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

Sara Ferraris, Yolanda S. Hedberg, James J. Noél, 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 (T1) 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 (TiO,), have long been considered nontoxic and
biocompatible, newer studies show that this is not always true (Jin and Berlin 2015).
Small (<4 pm) 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-Gonzalez et al. 2008), and cause different
immunological responses (Thewes et al. 2001). Due to the low solubility of TiO,,
TiO, 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). TiO, 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,
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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 (Noél 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
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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 TiO, in several
steps (McCafferty 2010; Schmets et al. 1974), with the following reactions showing
the equilibrium states under standard conditions:

Tt 42" =Ti E =-1.630 V (1.1)
TiO3 +6H" +2e~ = 2Ti*" +3H,0 E = —0.478 V—0.1773 pH (1.2a)

or

Ti(OH), + 3H" + e~ = Ti** +3H,0 E = —0.248 V—0.1773 pH (1.2b)

2TiO, + 2H" +2¢~ = Ti,03 + H,0 E = —0.556 V —0.0591 pH (1.3a)

or

TiO, + H,O + H* + ¢~ = Ti(OH); E = —0.786 V —0.0591 pH (1.3b)

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
Ti"V 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.
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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; Suarez 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,
MiloSev 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 (Ti13.4A129Nb) 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 TiO, in
the surface oxide of Ti6Al4V and small amounts of Al,O5 on its outermost surface at
the interface with the solution (MiloSev et al. 2000). A similar study on Ti6Al7Nb
showed that the surface oxide on this alloy formed less sub-oxides of TiO and Ti,O3
as compared to Ti6Al4V and possessed a higher corrosion resistance (MiloSev 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 TiO,-
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
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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 Al,O3 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; MiloSev 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 (No&l 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 (No€l 1999, He et al. 2009), which embrittles
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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

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 (Noél 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).
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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 = 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 (No€l
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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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))

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
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(Gilbert 2017; Hedberg 2018; Hedberg et al. 2019a, b; Gilbert and Kubacki 2016;
Gilbert et al. 2015; Milosev 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 TiO,,
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 TiO,
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. Cu®* ions have been introduced on micro-arc
oxidized (MAO) Ti by hydrothermal treatment (Huang et al. 2019), by addition of
Cu®* 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
PIIT 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 (CeO,) 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-glycodoxypropyltrimethoxy 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 (Aradjo-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 TiO,
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 TiO, 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 TiO, 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 TiO, 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 lon/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 TiO,-rich oxide growth and the
frequently observed presence of TiO, 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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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)

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
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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 Al,03, SiC, hydroxyapatite, and B-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 CO,, O,, Ar,
N,, NH3, and H, and treatment methods such as plasma sputtering, plasma etching,



2 Nanoscale Surface Engineering and Characterization of Biomaterials 31

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). NHj;
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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silane molecule, (b, ¢) show further modification to preformed SAM surface. (Adapted with
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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).
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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, ¢; Hasan and Pandey 2020).
Water contact angle analysis of carboxy (-COOH) silane, amino (—NH,) silane, and
octyl (-CH3) silane modified surfaces revealed the formation of hydrophilic (water
contact angle, 8 of 40°), moderately hydrophilic (6 of 60°), and hydrophobic (6 of
103°) surfaces, respectively. Mixed and hybrid SAMs of amino and octyl SAMs
were also prepared that produced moderately hydrophobic (0 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 a-helix, B-sheet, p-turn, random, and side chain after
adsorption on modified surfaces were analyzed in the amide I region, that is, between
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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 (¢) BSA, (d) FB, and (e) IgG proteins
on modified surfaces. (Adapted with permission from Hasan et al. (2018c). Copyright 2018
American Chemical Society)

1600 and 1700 cm ™' wavenumber using ATR-FTIR (Fig. 2.3c—e). The percentage
content of a-helix for BSA on NH,— and -COOH modified 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 B-sheet increased significantly
while B-turn content reduced on all the surfaces for BSA. However, the opposite
behavior of f-sheet, B-turn content was observed for adsorbed FB and IgG as
compared to BSA. B-sheet content reduced while f-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
B-turn and known to adhere to cells via integrin interactions. It was found that the
content of B-turn in FN increased as the surface hydrophobicity increased (Hasan
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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:
o and P) 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 a2, aV, and a5 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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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)

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.

