
Marhoon (2018) produced polymer matrix composites reinforced with short, random
glass fiber and glass fiber with titania particles. He observed that hardness increased
with increasing the weight fraction of the titania particles and got better results than
for glass fiber alone of same weight fraction. He observed that the type of the added
particles to the polymer matrix had a high effect on the hardness of the composites
and concluded that since titania has a high hardness, the samples reinforced with
glass fibers and titania particles was found to be higher in comparison to sample
reinforced with short random glass fiber.

21.4.3 Comparison of Properties of Different Types of Advanced
Composite Materials

As we mentioned in the earlier sections, ACMs can be classified in various ways, and
most of them are in the PMC and MMC types. Therefore, in this section, the
engineering properties like modulus of elasticity, stiffness, tensile strength, etc.
have been compared for the MMCs and PMCs. If we consider the composites as
AMCs, then PMCs have better properties than MMCs. PMCs are usually anisotropic
and have very high tensile strength and stiffness parallel to the reinforcing fiber.
Generally, they have linear stress-strain curve. Moreover, PMCs are more effective
in uniaxial tensile loads and bending. They have characteristics of resistance to
deflections and dynamic loads. PMCs are advanced in the state of art and easy to
change design and repair. Furthermore, raw materials for these composites are
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cheaper, and they have advanced and low-cost fabrication technology (Keya et al.
2019).

On the other hand, MMCs are also gaining attention in the world of composites
due to their good engineering properties of strength for the structural materials.
MMCs are usually isotropic material and have better properties like fatigue and wear
resistance, strength to density ratios, stiffness to density ratios, etc. than monolithic
metals. They also have some advantages than PMCs like better transverse strength
and stiffness, more radiation resistance, no moisture absorption, etc. However, they
have many limitations of high costs, novel technologies, difficult fabrication pro-
cesses, inadequate service experience, etc. Comparative engineering properties of
MMC and PMCs are shown in Table 21.1 (Kaur and Singh 2020).

21.5 Characterization of Advanced Composite Materials

21.5.1 Tensile Strength Testing

The determination of tensile properties of advanced composite materials is consid-
ered very important when the materials are designed for practical application. The
test method, sample structure, and application of load significantly influence the
result of tensile testing. The sample specimen for tensile testing is prepared
according to the American Society of Testing and Standard (ASTM). The shape of
the testing sample depends on the orthotropic property of the advanced composite
material, which may be defined as the ratio of the axial tensile strength to longitudi-
nal shear strength. Dog-bone-shaped or dumbbell-shaped specimen or ASTM stan-
dard D 638 is suitable for low orthotropic, randomly oriented, discontinuous, and
moldable composite materials (Rahman and Putra 2019). The difficulty of
performing tensile test increases with increasing the orthotropy of the material.
The ASTM standard D 638 cannot be utilized for high orthotropic materials because
specimen failure may occur at the end of the dog-bone-shaped specimen close to the
gripping region of the machine. In this case, the straight sided specimen or ASTM
standard D 3039 is designed to eliminate the stress concentration so that the
probability of specimen failure can be reduced. The shape of the sample specimens
is shown in Fig. 21.3a, b.

Table 21.1 Comparative
engineering properties of
composite materials

Property MMC PMC

Strength axial (Mpa) 620–1240 820–1680

Stiffness (Gpa) axial 130–450 61–224

Specific strength (axial)
Specific gravity
Elastic modulus (Gpa)
Transverse strength (Mpa)
Transverse stiffness (Gpa)

250–390
2.5–3.2
419.4
30–170
34–173

630–670
1.3–2.5
221.7
11–56
3–12

Maximum use temperature (�C) 300 260
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The hydraulic wedge grips have been used for tensile loading of the test speci-
men, which is shown in Fig. 21.3c. The hydraulic pressure is loaded in the wedge of
the hydraulic grips before starting the tensile test by means of external grip supply.
The level of hydraulic pressure must be predetermined to make the gripping force
adjustable with specimen so that the damage to the specimen can be prevented.
Though the hydraulic wedge grip is heavy and expensive, it performs accurate result
of the test specimen. The cross-sectional dimensions at various points of the speci-
men are measured and the strain readings are recorded continuously to produce the
stain-stress curve. Furthermore, the important mechanical properties such as
poison’s ratio, young modulus, and ultimate tensile strength can be determined
from the strain-stress curve of tensile testing.

21.5.2 Compression Testing

The suitable compression test method is selected by its ability to produce compres-
sion failure without creating global buckling instability of the specimen. During the
choice of a testing method, the fixture design, loading technique, and specimen size
are considered. There exist several testing machines based on the three different
means of load introduction such as shear loading, end loading, and combined
loading. The first ASTM standardized compression test method is the shear loaded
Celanese compression test fixture, which is developed by Celanese Corporation. The
Celanese compression was initially referred to in the ASTM D 3410 standard, but
later it was removed because of its misalignment issues. The problem associated
with the lack of alignment rods was overcome by the Illinois Institute of Technology
Research Institute (IITRI). Then the IITRI compression test method was
incorporated into ASTM D 3410 standard. An obvious method was standardized

Fig. 21.3 (a) Specimens’ shape for tensile testing: (a) dumbbell or dog bone, (b) rectangular bar,
and (c) MTS 647 side-loading hydraulic wedge grips. (Reprinted from Rahman and Putra (2019)
with permission from Elsevier)
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for end loading compression testing of the plastic materials in ASTM D 695. This
testing method was modified by including an L-shaped stand for high-performance
composite material, which was commonly termed as Boeing modified ASTM D
695 compression test method. There are merits and demerits of both shear loading
and end loading testing method. Combining the favorable features of both loading
types, a new compression test method was standardized by ASTM, that is, ASTM
D 6641.

21.5.3 Shear Testing

Shear testing is a popular method to determine the shear modulus and shear strength
of advanced composite material. There are several shear testing methods that are
included in ASTM standard. The commonly used ASTM standard shear testing
methods are the Iosipescu shear test (ASTM D 5379), the two- and three-rail shear
test (ASTM D 4255), the V-notched rail shear test (ASTM D 7078), the [�45]ns
tension shear test (ASTM D 3518), and the short-beam shear test (ASTM D 2344)
(Munro and Lee 1986). The result of shear testing may vary depending on the
selection of proper method. The desired shear testing method is carefully chosen
based on several factors such as attainable shear properties and applied shear stress.
The main difficulty in measurement of quantitative shear properties is the lack of
pure and uniform condition of shear stress in the test specimen. The problem
associated with the application of uniform shear stress increases with increasing
the anisotropy and decreasing the homogeneity of advanced composite material. The
accurate evaluation of the shear properties can be attained by reducing the premature
failure of the test specimen. This can be achieved by minimizing the extraneous-
induced stress such as tensile and compressive stress that are normally combined
with shear stress. The data collection procedure and data reproducibility are also
very important factor for selecting a suitable testing method. Considering the above-
discussed requirements of ideal testing method, the Iosipescu shear testing method is
found to be the most prominent technique for determination of shear properties of
advanced composite material (Carlsson et al. 2014). The standard specimen for
Iosipescu test is prepared by making the flat surface of the top and bottom edge of
specimen, which is parallel to each other. In addition, it is processed with 90-degree
matching notches cut at specimen mid-length (Janowiak and Pellerin 2007). The
Iosipescu shear testing fixture and specimen are shown in Fig. 21.4. A complete
shear stress-strain curve can be obtained by embedding a strain gage to one or both
face of the test specimen. The shear modulus and shear strength are then calculated
from the attained stress-strain curve.

21.5.4 Flexure Testing

Flexure testing is a popular method for analyzing the quality of advanced composite
material during the structural fabrication process. The easy preparation of test
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specimen and the simple testing procedure have increased the adoptability of flexure
testing. The flexure testing is usually performed to determine the flexure modulus
and flexure strength of the test specimen (Appusamy et al. 2020). There are two
different types of flexure testing standards which are three-point flexure test (ASTM
D 790) and four-point flexure test (ASTM D 6272). These flexure testing techniques
are included in a new standard (ASTM D XXXX-02) to determine the flexure
properties specifically for composite materials which are made by the composite
committee of ASTM. Among these flexure testing standards, the ASTM D 790 is
most widely used. The flexure test specimen is prepared by maintaining the constant
width and thickness of the material. A deflection measuring device or a strain gage is
added under the mid-span of the specimen to determine the beam displacement. The
strain data are recorded at different load intervals. The set of collected data is
arranged to draw the flexure stress-strain curve which is used to calculate the flexure
modulus and flexure strength.

21.5.5 Hardness Testing

Hardness testing of advanced composite material is very important to determine the
plastic deformation of the material under the influence of external stress. It evaluates
the integral property of the surface by determining the material resistance to pene-
trate at the outer surface. The reinforcing materials of the composite increase the
resistance to plastic deformation, which lead to an increase in hardness (Saravanan
et al. 2015). The Brinell and Rockwell hardness testing machines are usually used
for the determination of hardness which are standardized by ASTM as ASTM E10

Fig. 21.4 Iosipescu shear testing fixture and specimen. (Reprinted from Lee and Munro (1986)
with permission from Elsevier)
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and ASTM D 785, respectively. In Rockwell testing, the diameter of the indentation
need not be measured which makes it faster than the Brinell testing. In addition, there
is no need for surface preparation of the specimen before testing in Rockwell testing
machine.

21.5.6 Impact Testing

Impact testing is one of the widely used techniques for determination of the service
life of an advanced composite material. It evaluates the capacity of a material to
resist fracture under high rate loading or to resist breaking under a shock loading.
The impact testing machines measure the amount of energy absorbed by a material
during fracture which indicate the toughness of the material. This testing method
assesses the brittleness or ductility of the material by thoroughly studying the
temperature-dependent brittle-ductile transition. There are two standard types of
impact testing methods: Charpy and IZOD (Vieira et al. 2018). The shape of the
test specimen, especially the notch, is very important because it can influence the
result. Charpy test specimens contain two types of notches: either V-notch
(AV shaped notch) or U-notch (key-hole notch), whereas the IZOD test specimens
contain only one type of notch. Unlike IZOD test, the Charpy test specimen is placed
in horizontal position keeping the notch away from the striker. The application of
IZOD test method is limited due to the complicated and inconsistent failure modes.
On the other hand, the Charpy test method is more reliable and cost-effective for the
determination of impact strength of advanced composite material (Tarpani et al.
2009). Generally, the impact strength is calculated by dividing the impact energy by
the thickness of the specimen. The higher impact strength indicates the greater
toughness of the material.

21.5.7 Thermo-Elastic Testing

Thermo-elastic response of advanced composite material is determined by measur-
ing the coefficient of thermal expansion (CTE) of material (Dergal et al. 2019). A
moisture-free, flat specimen of any dimension is selected for the measurement of
CTE of composite. The strain and temperature of the testing materials are monitored
by embedding strain gage and thermocouple with the test specimen. These can be
performed simultaneously by using a resistance gage circuit. The temperature range
of the test is selected by considering the monitoring devices and the composite
material. The adhesive used for the bonding of strain gage and specimen is an
important factor for determination of CTE. It is selected in such a way that its heat
capacity is in the range of designated temperature. Several ASTM standards such as
ASTM E228, ASTM D696, and ASTM E831 are used for the measurement of CTE
value of composite materials by using vitreous silica dilatometer or thermo-
mechanical analysis apparatus.
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21.5.8 Open-Hole Tension Testing

The open-hole tension testing of advanced composite material is performed to
determine the strength of composite material containing a circular hole. The ultimate
strength of the material is greatly influenced by the hole-size, reinforcement, and
matrix properties of the material and their interfacial bonding. The hole in the
material induces brittleness which reduces the strength of the material. The widely
accepted models for determination of the tensile strength of these materials are point
stress criterion (PSC) and average stress criterion (ASC) (Tinô et al. 2014). The
testing material is prepared by selecting the hole in the mid-length of the test
specimen. The open-hole test specimen is shown in Fig. 21.5. The applied load
versus crosshead displacement is continuously monitored to determine the ultimate
load and load displacement behavior.

21.5.9 Microstructural Analysis

Microstructural analysis is very important during the manufacture of advanced
composite materials when the materials are designed for any specific application.
These analyses are performed to identify the constituent elements, structural shape,
size, surface area, porosity, impurities, defects, and crystallinity of numerous com-
posite materials. The microstructural analyses are accomplished with special impor-
tance to maintain the desirable structural properties of the nanocomposites. The
analyses are carried out by different analytical techniques such as scanning electron
microscopy (SEM), transmission electron microscopy (TEM), Fourier-transform
infrared spectroscopy (FTIR), nuclear magnetic resonance (NMR), Brunauer-
Emmett-Teller (BET), X-ray diffractometer (XRD), etc. The SEM analysis is
performed to identify the shape of the reinforcement and matrix materials of the
composite. The TEM analysis can measure the size of the nano- and
microcomponents used in the composite materials. In a research, a core-shell
composite material (Fe2O3@APFS) using Fe2O3 as core and amino phenol formal-
dehyde resin (APFS) as shell was prepared to get excellent mechanical and thermal
characteristics (Sun et al. 2020). The TEM and SEM image shown in Fig. 21.6
represents the core-shell structure and spherical shape of the Fe2O3@APFS particles,
respectively. The FTIR and NMR analyses are carried out to determine the

Fig. 21.5 Open-hole tension
test specimen

21 Properties and Characterization of Advanced Composite Materials 611



functional groups and nuclear spin of the molecules, respectively. The BET analysis
can measure the surface area, pore volume, and pore size of the composite materials.
The XRD analysis is done to identify the crystalline or amorphous phase of the
composite material. These analyses help to make a composite material compatible
for targeted utilization.

21.6 Applications

21.6.1 Biomedical Applications

Biocomposites have been successfully used in different biomedical applications
such as drug delivery, tissue engineering, body implants, etc. The biocomposites
have been utilized properly in targeted and sustained drug delivery which were
experimented in different research works. Hasan et al. prepared a nanocomposite
from chitosan, polyvinylpyrrolidone, and cellulose nanowhiskers and evaluated its
potential as drug carrier for wound healing (Hasan et al. 2017). The result showed
that the excellent biocompatibility and high antimicrobial properties of the compos-
ite film has made it a suitable material for wound dressing application. Recently, a
number of researchers are vigorously working for the fabrication of different com-
posite materials for tissue engineering and body implants applications. In a research,
a biocomposite scaffold material was prepared from chitosan, carboxymethyl cellu-
lose, and cellulose nanowhiskers modified with silver nanoparticles for tissue engi-
neering application (Hasan et al. 2018). The excellent antimicrobial, improved
mechanical strength, and good biocompatibility properties of the scaffold material
have made it capable for bone tissue regeneration and proliferation, and nullifying
the bone-related infections. In another research, a composite film of biphasic calcium
phosphate with laser textured was prepared to evaluate its suitability for orthopedic
applications (Behera et al. 2020). The result showed that the biomaterial performed
excellent bioactivity and biocompatibility, enhanced cell spreading and prolifera-
tion, and better osteointegration capabilities.

Fig. 21.6 (a) TEM and (b) SEM images of Fe2O3@APFS composite. (Reprinted from Sun et al.
(2020) with permission from Elsevier)
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21.6.2 Aerospace

The advanced composite materials have attracted the great interest for the construc-
tion of aircraft and spacecraft materials. This is due to meeting all the requirements
necessary for the entire aerospace programs. These composite materials perform
excellent properties such as light weight, enhanced reliability, corrosion resistance,
erosion resistance, durability, etc. Numerous reinforcing agents such as glass, aramid
and carbon fibers, etc., and matrix materials such as epoxy, phenolic, polyester, and
polyimides are usually selected for the development of composite materials suitable
for aircraft tools.

21.6.3 Electronics

The thermoset composite materials are more suitable for electronics applications
compared to conventional composite materials. Epoxy, melamine, and phenolic
composite materials are used for the production of electronic switch board, elec-
tronic sensor, energy storage, circuit board, circuit breakers, insulator, gear, etc. The
density, electrical conductivity, and electromagnetic interference properties are
strictly maintained to manufacture the desirable composite materials. Wu et al.
prepared a composite electrode material from graphene and metal oxide to use as
an energy storage, which is shown in Fig. 21.7 (Wu et al. 2012).

21.7 Conclusion

Advanced composite materials (ACMs) have attracted considerable attention over
the last few decades. The use of advanced composite materials is inevitable because
they provide exceptional mechanical strength. They are unavoidable because they
have high stiffness, high modulus, low density, relatively low weight, excellent
resistance to fatigue, and corrosion. These unique properties of ACMs make them
effective in many uses including aircraft, aerospace, and sports equipment sectors.
We expect that the extensive varieties of properties and characterization give rise to

Fig. 21.7 Schematic of the grapheme/metal oxide composite. (Reprinted from Wu et al. (2012)
with permission from Elsevier)
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ACMs as promising materials for future development by emerging products on the
market.
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Insight of Iron Oxide-Chitosan
Nanocomposites for Drug Delivery 22
Adib H. Chisty and Mohammed Mizanur Rahman

Abstract

In general, Chitosan (most abundant polymer after cellulose) is a kind of amino
polysaccharide derived from chitin in deacetylated form. The primary amine
groups of chitosan molecules are accountable to its numerous characteristic
responses, for instance, structure which is cationic in nature, regulated drug
discharge, mucoadherence, on-site gelation, augmentation of antimicrobials,
invasion, etc. The use of nanotechnology in medicine, especially the delivery of
drugs, is likely to grow much more swiftly than it has in the past two decades.
Many nanoparticles (NPs), including those for cancer therapy, have been found to
be assessed more recently for drug distribution. As a result of their
‘superparamagnetic’ responses, nanoparticles of iron oxide were studied and
demonstrated successful use in various applications. Drug-charged iron oxide
NPs can accumulate at the site in targeted drug delivery systems, using an
external magnetic field. This may result in gradual effectiveness as drugs are
released to the site and cells are defeated without destroying healthy cells. This
chapter describes recent drug delivery developments using iron oxide core NPs as
the carriers of therapeutic agents. In their application as matrices or shells for the
fabrication of DDS, both the chitosan and the polymers based on chitosan
derivatives are among the maximum scrutinized polymers that occur naturally.
It will thus illustrate the characteristic belongings of chitosan or polymers based
on chitosan derivatives as a polymer of cationic nature that further results in
enhanced bioavailability and greater therapeutic effectiveness of some specific
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materials related to drugs on account of their increased bioadherence to dissimilar
tissues.

Keywords

Chitosan · Nanoparticles · Nanocomposites · Superparamagnetic

22.1 Introduction

In recent times, nanoparticles that are magnetic in nature have been found to be
extensively studied owing to their significant magnetic properties together with
technological aspects (Zhou et al. 2009; Zhang et al. 2011a). In literature, the
biomedical application of magnetic nanoparticles, for instance, nanoparticles of
iron oxide have been described over the past decades (Sharifi et al. 2012; Karimi
et al. 2013). Higher saturation magnetization along with higher magnetic suscepti-
bility, non-toxic character, higher chemical strength, non-carcinogenic nature, abil-
ity to biodegrade, intrinsic biocompatibility, simplicity of production, comparative
easiness in modification, lower reactivity to oxidation and the most responsive
surface have been stated to upsurge the application of iron oxide nanoparticles
most promisingly in the field of medical science (Fang et al. 2009). Furthermore,
such nanoparticles can simply be altered with biocompatible coatings together with
targeting, imaging and therapeutic molecules as well (Závišová et al. 2011).

In the meantime, polymers are conventionally well thought as excellent host
matrices during the preparation of composite materials. Numerous polymer
nanocomposites have been reported to be prepared having a diversity of inclusions,
for instance, nanotubes of carbon, materials of semiconductive nature, and magnetic
nanoparticles (Wilson et al. 2004). In actual fact, nanocomposites based on polymers
have turned out to be a substantial field of current inquiries and improvements
because of its probable applications in bioscience and the easiness of engineering
nanocomposites having prominent antistatic, magnetic and electric properties.
Hence, the materials of composite character consisting of polymer and nanosized
iron oxide particles have evoked the substantial consideration of the scientific
society as they frequently embrace the required characteristics of the inorganic and
organic compounds simultaneously (Sondjaja et al. 2009). In recent times, magnetite
nanoparticles were found to be fused into polymers, for example, DNA, polyethyl-
ene glycol, polyvinyl alcohol, polyacrylic acid, protein and poly-saccharide
mediums to expand its uses in biomedical sector involving the separation of mag-
netic cell, targeted drug transportation method and resonance of magnetic nature that
further results in a successful imaging of clinical diagnosis (Bhatt et al. 2010).

Amongst numerous biopolymers, chitosan has outstanding ability to form films,
extended mechanical response, higher bioabsorbability, harmless character, greater
water absorbency, proneness to chemical modifications and better cost-effectiveness
(Zhang et al. 2010). Chitosan, usually produced from chitin, is considered as one of
the major components of crustacean shells and fungal biomass which is easily
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obtained while processing the seafood wastes (Yuwei and Jianlong 2011). As shown
in Fig. 22.1, chitosan, a polysaccharide which is linear in shape, comprises of
arbitrarily dispersed β-(1, 4)-bonding between N-acetyl-D-glucosamine and D-glu-
cosamine. Such polymer of biological origin enables the treatment of wound and
shows bacteriostatic effect owing to the presence constructive polarities on it at
physiological pH while working as a bioadhering agent to upsurge its sustainability
at the centre of application. On account of such promising properties, extensive use
of chitosan has been found in the sectors associated with biomedicals compared to
other biopolymers (Mahmoudi et al. 2011). On top of biomedical applications,
chitosan can be utilized in waste water treatment due to its compatibility with
metal ions (Yuwei and Jianlong 2011).

Many attempts have been taken to obtain the synergistic results while combining
chitosan with metal oxide nanoparticles (more specially iron oxide nanoparticles).
Owing to its supermagnetic nature, iron oxide-based nanocomposites are frequently
used for both the magnetically targeted cancer therapy and an improved drug
delivery while recovering biomolecules for desired biosensing applications (Gao
et al. 2009; Yoo et al. 2012; Fortin et al. 2007). Moreover, the combination of
chitosan together with iron oxide nanoparticles (IONPs) in such composites
overcomes the clinical limitations associated with IONPs including poor physiolog-
ical strength, rapid clearance of blood that commences the circulation and particu-
larly the absence of targeted centre in drug delivery systems (Kong et al. 2013; Ma
et al. 2013; Lin et al. 2015). The chapter represents an overall discussion on various
studies based on chitosan-iron oxide nanocomposites in biomedical applications
emphasizing the potential drug delivery system.

22.2 Major Challenges in Drug Delivery

The extent of the successful distribution of drugs has been found to rise and evoke
the kind consideration of the scientists and pharmacists as well. Significant improve-
ment of the current drug delivery system can convey and release a drug accurately
and securely to the targeted site is becoming the ‘holy grail’ to the pharmaceutical
investigators day by day (Orive et al. 2003c).

Certainly, a significant number of novel delivery systems are reported per annum
and practically each and every segment of the body are assessed as a prospective

Fig. 22.1 Structure of
chitosan
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path for the administration of traditional and innovative medicines. Thus, certain
ways of carrying drugs (that are sparingly soluble), peptides and proteins have been
developed. Moreover, rigorous assessment of the effective distribution of drugs is
still undergoing at the present time.

Therefore, the periphery of drug distribution is altering significantly. Advantages
of the innovative preparations are continuously assisting the creation of an innova-
tive marketplace in the boundary of drug distribution. In effect, previous surveys by
Business Communications Company Inc. reported the market of the United States
with promising investments only for drug delivery systems and are expected to rise
by many folds in the upcoming decades (Orive et al. 2003c).

22.2.1 Current Obstacles

Delivery of a drug in a non-toxic and consistent way to the centre of target in a
required level is the ultimate goal of medication. However, in case of many drugs,
such perfect necessities set up fanfare in spite of expectation. For instance, oral
administration is considered as one of the convenient approaches of drug distribu-
tion, due to its non-hostile character, sufficient peptide or protein-based drug deliv-
ery has not yet been achieved through this track. The phenomenon stated here can be
attributed to the presence of acidic conditions prevailing in the stomach and the
refusal delivered by the intestine that either modify, terminate or lessen the absorp-
tion of approximately all macromolecules along with lessening their bioavailability.
Consequently, a huge number of diabetics throughout the world have to go through
insulin shots every day that provoke a higher fraction of disregard in this treatment.

Further commonly practiced ways of administrating drug molecules are enlisted
as the distribution through injection and nasal pathway. In such cases, transportation
via nasal track exhibits a deprived accumulation capacity of compounds with polar
character, while discomfort and the hesitancy of patients are accompanied by
injection to utilize the stated procedure (Illum 2002). Other than nasal drug delivery
and injection, administration of drugs throughout the skin is another available
alternate. To be successful, drugs must overcome the external sheath known as
stratum corneum that inhibits the proper spreading of substances. Other foremost
encounters considered are the transmission of drugs in intracellular fluids, tendering
drugs into tumour cells and the directed distribution of glycoproteins as well.

The absence of an appropriate drug distribution system is not only responsible for
the traditional routes of drug administration and dosage formulas but also a major
disadvantage in the advancement of innovative approaches including gene therapy,
cell therapy and RNA interference (RNAi) as well (Check 2003). During the therapy
related to gene, a virus is allowed to use as a carrier to transport genes that get active
inside the cells of a patient. Nonetheless, if the carrier stated here associates with the
genes present in a cell, it usually results in uninhibited mutations inducing cancer.
Such kind of therapy is not incidental as verified by the disastrous demise of the trial
volunteer in the past (Marshall 1999; Check 2002). Correspondingly, if the ability of
RNAi approaches is to be understood, scientists should cultivate ingenious methods
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to defend the trivial interfering of RNAs (siRNAs) present in the arteries and to
direct those into the correct cells.

Entirely stated downsides have enthused numerous firms related to biotech and
pharmaceuticals to improve the approaches of drug distribution, as revealed in
Table 22.1, exerting their function in an effective and non-toxic manner. Nonethe-
less, effective guidelines providing a clear path on the modification of the field of
drug delivery were incomplete.

22.2.2 Advances in Drug Delivery

22.2.2.1 Oral Drug Delivery
At present, various research groups are exploring innovative techniques to develop
the shield and consumption of peptides after its administration through oral track.
For example, the application of biochemicals that are adhesive in nature has been
reported to stimulate the permeation of drug molecules via and among the cells of
intestine (Orive et al. 2003c). Polymers, for instance, polyanhydrides, bound to both
the stomach and across the mucosa of intestine, result in amended bioaccumulation
of drugs. Lectins, a second-generation bioadhesives, have been found to be consid-
ered due to their non-toxic character and distinct binding characteristics accelerating
a ligand-receptor relationship (Kilpatrick et al. 1985; Carreno-Gomez et al. 1999).
Scientists are still conducting several research works on blocking protease inhibitors
along with cellular pump systems to avoid the potential captivation of firm drug
molecules and hence reducing their healing efficacy. In this circumstance, Glytech
technology usually intended to provisionally prevent and/or resist the pumping
system of p-glycoprotein established by Eurand (Orive et al. 2003c). Outcomes
associated with the stated procedure in brute simulations showed improved absorp-
tion profiles of various compounds which are therapeutically active.

Table 22.1 Particular pharmaceutical companies together with their technologies on drug delivery
(Orive et al. 2003c)

Firm Technology Invention

NanoSpectra
Biosciences
(Houston, TX)

Nanosized shells Nanosized particles in ophthalmic treatments

Sontra Medical
Corporation
(Franklin, MA)

Ultrasound Sonography in case of transdermal drug
distribution

MacroMed Inc.
(Sandy, UT)

Poly(D,L-lactide-co-
glycolide)
microspheres

Drug delivery systems that enable modified
administration of difficulty to deliver ratio of
reactive molecules

Neurotech SA (Evry,
France)

Cells that are
encapsulated

Technology related to cell encapsulation in
drug delivery to both the eye and the brain

CellMed (Alzenau,
Germany)

Cells that are
encapsulated

Microencapsulated human cells that are
genetically engineered for chronic illnesses
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Drugs, containing peptides, can further get fused to a transferor of macromolecu-
lar nature, that is, a polypeptide or polymer (Shen 2003). Presently, polyethylene
glycol is considered as one of the most extensively utilized polymers for the
alteration of proteins together with therapeutic effectiveness owing to its lower
toxic character, cost and commercial accessibility of numerous molecular weight
variations as well (Roberts et al. 2002). Applying the parallel technique, Nobex
corporation utilized the polymers of lower molecular weight to the active sites of
drug molecules resulting in new drug-polymer conjugates (Veronese and Harris
2002). Nobex is utilizing such procedure to establish a formulation of insulin which
is able to administrate via oral track. Even, regarding the Phase II medical trial on
patients, a prompt dose depending captivation of the insulin together with a lower
glucose level prevailing in blood has been attained with no danger.

22.2.2.2 Nasal Drug Delivery
Administration of drugs through nasal routes has evoked much more attention in
recent centuries. Various chemical agents as a fascination enhancer have been found
to expand the accumulation of drug molecules that are polar in nature. For instance,
preparations on the basis of powdered chitosan have been found to be investigated
for the proper adenoidal administration of both the morphine and the insulin (Illum
et al. 2001). Moreover, the implementation of poly-L-arginine, cyclodextrins along
with lipids as effective accumulating agents are correspondingly considered in
numerous investigations (Merkus et al. 1999). Numerous communities are working
very hard to find an innovative drug distribution technique via nasal track; for
instance, Aradigm has established a nozzle-containing element to confirm greater
aerosol characteristics every time when a patient breathes in medication. At present,
the determination of accuracy of the indicated procedure is in scientific trials for
several drugs that include morphine, insulin, testosterone and interferon α-2b
as well.

22.2.2.3 Transdermal Drug Delivery
The transdermal application of drugs is directly connected to the circulation of
blood. As studied by Langer, two dissimilar mechanisms (i.e. sonograph and
iontophoresis) are usually implemented to overcome the resistance of the skin
(Langer 2003). By means of iontophoresis, Iomed Inc. has modified Phoresor1 to
provide the drug named iontocaine. Other approaches to transdermal drug transpor-
tation were found to include the modification of microneedles that build microscale
paths through the skin while developing its penetrability (Henry et al. 1998;
McAllister et al. 2000).

22.2.2.4 Encapsulation Methods
Incorporation of the molecules that are therapeutically active in microparticulate
transportation systems symbolizes a different alternative path to shield and deliver
the medication to the targeted site. Microparticles based on polymers, micelles and
liposomes are the examples of these systems. Liposomes are considered to be formed
from phospholipid bilayers having an internal segment that can be utilized for
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encapsulating various drugs (Gabizon 2001; Torchilin and Lukyanov 2003). In a
study, Savic et al. stated the micellar growth from two categories of polymers (Savić
et al. 2003). In case of administrating the molecular ‘globules’ along with drugs,
such nanosized biostable containers were found to cross the barrier of a rogue cell.
Even though they could not access the nucleus while being capable of reaching
Golgi apparatus and mitochondria constituting the significant objectives for drug
delivery. Applying such technique of microenvelopment, academics have now been
exploring the opportunity of adding cells working as ‘plants’ discharging healing
agents (Orive et al. 2003a). To get success, microcapsules need to be covered with an
immunobarrier of semipermeable nature which can further provide a double-
defensive functions called the immunoisolation of the transferred tissue from the
providers insusceptible reply that further shield hosts from any kind of biological
hazard. Technology regarding the cell encapsulation prevails numerous benefits
compared to other encapsulation of peptides comprising the discharge of polypep-
tidic healing agent and provides the opportunity to control peptide transportation as a
role of corporeal necessities (Orive et al. 2003b). Consequently, a varieties of
encapsulated cells have been established in numerous uses and to deal numerous
infections. These embrace the growth of liver and pancreas, healing of traditional
Mendelian disarrays due to the deficiency of gene product and/or in the presence of
enzyme, the management of uncontrolled cell dissection and diseases related to
nerves (Hortelano et al. 1996; Emerich et al. 1997; De Vos and Marchetti 2002;
Strain and Neuberger 2002). Cells, that secret ciliary factor, have been reported to be
enveloped and implemented on puppies affected by a disorder related to the disinte-
gration of photoreceptors. Results revealed that after several weeks of application, an
enhanced persistence of the photoreceptor cells was attained with no adverse effects
(Tao et al. 2002).

When the particle size, during encapsulation, is minimized to lower than that of
100 nm, the consequence becomes nanotechnology. At present, investment in
nanotechnology has been increased throughout the world. As a whole,
nanocomposites mostly comprise of nanosized capsules, micelles, fused and
nanosized particles. The foremost benefits of such methods are to provide a greater
uptake of intracells compared to microsized ones. These have found superior
consequences in the distribution of gene, as DNA can easily be undergone encapsu-
lation and sheltered from lysosomal attack and transfected with higher efficacy
(Bonadio et al. 1999). In a study, nanodevices comprising of DNA which is
connected to the nanoparticles of titanium dioxide have exposed the access to the
innovative approaches in the transportation of drugs and nanosurgery (Paunesku
et al. 2003). Certain assessments based on nanotechnology deliver additional valu-
able perceptions for the fascinated readers (Lavan et al. 2002, 2003; Mazzola 2003).
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22.3 Chitosan-Based Nanocomposites in Drug Delivery

Most promising results have been obtained with the practices of adding nanosized
fillers into the biopolymers derived from natural sources such as chitosan having
enhanced biological characteristics mostly aimed at its uses in biomedical sector.
The fusion of nanosized backup into the prescribed medium has been performing as
a prevailing method to omit the traditional shortcomings related to polymer from
biological origin. Nanocomposites based on chitosan are considered too much
effective in a number of regions (De Azeredo 2009; Liu et al. 2009). Such
nanocomposites show or exhibit prominent improvement in the required
characteristics at a very small concentrations of nanosized fillers (5–10 wt%) than
that of other composites comprising of 40–50% fillers. Amount of chitosan in
various nanocomposites is frequently allowed to remain higher which further
consequences superior goods with modified bioactivity and biocompatibility along
with enhanced mechanical and thermal stability, and higher transparency (Fernandes
et al. 2010). Till now, three kinds of nanofillers have been reported based on their
geometry and aspect ratio (Pillai and Ray 2012).

Mechanisms of the novel drug transportation systems usually focus the number of
chemotherapeutic agents to the particular site while lessening their systemic circula-
tion. Chitosan-based nanocomposites were found to play the most promising part is
the fields that provide a target specific, biostable and biodegradable distribution
scheme. In the same way, nanocomposites are continuously evoking massive devo-
tion for the particular diagnostic uses owing to its simplicity of preparation while
combining with therapeutic and imaging agents (Lim and Chung 2016). Table 22.2
comprises a list of some effective nanocomposites based on chitosan applied for the
distribution of drugs, types of drugs and their implementations as well. Numerous
nanosized particles have riveted massive attention nowadays, mostly in imaging of
malignant cell, identification and treatment because of their exceptional dimension-
dependent characters. Owing to its significant advantages, targeted therapy has
become a vital procedure mostly in cancer-related therapy as it expand anticancer
therapeutics that are focused on both imaging and therapy. Nanosized composites of
numerous categories, founded by chitosan, have been explored as a transporter of
drug distribution with particular properties and characteristic applications. In a study
by Venkatesan et al. nanocomposite based on hydroxyapatite (Hap) and chitosan
(Cs) filled with medicaments called celecoxib was demonstrated as a prospective
way of utilizing medicaments in the treatment of malignancy having higher drug
accumulation proficiencies together with persistent release profiles (Venkatesan
et al. 2011). In vitro studies have been found to exhibit noteworthy antitomour
apoptosis together with spell depended acceptance of hydroxyapatite (Hap) and
chitosan (Cs) based nanoparticles (filled with celecoxib) in affected cells. In addi-
tion, in vivo assessments based on tumour in naked rogue verified extensively
superior resistance of tumour development. Such reduction in the volume of tumor
(as shown in Fig. 22.2), after the successful treatment with celecoxib and improved
nanoparticles, followed the sequence (from minimum to maximum) as: celecoxib-
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filled hydroxyapatite-chitosan particles of nano size > celecoxib in free form >
hydroxyapatite-chitosan particles of nano size.

Table 22.2 Various kinds of nanosized fillers in chitosan matrix, types of drugs used, types of
nanocomposites with their prominent applications (Ali and Ahmed 2018)

Types of
nanofiller Drug used

Types of
nanocomposites Applications Reference

Magnetite,
Fe3O4

Gemcitabine Core/shell
nanocomposite

Cancer therapy
through stimuli-
sensitive
nanomedicine

Arias et al.
(2012)

Magnetite,
Fe3O4

Bacillus
Calmette-
Guerin

Hydrogel Intravesical drug
delivery

Zhang
et al.
(2013)

Hydroxyapatite Doxorubicin Hydrogel Drug delivery Depan
et al.
(2009)

Graphene oxide Camptothecin Functionalized
graphene oxide
with chitosan

Distribution of
sparingly soluble
anticancer drug
camptothecin and
genes

Harashima
et al.
(1995)

Montmorillonite
(Mnt)

5-fluorouracil Chitosan-coated
alginate-
montmorillonite
nanocomposite

Drug transporter in
persistent release and
electrically
persuaded drug
distribution

Azhar and
Olad
(2014)

Magnetite,
Fe3O4

Curcumin Nanocomposite-
coated with
Fe3O4

nanoparticles

pH-sensitive drug
delivery

Prabha and
Raj (2016)

Aluminosilicate Doxorubicin Chitosan-clay
nanocomposite

Controlled and
extended release of
drug

Yuan et al.
(2010b)

Nanosilica Carvedilol Spherical
nanosilica
matrix

Delayed secretion of
sparingly soluble
drugs

Sun et al.
(2013)

Montmorillonite
(Mnt)

Oxytetracycline Nanocomposite Improved drug
permeation

Salcedo
et al.
(2014)

Fe and Mn
magnetic
nanocrystals
(MNCs)

Doxorubicin Drug loaded
magnetic
nanoparticle

Imaging in cancer
treatment and
pH-sensitive drug
distribution

Lim et al.
(2013)
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22.3.1 Nanocomposites Based on Chitosan and Montmorillonite
(Clay)

Nanocomposites comprising polymeric substances and clay are among the resources
of cumulative consideration due to both of their multifunctional activities. Usually,
montmorillonite clay is a constituent of minerals from phyllosilicate groups having
an incrusted configuration. It contains silicate sheets of tetrahedral form along with
the orthorhombic layers of alumina as inserted amid them (Gutiérrez et al. 2017).
Imperfections present in the structure of crystal lattice and isomorphous replacement
produce the distribution of negative charge in the plane which is further neutralized
by the adherence of metal ions of electropositive nature (Abdeen and Salahuddin
2013). Such imperfection is accountable to its reactivity and interchanging reactions
with carbon-based compounds. Moreover, Mnt has an enormous external site that
exhibits virtuous ability to interchange cations, adherence capability, clinging skill
and drug transportation competence. Various kinds of nanosized clay, differing in
opposite ion environment and cation interchanging capability, existed to be
implemented in drug release assessments. Nanocomposite having chitosan as a
matrix with Cloisite 30B reinforcement revealed promising enhancement in surface
roughness and tensile strength (Ali and Ahmed 2018). Similarly, thermal strength
and melt activities did not show any drastic alteration during the incorporation of
clay (Abdeen and Salahuddin 2013).