23 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, hv (using Mg or Al Ko radiations) using a
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Table 2.1 Summary of techniques used for surface characterization, their working principle,
advantages, disadvantages, and applications

Techniques
X-ray
photoelectron
spectroscopy

Ellipsometry

Fourier
transform
infrared
spectroscopy

Raman
spectrometer

Atomic force
microscopy

Principle
Based on
photoemission/
photoelectric
principle

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

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

Relies upon
inelastic
scattering of
photons, known
as Raman
scattering

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

Advantages

Nondestructive;
surface
sensitive;
elemental

mapping

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

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

Less sensitive to
H,O and
temperature
change; high
specificity

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

Disadvantages
Expensive; high
vacuum is
required;
processing time
and data
collection are
very slow
Difficult and
time expensive
data analysis;
low spatial
resolution of the
measurement

COz and Hzo
sensitive;
complex spectra
for complex
mixtures; cannot
detect atoms and
monoatomic
ions

Low sensitivity
for samples with
weak Raman
scattering;
cannot be used
for alloys;
expensive, time-
consuming
analysis
Limited
magnification
range; limited
scanning speed;
high risks of
damaging tip
and samples

Applications
To analyze the
elemental
composition of
materials

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

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

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

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

(continued)
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Table 2.1 (continued)
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Techniques Principle Advantages Disadvantages Applications
Contact angle | Based on Fast analysis; Dry samples can | Surface
measurement Young’s relatively damage; wettability;
equation; straightforward swelling of surface energies
examine technique; samples may
surface’s inexpensive; give incorrect
wettability by provide results; artifact
measuring information on prone; liquid
contact angle at surface energies; | purity is
the interface of hydrated important
solid-liquid- samples can be
vapor observed
Secondary ion | Bombardment of | Highly Destructive; To characterize
mass surface by ion sensitive; little very expensive; surface and
spectrometry beam and or no sample mass subsurface
followed by preparation; interferences; region of
mass rapid ionization needs highly materials
spectrometry skilled operator
Zeta potential/ | Measurement of | Cheap, wide Very clean and To determine
surface charge | the time range, transparent surface charge
concentration of | simple to samples are
ions of opposite | perform needed;
charge bound to sensitive to
the surface of the mechanical
sample disturbances

binding energy (BE) relationship as KE = hv — 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
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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 ™' 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 pm) 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
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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 (f) 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):

Ysv — ¥sL = YLy €os 6 (2.1)

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 lon 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~* 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 (i) is measured and used
to calculate zeta potential using the Henry’s equation (2.2) shown below:

_2-e-z-f (k-0

He 37 (2.2)

where z is zeta potential, and ¢ and # 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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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 AP and toxicity),
(4) amyloid hypothesis (Ap 40, AP 42), (5) tau hypothesis (tau, p-tau), (6) inflamma-
tory hypothesis (TNF-a, (IL)-1f, IL-6, IL-12, IL-13), (7) calcium homeostasis
hypothesis (Ap increases ca*” levels), and (8) neurovascular hypothesis (inappropri-
ate AP 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 A, which is the cause of neuronal
death (N4) 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, A 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.
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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)

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 (Mérquez and Yassa 2019). In the imaging technique, one
cannot get a correct idea of the concentration of biomarkers.
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Table 3.1 Function of biomarkers in AD

Biomarker
Ap

ACh

APOE

APP

Astrocytes

BACE1

DA

GABA

Role in AD

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

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

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

Amyloid precursor protein (APP) is present such that
one end is outside the cell and has a f§ secretase
cleavage while the other end is inside a
transmembrane and has a y secretase cleavage and
releases insoluble monomer Af

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

f site APP cleaving enzyme 1 (BACE]l) is a
membrane-bound protein. The sequence preference of
B 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 f secretase cleavage

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 Dy, D,, D3, Dy, Ds. The density
distribution of D,, D3, D, receptors is decreased and
that of D and Ds receptors is increased in the striatum
and frontal cortex

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

Refs.

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

Ferreira-Vieira et al.
(2016)

Kim et al. (2009)

Thinakaran and Koo
(2008)

Verkhratsky et al.
(2010)

Cole and Vassar
(2007)

Mitchell et al. (2011)

Prakash et al. (2015)

(continued)
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Table 3.1 (continued)

Biomarker

GSK-3

GLu

5-HT

LRP and
RAGE

MCP-1 and
macrophage

Microglia

oS

PSENI1 and
PSEN2

ROS

Role in AD

postsynaptic neurons, it inhibits the postsynaptic
potential

Glycogen synthase kinase 3 is activated by A and
causes hyperphosphorylation of tau proteins

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 mGIuR signaling
regulates AP 42 toxicity

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 A plaques, and 5-HT6R activation
can be responsible for the tau phosphorylation
Lipoprotein receptor-related protein (LRP) is involved
in several ways; firstly, it binds with APP to regulate
AB. Secondly, LRP binds with APOE to degrade the
Ap. Lastly, LRP has another role; it binds with Af at
BBB and transfers it to the peripheral circulation. The
receptor for advanced glycation end products (RAGE)
imports AP from the peripheral circulation into the
brain

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
M, and anti-inflammatory M>. M, helps in Ap
aggregation, while M macrophage supports AP
clearance

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

Iron accumulation in the AD brain generates hydroxyl
radical by Fenton reaction, and A binds with iron
increases oxidative stress (OS). Poor antioxidants,
mitochondrial dysfunction, microglial activation, and
ROS also increase the OS and cause memory loss
PSEN1 and PSEN2 mutation changes the processing
of APP and favors more production of long-tailed AP
40 or Ap 42

Reactive oxygen species (ROS) like superoxide anion
(O57), hydroxyl radical (OH), and H,O, have a role in
DNA mutations, lipid peroxidation, protein oxidation,
microglial proteasome malfunction, astrocyte

Y. R. Singh et al.

Refs.

Llorens-Martin et al.
(2014)

(Ribeiro et al. 2017)

Butzlaff and
Ponimaskin (2016)

Anastasio (2011)

Hao and Friedman
(2016)

Thériault et al. (2015)

Manoharan et al.
(2016)

Fraser et al. (2000)

Mohsenzadegan and
Mirshafiey (2012)

(continued)



3 Progress of Nanotechnology-Based Detection and Treatment of Alzheimer’s. .. 53

Table 3.1 (continued)

Biomarker Role in AD Refs.
activation, inflammation, and cell death. A induces
the ROS in the presence of Fe or Cu

Tau The hyperphosphorylation of tau proteins, which have | Andreadis (2012)
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

TGF-p Transforming growth factor (TGF-p) is an anti- Chen et al. (2015)
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 Af

TNF-a The pro-inflammatory cytokines such as tumor Wang et al. (2015)
necrosis factor (TNF-a) and interleukin (IL-1f, IL-6,
IL-12, IL-13) are activated by microglia (M;
phenotype) and cause the loss of neurons. M,
phenotype microglia activates the anti-inflammatory
cytokines (IL-10, IL-4, IL-13) that help in tissue repair
and angiogenesis

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 AP, while MS methods measure
some sorts of aggregation of AP in AD plasma. The single-molecule array (SIMOA)
is an ultrasensitive technique that measures the tau in the blood (Zetterberg 2019).
AB is also recognized in the platelets using immunoprecipitation (IP) combined with
MS. Ap is degraded with time in plasma since hydrophobic A concentration is ten
times lower than CSF due to the formation of a complex with other proteins.
MALDI-TOF/TOF mass spectra differentiate the Ap 38, AP 40, and Ap 42 peptides,
quantified using selected reaction monitoring (SRM) (Pannee et al. 2014). The
methods used to measure all proteome-based biomarkers (a-2-macroglobulin,
monoamine oxidase B, isoprostane 8,12-iso-iPF2a-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 AP and a rise
in the concentration of tau and p-tau in cerebrospinal fluid of AD patients. xXMAP
measures the binding of specific capture mAbs 4D7A3 (AP 42), AT120 (Tau), or
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AT270 (p-tau 181) with epitope region of antigen in cerebrospinal fluid for AP, Tau,
and p-tau 181. Electrochemiluminescence (ECL) detection method also measures
the concentration of AP 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®'MS?2) 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. AP 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-a and IL-1p in the salivary were increased in AD
as measured by the Luminex assay method (Liang and Lu 2019). Lactoferrin is an
antimicrobial peptide with AP 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% (HrubeSova 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 (Fe30y,),
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 x 107> 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 AP 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 AP 1-40 (Lee et al. 2009).
Choi et al. (2011) developed STM-based electrical detection of Ap 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 Ap as low as 10™* 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 AP 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 A forms as 8
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-Afp
antibodies that can recognize specific epitopes within A} (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. (Marquez and Yassa 2019). Ap peptides present in the form of Ap 40 and
AP 42 are the main components of senile plaques in AD. To image Af in vivo by
'C-based Pittsburgh compound B PET and '®F-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 '*F THK523,
8F THK5117, '®F THK5105 '8F THK5351, '®F AV1451 (T807), and ''C 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** or Mn*? 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** (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 Ap 40, Ap 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 Ap 40, (2) short rods (aspect ratio 1.6) for AB 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
349 x 107° nM, 26 x 10°° nM, and 23.6 x 10~° nM for a linear range of logarithm
concentration 107> to 10?> 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-Ap 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-Af complex was obtained 1 x 10~ nM for
linear concentration up to ~5 x 107> nM (Springer 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 (SWYV). The techniques for sensing an analyte in a linear concentration
range (107> to 10® nM). CV is widely used to study the redox process, reaction
intermediates, and product stability. The important part is peak potential (E,c, Eya)
and peak current (i and ip,) 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 AE step height, and the net current (i) is obtained from the
difference between forward and reverse current (if,, — irey). 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).