In a study, Liu et al. fabricated Cs-Mnt nanocomposite (hydrogel) for the
organized discharge of vitamin B12 in the presence of electrostimulation effect

Fig. 22.2 Tumour repressive consequences of control, free celecoxib as medicaments,
hydroxyapatite-chitosan and hydroxyapatite-chitosan nanoparticles on both the naked rogue and
the size of tumour cell. (Adapted from Ali and Ahmed (2018) with permission from Elsevier)
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(Liu et al. 2008). The release of vitamin B12 was found to be intensely affected
owing to the cross-linked compactness among chitosan and montmorillonite. The
extended crosslinking density showed its dependency on the structure of silica sheets
acting as a cross-linker in between Cs and Mnt. With the lower amount of Mnt, the
kinetics of secretion followed a first-order reaction in pseudo form. In
electrostimulation, the discharge profile was altered from diffusion stage to swelling
in a precise manner. The electro sensitivity to reproduce ‘on’ and ‘off’ actions in
higher concentration of Mnt was also minimized though the anti-fatigue response
was considerably found to get enhanced. In comparison with pure chitosan,
nanosized gel having strength of 2 wt% Mnt provided an essentially required and
mechanically reliable pulsatile discharge profile together with exceptional
antifatigue behaviour.

Another assessment by Hau et al. explored the successful secretion of ofloxacin
by hydrogel consisting of Cs and Mnt where Mnt was incorporated to the beads of
chitosan to improve drug entrapment and enlargement behaviour while reducing the
rate of release (Hua et al. 2010). In addition, such beads also showed resistance to
disintegrate in 10 h of soaking. Therefore, attractions among the opposite charges
present in Cs and Mnt were recommended for the improvement of globules strength
acting as a potential aspirant as a drug transporter for the prolonged transportation.

In recent times, materials that are mesoporous in nature have also evoked
pronounced attention owing to its large surface regions and large holes that mark
them suitable host materials in discharging various bioactive chemicals. Shariatinia
et al. investigated the sustained discharge of the drug called metformin through a
mixture of poly (ethylene glycol)-block-poly (propylene glycol)-block-poly(ethyl-
ene) and chitosan polymer-based nanocomposite layers comprising both the
mesostructured and aminopropylsilane particles of nanosize (Zhang et al. 2009).
The cumulative amount of the nanosized particles present in the films has been found
to result in the reduction of extension at break, though the mechanical stability was
amplified. The mechanism of drug discharge showed extended release within the
first 22–24 h, whereas the rate enhanced slowly in about 15 days. A layer containing
4% aminopropylsilane along with approximately 10% drug exhibited remarkable
affinity to water, biostability, drug dissemination character while endeavouring a
better distribution method.

Discharge mechanism of paclitaxel, a kind of drug that can fight with malignancy,
by polylactide-chitosan composite was explored by Nanda et al. (Houdellier et al.
2012). Here, Mnt was found to act as a matrix and as co-intermixing agent as well.
The drug release behaviour was explored to be depended on pH, arrangement of
polymer together with the pH of the existing media. Thus, a blend of composites
with modified drug-releasing properties appropriate for the basic applications was
proposed.
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22.3.2 Nanocomposites Based on Chitosan and Magnetic
Nanoparticles

Nanocomposites of fusion nature, containing both the organic and inorganic
components, have been developing as an innovative and remarkable device in
biomedical applications. Hybrid materials show prominently modified characters
in comparison with original substance. The usage of nanocomposites with magnetic
nature in biomedicals, precisely in the treatment of malignancy, is attaining enor-
mous attention progressively. The specific pursuing of anti-proliferative agents to
the cancer-affected nerve can be attained following the progressive techniques that
result in their discerning way to the particular location via proper stimuli or by a
precise acknowledgement method (Arias et al. 2012). In case of incentive moves, the
drug transporters are considered to response the exterior stimulations including
magnetic gradient, sonography, pH, temperature etc. through facing a change in
their characters which lead to the discharge of a biosensitive chemical in exact
concentration to the infected region (Yuan et al. 2010a; Meng and Hu 2010). In
these processes, efficiency as well as the specificity of the drugs were enhanced
along with inferior toxicity. However, the nanocarriers that have magnetic nature
need to retain the required characteristics like biostability, lower toxicity and immu-
nogenicity, suitable drug distribution and reactivity to magnetic acclivity. In addi-
tion, nanoparticle should encourage the death of malignant tissues utilizing the
hyperthermia of magnetic liquids (Ali and Ahmed 2018).

22.3.3 Nanocomposites Based on Chitosan and Carbon Nanotubes

Carbon nanotubes are the most promising arrangements of carbon which were
invented in 1991 and consume a cylindrical nanosized configuration comprising of
carbon atoms that are sp2 hybridized in a shape called hexahedron pattern. CNTs
show exceptional electrical, mechanical, thermal properties together with ordered
pore configuration together with higher specific region (Adewunmi et al. 2016).
Such advantages of nanotubes are found to be enhanced by many folds in
composites during drug delivery. Biopolymer offers both the biocompatibility and
ability to undergo biodegradation when CNTs offer strength, cellular uptake, mag-
netic and electromagnetic activities (Cirillo et al. 2014). CNTs were completely
discovered in drug distribution, mostly in the treatment of malignancy, though the
resulted cytotoxicity is a significant anxiety related to it (Zhang and Zhang 2011b).
Composite consists of chitosan-CNTs was fabricated through the functionalization
of CNTs by Baek et al. and the composite exhibited electrorheological behaviour in
the presence of electric fields that can further be advantageous in biomedical use
(Baek et al. 2008).

In another study, Bao et al. reported a nanocarrier based on chitosan and
functionalized graphene oxide (GO) in the distribution of drugs and genes
(Harashima et al. 1995). Amidation process, resulting in amide bond among chitosan
and graphene oxide, was utilized to modify graphene oxide with an aggregate of
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64 wt% of chitosan imparting better water solubility along with biocompatibility.
Camptothecin (CPT), an anti-malignant drug which is water insoluble, was
incorporated in the nanosized carrier through lipophilic contact and π-π stacking.
The nanosized transporter of the stated composite was found to exhibit almost 20 wt
% drug filling and 17.5% releasing at 37 �C within 72 h.

22.3.4 Nanocomposites Based on Derivatized Chitosan

Alteration of chitosan, that is usually brought chemically, plays a very imperative
role to expand its prominent characteristics such as lipophilicity, the ability to get
dissolved, biostability, biological response etc. (Thomas and Thomas 2013). Modi-
fication via the incorporation of different functionalities upsurges its ability to get
dissolved in water without influencing its intrinsic oddity (Lu et al. 2007). Revision
of chitosan backbone through graft copolymerization and quaternization is consid-
ered as the utmost methods that are utilized frequently (Thanou et al. 2001). Yu Li
et al. explored the use of modified chitosan nanocomposite by means of γ-ray
irradiation polymerization (Yu et al. 2004). Nanosized composites, that were
fabricated, revealed enhanced heat strength properties, mechanical response and
enhanced water repellency. An incorporation of the folate associated carboxymethyl
chitosan-ferroferric oxide together with the nanoparticles of cadmium telluride
quantum dot (CFLMNPs) was prepared for the specific drug transportation and
imaging of cell via gradual deposition of layers (Sencadas et al. 2012). The resulted
composite system showed vigorous magnetic influence together with
photoluminescence character even at regular room temperature. Effectiveness of
the process and releasing mechanism of anti-malignant drugs can also be
implemented for the proper healing of malignancy in human liver with the filling
capacity of around 36.6 wt%. The discharge of adriamycin was found to be rely on
pH and a particular targeting related to folate receptor was attained.

22.3.5 Nanocomposites Based on Chitosan and Synthetic Polymers

Combination of both the usual and artificial polymers denotes a new type of
materials and has evoked much more considerations particularly for biomedical
uses. Though the polymers of natural origin reveal superior biostability and biode-
gradability in such applications in spite of having inferior heat stability and mechan-
ical responses (Goonoo et al. 2013). Hence, the combination of natural and artificial
polymer produces new resources that exhibit amalgamations of properties related to
both the polymers which could not be attained by single polymers (Sahoo et al.
2010). For instance, mixing of poly(2-hydroxyethylmethacrylate) with gelatin was
found to lessen its poor cell adhesion property (Santin et al. 1996). During drug
delivery, amalgamation of polymers provides stable and controlled discharge while
enhancing their encapsulation and loading capacity as well (Paredes et al. 2014). In
addition, doping of nanofillers to the mixture of matrix promotes discharging
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behaviour of the medicaments as a dispersion resistor (Liu et al. 2006). Parida et al.
explored the sustained delivery of an anti-malignant drug called curcumin from
chitosan-polyvinyl alcohol composite (Parida et al. 2011). Furthermore, blending
improved both the tensile strength and elasticity of films without any adverse effects
on hydrophilicity. The consequence of pH was found prominent on the amount of
chitosan than that of polyvinyl alcohol in the prepared layers.

22.3.6 Nanocomposites Based on Chitosan and Other Biopolymers

In order to upsurge the distinctive character of chitosan as a transporter of drugs,
chitosan has also been found to use in combination with other biopolymer in drug
distribution method. Depending on the nature, biopolymers are usually classified as
cationic and anionic that have various biological characters. For instance, alginate
was described to be mucoadhesive that reveals exceptional tissue compatibility
(Miyazaki et al. 1994). In various studies, dextran showed lower protein binding
ability while curdlan exhibited the capability to arrange both the low and high set
thermo adjustable ointments at different temperatures and carrageenan revealed very
decent gelling property etc. (Massia et al. 2000; Long et al. 2015). Graphene oxide
(GO) altered nanocomposite comprising of chitosan and dextran, following the
successive deposition of layers, was assessed as a transporter of an anti-malignant
drug called Doxorubicin (DOX) (Xie et al. 2016). Successful modification of
graphene oxide with both the chitosan and the dextran intensely improved the
dispersion ability of anti-malignant doxorubicin and graphene oxide in functional
form together with the reduction of regular protein accumulation by the nanosheets
of graphene oxide. Such nanocomposite was further found to be absorbed by breast
cancer cells representing too much cytotoxicity to cancer cells.

In another study, nanocomposites based on chitosan and alginate derivatives were
reported and utilized to estimate the sustained discharge of curcumin (Malesu et al.
2011). The discharge of drug molecules was found more significant in alkaline
media in comparison with the acidic environment. Composites based on chitosan
and collagen were also utilized in tissue engineering related to cartilage. Collagen,
present in the usual matrix of cartilage, is accountable to express the chondrocytes
phenotype. Nonetheless, both the lower physical stability and the quick biodegrada-
tion speed reduced its implementations in tissue engineering related to cartilage
(Doulabi et al. 2014). Amalgamation of scaffolds related to chitosan and collagen
generally results in modified physical strength. Addition of cells, assessment of
feasibility and proliferation also made such blends more biostable without any
cytotoxicity while acting as 3D matrix in tissue engineering associated with cartilage
(Yan et al. 2010).
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22.4 Iron Oxide-Chitosan Nanocomposites in Drug Delivery

In an assessment, Arias et al. stated the fabrication of a core-shell nanocomposites
comprising of chitosan and magnetite laden with an anti-malignant drug molecule
named gemcitabine (Arias et al. 2012). Arias along with his group members
demonstrated such composites to be operational in the healing of numerous varieties
of tumours while overcoming the major drawbacks of gemcitabine. Such drawbacks
include a prompt metabolization and an insignificant plasma half-life which generate
the necessity of using higher doses that include prominent toxicity (Reddy and
Couvreur 2008; Arias et al. 2012). According to the deception technique, both the
deception efficacy (%) and the medicament filled (%) with sustained release were
prominently improved as well.

Nanosized particles of magnetite (Fe3O4, mean diameter � 10 nm) were selected
as an iron oxide nucleus, which is magnetic in nature, owing to their previously
explored lower toxicity and biodegradability (Iannone et al. 1991; Müller et al.
1996). Chitosan, a polymer acting as a shell of the nanosized particles of magnetic
nature (NPs), was used for designing the nanocomposites owing to biostability,
in vivo vulnerability towards lysozymes and non-malignant atmosphere (Pitt 1990).
In the proposed study, a co-precipitation technique was applied to formulate a
colloids of Fe3O4 nanoparticles. Chitosan was synthesized following the coacerva-
tion method that involves the accumulation of sodium sulphate and chitosan
resulting in reduced solubility of chitosan which further leads its precipitation
rapidly. Chitosan-Fe3O4 nanocomposites were also prepared following the same
technique with a little variation. Finally, gemcitabine was filled following both the
surface adsorption and entrapment procedure in the preformed Fe3O4/chitosan
nanocomposites (Arias et al. 2012).

In another study, chitosan (CS) was further allowed to get cross-linked by
carboxymethyl-β-cyclodextrin (CM-β-CD) polymer altered Fe3O4 nanoparticles of
magnetic nature and were reported to deliver a hydrophobic anticancer drug, named,
5-fluorouracil (CS-CDpoly-MNPs) (Ding et al. 2015).
Carboxymethyl-β-cyclodextrin was allowed to get attached on the surface of
Fe3O4 nanoparticles (CDpoly-MNPs) attributing to the development of accumula-
tion abilities due to the insertion capacities of its lipophilic hole with anti-malignant
drugs of insoluble nature via host to guest relations. Tentative result specified the
nanocarriers to exhibit a higher loading efficacy (44.7 � 1.8%) through a superior
magnetization of 43.8 emu/g. Magnetic nanocomposite of mesoporous nature,
mainly composed of magnetite and silica (SiO2) enfolded with chitosan, was also
found to regulate the secretion of doxorubicin in another report (Wu et al. 2017).
Chitosan acted as per a hindering species to resist early secretion of the
medicaments. The composite showed decent response to pH and released 86.1%
of the total medicaments laden in 48 h at a pH value of 4 as well.

Quantum dot and the surface modified magnetic nanoparticles of Fe3O4

(CdTe@ZnS) together with chitosan derivative were explored for both the cell
marking and secretion of medicaments by Ding et al. (2017). Glutaraldehyde, as
cross-linker, was used to modify the strength and chemical assimilation between
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different components. The composite showed better magnetic character while using
in vitro imagining and cell culture as well. Doxorubicin was reported to release from
the stated composite depending on the variation of pH.

Prabha and Raj demonstrated a novel preparation and categorization of the drug,
curcumin, laden Fe3O4-chitosan-polyethylene glycol (Fe3O4 -CS- PEG), Fe3O4-
chitosan (Fe3O4-CS) and Fe3O4-chitosan-polyethylene glycol-polyvinylpyrrolidone
(Fe3O4-CS-PEG-PVP) particles of nanosize as an efficient carrier of medicaments
for the directed drug delivery (Prabha and Raj 2016). In their study, they found
curcumin having a modified encapsulation potential and loading capability, how-
ever, utilizing the Fe3O4-CS-PEG, Fe3O4-CS and Fe3O4-CS-PEG-PVP particles of
nanosize as drug transporters. The in vitro secretion analysis of curcumin suggested
the Cur-loaded Fe3O4-CS-PEG-PVP, Fe3O4-CS and Fe3O4-CS-PEG particles of
nanosize with promising implementations for the treatment of malignancy at differ-
ent pH as well.

An investigation leaded by Singh et al. also described an innovative method to
formulate chitosan-iron oxide nanocomposite film where hydrothermally fabricated
magnetic α-Fe3O4 nanoparticles were well distributed in chitosan (Singh et al. 2011).
Fabricated composites were found to show prominent applications in biomedical
sector as well.

Zhang et al. reported a magnetic and thermosensitive hydrogel in delivering
intravesical Bacillus Calmettee-Guérin (BCG). Hydrogels were fabricated using
Fe3O4 nanoparticles of magnetic nature (Fe3O4-MNP), chitosan (CS) and
b-glycerophosphate (GP) (Zhang et al. 2013). In their assessment, the application
of a magnetic and thermosensitive hydrogel comprising of chitosan and
b-glycerophosphate as an appropriate medium for prolonged BCG distribution
through intravesical track was firstly described. Thermosensitive gel, which are
both injectable and biodegradable, exhibited a quick phase alteration consisting of
sol and gel both in vitro and in vivo at 37 �C with notable magnetic activity.
Predominantly, such gel allowed an intravesical uninterrupted discharge of BCG
within 48 h with the existence of magnetic region. Continuous distribution of BCG
significantly improved the anti-malignant efficiency while inducing a higher resis-
tance in bladder.

Further assessment by Lin et al. explored a multifunctional, biostable and healing
nanoparticles (NPs) through the modification of polyethylene glycolated methotrex-
ate (MTX-PEG) and cyanin dye from the near-infrared fluorescent region (Cy5.5) on
the exterior of the composite having chitosan and iron oxide particles of nanosize
(CS-IONPs) (Lin et al. 2015).

22.5 Characterization of Iron Oxide-Chitosan Nanocomposites

It is considered to be very essential to characterize the synthesized iron oxide-
chitosan nanocomposites after its preparation to determine the structural conforma-
tion of the newly synthesized composites and to establish their characteristic
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properties as well. Several studies have been found to characterize the synthesized
products as follows:

22.5.1 SEM/TEM/SAED Analysis of Iron Oxide
and Nanocomposite Film

Surface structure of the samples is usually assessed by scanning electron microscopy
(SEM) analysis. As revealed in Fig. 22.3, SEM images of chitosan (CS) reveal
nonporous and even membranous stages comprising of cupola-shaped cavities,
fibrils and crystals of microsize. Furthermore, it indicates the smooth lamellar stages
on which a greater quantity of extended fibrils are evidently present. Typical SEM
images of nanocomposite film, composed of chitosan and Fe2O3 (CS-α-Fe2O3), and

Fig. 22.3 Scanning electron microscopic images of pure chitosan (a, b), nanocomposite film
comprising chitosan and iron oxide (c and d) and pure nanoparticles of iron oxide (e) at different
magnifications (Singh et al. 2011), Rights (2011), with authorization from Elsevier publisher
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hematite nanoparticle are also shown in Fig. 22.3c, d and at different magnifications
as well (Fig. 22.3e). According to the figures, the spheroid shape of the CH-α-Fe2O3

nanocomposite film is attained when their overall surface is found to be quite
granular (as presented in Fig. 22.3c, d) and the diameter of the specimens, particulate
in shape, remains in a range of 100–350 nm. The hematite nanoparticles have been
found to be uniformly dispersed in the CS matrix indicating the successful entrap-
ment of hematite nanoparticles in chitosan.