34 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 MWCNTSs 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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Fig. 3.3 A schematic depiction of the nanocarriers commonly used with drugs for the treatment
of AD

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 Ap formation, while more
hydrophobic functionalities help to cross the BBB through passive diffusion. Y-CDs
inhibit APP production and A 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 A 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-1e, IL-1p, IL-6, IL-33, IL-17a, MIP-1f, and TNF-a). It also helps to increase
anti-inflammatory cytokines (IL-4, IL-10). These can stop AP 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
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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 AP aggregation. It may be due to dendrimers
nanomolecules that may bind with Af or increase dissolution or lock the end of
amyloid fibrils. Cationic phosphorus dendrimers (CPDs) also show the disruption in
AP 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 AP, 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 AP 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 AP. 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-(2'-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 AP aggregate
formation. Clioquinol or 5-chloro-7-iodo-8-hydroxyquinoline (CQ), a metal chela-
tor, can be solubilized and inhibits Ap 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 Ap monomers, which inhibit
the AP fibrillation process, and dissociates A 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 AP (Sanati et al. 2019).

3.4.3.2 Iron Oxide Nanoparticles

Iron oxide nanoparticles (Fe;O, NPs) of size 60-150 nm conjugated with Af
oligomer aptamer can measure the A 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 Ap 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-SPIONSs to the AP 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). y-Fe,O; NPs can inhibit the
microglial cells in rTg4510 tau-mutant mice, and SPIONs coated with poly(ethylene
glycol) methyl ether amine (PEG-NH,) can decrease the AP aggregation (Luo et al.
2020).

3.4.3.3 Nanogels and Polymeric Nanoparticles

Nanogels of size 20200 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 Ilevels.
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 AP aggregation in the brain. polyethylene glycol-polylactic
acid (PEG-PLA) NPs can penetrate the BBB. Its efficiency in the clearance of Af
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 pm), oligolamellar vesicles (0.1-1 pm), 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 AP 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 AP 42 in APP23 transgenic mice confirmed by PET imaging with
[''cy Pittsburgh compound B (PIB) (Ordéiiez-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 A levels.
Poly-amidoamine (PAMAM)-based dendrimers can inhibit the A 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
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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
(Alemon 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
TiAIVCN/CN; on the CoCrMo alloys. Multilayer coating comprised one layer of
TiAlV, nine layers of carbon nitride (CNx), nine layers of TIAIVCN and a top layer
of CNx on CoCrMo substrate, as visible by the cross-sectional SEM image in
Fig. 4.2 (Alemén 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 TiO, layer present on the surface of Ti6Al4V imparts corrosion resistance
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Table 4.1 Biomedical applications of the various biomaterials

Biomaterial
Type Name Application References
Metal 316 L Orthopaedic implants Bagherifard et al.
(2016)
CoCr Hip/knee joints Alemoén 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 Loépez-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 Narayanan et al.
medicine (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 Bioactivity/tribological features Behera et al. (2018a)

phosphate enhancement

Bioceramic Bone healing Ginebra et al. (2018)

Ceravital Middle ear surgery Bose et al. (2017)
Composites | Chitosan/TiO, Wound dressing/skin regeneration | Behera et al. (2017)

HAp/B glucan Bone substitute Borkowski et al.

(2015)

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

Alumina/ Dental implant Schierano et al. (2015)

zirconia

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

(Costa et al. 2019). B 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  phase at a higher temperature,
and P phase stabilizers are used to obtain the P 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 § 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
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Fig. 4.2 SEM image showing the cross-section of multilayer coating of TIAIVCN/CNXx on the
CoCrMo alloys containing the layers from the bottom as one layer of TiAlV, nine layers of carbon
nitride, nine layers of TIAIVCN and a top layer of carbon nitride. (Adapted with permission from
Tribology International 81 (2015): 159-168 (Alemon et al. 2015))

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). p 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 Ti6AI4V 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 pM 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 P phase stabilizers such as tantalum (Ta), zirconium (Zr) and
niobium (Nb) for alloy fabrication. Til3Nb13Zr, Ti-Mo, Til2Mo6Zr2Fe 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
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ternary titanium alloys were developed with desirable Young’s modulus such as
Ti35Nb4Sn (43 GPa), Til5Mo (78 GPa) and Til5Mo5Zr3Al (80 GPa) (Santos et al.
2015). Non-toxic f 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 B,C 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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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))

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



4 Biomaterials: Types and Applications 97

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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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))

(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
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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-Regi and Salinas 2019; Monsees et al. 2017). The
main constituent of the natural bone matrix is nano-hydroxyapatite (nano-HAP)
[(Ca;9(PO4)s(OH),)], 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 Al,O3/
Si3N, 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).

4.24 Composite Biomaterials
Composite biomaterials are composed of two or more materials to fabricate an

implant material with desired/hybrid features (Unal 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;
Janicijevi€ 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
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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 (a-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 200600 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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Fig. 4.6 Fabrication of the electrospun PCL/gelatin nanofibres with varying ratio of PCL to gelatin
shown in the SEM images; cP7G3, cP5GS5 and cP3G7 shows the change in the nanofibres post
crosslinking with genipin where ¢ 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))

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
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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/N,
reduced the contact angle to 9 4+ 1°, compared to etched in hydrofluoric acid
(HF) (60 £ 13°) and control sample (66 4 12°). Surface roughness enhanced for
the HF etched surface (341 nm) compared to control (336 nm) and decreased for
air/N, 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/cm?) produced surfaces with 400-500 nm flakes, whereas the current density
of 10 mA/cm?® 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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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))

(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 pm. 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 (TiO,) 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
TiO, 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 TiO, and niobium oxide (Nb,Os) 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 Nb,Os (525 °C) and TiO, (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).
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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
MSC:s 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
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The inner layer (PCL layer)swell the outer layers(PLGA layers) shrink during long-term incubation.

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))

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



108 A. Bhardwaj and L. M. Pandey

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 (o + P)Ti-6Al-4 V are few typical
Ti-commercially available biometals used for manufacturing of Ti-bioimplants.
Recently, p-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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Table 5.1 Comparision of mechanical properties and applications of Ti-biometal with other
biometals (Trevisan et al. 2018)

Material

Pure Ti-alloy Stainless steel Co-Cr
Properties and applications | Ti (Ti-6Al-4 V) 316 L alloys
Elastic modulus (Gpa) 110 116 193 232
Yield strength (Mpa) 485 795 190 190
Ultimate tensile strength 550 860 490 490
(Mpa)
Cardiovascular Yes Yes Yes Yes
Orthopaedic Yes Yes Yes Yes
Craniofacial Yes Yes Yes Yes

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 (TiO,.,). The
oxide layer is generally formed by the reaction of atmospheric O, 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
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Fig.5.1 A schematic representation illustrating the various application of titanium and its alloys in
biomedical applications

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
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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.

Laser power
Scan speed laser x spot diameter

Energy density =

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 pm was transported continuously
through a three-way coaxial nozzle with argon (Ar) gas shielding. Nitrogen (N,)

Laser Beam

Powder Nozzle

Powder Flow

Inert Gas

Weld Track

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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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))

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).

Laser power
Scan speed x Layer thickness x Scan spacing

Energy density =

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
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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, (¢) SLM specimen after 24 h of cell culture
(green = live cell, red = dead cell). (Figure adapted with permission from Fousova et al. (2017)
from Elsevier)

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.

Fousova et al. fabricated a fully dense porous bioimplant using Ti-6Al-4 V
(Fousova 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 a and  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 B-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.
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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

Electron Gun

Astigmatism Lens
Focus Lens
Deflection Lens

Build Chamber

Electron Beam

Powder Hopper

Powder Rake

Printed Object
Build Table

Build Tank

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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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)

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). p-Ti alloys are non-toxic and bio-corrosion resistant.
Liu et al. fabricated a dodecahedron structured porous bioimplant by EBM using
B-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.
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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
(Barbinta 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.
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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.

Keywords

Magnesium - Physico-chemical surface modification - Biodegradation -
Biocompatibility

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.
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Fig. 6.1 Schematic showing the sequence of events occurring at the biomaterials surfaces during
immediate contact with the body fluid

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 (T1) 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
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Fig. 6.2 The features of implant materials influencing the loosening

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.
e 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,
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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
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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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Fig. 6.4 The schematic illustration of the insight of the tissue-implant interface in the body fluid
environment

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
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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))

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 (H,), which accumulates in the form of gas bubbles
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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), and H, gas as the degradation product (Dubey et al.
2019a, b, c). Mg(OH), 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 (Cl7) in the physiological environment, Mg(OH), gets converted into
highly soluble magnesium chloride (MgCl,). 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).