Here, Fig. 22.4 demonstrates the transmission electron microscopic (TEM)
images of both the naked and coated (with chitosan) hematite nanoparticles. It is
found that the free nanoparticles of α- Fe2O3 are hexagonal in shape with spherical
morphology and average width of about 87 nm. The particular region present in
electron diffraction pattern (SAED) (inclusion of Fig. 22.4a), which was collected
from the entire area of the nanosized particles, reveals a sequence of deflection
patterns along with enlightened marks attributing to the polycrystalline nature of

Fig. 22.4 Transmission electron micrograph and (with the insertion of SAED) configuration of
iron oxide nanoparticles (a and a0 respectively) and nanocomposite film comprising of chitosan and
iron oxide (b). (Adapted from Singh et al. (2011), with permission from Elsevier)
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α-Fe2O3 nanoparticles consistent to its crystal planes. Figure 22.4b represents the
TEM image of chitosan and Fe2O3 nanocomposite. As presented in the figure, the
arrangement of CS-coated α-Fe2O3 nanoparticles is found looser which also leads to
the larger dimension and the average width of such an arrangement (~110 nm).

22.5.2 X-Ray Diffraction (XRD) Analysis

Crystalline structures of chitosan and modified chitosan composites (chitosan,
CDpoly-MNPs and CS-CDpolyMNPs) can easily be categorized by XRD configu-
ration in Fig. 22.5a (Ding et al. 2015). No evident diffraction peak is observed and
merely a wide crowning situated at about 2θ ¼ 20.5� is identified in the XRD
configuration of chitosan which indicate the amorphous structure of raw chitosan.
Fundamental distinctive crests of CDpoly-MNPs occurring at the values of about
2θ ¼ 43.02�, 35.5�, 30.1�, 53.56�, 62.36� and 57.18� are correspond to (400), (311),
(220), (422), (440) and (511) planes of Fe3O4 crystals, correspondingly which
further ensure the cubic spinel structure of Fe3O4 crystal regarding the regular
XRD data. In addition, XRD configuration of CDpoly-MNPs reveals that the
successful grafting of CM-β-CD has no impact in the ordered segment alteration
of Fe3O4. Moreover, the fragile crest (at 2θ) appearing in the range of 18�–25� in the
CDpolyMNPs assigns the covering of macromolecule designated CM-β-CD
throughout the centres of magnetic origin (Jiang et al. 2008). The most parallel
XRD configurations of CS-CDpoly-MNPs and CDpoly-MNPs also approve the fact
that all the magnetic magnetite particles of nanosizes have been effectively
incorporated inside the nanosized drug transporters of magnetic nature. Neverthe-
less, all the characteristic points associated with the marginally descending deflec-
tion strength of CDpoly-MNPs coated with chitosan than that of CDpoly-MNPs
indicate the relations among chitosan polymer and CDpoly-MNPs. In addition, the

Fig. 22.5 (a) XRD patterns and (b) FT-IR spectra of the nanoparticles of CS-CDpoly-MNP.
(Adapted from Ding et al. (2015) with permission from Elsevier)
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strength of broad crest at the value of about 2θ ¼ 20.5� is found to be expressively
weakened when the unstructured region is comparatively modified. Such phenom-
ena attribute to the presence of cross-linking that destroy both the uniformity and
structure of the molecular sequence while decreasing the capability of polysaccha-
ride to get themselves arranged.

22.5.3 Fourier Transform Infrared Spectroscopy (FT-IR) Analysis

Structural changes together with the formation or breaking down of new bonds can
be examined by means of FT-IR study. Figure 22.5b illustrates the FT-IR results of
Fe3O4, 5-fluorouracil, chitosan and CM-β-CD in CS-CDpoly-MNPs fusion.
According to the FT-IR result of chitosan, characteristic bands of adsorption are
found at 1080 cm�1, 1653 cm�1 and 2848 cm�1 that are responsible for vibrational
extension of C-O and asymmetric stretching of C-H respectively (Li et al. 2008b).
Characteristic band, shown at 3432 cm�1, also assigns the vibrational mode of O–H
which is laid over the stretching of N–H and internal hydrogen linkages of the
carbohydrates while representing the ability of the residual hydroxyl and amino
groups to coordinate with metal (Zhang et al. 2007). The presence of absorption
band at 580 cm�1 in the FT-IR spectrum of Fe3O4 can be attributed to the existence
of Fe–O bond (Li et al. 2008a). Entire substantial peaks responsible for CM-β-CD
polymer in between 900 and 1200 cm�1 are also found to exist in the spectrum of
CDpoly-MNPs having a minor change. Furthermore, another distinctive peak at
1635 cm�1 (responsible for the presence of metal ion derivatized carboxylic acid
group) indicates the reaction between the COOH groups of CM-β-CD polymer and
OH groups present on Fe3O4 particles ensuring the development of the iron carbox-
ylate (Badruddoza et al. 2011). In the spectrum of antitumour drug 5-fluorouracil,
characteristic bands at 506 cm�1, 1349 cm�1 and 1680 cm�1 can be assigned to the
presence of aromatic ring, bending vibration of C–F and C–O bond, respectively, in
its structure. In case of the hybrid of CS-CDpoly-MNP, the extension sensations of
C-N linkages are found at 1640 cm�1. Such characteristic band clearly depicts the
creation of Schiff’s base as a consequence of the interaction among the carbonyl
groups present in glutaraldehyde and the amine groups existing in chitosan. More-
over, the absorption peak of C–O corresponding to the presence of hydroxyl group
has found to become durable and shifted from 1080 cm�1 to 1060 cm�1. Lastly, the
fascination of Fe–O bond of Fe3O4 in the hybrid of CS-CDpoly-MNP additionally
proves the successful wrapping of Fe3O4 nanoparticles by cross-linked chitosan
which is in a virtuous similarity with the inferences of XRD studies.

22.5.4 Surface Thermodynamics with the Development of Polymeric
Coating

Assessment of the permitted energy of the surface (designated as, γS) of
nanomaterials is utilized to evaluate the behaviour of coating using chitosan. The
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angle of contact obtained by three probe liquids on dry particle films suggests the
substantial dissimilarities among the three materials (Fig. 22.6a) (Arias et al. 2012).
Nonetheless, it is the valuation of the γS constituents which delivers the improved
categorization of thermodynamics prevailing on the surface (Fig. 22.6b). As given,
whatsoever the element being measured, values for the Fe3O4/chitosan NPs are
found to remain same to those for the bare polymer. For example, electron acceptor
components indicate greater values for Fe3O4 (a monopolar and electron-donor
material) compared to the nanosized particles of chitosan or the nanosized particles
following the core and shell configuration. Therefore, the evaluation of thermal
behaviour depicts the electrokinetic one with adequate coverage, as the surface
free energy constituents (γS) of nanocomposites accord nearly with those of pure
chitosan NPs.

Changes in the free energy of surface usually remark itself in the lipophilic/water
loving character of the nanosized materials. The assessment of the free energy of
contact, while avoiding any electrodynamics, among the segments of solid phase
dipped in the liquid can be utilized to evaluate hydrophobicity or hydrophilicity of
the material (Van Oss 2006).

This quantity of the free energy of interaction remains undesirable for hydropho-
bic materials whereas interactions, prevailing on the interface, favour fascination
between the particles to each other. In contrast, a hydrophilic character correspond-
ingly associates with the constructive values of the free energy of interaction. As

Fig. 22.6 (a) Contact angle, θ (degrees), (b) external free energy constituents (mJ m�2) of
chitosan, iron oxide and composite comprising the nanosized particles of iron oxide and chitosan,
(c) interfacial energy (mJ m�2) among solid and liquid phases (mJ m�2) along with lipophilic/
lipophobic response of the three types of nanoparticles stated above. (Adapted from Arias et al.
(2012). Copyright (2012) Royal Society of Chemistry publisher)
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shown in Fig. 22.6c, the hydrophilic character of Fe3O4 is found to get modified
while providing the core hydrophobic in nature when covered with chitosan.

To conclude, thermodynamic data obtained from the surface also support as well
to evaluate the mechanism involving chitosan films placed on the surface of iron
oxide particles. Commencing γS data, the free energy of interaction between chitosan
(C) and magnetite (M) in the liquid atmosphere (A), ΔGMAC can be determined
utilizing the following relation by Dupré:

ΔG ¼ γMC � γMA � γCA ð22:1Þ
Result of the design (found about �9.8 � 1.1 mJ m�2) reveals the presence of

both the acid-base and van der Waals attractions between Fe3O4 and the polymer. To
conclude, it is thermodynamically preferable for chitosan to stay connected onto
Fe3O4 NPs than remaining as isolated individuals present in water.

22.5.5 Magnetic Properties

Magnetic sensitivity of the nanosized particles of iron oxide and chitosan composite
can be evaluated by studying the hysteresis cycle (as shown in Fig. 22.7a) (Arias
et al. 2012). The lenient magnetic properties of the nanosized composite as described
above is deceptive in the figure as both the cumulative and diminishing area
subdivisions prevailing in hysteresis loop are barely different to the responsiveness
of the appliances utilized. The rectilinear segments of the curvature represent
original vulnerability (with the proximate value of 1.6 � 0.1) together with the
saturation magnetization (with the proximate value of 167 � 2 kA m�1) can be
estimated for the nanosized composites with magnetic nature.

The sensitivity of nanosized composites based on core and shell to the applied
magnetics can then be assessed by an inspection through the visual microscopy of a
hydrous mixture under the coverage of a magnetic slope (1.1 T). Amusingly, initial
uniform spreading of the nanosized particles based on core and shell in the
magnetofluid has been found to be strongly modified with the development of
chainlike masses similar to the outlines (inset in Fig. 22.7a) as the magnetic interac-
tion represents a noteworthy influence in excess of the colloidal attractions between
the nanosized particles of composite despite the presence of cover provided by
polymers. Figure 22.7b represents heating of magnetofluid (around 10 mg mL�1)
based on chitosan and iron oxide in vitro system under the exposure of an oscillating
electromagnetic gradient having extended frequency. With the influence of the
irregular magnetic slope, fluctuation of magnetic moment in nanocomposite usually
generates heat around 45 �C. Excitingly, in the presence of such generated heat
malignant cells get permanently spoiled (Huber 2005).

According to the figure, temperature was allowed to rise from the existing
atmospheric temperature to  41 �C in 15 min roughly. During the exposure of
tentative situations, the extreme temperature that can be attained is about 45 �C
afore stabilization till the culmination of trial. This reveals a valued regulation of
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both the heat flux and the temperature acting as elementary requisites to utilize
hyperthermia. Moreover, we need to retain in attention while rising the temperature
above 48 �C as the vigorous tissues adjacent to the tumour site can get scorched and
spoiled badly at the elevated temperature (Lao and Ramanujan 2004).
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Fig. 22.7 (a) Hysteresis cycle of the nanosized composites comprising of chitosan and iron oxide
(inset: optical microscopic image of a core- and shell-based composite in aqueous mixture with the
influence of a magnetic slope (1.1 T) parallel to the arrow. (b) Heating curve of a magnetofluid
(10 mg mL�1) comprising of chitosan and iron oxide under the exposure of an electromagnetic
slope having frequency of 250 kHz and intensity of 4 kA m�1. (Adapted from Arias et al. (2012),
Copyright (2012), with permission from Royal Society of Chemistry)
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22.5.6 Thermogravimetric (TGA) Analysis

TGA is commonly utilized to evaluate the heat stability of samples under nitrogen
atmosphere. Typical thermograms of the film comprising of chitosan and alginate in
the deficiency and occurrence of Fe3O4 have been shown in Fig. 22.8. The
thermograms are almost similar excepting a little transference during the onset of
degradation with iron depicting an effective bonding of cores (iron core) to the film.
Thorough deterioration of the sheets is obtained at about 1000 �C. In case of chitosan
alginate film, approximately 4% residue exists at the end of the reaction,
demonstrating an almost complete elimination of pattern. With the existence of
iron core, the remaining load increases to 6% upon the termination of the reaction.

22.6 Conclusion

Organized and particular drug delivery in biomedical applications have become a
remarkable feature with the enhanced availability of highly specific drugs that
overcome severe adverse effects. Chitosan, as one of the biocompatible and biode-
gradable polymer, plays a significant character in such applications.
Nanocomposites based on chitosan provide superior properties and incentive matrix
for the directed drug transportation. Several studies, associated with the preparations
of chitosan and its composites comprising iron oxide nanoparticles, have been
discussed here while improving the solubility of insoluble drugs through the forma-
tion of complex with enhanced stability and their secured release to the targeted

Fig. 22.8 Thermograms of a film comprising of chitosan and alginate with (a) and without (b) iron
oxide particles. (Adapted from Sreeram et al. (2009) with permission from Elsevier)
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place. Complete characterization of the prepared iron oxide-chitosan
nanocomposites supports the stated applications as well.
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Abstract

Globally, nanotechnology is progressively used as wastewater management to
remove organic and inorganic impurities. In near future, nanomaterials will play a
momentous role in sewage plus industrial wastewater treatment by degrading the
toxic compounds. In addition, nanoporous membrane filters have the ability to
remove the pathogenic agents from wastewater. Advanced nanocomposites have
the capability not only in physical cleanup of wastewater but also in the removal
of pathogens/microbes from wastewater. The nanotechnology may be very effec-
tively applied in agricultural sector to mitigate the persistent pesticides by
adsorption/degradation with modified nanomaterials. Surface modification or
grafting nanomaterials will increase the efficiency and stability of nanomaterials.
This chapter presents the utilization of modified and combined form of
nanomaterials in effluent treatment and pesticide degradation. Harmful effects
of xenobiotics like persistence, toxicity toward non-target organisms, and soil
pollution generated by runs of organic pesticides from fields and industrial
pollutants can also be removed or degraded into nontoxic form by mineralization.
Often useful components like CO2, H2O, ions, and salts form during
photocatalysis using metal oxide semiconductor nanostructures. In this chapter,
advancements of nanotechnology applications are described along with examples
in the sensing, removing, and pollutants degradation for sustainable agriculture
and environment.
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23.1 Introduction

In developing countries, about one billion population facing the problem of non-
availability of potable water resources worldwide and 2.6 billion populations have
access to potable water but no techniques to clean up. Consuming the impure and
poor quality water results in economic, social, and environmental impact (Moore
et al. 2003; Montgomery and Elimelech 2007).

The consumption of contaminated water leads to many impact on health and
welfare of people, especially in children and aged. In addition, the environmental
and human health impacts can adversely affect the future generations (Keller and
Lazareva 2014). Therefore, sufficient, safe, and sustainable water supply is required
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for human health and environment safety (Theron and Cloete 2002; Ashbolt 2004;
Eshelby 2007).

The major challenges in the availability of potable water caused by droughts,
over-rising residents, and contamination of groundwater by different sources which
include industrial, municipal, and agricultural runoffs (Moe and Rheitigans 2006;
Lee and Schwab 2005; Savage and Diallo 2005; orosmarty et al. 2000). These are the
main contaminants which affect the water quality and limit the supply of potable
water (Coetser et al. 2007; Kemper 2004; Cong et al. 2005).

The contamination of water bodies is basically originated by agricultural runoffs
(like pesticides, fertilizers, irrigated water, etc.) and human wastes (improper drain-
age, sewage, industrial, etc.) which cause the suitable conditions for algal blooms
and lead to the contamination of water bodies (Falconer and Humpage 2005;
Rodriguez-Mozaz et al. 2004; Fawell and Nieuwenhuijsen 2003). The potable
water is essential for sustaining life in both developing and developed countries.
Hence, the feasible and advanced techniques should be considered for removing the
scarcity of clean and potable water and fulfill the demand of people all over the world
(Weber 2002). So, there is an urgent requirement for the development of pioneering
technologies whereby challenges linked with the demand of pure and safe filtered
potable water can be addressed.

There are many techniques available to remove the contaminants from water, but
nowadays, nanotechnology is playing a pivotal role over conventional techniques in
mitigating the contaminants. Nanotechnology provides in situ and field-based
miniaturized, rapid, ultrasensitive, and inexpensive method for environmental mon-
itoring and remediation of pollutants and cleanup (Ghasemzadeh et al. 2014; Thatai
et al. 2014; Zhang 2003).arious types of nanocomposites have been developed yet
as, for example, magnetic nanocomposites for decontamination of water (Kaur et al.
2014), encapsulation of iron oxide nanoparticles Agrobacterium fabrum strain nano-
biosorbent in alginate polymer for removing metallic impurities (Sharma et al.
2018b; Tiwari et al. 2018). Many other nontoxic polymers have been identified for
the encapsulating nanocomposites for the slow and regulated release (Hasan and
Pandey 2015). In this chapter, prospects of nanotechnology are critically analyzed in
view of sensing the contaminants for effective removal or degradation of the toxic
constituents into nontoxic forms. This chapter attempts to bring forth the available
developments and advances in nanotechnology applications for safe and clean
environment.

23.2 Nanotechnology Application in Water Cleanup

Industries use various metals and chemicals in their process which generate large
quality of effluents which contain toxic heavy metals and generate toxic liquids by
mineral and mining processing (Foley et al. 2005). Toxic metallic ions include
cadmium (Cd), lead (Pb), chromium (Cr), mercury (Hg), nitrate (NO3

�), perchlorate
(ClO4

�), etc. (Lee et al. 2005; Jarup 2003). These heavy metal and organic
contaminants in water bodies impact the public health, environment, and economy.
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The high nitrate (NO�
3) level in water causes detrimental effect to newborn

babies and has carcinogenic properties (Kapoor and iraraghavan 1997; Yang and
Lee 2005). High level of perchlorate (ClO4

�) causes considerable impact on human
health and also associated with an induction of hypothyroidism in adults (Cheng
et al. 2007; Urbansky and Schock 1999; Balogh et al. 2001). In addition, all
chlorinated aromatic contaminants exhibit high toxicity (Xu et al. 2005). The other
chlorinated molecule is trichloroethene (TCE), which has remarkably hazardous
contaminants present in groundwater and causes hepatic disorders and complications
in pregnancies (Nutt et al. 2006). Further, many other halogen-functionalized aro-
matic compounds are discovered recently which have very long half-life, are chemi-
cally stable, and become a very serious environmental contaminant (Keum and Li
2004).