Mg + 2H,0 — Mg(OH), + H, (6.1)
Mg(OH), +2C1~ — MgCl, + 20H" (6.2)

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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Fig. 6.6 Schematic representation of corrosion mechanism at the Mg implant surfaces in the
physiological environment

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.
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In general, the surface modification of implants can be classified into three
exclusively different categories:

e 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.

e 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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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 Surface modification

no. technique Strategies
1. Surface coating The implant surface is coated to avoid the direct exposure to
the physiological environment

Surface grafting The polymer chains are added to the substate surfaces

3. Abrasive blasting and Surfaces are deformed plastically, removing particles from
surface etching the surfaces and etching with acid

4. High-temperature The substrate surfaces are converted into the oxide layers
treatment via vapour or steam treatments

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. C17), 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
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Fig. 6.8 Schematic showing the concept of surface coating on the Mg-based implants

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 pm was obtained at the spin speed of 1000 rpm (produced
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Fig. 6.9 SEM micrographs of the coatings on AZ31 Mg alloy: (a) PLA, (b) PLA-1 wt.% CNs, (¢)
PLA-5 wt.% CNs and (d) PLA-10 wt.% CNs. (Reprinted by permission from Taylor and Francis
Ltd. (Rahimi-Roshan et al. 2020))

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
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Fig.6.10 The thickness of the PEI coating for different spin speed and solvent medium in (a) room
and (b) nitrogen (N,) atmosphere. (Reprinted from Conceicao et al. (2010) with permission from
Elsevier)

(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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Fig. 6.12 The expansion of AZ31 Mg alloy stent coated with PCUU and PLGA polymer (SEM
image have a scale bar of 500 pm). (Reprinted from Gu et al. (2016) with permission from Elsevier)

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) — Ca;9(PO4)s(OH),.

2. Dicalcium phosphate dehydrate (Brushite, DCPD) — CaHPO,4-2H,0.
3. Amorphous calcium phosphate (ACP) — Cag(PQy4)¢-nH,O.

4. Tricalcium phosphate (TCP)
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¢ o-TCP (a-whitlockite) — a-Caz(PQOy),,
e B-TCP (p-whitlockite) — B-Caz(POy),.
5. Octacalcium phosphate (OCP) — CagH,(POy)s.
6. Fluorapatite (FHA) — Cayg(POy4)6F>.
7. Anhydrous calcium phosphate (monetite) — CaHPOy.

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:

2H,0 +2e~ — H, + 20H" (6.3)
H,PO, + OH~ — HPO; + H,0 (6.4)
H,PO, +20H™ — PO}~ + 2H,0 (6.5)
Ca’" 4 HPO, + 2H,0 — Ca(PO,) - 2H,0 (DCPD) (6.6)
3Ca>" 4 2P0}~ + nH,0 — Ca3(POy), - 2H,0  (TCP) (6.7)

7Ca*" +4P0O;~ + 2HPO; + 5H, — CasH,(PO,), - 5SH,O (OCP)  (6.8)
10Ca*" + 6PO;~ +20H™ — Ca;o(PO4)4(OH), (HA) (6.9)

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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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 (¢) 15-20 nm, (d)
130-150 nm. (Reprinted by permission from Springer Nature, (Singh et al. 2015))

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, a’). 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, d').

In another study, tin dioxide (SnO,)-doped Ca-P coating was fabricated on
Mg-1Li-1Ca alloy using hydrothermal process (Cui et al. 2019). Doping of SnO,
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 Caz(PO4),, (Ca, Mg)3(PO4),, SnO, and MgHPO,4-3H,0, led to
the formation of Ca;((PO,4)s(OH), in Hank’s solution. The cross-section images of
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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 a") 130-150 nm and (b and b’)
15-20 nm. HA-coated Mg substrate sintered at 400 °C and surface roughness of (¢ and ¢’)
130-150 nm and (d and d’) 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)

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.
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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)
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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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Fig. 6.17 Types of novel plasma surface modification techniques

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
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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)

(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 (Al,O3)/Al (1 pm) and zirconia (ZrO,)/Zr (1.5 pm) on
AZ91 Mg alloy (Xin et al. 2009). The bonding characteristic of the coating (O,)
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)

MAUO, 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



154 S. Jaiswal et al.

S R

subst-rate

MAO coating

substrate

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)

(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
Na,SiO; 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
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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)

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
MAUO 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-27n-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/LL nano-CuO was mixed with the electrolyte ingredients
(1 g/L Nano-HA, 8 g/L KF and 3 g/L. (NaPO3)s.

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
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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)

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
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Fig. 6.22 Factors influencing the anodising behaviour of Mg-based alloys

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
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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)

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).
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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)

* Laser composite surface (LCS).
¢ Laser shock peening (LSP).

The Nd:YAG, CO, 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/m* x 10°). 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 Mg;;Al, 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
ZFE41 Mg alloys, using the laser processing technique (Guo et al. 2005; Khalfaoui
et al. 2010).
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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)

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
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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)

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.

e 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 = —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 H, gas as the
by-products and the formation of Mg(OH), layer. The strengthening and dissolution
of the Mg(OH), layer depend further on the elements present in the electrolyte and
immersion duration. The C1™ ions in the physiological solutions convert Mg(OH),
layer into the MgCl, (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
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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
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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)
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Fig. 6.30 The potentiodynamic polarisation curves for different coating technique. (Reprinted
from Xiong et al. (2017) with permission from Elsevier)

(Drynda et al. 2010). However, the use of hydrofluoric acid for MgF, 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
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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 (MAOQO) 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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(from 300 to 400 °C) caused an increment in H, E and fracture toughness by 37%,
47% and 48%, respectively.

The bredigite ceramic (Ca;MgSi4O,¢)/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
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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 H, 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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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)

Further, Nb,Os-coated substrate, via the sol-gel process, shows higher surface
free energy (66.40 mJ/mz) than the uncoated surface (30.77 mJ/mz) (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
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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, (¢, d) PBS + albumin, (e) NaCl and (f) NaCl
+albumin. (Reprinted from Wan et al. (2013) with permission from Elsevier)

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.
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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)
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Fig. 6.36 The schematic representation shows the biocompatibility behaviour with the roughness
of coating surfaces (Rahman et al. 2020)

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 (929 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



6 Physico-chemical Modifications of Magnesium and Alloys for Biomedical. . . 171

| T PH=3
90% - [ PH=5
1 W PH=8
80% -4 W PH=10
70% | N control

1 2 4
Time in culture/day

Fig. 6.37 The cell viability behaviour of phytic acid-modified WE43 Mg alloy at various pH scale.
(Reprinted from Ye et al. (2012) with permission from Elsevier)

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 1.929 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 MgF,- and
Ca-P-coated Mg-3Zn-0.8Zr alloys separately using the in vivo implantation in the
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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)

femoral shaft of the rabbits. The new trabecula bone formed was much neat for the
MgF, 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
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Fig. 6.39 Histological images of (a, b) the interfaces (implant/bone) around uncoated, (¢, d) Ca-P-
coated and (e, f) MgF,-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)

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
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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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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.
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Metallic foams - Tissue engineering - Titanium - Magnesium - Scaffolds

71 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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Fig. 7.2 Requirement of metallic foams for bio-applications

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.
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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 Garcia 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 Garcia 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; JtFH EH ) 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 pm 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 pm size range. Oliviero et al. (2012) stated
that the pore size should be at least in the range of 30—40 pm 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 pm, 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. 2000).

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).
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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-f§ 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 (Tarnitd et al. 2009). NiTi
has been proved to be more biocompatible than stainless steels through in vivo
testing and preclinical experience (Tarnita 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,
B-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 pm, 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 (Garcia 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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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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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, ¢, 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 (PGI,), tissue pathway factor inhibi-
tor (TPFI), and thrombomodulin (TM), etc. (Li et al. 2017a, b, ¢). 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
(Lietal. 2017a, b, ). 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, ¢, 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, PGI,, 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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Fig. 8.1 The diagram of the concept “functional sequential coatings on the stents surface”

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, 20164, 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.
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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-ECM which 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 HA microstripes with a width of 25 pm
can simulate the effect of 15 dyn/cm” 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 HA micropattern: The HA microstripes 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 ECMgycec/HAP) like the natural basement
membrane (Fig. 8.2). Generous in vitro and in vivo evaluations verified that
ECMsnmce/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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Fig. 8.2 The process diagram of the ECM secreted by the HA micropatterned SMC and EC on the
metallic biomaterials

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 (IEPC), wherein eEPC have weak proliferative ability and are difficult to be
passaged, while IEPC 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.
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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
(Lietal. 2017a, b, ¢). 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, ¢). 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 MI
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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 (TiO,) 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 TiO, nanotubes
(diameters 80—100 nm) prepared by anodic oxidation presented better ability in
inhibiting SMC adhesion and proliferation compared with the flat TiO, film, but
the TiO, nanotubes also lead to more platelet adhesion and poor EC growth (Xiang
et al. 2014). To solve this problem, the micropatterned TiO, nanotubes surface was
designed by photolithography combined with anodic oxidation (Xiang et al. 2014).
This micropatterned TiO, nanotubes surface showed stronger function than pure
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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