The traditionally available techniques for water cleanup include solvent extrac-
tion, carbon adsorption technique, and oxidation processes. These techniques are
quite effective in the removal of contaminants, but main limitation is cost and time-
consuming process (Pattersom 1985; Schwarzenbach et al. 2006). Other processes
are biodegradation procedures, which are economical and environment-friendly, but
time-consuming (Ahluwalia and Goyal 2007). These drawbacks can be successfully
overcome by the use of nanomaterial composites. The characteristic feature of the
nanocomposites is the large surface area for improved reactivity in the remediation
of drinking water (Urbansky and Schock 1999).

23.3 Nanotechnologies’ Advancement

Nanotechnology includes the designing of devices and systems from atomic and
molecular level by utilizing in the field of physics, chemistry, biology, and materials
science and engineering (Masciangioli and Zhang 2003). Nanocomposites contain
nanoscale dimensions within the range of 1–100 nm, and demonstrate novel and
advanced chemical, physical, and biological properties. The potential applications of
nanotechnology are sensing, detection, and remediation of pollutants in
contaminated water (aseashta et al. 2007; Rickerby and Morrison 2007). Further-
more, nanotechnology facilitates the development of potential monitoring devices in
low price and improves the specificity (Riu et al. 2006).

The different nanomaterials which have been used to remove the various
impurities are illustrated in Table 23.1. There are many advancements in the
application of nanocomposite-oriented cleanup techniques (Ghasemzadeh et al.
2014). Carbon nanotubes (CNTs) which have an exceptional absorption ability
play a dual role as biosensor and attract considerable attention for effluent treatment
for a wide variety of contaminants (Riu et al. 2006; Scott 2007). Similarly, metallic
or bimetallic nanoparticles Ag, Fe, Au, Cu, and Ni/Fe; Cu/Fe; Ag/Fe are successfully
used for heavy metal removal and used as biosensor-based monitoring (Zhang et al.
1998; Matheson and Tratnyek 1994). Besides, various other advanced
nanocomposites like dendrimers and semiconductor metal oxides have been applied
for monitoring and remediation of water, soil, and groundwater (Di et al. 2006;
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Botalova et al. 2011). Recently, nanoengineered membranes have been developed
by immobilizing with metallic nanoparticles for efficient and fast removal of
biological and chemical contaminants (Qu et al. 2013; Wegmann et al. 2008;
Whitesides and Grzybowski 2002; Cloete et al. 2010). Recently, self-cleaning
nanocomposites are identified which include L-Histidine-doped TiO2-CdS/PES
nanocomposite membranes, polydimethylsiloxane/silica nanocomposite, and bio-
cidal oxine/TiO2 polyvinylidene fluoride membrane nanocomposite (Manoharan
et al. 2020; Zangeneh et al. 2020; Gong and He 2020).

23.4 Main ehicles of Nano-Based Effluent Treatment Are
Nano-Adsorbent

Nano-adsorbents have wide range of applications because of their extensive range of
adsorbing properties. The nano-adsorbent has the potential to remove the
contaminants in any form, either in solid, liquid, or gas. In addition to this, nano-
adsorbents are equally effective for both organic and inorganic waste removal. Most
commonly used nano-adsorbents are (Fig. 23.1):

1. Nanopolymers (dendrimers).
2. Carbon nanotube.
3. Metallic nanoparticles with the modification of outer shell.
4. Zeolites.

23.5 Nano-Adsorbents

23.5.1 Nanopolymers (Dendrimers)

Dendrimers are an efficient nano-adsorbent for wastewater treatment due to high-
adsorptive properties and easy to use. Surface modification of dendrimers can
enhance the adsorptive capacity for efficient effluent treatment (Yellepeddi et al.
2009) (Table 23.1).

23.5.2 Carbon Nanotubes (CNTs)

Carbon nanotubes are in the shape of cylinder in which macromolecules are arranged
in the walls of the tubes in hexagonal lattice of carbon atoms. The side ends of the
carbon nanotubes are capped by molecules in the form of fullerene resemblance
(Iijima 1991). Large surface area and tubular structure construct the carbon
nanotubes a potential adsorber for different applications. The hybridized carbon
atomic layers on CNTs are classified as single-walled carbon nanotube (SWCNTs)
and multi-walled carbon nanotubes (MWCNTs). Carbon nanotubes have attracted
significant consideration since its discovery due to its structural, chemical, and

23 Nanocomposites Application in Sewage Treatment and Degradation of. . . 653

https://pubs.acs.org/doi/abs/10.1021/acsomega.9b03775
https://pubs.rsc.org/en/content/articlehtml/2020/nj/c9nj05300j


mechanical properties (Popov 2004; Miyagawa et al. 2005). As a result of their
varying properties, they have significant applications in electronics, and chemical
and biological composites (Polizu et al. 2006; Balasubramanian and Burghard
2006). Carbon nanotube which has already reported for the adsorption of
1,2-dichlorobenzene (DCB) at pH range of 3–10 CNTs takes 40 min for DCB
sorption at the rate of 30.8 mg/g that is calculated as maximum sorption capacity
(Peng et al. 2003). Cerium oxide supported high surface area carbon nanotubes
(CeO2-CNT) has recently discovered as novel sorbent with enhanced capacity, that
is, 189 mg/g (Peng et al. 2005). The CeO2-CNTs demonstrated induced adsorption
efficiency for Cr metal in drinking water in pH range 3–7.4. The adsorption capacity
for Cr(I) increased up to 30.2 mg/g in neutral pH which is identified as double in
comparison with activated carbon along aluminum oxide (Di et al. 2006).

The novel modification of carbon nanotubes is nanoporous activated carbon
fibers (ACFs), made by electrospinning method of CNTs; the surface area is high

Fig. 23.1 Nano-absorbents for effluent treatment: (a) metallic nanocomposites, (b) nanopolymers
(dendrimers), (c) carbon nanotube, (d) zeolites
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in these nanofibers which is in the range of 171–483 m2/g. Sorption efficiency for
organic solvents is increased in comparison to granular-activated carbon (Li et al.
2003).

It has been investigated that multi-walled carbon nanotubes (MWCNTs), after
treating with nitric acid, can be efficiently applied for the removal of various heavy
metallic ions like Cu (II) (24.49 mg/g), Pb(II) (97.08 mg/g), and Cd(II) (10.86 mg/g)
from water. These sorption capacities were higher than in granular form of activated
carbon (Lu and Liu 2006). In addition, MWCNTs have shown to good Ni
(II) sorption after oxidation with sodium perchlorate. Oxidation reaction further
enhanced the CNTs surface properties like total acidic sites and charged carbons
atoms, functional groups, thus resulting in them becoming more hydrophilic and
therefore able to remove Ni (II) from water samples (Liu et al. 2005a). In addition,
SWCNTs and MWCNT have an ability to remove the trihalomethanes from aqueous
solution which has been recognized as potential carcinogenic substances which are
formed due to the chlorination of drinking water (Bull et al. 1995; Rook 1974;
Salipira et al. 2007).

Recently, scientists discovered that cross-linked nanoporous polymers by
co-polymerization with functionalized CNTs resulted to form novel polymers
which are potentially removed organic contaminants from water bodies (Peng
et al. 2005). On the basis of this discovery, functionalized CNTs reported to remove
the dioxin more efficiently than the activated carbon from water.

Subsequently, MWCNTs used effectively as adsorber for preconcentration,
removal, and isolation of chlorophenols (Zhou et al. 2006a; Cai et al. 2005) and
different herbicides and their metabolites from water samples of different water
bodies (Zhou et al. 2006b, 2007; Yan et al. 2006; Haider et al. 2003). In addition
to the removal of pesticides, these CNTs have been identified as effective tool in
adsorption of MCs (cyanobacterial toxins—microcystins) from lake water. These
CNTs’ outer diameters are in the range of 2–10 nm. These were found higher, potent
nanomaterial for the decontamination of drinking water (Lu et al. 2007).

Previous research findings signify that CNTs are efficient and potent adsorbents
for the removal of different contaminants/pollutants in drinking water as well as
environmental waters. The main limitation associated with this nanomaterial is their
high cost, limited water solubility, and difficulty in the collection of these as
dispersing medium for cleanup procedures of water. Recently, these limitations
have been overcome by the new NaClO-oxidized SWCNTs and MWCNTs, which
make it less costly and can be recycled and reused up to ten cycles in water cleanup
treatments (Lu and Chiu 2006; Jin et al. 2007).

Furthermore, researchers have been reported an easy method in fabrication of
MWCNTs with Fe nanoparticle which displayed superior water solubility and easily
recovered from the water by magnetic separation procedures. Carbon nanomaterials
(CNTs) are being used potentially in water effluent treatment due to their superior
adsorptive properties in removal of different metallic forms. However, due to some
drawbacks like low solubility and nonuniform distribution in extracting medium,
these are not efficiently used in effluent treatment. Nowadays, to overcome this
limitation, research is going on surface modification of carbon nanotubes to enhance
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their solubility and efficiency for wastewater treatment. The advanced modifications
of carbon nanotubes are discussed in Table 23.1.

23.5.3 Metal Nanoparticles

Metal nanoparticles are easy to synthesize, but the problem of stability and recovery
reduces their efficiency for wastewater treatment. Surface modification of
nanoparticles not only overcomes these problems but also enhances the efficiency
of cleanup of wastewater. Advanced modification so far being done on metal
nanoparticles is mentioned in Table 23.2.

23.5.4 Zeolite

Zeolite has wide range of absorptive properties, which allows this to remove all
types of contaminants from water efficiently. Zeolites can remove the odor,
microbes, and metallic impurities. The current advancement in enhancement of
activity of zeolites is presented in Table 23.3.

23.5.5 Nanostructured Membranes

Membrane techniques play a significant role in water purification processes. These
membrane-assisted techniques give superior quality over the conventional water
purification techniques like sedimentation, flocculation, coagulation, and activated
carbon (Strathmann 2001; iessman and Hammer 1998). Different membrane
techniques have been used in water purification and waste treatment which includes
ultrafiltration (UF), microfiltration (MF), and nanofiltration (NF) for water purifica-
tion and wastewater treatment (Peltier et al. 2003; an der Bruggen and andecasteele
2003; Ahmad et al. 2004) and reverse osmosis (RO) nanofiltration for removing salt
from water (Walha et al. 2007; Mohsen et al. 2003).

Recently, researchers developed carbon nanotube filters in which carbon
nanotubes are radially arranged in hollow cylindrical form (Srivastava et al. 2004).
Carbon nanotubes (CNTs) could be an efficient filtration device due to certain
characteristic features which include controlled geometric shapes, diversified
dimensions for definite filtration applications, and density variations (Miller et al.
2001). Besides, nanocarbon filters have many reactive and differently functionalized
membrane filters for water filtration applications.

It has been evaluated that the fabrication of aluminum (A-alumoxane)
nanoparticles showed the selectivity filtration of synthetic dyes (de Friend et al.
2003). After this, polymeric fabrication of novel nanofiltration membranes has been
reported by depositing four to five layers of different polymers like poly(allylamine
hydrochloride)/poly(styrene sulfonate) (Stanton et al. 2003). These fabricated novel
nanofiltration membranes showed high water influx with the capacity of higher
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Table 23.2 Examples of efficient modified nanocomposites

Dendrimer Grafting membrane Application Reference

PAMAM
dendrimer

Polytetrafluoroethylene
membrane

Enhancing the filtration
efficiency

Yoo and
Kwak (2013)

PAN nanofibers Ethylenediamine and
Diethylenetriamine
(DETA)

Adsorption of heavy metals Deng and Bai
(2004) and
Shin et al.
(2004)

Poly-(ethylene
glycol)

Zero valent iron
(Fe0 ¼ ZVI) particles

Removal of hazardous water
Pollutants from textile
industries

Mohammad
et al. (2019)

PAMAM
dendrimer

Impregnated on
Alginate bead

Removal of cationic and
anionic dyes

Yoo and
Kwak (2013)

Poly
(amidoamine)
dendrimer

Sand surface Removal of nonylphenol
from water

Vahid et al.
(2019)

Polyamidoamine
dendrimer

FO-membrane (forward
osmosis)

Domestic wastewater
treatment

Xian et al.
(2019)

Polyamidoamine
dendrimer

Conjugate with
magnetic nanoparticles

Heavy metal decontamination
of water

Rajesh et al.
(2013)

Carbon nanotube

Carbon nanotube Magnetic titanium
nanotube

Degradation of Biphenyl A
from industrial wastewater
treatment

Seyyed et al.
(2019)

Hydroxylated
and carboxylated
carbon nanotube

Polyvinylchloride
(PVC) hollow fiber
membranes (HFMs)

Removal of zinc from waste
water

Sharafat et al.
(2019)

Multiwalled
carbon nanotubes

Metal nanoparticles Simultaneous removal of
pefloxacin and Cu(II) ions
from wastewater

Yaoyu et al.
(2019)

Carbon
nanotubes with
PVC membranes

Ar/O2 plasma treatment Enhanced removal of zinc
from wastewater

Sharafat et al.
(2019)

Magnetic carbon
nanotubes

Polyethylenimine
cation

Simultaneous capture of
methyl orange and chromium
(VI) from complex
wastewater

Bo et al.
(2019)

Carbon nanotube Iron-loaded microfibers Removal of m-cresol from
effluent wastewater

Yi et al.
(2019)

Metal
nanoparticle Grafting agent Application References

Ag
nanoparticle

Glass bonded by si-o-si Removal of microbial
contaminants

Jahirul et al.
(2019)

Fe3O4

nanoparticles
Trimellitic acid functionalized Removal of Pb(II) cations

and Cr(VI) anions
Tehreema
et al. (2019)

Fe3O4

nanoparticles
Amine functionalized surface Removal of Pb(II) and As

(V)
Chairul
et al. (2019)

Fe3O4

nanoparticles
Starch capped Remove heavy metals

from contaminated water
Prathap
et al. (2019)

(continued)
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binding for divalent cations (Ca(II) and Mg(II)) and Cl�/SO2
4–with selectivity ratios

up to 80.
Another advancement in nanofiltration is the functionalization of nanofilters with

different polyelectrolytes or polyamines, that constitutes different multifunctional
chelating groups (e.g., amines, carboxylic acids, or pyridines), which make strong
and steady binding to metallic ions (Rivas et al. 2003). arious researchers have been
reported different advanced procedures for the attachment of these chelating groups
with nanomembrane internal pore surfaces in metal ions sorption applications
(Ritchie et al. 2009; Bhattacharyya et al. 1998).

Amino acids have been identified as an efficient chelating species in which
primary amine and carboxylic acid groups are the important sites for metallic ion
binding. Hence, amino acid homopolymers can be used for the nanofiltration
membrane effectively for metal sorption. Redox-reactive membranes have also
synthesized by bimetallic Pt/Fe integrated nanoparticles over cellulose acetate
films (Meyer et al. 2004), and Ni/Fe or Pd/Fe particles immobilized over polymeric
membrane matrix of polyacrylic acid/polyether sulfone (Xu et al. 2005). The
principle application of metallic composites of nanomembranes extensively applied
for reductive dechlorination of halogenated organic compounds (HOCs) from water

Table 23.2 (continued)

Metal
nanoparticle Grafting agent Application References

Ag–TiO2

nanoparticles
Polyamide nanofiltration
(NF) membrane

Antibacterial activity in
water

Habib et al.
(2019)

Fe3O4

nanoparticles
Zeolitic imidazolate
frameworks-67, at eggshell
membrane

Removal of heavy metal
and dye from wastewater

Niya et al.
(2019)

Co-Ferrite
nanoparticles

Apocynaceae leaf waste
activated carbon

Anti-microbial activity for
textile effluent treatment

Bilal and
Tahira
(2019)

Tg-oxide
nanostructures

Carbon nanodots Dye removal Srivastava
et al. (2004)

Table 23.3 Examples of most recent advancement in zeolite modification

Zeolite Grafting agent Application References

Zeolite with
activated carbon

Sodium Alginate Anti-fouling agent Stanton et al.
(2003)

Zeolite Ca(OH)2 and
CaCl2

Soft drink wastewater treatment
by electro-oxidation

Rosa et al. (2019)

Zeolite Co(II), Ni(II),
and Cu(II) ions

Oxidative degradation of dye Smita and
Bhattacharyya
(2019)

Zeolite Bio-films Antimicrobial treatment of
wastewater

Yingxin et al.
(2019)
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(Arnold and Roberts 1998; Gotpagar et al. 1997; Matheson and Tratnyek 1994).
Several recent findings have exposed that efficiencies of dehalogenation might be
improved by iron (Fe) nanoparticles (Zhang 2003; Liu et al. 2005b) or bimetallic
nanoparticles (Zhang et al. 2008; Schrick et al. 2002), but the main limitation is the
rapid oxidation and hydrolysis reactiveness of Fe nanoparticles which will lose the
long-term stability of nanoparticles (Giri 2001; Ponder et al. 2000; Wu et al. 2005).
Furthermore, some researchers described the modification of alumina and polymeric
membranes by immobilization of citrate-stabilized gold nanoparticles by layer by
layer adsorption of polyelectrolyte procedure (Dotzauer et al. 2006). The
immobilized nanomembranes were found more efficient and discriminating than
simple nanomembranes.

The carbon tube cylindrical nanomembrane filters also identified for the removal
of bacterial and viral pathogenic species (Escherichia coli and Staphylococcus
aureus) and Poliovirus sabin 1 from contaminated water. Carbon nanotube mem-
brane filters can be reused and cleaned by ultra-sonication or autoclaving. The
nanofabrication methods are very useful for developing novel nanocapillary array
(NCA) membranes for improved solute retention and decrease the fouling problem
(Chatterjee and Shimanti 2005).

23.5.6 Nanoreactive Membrane Filters: Dendrimers

Macromolecular advancements in chemistry have provided many opportunities to
synthesize dendritic polymers for the application of effective and superior processes
for the purification of contaminated water and the removal of different inorganic
anions and organic solutes..

Dendrimers are vastly branched macromolecular structure. These contain central
core, for repeating units which composed terminal functional groups (Tully and
Frechet 2001; Bosman et al. 1999).

The integral repeating units determine the internal microenvironment and its
solubilization properties, and the external terminal functional groups determine the
chemical performance of dendrimers in external medium (Klajnert and Bryszewska
2001). These are highly branched polymeric structures sustained many properties of
dendrimers, for the synthesis of polydisperse polymers in symmetrical shape (Yates
and Hayes 2004; Jikei and Kakimoto 2001; Gao and Yan 2004). Similarly,
cyclodextrins are cyclic oligomers of polysaccharide and are of cone shaped that
form cylindrical cavity (Del alle 2004; Schneiderman and Stalcup 2000; Tick et al.
2003). The internal cavity of these dendrimers is lipophilic in nature and can
encapsulate the organic compounds and form stable insertion complexes. The
external surface contains cyclodextrins with multiple hydroxyl groups for further
functionalization. Functionalization leads to diversified molecules for different
applications which mainly include the removal of pesticides and other organic
contaminants (Sawicki and Mercier 2006; Arkas et al. 2006). These studies are
extended for various impregnations with cross-linked dendritic or cyclodextrin
polymers (Allabashi et al. 2007).
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Different studies have recognized that these dendrimers can be modified by
highly branched polymers like poly propylene imine, polyamidoamine, polyethylene
imine (Diallo et al. 2005; Arkas et al. 2005). These modified dendrimers efficiently
take out different organic contaminants from water. Besides, dendritic polymers may
also be used effectively as delivery systems for ionic silver (Ag(I)) and quaternary
ammonium chlorides for the removal of antimicrobial agents (Balogh et al. 2001;
Chen and Cooper 2002). Researchers have been identified that dendrimer-enhanced
ultrafiltration (DEUF) process is very useful for removing metal ions from aqueous
solutions (Table 23.4).

23.5.7 Biopolymer-Based Nanomaterials

Recent advanced genetics and bio-engineering techniques have been constructed
different synthetic gene templates and be controlled at molecular level. These are of
different sizes, shapes, compositions, and purposes. At the molecular level, these can

Table 23.4 Examples of nanostructured and nanoreactive membrane for use in water filtration

Membrane Pollutant References

• Nanomembranes
• Carbon nanotubes
• Nanocapillary array membrane (NCA)
• Nanoreactive membranes

Bacteria and viruses
*NT

Srivastava et al. (2004)
and Chatterjee and
Shimanti (2005)

• Alumina membrane
• Poly styrene functionalized alumina
membranes

Synthetic dyes
Divalent cations

de Friend et al. (2003)
and Stanton et al. (2003)

• Amino acid homopolymers
functionalized silica and cellulose-based
membranes

Metal ions Bhattacharyya et al.
(1998) and Ritchie et al.
(1999)

• Amino acid homopolymers
functionalized polycarbonate track-etched
membranes

Metal ions Hollman and
Bhattacharyya (2004)

• Pt/Fe laden cellulose acetate film
• Zero-valent Fe laden cellulose acetate
membrane

Trichloroethylene
(TCE)
TCE

Meyer et al. (2004)

• Ni/Fe or Pd/Fe laden polyacrylic acid/
polyether sulfone composite membrane

TCE Xu et al. (2005)

• Ni/Fe laden cellulose acetate membrane
alumina
• Polymeric membrane with gold
nanoparticles

TCE
4-Nitrophenol

Wu et al. (2005) and
Dotzauer et al. (2006)

• Poly-impregnated ceramic TiO2 filters
• Polymer impregnated ceramic alumina
and silicon-carbon filters

Polycyclic aromatic
Hydrocarbons
(PAHS)
Trihalogen
membrane, PAHs,
pesticide

Arkas et al. (2005) and
Allabashi et al. (2007)
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be controlled specifically and which can be used as biopolymers (Hasan and Pandey,
2015). Therefore, protein-based nano-biomaterials properties could be modified by
various metal-binding sites (Kostal et al. 2005). The metal-binding proteins may
provide superior specificity and affinity in contrast to chemical sorbents (Kostal et al.
2001, 2003). Moreover, the biopolymeric nanocomposites could provide an eco-
nomical approach, because mass biopolymer production is possible by
overexpression of target genes in E. coli. ELPs (elastin-like polypeptides) are
biopolymers which contain repeating pentapeptide al-Pro-Gly-al-Gly sequence and
have similar structural characteristics to mammalian elastin protein. Metal-binding
and phase transition properties are the ideal properties of biopolymers for the
recovery in different range of temperature, pH, and ionic strength (Urry et al.
1992). In addition, ELPs contain polyhistidine moieties have been reported which
possess metal-binding sites which is used to remediate cadmium from contaminated
water (Prabhukumar et al. 2004; Lao et al. 2007). In comparison to biosurfactants,
ELP biopolymers have 20% higher adsorption which results higher extraction
efficiencies in a lower concentration.

23.6 Nanotechnology Application in Agricultural Pesticide
Degradation

Nanotechnology has the potential to enhance agricultural productivity as well as in
medical treatment. The main applications of nanotechnology are targeted and effi-
cient delivery of agrochemicals and drugs, improved food processing, packaging,
and agricultural monitoring, (Scott 2007; Maysinger 2007). In addition, nanotech-
nology has been delivered many sensor-based techniques for agricultural precision,
natural resource management and predetection of pest and pathogens and food
contamination (Moraru et al. 2003; Chau et al. 2007). As a result of enhanced
surface-to-area ratio, nanomaterials could improve the encapsulation and release
efficiency in comparison to traditional encapsulating agents. Remediation of soil for
the heavy metals’ removal by different conventional and nanocomposites was
investigated and the author concluded that applying both methods together will
give synergistic effect (Sharma et al. 2018a). The development of liposomes,
micelles preparation by nanoemulsions, and cubosomes can improve bioactive
compound properties for enhanced delivery systems, food matrix integration, and
masking undesired flavors (Chen et al. 2006).

Nanotechnology innovations would be beneficial to consumers, without causing
any adverse effect in environment. arious chemical pesticides are being used in crop
protection and disease control worldwide. In synthetic pesticides, organochlorine
and organophosphorus insecticides have been developed and used extensively.
Prolonged usage results persistent residual problem in the environment (Chaudhry
et al. 2008). Persistent pesticides also cause hazards to humans and other non-target
species and cause health risks like endocrine hormone disorders, increased cancer
risk, disturb immune system and reproductive by the persistent pesticides
bioaccumulation in food chain. arious abnormalities also occur in other non-target
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organisms which include various aquatic and ground organisms. The extensive
utilization of pesticides may also cause pest and disease resurgence problem.

Most important section of agricultural nanotechnology research attaining prog-
ress in the area of pesticide degradation and converting these into nontoxic and
valuable components such as minerals and water is known as photocatalysis mecha-
nism. In this mechanism, semiconducting oxide nanostructures absorb photons and
begin redox reactions, which can break the complex organic molecules into simpler
component or fragments (Baruah and Dutta 2009). TiO2, ZnO, ZnS Fe2O3, and CdS
are the typical examples of semiconductor photocatalysts. These semiconductors
have filled valence band and an empty conduction band (Boer 1990).

23.7 Degradation Mechanism of Contaminants by
Nanocomposites

Groundwater containing organic contaminants can be degraded and removed totally
by photocatalysis (Baruah and Dutta 2009). Titanium dioxide (TiO2) and zinc oxide
(ZnO) are the two efficient photocatalysts which absorb U radiations of electromag-
netic spectrum which is 70% of solar spectrum. These metal oxide semiconductors
synthesized by using methods like spray pyrolysis, electrophoresis, hydrothermal
growth, vapor solid (S) growth, vapor liquid solid (LS) growth, and metal organic
chemical vapor deposition (MOCD) (Baruah and Dutta 2009). It has been
investigated that ZnO absorption band shifts toward visible band of electromagnetic
spectrum by doping various transitions (Ullah and Dutta 2008; Colis et al. 2006).

Researchers have been reported that DDP degradation by photocatalysis follows
Langmuir Hinselwood model of the first-order kinetics (Evgenidou et al. 2005).
They have demonstrated that degradation is increased by the addition of some
electron acceptors like hydrogen peroxide (H2O2) or potassium persulfate
(K2S2O8) in ZnO nanostructured semiconductors.

In the study, the degradation of highly water soluble pesticides was determined at
the pilot plant scale. In the study, solar U light was used in these photosystems:
(a) heterogenous photocatalysis (TiO2) and (b) photo-fenton homogenous
photocatalysis (Oller et al. 2006). In heterogenous photocatalysis, three compound
parabolic collectors (CPCs) are present, and in homogenous photocatalysis, four
CPC units are present under natural illumination. After photolysis process, pesticides
mineralized 100% and totally disappear the starting pesticides. Therefore,
photocatalysis degradation process has achieved huge attractiveness in wastewater
treatment. Peral et al. (1997) have described the applications of decontamination,
deodorization, and cleaning of air by photocatalysis mechanism (Mills et al. 1997).
Besides, photosynthetic and photocatalytic processes of semiconductor have also
been elucidated for the decontamination of organic contaminants, cancer cells’
destruction, and the removal of bacteria and viruses from water. There are certain
reports explained that like nanoparticles, nanotubes and nanostructured thin films
can be used for degrading pesticides. In the recent study, TiO2 nanotube suspensions
were used for degradation of atrazine (2-chloro-4-(ethylamine)-6-(isopropylamine)-
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s-triazine), a weedicide (Zhanqi et al. 2007). In a similar study, microwave-assisted
photocatalyst was synthesized for the degradation of atrazine. In this study, mineral-
ization efficiency was calculated 98.5% in 20 min. Yu et al. (2007) used TiO2 thin
films for organochlorine pesticides degradation. The study concluded that TiO2 film
can degrade the pesticide within 45 min after illumination by U light. Shankar et al.
further fabricated the TiO2 with thin-film reactor along with zeolites. This coupled
photocatalytical device was used in monocrotophos (MCP) and
2,4-dichlorophenoxyacetic acid (DPA) photocatalytic mineralization.

The rate of degradation was observed faster with zeolite-TiO2 composite in
comparison to bare TiO2.

23.8 Nanoparticles Role in Pesticide Degradation by
Photocatalysts

Nanoparticles have a wide scope of application in different files like from detection
to degradation of pollutants in the environment. The nanostructure devices are
currently being used for pesticide degradation by photocatalysis where act as
nanocatalysts. The nano-photocatalysts oriented degradation of pesticide is fast
and efficient than the conventional methods. Pesticide degradation process by the
nano-photocatalyst is basically a photo-oxidation process (Ahmed et al. 2016) Many
pesticide degradation by nanoparticles are photocatalytical oxidation (metal oxide
nanoparticle/U) and photo-fenton and fenton-like system (metallic nanoparticle /
H2O2/U).

In photocatalytic oxidation, U irradiation (λmax, 390 nm) is irradiated on metal
oxide nanoparticle. Irradiated photons’ energy has to be greater than or equal to band
gap energy, that is, 3.2 e between electron and hole in covalent band and valence
band. In aqueous medium, the valence band holes react with H2O and form radical
OH�, which will oxidize the pesticide (Fig. 23.2). Similarly, in photo-Fenton and
Fenton-like systems, it is also a photocatalytical system in which metal ions form a
complex Fe(OH)2

+ when added to acidic H2O2 medium. In U irradiation, Fe(OH)2
+

decomposes and generates Fe2+ ions and OH� radicals which act as photo-oxidant for
pesticide oxidation (Devipriya and Yesodharan 2005) (Figs. 23.2 and 23.3). The
nanomaterials are the efficient systems for degradation of persistent pesticides into
minerals. The nano-photocatalysts are easy to synthesize and use and economical
also.

Fig. 23.2 Photocatalytical degradation of persistent pesticides by graphenes and metal
nanocomposites
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23.9 Nanomaterials in Photocatalysis

23.9.1 Graphene Oxide (GO)

Graphene combined with metal oxide nanoparticles enhances the efficiency of photo
degradation. The fabricated nanoparticles with graphene are widely used in pesticide
degradation (El-Shafai et al. 2019). TiO2GO Nano-composites enhance the photo
degradation rate of TiO2 nanoparticles. In combined form, energy gap between
valence and conduction reduced in TiO2 by which electron transfer is easy for
oxidation-reduction reactions (Ali et al. 2018). Hence, cost-effective combination
for faster degradation of pesticides under solar radiations evolved.

23.9.2 Carbon Nanotubes

Multiwall carbon nanotubes are two-dimensional adsorbent materials. The adsorp-
tion material is considered a promising for degradation of pesticides. It is simple, low
cost, and eco-friendly technique. It is very effective in hybrid form with magnetic
nanoparticles, silica particles, and porous polymers (Zhan et al. 2014). The
MWCNTs in combination with TiO2 increase the photo-degradation of pesticides
(Hui et al. 2009). Earlier studies revealed that activated carbon with multiwall carbon

Fig. 23.3 Photocatalytical degradation of persistent pesticides by carbon nanotubes and metal
nanocomposites
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nanotubes in combined form has efficient activity for remediation of organochlorine
pesticides (Shan et al. 2013). The activated carbon increases the porosity as well as
surface area for photo-oxidation reactions. Multiwall carbon nanotubes (MWCNTs)
can also be used as photocatalyst in ozonolysis reactions for atrazine mineralization
(Xiaolei et al. 2018). Recently, scientists have developed a modified multiwalled
carbon nanotube with gold nanoparticles in combination with poly (3, 4-ethylene
dioxythiophene) for efficient degradation of crop protection agents. For enhancing
the degradation of pesticides for longer periods, encapsulation of the metallic
nanoparticles by carbon nanotubes has been developed. These have superior
catalytical activity and ensure the stability and reusability of carbon nanotubes
(Duan et al. 2019). Carbon nanotubes have been modified according to functional
entities in the pesticide for complete photolysis.

23.9.3 Metallic Nanocomposites

Nanophotocatalysis is an efficient technology for the mineralization of toxic and
persistent pesticides. The nanocomposites are the combination of two components
which increase the degradation of pesticides by photocatalytic reaction mechanism
(Xiaodan et al. 2006). Heterogeneous nanocomposites are efficient in
photodegradation of organic pollutants. Heterogeneous property of nanocomposites
enhances the charged surface area for oxidation-reduction reactions and enhances
the pesticide degradation rate. A large number of metal oxide composites like
magnesium oxide, titanium oxides, copper oxides, zinc oxides, tungsten oxides,
and graphene have been developed and utilized for pesticide detection, removal, and
degradation. TiO2 and ZnO nanocomposites are already known for the efficient
decomposition of organic pollutants by U-is photons. Another coupled oxide
nanocomposite of ZnO/SnO2 showed good photodegradation of persistent triclopyr
pesticide photocatalytical degradation compared to the individual oxide entity.
Tantalum isopropoxide and magnesium isopropoxide with silver nanoparticles
(Ag@Mg4Ta2O9) have been synthesized for the photo-degradation of atrazine.
Ag@Mg4Ta2O9 nanocomposites improve the photocatalytical performance for the
degradation of pesticides (Pourya and Hassan 2019). Pd-Au nanoparticles with resin
nanocomposites is an advanced approach for the degradation of organophosphorous
pesticides. Recently, BiOBr/Fe3O4 nanocomposites have been synthesized and can
be used for the degradation of organophosphorous pesticides. In composite form,
rate of degradation was increased from 85% to 97%. These nanocomposites are easy
to prepare, environmentally friendly, and can be recovered without significant
change and efficiently reuse.
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23.10 Degradation of Organochlorine by Nanoparticles

According to the Stockholm Convention, organochlorines are persistent pesticides,
but due to wide range of activity, they are mostly used against agricultural and
household pests. The intensive use of these pesticides contaminates the soil and
water and because they are not easily degraded in the environment. Different
remediation techniques like photochemical degradation, biodegradation, or adsorp-
tion are available for degradation of organochlorines, but these techniques are not
efficient for complete remediation of organochlorine pesticides. For efficient
removal and degradation of persistent organochlorines, an efficient and advanced
technology is needed. Nanotechnology-based remediation is a very effective and
efficient technology to degrade the organochlorine in a very economical and efficient
manner.

Nanoparticle-based degradation pathways based on intermediated formed are:-

• Dehydrochlorination.
• Dichloroelimination.
• Hydrogenolysis.
• Dechlorination.

23.11 Organochlorine Photolysis Mechanism by Nanoparticles

Due to the persistent and bioaccumulative properties, EPA have banned the use of
many organochlorines, but their degraded products are sometimes hold long-term
detrimental effects than the parent compound (Zaleska et al. 2000). Different
degradation methods have been discovered by researchers; among those, the most
efficient method basically involves thermal and photo-catalytical processes (Fang
et al. 2000). Metallic nanoparticles and surface engineered nanoparticles of Fe2O3,

TiO2, ZnO, CdS, SiO, etc., have been synthesized for enhancing the rate of photoly-
sis reactions in organochlorine mineralization, where nanoparticles act as nano-
photocatalysts. Photocatalysis by nanoparticles requires illumination above
300 nm radiations, these radiations act as energy source for electron transfer by
nanoparticles for oxidation reduction reactions in mineralization of organochlorines.
The degraded products after complete mineralization of organochlorines are Cl�,
CO2, H2O, NO3

�, etc. Currently, various workers are involved in advanced research
for eco-friendly degradation by surface modification of metallic nanoparticles by
natural polymers and bio-organisms (Rahmanifar and Dehaghi 2014; Singh et al.
2013a, b). Examples of photocatalysis of nanoparticles are discussed in Table 23.5.
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23.11.1 Mechanism of Organochlorine Photocatalytical Degradation

See Fig. 23.4 and Table 23.6.

23.11.2 Degradation of Organophosphorous Pesticides by
Nanocomposites

Two million tons of organophosphorous pesticides are being used in the world. Due
to the excessive use of these pesticides, it leads to persistent problems by partially
degraded products in nature. These partially degraded products have long-term
persistence property which further leads to bioaccumulation, biomagnifications in
bio-organisms. Nanotechnology-based remediation strategies can efficiently degrade
the organophosphorous pesticides by dehalogenation, and hydrolytical reactions at
room temperature (Nair et al. 2003).

23.11.3 Photocatalytical Degradation Mechanism
of Organophosphates by Nanoparticles

Degradation of pesticide by semiconducting nanoparticles is an effective tool for the
toxic and persistent pesticides and converts these into eco-friendly mineralized
compounds. These nanocatalysts give fast mineralization as compared to conven-
tional ones due to large surface area to volume ratio, which enhances their area of
contact toward the pesticides. Photocatalysis by nanoparticles has been widely

Fig. 23.4 Photocatalytical degradation of organochlorines
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studied in organophosphates remediation. Among all the nanoparticle species, TiO2

is widely used, because of its ability to give continuous supply of oxygen species for
oxidation-reduction reactions of organophosphates mineralization (Darjan et al.
2013; Ochiai and Fujishima 2012) (Fig. 23.5 and Table 23.7).

23.12 Conclusion

Till now more attention has been given for the development of potential
nanomaterials for the water treatment for the safety of human health and environ-
ment. Previous studies indicated that many nanomaterial properties like size, struc-
ture, shape, and reactiveness make them appropriate for wide range of applications.
Moreover, no study has not yet described any toxicity effect on health and environ-
ment due to lack of methods and tools. It is very important to develop nanomaterials
and investigate their safe usage with full potential. Fresh water and wastewater
treatment with advanced nanomaterials plays a significant role to ensure supply of
sufficient, safe, and good water quality for human use.

The major contamination sources of water are agricultural wastage which
contains pesticides, fertilizers, irrigated water, organic waste, etc. Among these,
pesticide residues are the major contamination source and cause many acute and
chronic disorders in humans and negatively affect the environment. To combat these
hazardous problems, advanced nanocomposites play an important role for degrading
the persistent pesticides and other organic contaminants and covert into harmless

Fig. 23.5 Photocatalytical degradation of organophosphates
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components. This process is known as photocatalysis, in this metal oxide
nanostructured semiconductor are used. Along with this different nanocomposites
have antioxidant and antimicrobial properties for water cleanup. Hence, nanotech-
nology can give many powerful and efficient tools for the benefit of mankind and
healthier nation.
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Biomimetic Mineralization of Electrospun
PCL-Based Composite Nanofibrous Scaffold
for Hard Tissue Engineering

24

Arjun Prasad Tiwari, Shiva Pandeya, Deval Prasad Bhattarai, and
Mahesh Kumar Joshi

Abstract

Developing electrospun nanofibrous scaffolds has been expanded as a promising
strategy in the field of bone tissue engineering owing to its resemblance to the
extracellular matrix in tissues. Polycaprolactone (PCL), a synthetic polymer, is
being extensively investigated over the last few decades, especially for its use in
the fields of biomedicine and tissue engineering due to its superior properties like
good biodegradability, nontoxicity, and remarkable processability. Despite these
advantages, electrospun PCL scaffold has a low wettability which affects nega-
tively on the biocompatibility and the process of biomineralization. Therefore,
improving wettability of the PCL scaffolds is critical concern for biomedical
applications. Various modifications of PCL scaffolds have been reported to
improve their ability for biomimetic mineralization and to achieve a conducive
interface for living cells. Incorporation of various bioactive nanoparticles/
molecules/biopolymers into the PCL nanofibrous scaffolds has attracted a great
deal of attention in the field of bone tissue engineering due to their ability to direct
biomimetic mineralization. Loose packing of the electrospun PCL nanofibers into
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three-dimensional network is the next choice for improved mineralization.
Expanding tightly packed nanofibrous scaffold into a three-dimensional form
by modified gas-foamed technique results into increased porosity and surface
wettability due to reaction-induced changes. The purpose of this chapter is to
discuss the recent developments on modification and biomimetic mineralization
of PCL-based nanofibrous scaffolds for hard tissue engineering along with to
focus on the material characterization as well as cellular behavior of different cell
types on the scaffolds.

Keywords

Biomimetic mineralization · Polycaprolactone · Tissue engineering · Electrospun
nanofibers · Wettability

24.1 Introduction

Polycaprolactone (PCL) is a semisynthetic biodegradable, bioresorbable, and bio-
compatible aliphatic polyester (Hajiali et al. 2018). The IUPAC name of PCL is
(1, 7)-Polyoxepan-2-one and is commonly called as 6-caprolactone polymer. PCL
having wide range of molecular mass (530 Da to 630 kDa, number average molecu-
lar weight, Mn) is available. However, PCL having molecular mass in the range of
25–90 kDa is workable polymer with significant mechanical properties (Eshraghi
and Das 2010; Labet and Thielemans 2009). As a semisynthetic polymer, PCL can
be synthesized via various routes including polycondensation method (e.g.,
6-hydroxyhexanoic acid), ring opening polymerization of a lactone (e.g.,
ɛ-caprolactone), and so on (Castro-Osma et al. 2013; Labet and Thielemans 2009).
The PCL synthesized by ring opening of ɛ-caprolactone is specially called poly
(ɛ-caprolactone). Presence of ester linkage in PCL makes it hydrolysable in physio-
logical environment which is often triggered by enzymatic, oxidative, and
pH-related catalysis (Bartnikowski et al. 2019). Initial and subsequent hydrolysis
of PCL leads to macroscopic structural breakdown into small polymer fragments
which is further metabolized in cellular level. Furthermore, all the by-products of
PCL are excreted by the end of its degradation process. Slow polymer degradation
kinetics of PCL over polylactides makes it a choice for biomaterial application.
Furthermore, biocompatibility and interesting tailorable properties of PCL increase
its usability in the realm of biomedical world. Blending of hydrophobic polymers
such as PCL with other natural or synthetic polymer or ceramic materials can
introduce some important properties relevant to tissue engineering applications
(Hasan et al. 2017; Siddiqui et al. 2018). Relatively low melting point (60 �C),
low glass transition temperature, miscibility with large number of polymers, and
stability over melt processing offer the application of PCL in the field of regenerative
medicine and tissue engineering.

PCL is soluble in common solvents such as chloroform, carbon tetrachloride,
tetrahydrofuran (THF), dichloromethane (DCM), and dioxane at room temperature
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(Bhattarai et al. 2018, 2019). PCL finds its widespread range of applications for
implantable biomaterials, tissue engineering, and drug release application. Regard-
ing the tissue engineering applications, PCL bears some inherent limitations such as
its slow degradation rate, feeble mechanical strength, and sparse cell adhesion.
Furthermore, PCL exhibits low wettability which limits the biomineralization pro-
cess as well as cell culture basement where initial interaction of scaffolds with
biomolecules begins. Various attempts have been made to address these limitations
of PCL so as to effectuate the biomedical applications of PCL-based scaffold.
Chitosan/PCL nanofibrous scaffolds are prepared by electrospinning method
where the presence of chitosan moieties increases a significant hydrophilicity.
The improvement in hydrophilicity was assessed by a decrease in contact angle.
The increased hydrophilicity not only enhanced the bioactivity but also enhanced the
protein adsorption (Shalumon et al. 2011). Miscibility with some other polymers
assists in the preparation of composite or hybrid materials of PCL. Blending of PCL
with some other polymers, surface functionalization, pretreatment and posttreatment
of the scaffold, etc. are some notable endeavors performed to enhance the properties
of PCL-based scaffolds for biomedical applications. To supplement it, PCL hybrid
materials with remarkably improved properties can be prepared by incorporating
some other materials like calcium phosphate-based ceramics and bioactive glasses
and so on.

Tissue engineering and regenerative medicine has been becoming a major stream
of study since the past few decades. The discipline of tissue engineering involves
cells–scaffold interaction for natural tissue regeneration. Due to ever-increasing
accidents as a result of rapid industrialization, urbanization, automatization and
traffics, infections, tumors, and so on, the demands of the bone grafts and financial
burden are increasing. A major challenge in this area is to develop hierarchical,
three-dimensional, appropriate scaffolds capable of integrating and optimizing vari-
ous properties from nano- to macro-domain in relation to biophysical and biochemi-
cal signals for tissue regeneration. Most importantly, bone tissue regeneration or
replacements are the major tasks in clinical applications. The autograft is considered
as the clinical gold standard to treat the defects and bone injuries (Blokhuis et al.
2013) though it has also many disadvantages. Autografting leads the surgical
burdens to the patients, the risk of infection, and developing immunogenicity
(Arrington et al. 1996). Bone regeneration is a complex biological process. New
bone formation starts from recruiting the osteoblasts to the defect sites through
variety of factors like transforming growth factor-b and bone morphogenetic
proteins (BMPs) (Santin and Phillips 2012). The osteoblasts accumulate Ca2+ and
PO4

3� within polarized matrix vesicles promoted by phosphatases, calcium-binding
proteins, and potential mitochondria vesicles (Anderson 2003). Collagen framework
provides a platform for the spatial arrangement of the precipitated amorphous
calcium phosphate into the local environment. This process is referred to minerali-
zation or bone formation. The healing and bone formation themselves are complex
processes and take a longer time (Dimitriou et al. 2011). Therefore, the focused on
alternative ways of regenerating bone tissues or replacement of diseased or damaged
bone is a major research trend in tissue regeneration. The osteoconductive materials
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with tunable porosity, mechanical properties, and so on can be a valid alternative to
autogenous bone grafts. Application of the biomaterials fulfills that gap at some
extent by providing the suitable platform for bone regeneration (Gao et al. 2017;
Hasan et al. 2018). The biomaterials promote the osteogenesis, a bone formation
process without leaving any toxicity to health. The opted characteristics of the
biomaterials for bone tissue engineering are as follows: has an ability to bond with
biological macromolecules (bioactive), having the capacity to promote new bone
formation from the surrounding established bone (osteoconductive), and having the
ability to induce osteoblastic differentiation (osteoinductive) (Hasan et al. 2018;
Wang and Yeung 2017). The uses of desired biomaterial would avoid the clinicians’
need of harvesting bone from the other sites, and importantly, it would eliminate the
patient’s pain and discomfort associated to these procedures. The bone itself is the
complex chemistry of many entities in which calcium phosphate, shares a major
component, is akin to bone apatite. It has been reported that calcium phosphates as a
filler component are supporting for osteogenesis and enhanced biomineralization
(Shih et al. 2014). Biological products such as hydroxyapatite (HAp), demineralized
bone matrix, or synthetic biomaterials such as calcium sulfate, calcium lactate,
tri-calcium phosphate, bioactive glasses, or polymer-based substitutes alone or in
combined form have been practicing as the bone substitute (Campana et al. 2014;
Schlickewei and Schlickewei 2007). The spatially controlled deposition of calcium
phosphate minerals into the collagen fibrils is the bone formation process. Bone
apatites like calcium-based minerals are brittle by themselves, therefore limiting in
solo application in defects for regeneration or as a bone substitute material. A basic
tenet of scaffold preparation for bone regeneration is that the scaffold should feature
the mechanical properties and architecture of the designed construct.

24.2 Mineralization of PCL-Based Scaffolds

There is a huge interest in the development of suitable scaffolds using a multitude of
materials, including natural products, synthetic polymers, and metals, that offer ideal
properties for bone regeneration or filling the bone defect. PCL has been emerged as
a polymer of huge scope for bone tissue engineering applications due to its good
processability, biocompatibility, and solubility in common organic solvent and
capability of forming blends solution with different polymers. PCL offers longer
degradation period, which benefits for its uses in hard tissue substitution. The
electrospun nanofibers can mimic an extracellular matrix (ECM) that is composed
of collagen fibrils within the ranges 100–200 nm (Ma et al. 2013). It has been
reported that collagens serve as organic templates for bone mineralization; therefore,
guidance for the growth of bone-like structures on the PCL fibers considers a rational
biomimetic design. Therefore, growing the apatite-like particles toward the PCL
nanofibers can be biomimetic to the natural bone. Herein, the grafting of the
mineralized matrix into the bone defect is the alternative, easy, and less risky
approach for filling the bone defects. Moreover, the mineralized calcium phosphate
provides the additional bioactivity and osteoconductivity; therefore, the whole
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osteogenesis process can be fastened. In the early 1980s, Bonfield developed the
hydroxyapatite reinforced polyethylene, a mechanically compatible implant material
for bone replacement, just by mixing the different weight ratio of both components
(Bonfield et al. 1981). Various types of PCL scaffolds such as electrospun
nanofibers, films, etc. have been prepared for biomedical applications since decades.
Among different types of scaffolds, electrospun polymeric scaffolds are being
widely investigated as scaffolding materials for bone tissue engineering. However,
some inherent properties of PCL such as low tensile strength, stiffness, and hydro-
philicity limit its harmonization for natural bone substitute (Xie et al. 2013). Blend-
ing with bioactive materials or postmodification of PCL scaffolds contributes to
overcome the drawback of the as-spun electrospun PCLmembranes too some extent.
Table 24.1 presents the surface modification of PCL-based scaffolds reported in the
various reports. Polydopamine/PCL composite finds its good application in biomin-
eralization where dopamine, chemical moieties with catechol group, is believed to
regulate mineralization of electrospun PCL fibers (Gao et al. 2016; Ghorbani et al.
2019). Minerals coating over electrospun PCL fibers render some important physi-
cochemical properties, such as high stiffness, ultimate tensile strength, and tough-
ness, to match closure to the mechanical properties of native bone (Xie et al. 2013).
Besides these, behavior of osteoblasts in the formation of bone nodules on
biopolymers/HA can be enhanced. All in all, presence of HA on semisynthetic
polymers such as PCL can enhance various supporting properties. Hydroxyapatite
plays an important role in the biomechanical properties of bone, including biocom-
patibility, osteoconductivity, nonimmunogenicity, and so on. Electrospun fibers of
PCL can be immersed in supersaturated calcification solution for bio mineralization
(Xia and Shi 2016). This offers the possibility of fabricating a biomaterial mimicking
the bones with appropriate mechanical strength and load-bearing capacity.

Titanium metal implants were first reported to coat by calcium phosphate in the
early 1980s so as to enhance the bonding ability of the implant to the bone. Later,
plasma-sprayed technique which was first described by de Groot in the late 1980s
(De Groot et al. 1987) was generally used to deposit the HAp particles into the metal
implants. HAp particles are added into a plasma tail flame with a high temperature
(up to 15,000 �C) in plasma spraying method. The HA particles undergo with a high
velocity (nearly with the speed of sound, 300 ms�1) when injected in the plasma
flame and are driven against the surface of the substrate. During the process, the HA
particles partially melt in the plasma flame and solidify later against the metal
substrate, thereby, finally, forming a layer of particles. Since then, several methods
have been used in coating of calcium phosphate minerals in order to increase the
bioactivity/suitability of the implant for bone regeneration. Thermal spraying, sput-
ter coating, sol–gel deposition, and dip coating are the common approach for
calcium phosphate coating on the titanium implant (Arcos and Vallet-Regí 2020;
Dehghanghadikolaei and Fotovvati 2019). However, the coating techniques are
various depending on the substrate. The titanium implants are considered for the
replacement of large bone defects. However, they are nonbiodegradable and
nonresorbable. Importantly, long-term placement of the titanium implant faced the
biocorrosion and the particles or ions into surrounding tissues, resulting into bone
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loss as a result of inflammatory reactions (Mombelli et al. 2018). Besides, implant
failure and allergic reactions are likely to be occurred due to hypersensitivity
reactions (Kim et al. 2019; Safioti et al. 2017). Several works put forward to develop
electrospun-based composite scaffolds for filling the gap of small bone defects or
bone regeneration even these as its original form may not be appropriate for large
bone defects. The suitability of the electrospun nanofibers is enhanced by the
simultaneous spinning the filler components such as calcium phosphate with major
polymeric solution and/or postelectrospinning process. Postelectrospinning
approaches cover an immersion of the as-spun polymeric scaffolds into mineralizing
solutions which slowly generates an inorganic coating onto the fiber surface thereby
creating the biomimetic surface.

24.3 Synthesis of Mineralized PCL-Based Scaffolds Via
Electrospinning

Simultaneous electrospinning is the process of electrospinning of the polymeric
solution combined with the inorganic particles in order to make the functional
fibrous mats. Simple electrospinning of the polymeric solution produces pure poly-
meric nanofibers. Since the pure polymeric fibrous membranes are, in general,
poorly bioactive and are hardly useful for inducing bone regeneration, introducing
bioactive compounds, such as growth factors, bioglasses, and calcium phosphates,
are essential. The HA-enriched nanofibers can better provide the adsorption sites due
to having more chemical clues, thus enhancing the bioactivity, cell compatibility,
and osteogenesis process in overall. On the other hand, the polymeric fibers have low
stiffness; therefore, many researchers incorporated the HA, and thus organic–inor-
ganic nanocomposites provide significant mechanical hardness to the scaffold and
increase the suitability (Shao et al. 2016; Xu et al. 2020; Yang et al. 2008). Several
researches mentioned fibers coated with various forms of apatite, which mimic the
natural bone thus providing an ideal environment for osteogenesis and increase the
structural stability of the scaffold. Shao et al. (2016) electrospun silk fibroin together
with apatite-like particles and used in bone regeneration. However, in simultaneous
electrospinning after particles exceeding of certain concentration (maximum loading
10 wt%) limits the electrospinning process. The filler solution can either be
precipitated into the polymeric solution during long-time electrospinning process
or the inorganic particles can dissolve under the organic solvents. Beading on the
fibers and mass aggregation of particles onto the fibers are commonly observed (Lee
et al. 2016). Due to the heterogeneous property of the resulting fibrous mat, the
wettability and mechanical properties can be varied upon the position of mat. These
in turn affect the biocompatibility, mineralization, and eventual osteogenesis
process.

Erisken et al. developed functionally graded PCL incorporated nonwoven meshes
with tri-calcium phosphate nanoparticles using a new hybrid twin-screw extrusion/
electrospinning (TSEE) process (Erisken et al. 2008). This process allowed the time-
dependent feeding of various solid and liquid ingredients and their melting,
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deaeration, dispersion, and pressurization together with electrospinning within the
confines of a single process. Park et al. fabricated the beta-tri-calcium phosphate
(β-TCP) particles incorporated lactic acid/PCL (LA/PCL) micro/nanofibers via
single-step electrospinning process for hard tissue engineering. Incorporation of
β-TCP not only enhanced the bioactivity but also enhanced the hydrophilicity and
biodegradation of PCL scaffold (Park et al. 2014). Nano-magnesium phosphate
(nMP) and nano-hydroxyapatite (nHA) -incorporated PCL composite membranes
showed a good attachment and proliferation of bone-forming osteoblasts compared
to pure PCL and PCL/nHA (Perumal et al. 2020). Wang et al. developed octacalcium
phosphate (OCP)-embedded poly (lactic-co-glycolic acid) (PLGA)/PCL nanofibers
via electrospinning and tested the ability of the membranes osteogenesis of bone
marrow mesenchymal stem cells (MSCs) (Wang et al. 2019). OCP incorporation
supports for the enhanced osteoinductive capacity, as confirmed by activation of
alkaline phosphatase (ALP), increased gene expression of bone specific markers,
and mineral nodules formation compared to PLGA/PCL. Liu et al. fabricated a
highly bioactive PCL/tricalcium phosphate sol, a composite mat as an artificial
periosteum covering the surface of the bone defect, to enhance bone regeneration
(Liu et al. 2020a). The biomineralization on the composite membranes was found
significantly improved compared to the pristine PCL. Furthermore, the mats signifi-
cantly upregulated the rat bone marrow mesenchymal stem cells’ (rBMSCs)
activities in terms of proliferation and osteogenic differentiation.

24.4 Postelectrospinning Approach to Synthesize Mineralized
PCL-Based Scaffolds

The postelectrospinning approach requires an additional step for biomineralization
by introducing the electrospun scaffold into the inorganic phase. This approach
allows the homogeneous attachment of particles on the surface of the fibers and
contributes to the enhancement of mechanical properties of the matrix and the
osteoconductivity (Joshi et al. 2015b; Tiwari et al. 2017, 2018b). A promising
approach of coating by apatite-like structure is using simulated body fluids
(SBFs). Over the past three decades, SBF has been widely used and developed for
the following purposes: (1) bioactivity assessment for biomaterials and (2) surface
coating of biomaterials to improve osteoconductivity (Joshi et al. 2015b; Nijsure
et al. 2017; Song et al. 2003; Tiwari et al. 2017). SBFs is composed of ions at similar
concentrations to those found in body fluid (Gkioni et al. 2010; Kokubo et al. 1990).
Therefore, immersing a substrate by adjusting other biological conditions, such as
temperature, pressure, and pH, is akin to body physiological condition. The degree
of coating and organization of coated particles are governed by the composition of
the SBF, ionic strength, pH, temperature, and immersion time. Kokubo (Kokubo
et al. 1990) announced the concept of biomimetic mineralization using SBFs in
1990. After that, it is becoming a major tool to study mineralization. The coverage
and degree of deposition of calcium phosphate particles are increased with increas-
ing time of immersion mats in SBF solution. SBF contains the high concentration of
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calcium and phosphate ions which later condensates into the hierarchical fashion in
response to ECMmimetic electrospun fibers. Being chemically inert, biocompatible,
and low-cost bio absorbable synthetic polymer, PCL has been widely applied in a
plethora of bone tissue regeneration (Siddiqui et al. 2018; Tiwari et al. 2018a).
However, the major limitation of PCL fiber is its hydrophobic nature, which limits
the contact with the precursor solution containing calcium phosphate ions thereby
low degree of coating take place. To overcome this drawback, composite formation
with other bioactive and hydrophilic compounds has been commonly applied. Lee
et al. (2014) modified the surface of PCL-gelatin electrospun nanofibers by
SBF-mediated coating to produce a bone-like calcium phosphate particles. The
functional coating activates the surface and facilitates for cells–biomaterials interac-
tion and osteogenic potential activities when using in in vivo study in a rat model.
Xie et al. (2013) demonstrated a novel composite nanofiber scaffold by calcium
phosphate attachment to PCL nanofibers. They modulated the mineralization pro-
cess of composite mat by the coating of mussel-inspired protein, polydopamine,
which served as a nucleation center of particles deposition. In one study, apatite-like
structures were found attached on the fiber surface homogeneously in the
PCL/albumin or PCL/polyethylene glycol (PCL/PEG) mat at a week of immersion
under SBF. Further, the fiber junctions were also observed filled with the apatite
layer following another week of treatment (Tiwari et al. 2017, 2018b). The produc-
tion of the bone-like materials in collaboration with polymeric fibers and subsequent
implantation can avoid the uses of other harsh techniques of grafting or metal

Fig. 24.1 Schematic illustration of fabrication of membranes by electrospinning and SBF
treatment
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implants in many cases. This finally can ease the quality of life to patient and
prevents from the extra financial burden (Fig. 24.1).

24.4.1 Preparation of Simulated Body Fluid (SBF)

In 1980, Hench (Ogino et al. 1980) observed a silicon oxide-rich layer and calcium
phosphate layer strongly bonded to bioglass when implanted in the body environ-
ment. This inferred that the in vivo synthesis of calcium phosphate film can be
reproduced in a buffer solution containing Tris hydroxymethylaminomethane and
hydrochloric acid (Tris buffer solution) at physiological condition. Later, Kokubo
group identified the layer of calcium phosphate is similar to the bone mineral,
crystalline apatite by using micro X-ray diffraction (Kokubo et al. 1990). Subse-
quently, Kukudo established the SBF-mediated mineralization first at 1990 (Kokubo
et al. 1990). But the proposed SBF did not contain sulfate (SO4

2�) ions that are
contained in human body fluid. Several modifications have come forward after that.
In 1991, he revised the recipe based on the ions present in blood plasma which
named as corrected SBF (c-SBF). Comparison of Ion concentrations of SBF with
blood plasma is shown in Table 24.2. Since then, the c-SBF has been used widely as
SBF for mineralization purposes. The formulae of preparation of SBF are given in
Table 24.3.

Kukubo explained the preparation of SBF in following ways (Kokubo and
Takadama 2006). Accordingly, initially, take 700 mL of ion-exchanged distilled

Table 24.2 Comparison of ion concentrations of SBF with blood plasma

Ion concentration (mM)

Na+ K+ Mg2+ Ca2+ Cl� HCO3� HPO4
2� SO4

2�

Human plasma
(blood)

142.0 5.0 1.5 2.5 103.0 27.0 1.0 0.5

Original SBF 142.0 5.0 1.5 2.5 148.8 4.2 1.0 0

Corrected SBF
(c-SBF)

142.0 5.0 1.5 2.5 103.0 4.2 1.0 0.5

Table 24.3 Required
chemicals for SBF (Tadashi
Kokubo 1991)

Order Reagent Amount Purity (%)

1 NaCl 8.035 g 99.5

2 NaHCO3 0.355 g 99.5

3 KCl 0.225 g 99.5

4 K2HPO4�3H2O 0.231 g 99.5

5 MgCl2�6H2O 0.311 g 99.0

6 1.0 mL HCl 39 mL 98.0

7 CaCl2 0.292 g 95.0

8 Na2SO4 0.072 g 99.0

9 Tris 6.118 g 99.0

10 1.0 m HCl 0–5 mL
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water with a stirring bar into 1000 mL plastic beaker. Dissolve the reagents of first to
eighth orders provided in Table 24.3 into the solution one by one. The chemicals of
9th (Tris) and tenth orders are dissolved in the following process of pH adjustment.
Final volume makes up to 1000 mL by adding additional ion-exchanged distilled
water.

24.4.2 Techniques to Assess Mineralization

24.4.2.1 Electron Microscopy
Electron microscopy allows studying the morphology and composition of
mineralized matrix. Scanning electron microscopy enables the evaluation of surface
morphology, while transmission electron microcopy offers the internal structure of
the minerals. Tiwari et al. studied the electrospun PCL/PEG and pure PCL mem-
brane for their ability to produce calcium phosphate particles by dipping mats into
SBF solution for 7 and 14 days (Tiwari et al. 2017). Seven-day SBF-treated PCL mat
(Fig. 24.2) showed few particles hardly found on the nanofiber surface, while the
nanofibers beneath the surface layer remained untouched. In contrary, bone appetite-
like mineral layers covered with a number of microparticles were found throughout
surfaces of the composite scaffold (Fig. 24.2). Nano-nets were also observed to be
completely concealed by the particles. Similarly, in the 14-day mineralized mats,
more HAp particles were deposited on nanonets-covered PCL/PEG mats compared
to PCL or PCL/PEG scaffold not having nanonets (Fig. 24.2). Moreover, large sheet-

Fig. 24.2 SEM photographs of mineralized PCL, representative heterogeneous PCL/PEG (PG40),
and representative PCL/PEG mats without nano-nets (PG40A). The mats were immersed in SBF
solution at 37 �C for different period. (Figure adapted from Tiwari et al. (2017) with permission
from Elsevier)
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like apatite mineral layers were observed throughout on the composite scaffold.
They concluded that the enhanced mineralization on nanonets containing PCL/PEG
mats compared to PCL could be affected by a number of factors, such as wettability,
surface area, and surface morphology. The elemental composition and mapping can
be obtained by energy-dispersive X-ray (EDX) analysis combined with the electron
microcopy (Fig. 24.3a). The analysis of X-rays with energies corresponding to the
atoms in the specimen emitted when an incident electron hits the specimen surface.
Analysis of these X-rays can provide elemental maps of the distribution of elements
such as Ca, P, C, O, and N within the sample. From the EDX analysis, the ratio of
Ca/P which gives the quality of bone-like mineral formation as suggested (since
recommended range of 1:1–2:1 (wt./wt.) by the European Society of Pediatric
Gastroenterology Hepatology and Nutrition to confirm optimal bone health and
development) (Koletzko et al. 2005) tentative can also be calculated.

24.4.2.2 Fourier Transform Infrared Spectroscopy (FTIR) Analysis
An FTIR analysis is commonly used technique to access the biomineralization of
PCL-based scaffolds. FTIR of bioceramics especially HAp exhibits typical bands at
468 cm�1 and 605 cm�1 corresponding for ν2 and ν4 bending, respectively, of O-P-
O linkage in phosphate in HA. The peaks located in the range 1150–990 cm�1 is
attributed to the symmetric P-O stretching (ν3) of the phosphate groups, while a peak
at 964 belongs to symmetric P-O stretching (ν1) of phosphate. Stretching and
vibrational modes of OH� groups can be observed at 3570 cm�1 and 628 cm�1,
respectively (Milovac et al. 2014). There are two possibilities of the carbonate
substitution in HAp which generates three structural types, that is, A type, B type,
and AB type. Hydroxyl sites are substituted A type Hap, while phosphate tetrahedral
sites are takeover in B type. Carbonated HAp is resemblance to the chemistry of

Fig. 24.3 (a) EDX analysis of PCL/cellulose membrane exposed to SBF for 1 week. (b) XRD
patterns different samples. (Figure adapted from Joshi et al. (2015b). Copyright (2015) American
Chemical Society)
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natural human bone than pure HAp and has been proved experimentally to have
better biocompatibility. The presence of the peaks at 1456 cm�1 and 874 cm�1 with
high intensity predicts the B-type substitution occurred during HAp synthesis. A
close look at spectra hints the presence of small amount of the A-type substituted
HAp as indicated by ν2 CO3

2� peak at 879 cm�1 and the very weak ν3 CO3
2� peaks

at 1549 cm�1. AB-type substitutions are common in case of biological apatites.

24.4.2.3 XRD Patterns
XRD patterns can be recorded to investigate the chemical structure of the PCL-based
composite mat exposed to SBF solution. The mineralized PCL mats show the XRD
peaks at 2θ values ¼ 25.8�, 31.7�, 32.9�, 34.0�, 39.7�, 46.6�, 49.4�, and 53.2�

ascribed to HAp (Fig. 24.3b) (Joshi et al. 2015b). These 2θ values are consistence
with the synthetic HAp. However, the peaks centered between 25� and 35� were
slightly broadened. This result has been found similar to the XRD of extracted bone
mineral from zebrafish fin rays which had smaller sized and a lower degree of
mineralization, relative to synthetic HAp. Hence, mineralized electrospun scaffolds
share similar properties to the native bone matrix. Another difference found in the
XRD data for the mineralized scaffolds relative to the synthetic HAp (Fig. 24.3b)
(Joshi et al. 2015b) is the broadening of the peak at 29 with increased intensity. This
can be due to the embedding of the amorphous Ca/P in the SBF-treated scaffold.
However, the limited differences are found within the diffractograms depending on
the mineralization procedures and substrate polymeric material (Rodríguez et al.
2011). Therefore, a number of possibilities to achieve a mineralized scaffold with
slightly altered structures cannot be ruled out. The polymer matrix acts as Ca/P base
reservoirs for integration into platelets within the collagenous network. Ca/P clusters
remain on the surface should enhance mineralization for the successful integration of
scaffold into the tissue.

24.4.2.4 Alizarin Red S Staining (ARS Staining)
The ARS staining is used to study the calcium deposition in mineralized matrix.
Calcium is a major constituent of matrix. For the ARS staining, SBF-treated
scaffolds are immersed in 4% paraformaldehyde for the fixation and later immersed
within the ARS solution (50 mM, pH 4.1–4.3) for 30 min at room temperature. ARS
staining has ability to bond specifically to calcium. Later the degree of calcium
deposition can be imaged by the digital camera as indicated by the pink pale red
color staining. Moreover, the extraction of the dye that stained calcium can be
quantitatively estimated by spectrophotometer at 492 nm with the help of standard
curve made by known calcium concentration. The dyes extraction occurs into the
mixture solution of distilled water and 50% acetic acid (1:4 V/V). The acidic solution
dissolves the calcium that binding with the dyes. The intensity of pink red color is
proportional to the calcium present in the matrix. Cell-induced mineralized matrix
can be identified by quantitative measurement of the alkaline phosphatase and
collagenase activity or staining by alkaline phosphatase and or collagenase or ARS
staining. The collagenase stains the collagen matrix produced during the osteogene-
sis process. Similarly, the osteogenesis process can be accurately predicting by the
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quantitative measurement of the specific genes associated with osteoblastic activities
such as Runx, alkaline phosphatase, and Osterix by polymerase chain reaction.
Mesenchymal stem cells or osteoblast cells produced the bone matrix typically
after at least ~14 days, and the size and shape of the matrix can be varied up on
the source of osteoblast in terms of rat, human, rabbit, and mouse (Orriss et al. 2014).

24.5 Recent Advances on Electrospun PCL-Based Structure
for Mineralization

Although electropsun PCL membrane has many unique characteristics including
large surface-to-volume ratio, interconnected pores, and high porosity, meantime, it
has few limitations too for being used directly in tissue engineering. Mainly, it is
hydrophobic in nature, which shows slow progression of cell attachment, prolifera-
tion, and differentiation or mineralization. Another limitation of the PCL scaffolds
alone has slower degradation. The degradation lasts for 2–3 years, mainly attributed
to the low contact with the physiological surrounding due to increased
hydrophobicity (Engelberg and Kohn 1991). This brings slowing the neo-tissue
formation in case of in vivo implantation. Therefore, the surface modification of
PCL fibers is the prime concerns. Many reports increase the wettability by
introducing water loving functionalities or by blending with other bioactive hydro-
philic compounds. Importantly, the resulting as-spun composite membranes are
always in two-dimensional (2D), consisting of packed layers of nanofibers that can
only allow accessibility of modification limited to the surface of membrane while
remaining internally located fibers of the membrane remain untouched. The biomi-
metic SBF mediated mineralization and cells growth restrict on the surface of sheet-
like electropsun membranes. The use of thin layer of the electrospun scaffolds is not
sufficient for deep bone defects. This problem can be addressed by replacement of
the 2D membranes by three-dimensional multilayer structured scaffolds. In these
consequences, several modifications have been put forth to address such limitations
while improving additional functionalities.

Designing electrospun-based three-dimensional (3D) scaffolds for the tissue
regeneration application evokes much interest due to their several advantages over
their corresponding 2D mat. There have been looking for the possibility of the
developing the scaffolds that are richer and smarter in the composition as well as
structure than electropsun 2D itself. Many groups worked on the developing the 2D
mats into 3D sponge in order to make fit for the tissue regeneration. Joshi and
co-workers developed 3D multilayer structured electropsun scaffold from the 2D
sheet by sodium borohydride mediated gas-foaming process (Joshi et al. 2015a).
Similarly, Jiang and co-workers developed the 3D scaffold from the CO2-foaming
technique by simple treatment of as-spun membranes at dry ice/ethanol bath and
subsequent freeze drying process (Jiang et al. 2018). Notably, 3D scaffolds showed
clear cellular infiltration. As-obtained 3D scaffolds showed high efficiency in bone
regeneration in animal study. Tiwari and co-workers successfully modified the
as-spun PCL/cellulose membrane with additional functionality by using a modified
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gas-foamed technique. They embedded the calcium hydroxide nanoparticles into the
3D PCL/cellulose mesh (Kim and Tiwari 2020a). The resulting 3D composite
showed higher cellular infiltration and biomimetic mineralization efficiency than
the corresponding 2D mats or noncalcium particles embedded 3D mesh. The
gas-foaming method overcome the main drawback of the as-spun PCL mat, that
is, hydrophobicity as it progressed to form 3D. The significantly increased porosity
of the 2D membrane enhances the water adsorption of the mats via the capillary
action which is not feasible in PCL 2D mat due to tightly arranged fibers network.
Moreover, the fiber roughness also increases due to the exposure reaction solution in
the case of using gas-foaming approach, which also results in increasing the wetta-
bility of the hydrophobic mat. The SEM images and fiber size distribution were
observed changed slightly following the gas-foaming process (S. E. Kim and Tiwari
2020a). This finally helps the biomineralization and bone formation process.

Remarkably, even more unique structures with intriguing features can also be
synthesized by combining electrospinning with hydrogels. Generally, hydrogels are
more favored for allowing biomineralization of cellular activities three dimension-
ally; however, mostly potential hydrogels are poor in mechanical integrity (Feng
et al. 2016). Several reports now focused integrating the electropsun mesh with
hydrogels, thereby forming the fiber reinforced hydrogels (Chen et al. 2020; Joshi
et al. 2020; Maharjan et al. 2021). Multichannel gels which have the ECM mimick-
ing fiber can better support the cell-related activities (Jordan et al. 2017). Integration
of as-spun electrospun nanofibers with hydrogel can enhance the synergistic
properties to the scaffolds. The smashing of the long and tightly packed fibers of
membrane by homogenization into the medium and later assembled into the hydro-
gel precursor is a commonly used approach (Liu et al. 2020b; Maharjan et al. 2021;
Mohan et al. 2015). Moreover, increasing the porosity and loosening the fiber
network by gas-foaming and subsequent assembling into hydrogels could also
formed the macroporous scaffold with channel-like pores and ECM-like fibers.
Such architecture can guide cellular activities. The fiber-assembled hydrogels
showed to improve biomimetic mineralization and osteogenesis process than that
of the hydrogel alone or three-dimensional structured mesh (Joshi et al. 2020). In
another study, the chitosan and bioglass incorporated PCL fiber mats were assem-
bled in an agarose-gelatin hydrogel to generate a 3D hybrid scaffold (Mohan et al.
2015). Accordingly, it can be postulated that the advancement of the electrospun
membrane can bring the following advantages over as-spun 2D mats.

1. Increases the physicochemical properties such as hydrophilicity, porosity, surface
area, etc.

2. Improves the biomimetic mineralization.
3. Increases the cellular activities. The modification of as-spun 2D membrane

increases the suitability of the scaffold by allowing three-dimensional biominer-
alization and cellular growth.
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24.6 Limitation and Future Perspective

Even though the electrospun-based mats bring several benefits, it has also some
limitations. The electrospun mat with all requirements for bone regeneration cannot
be expected. Generally, 2D sheets have low stiffness which hindered the uses as a
bone replacement. Several groups have modified as-spun 2D mats into 3D scaffold
materials; still there is the chance of collapsing the 3D structure at some extent when
immersed into the liquid media. The 3D scaffolds developed by gas-modifying
technique retained the 3D structure by the entrapment of the gases; therefore, the
structure can be disturbed once the escaping of the gases for the time being. Despite
that the increased porosity, multilayer structure remains exists. In this background,
entangling the labile spongy nanofibers into the hydrogels has gained increasing
attention to develop new type of hybrid scaffold. Further making composite by
printing together with the 3D-printed scaffolds can be a future work in order to
overcome the limitations of electrospun-based scaffolds. The 3D-printed scaffolds
with tunable mechanical properties along with ECM mimicking labile fibers can
show the higher biomineralization and cellular activities. This strategy can be
advantageous to develop a scaffold that can directly implant into the targeted site
as a bone replacement after the SBF-mediated mineralization. In other hand, it can
facilitate the bone regeneration by increasing the biocompatibility,
osteoconductivity, and osteoinductivity. Further, the relevant drugs or proteins as a
growth factors can be incorporated to further enhance osteogenesis process for rapid
bone regeneration in real applications.

24.7 Conclusions

Cell-mediated biomineralization process is the real bone formation process which is
a complex mechanism and takes much time to accomplish in a natural way. Herein,
electrospun-based PCL fibrous scaffolds have been an attractive substrate facilitating
for bone regeneration in a defect sites due to having unique properties such as
nontoxic, good mechanical properties. Electrospinning offers the fiber production
at a range of nanometer to microscale that mimics the ECM. However, the low
hydrophilicity and having less active functional moieties on the PCL fiber surface,
actual mineralization process takes much longer time. In this scenario, a modified
PCL mat and subsequent in vitro mineralization became a significant advancement
in tissue regeneration. In vitro mineralization study by SBF treatment not only
reduces the bone formation process by time but also facilitates the osteogenesis.
Several in vitro and in vivo studies have demonstrated the promising effects of the
surface-mineralized fiber scaffolds on initial cell attachment, proliferation, migra-
tion, and differentiation. Still, the as-mineralized PCL mats are two dimensional
which hinder the uses in large bone defect site. More recently, 3D scaffolds from the
as-spun 2D mats have been becoming a promising approach to overcome the
limitations of the as-spun PCL-based mats. Further functionalization of 3D mats
and assembling together with hydrogels are recently catching a tremendous interest.
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Incorporation of biomolecules and suitable drugs into advanced structured scaffolds
such as 3D printed, cell laden gels, etc. can be highly beneficial in improvement in
the development of the substitutes of bone defects while fastening the bone forma-
tion process meantime. This would be the perspective for the future study in the line
of development of ready to implant mineralized matrix as the bone substitutes.
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