TiO, 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 TiO, 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 TiO, 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. 20164, b). The preliminary results indicated that MSC proliferated
rapidly on the micropatterned TiO, nanotubes surface, but quite a lot of the
proliferative MSC can’t touch the micropatterned TiO, 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 TiO, 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 TiO, nanotubes surface by EC culture and decellularization, and
finally induced the MSC to differentiate into EC, 4 weeks later (Wu et al. 2015). Till



218 J.Liand Y. Hou

2017, when HA coating with different molecular weight was evaluated in vivo, we
realized the importance of contractile SMC (Li et al. 2017a, b, ¢), and with the
gradual confirmation of follow-up research (Li et al. 2017a, b, ¢), 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
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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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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 pm), 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

A magnetic 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 = uoH, 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 = uo(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 (y), is
the ratio of M and H, consequently becomes significant in the magnetic materials
categorization (Spaldin 2010).

9.2.1 C(lassification 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 (Ty) and displays paramagnetic behavior above (7). 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 (H.). The
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Fig. 9.1 Magnetic behavior of different materials with field and temperature, respectively

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, M, which becomes zero at Curie temperature
(T,), in consistence with the divergence of susceptibility, y at that point. Above T,
material exhibits paramagnetic nature according to the Curie—Weiss law of
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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 7, (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

H[weak] — H[Moderate]—h H(High) ==

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 7 for the net magnetization of such
particles, 7 = 7o exp 2£/%7 | 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 7,,, has a strong dominance on the magnetic behavior,
such that z,,, > 7, referring to quick thermal relaxation, easily overcoming the energy
barrier (AE) and finally exhibiting superparamagnetic behavior. Slower relaxation
time can be understood for 7, < 7, confirming a blocked state having quasi-static
properties. Blocking temperature Ty is determined at 7,, = 7 (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
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Fig. 9.4 Easy, medium, and hard magnetization directions of (a) bce-Fe, (b) fcc-Ni

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 ay, a,, and a5 of angles a, b, and ¢ 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 =Ko+ K (dja3 + B35 + o3a;) + K (ajasas) + -

The values of K, K, K, are fixed for a certain material at a specific temperature.

After avoiding K, ascribed to its minute quantity and K, for the sake of its
unallied nature with angle, the sign of K; functions substantially and undertakes
the easy axis determination. Showing compliance with heretofore, bce-Fe and cubic
ferrite with cobalt content hold positive K; and follow the order of Eog < E119 < E111,
whereas a contrary sequence is noticed for a negative K 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 (100) 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 (100) 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 (110) direction,
eventuates through domain rotation involving the forceful rotation of magnetic
moments subduing the above-mentioned crystal anisotropy. The easy magnetization
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for all the ferrites except those containing cobalt is in (111) directions (Cullity and
Graham 2009). Uniaxial anisotropy present in a crystal that has a single easy axis
exclusively. The angle 8 between z-axis as the easy axis and magnetization is used to
quantify uniaxial axis anisotropy as (Laurent et al. 2011),

E = KVsin?0

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 M3FesO;, 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 by M 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
MFe;,019, 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 MFe,0y, 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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a

Fig. 9.6 Structure of cubic spinel ferrites (A — tetrahedral site, B — octahedral site)

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 (M) A[(Fe**),1504 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 (Fe**),(M**Fe**)30,, 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 [(M**)(Fe**),]A[(M**), _(Fe**), 130, (Hernandez-Gémez 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
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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.
Tons whose d-orbitals are completely filled will have a tendency to form sp* 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 §epela’1k 2018). Basically, the fraction of trivalent
ferric ions that are present on tetrahedral sites is termed as the degree of inversion (o)
(Concas et al. 2009).

Fe’t A — site

§=—o _A—sie
Fe3t B — site

The value of 6 ranges from zero for normal spinel to one for inverse spinel,
whereas 6 = 1/3 represents a completely random distribution (Lazarevié 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 (M) is determined from the
difference of total octahedral site magnetization (Mg) and total tetrahedral site
magnetization (M,). Furthermore, cationic distribution can be estimated on the
grounds of Mg. 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 (Hy) having a proportional relationship with magnetization, supplemen-
tary to an externally applied field (H),

H=Hy+ Hy

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

H:H0+HA or H:H0+HB

where H, and Hy are internal molecular field acting on A and B sites respectively.

Considering, Haa and Hug 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 Hgg and Hga.-

H=Hy+Hap +Hpag or H=Hy+ Hgp + Hpa

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

H:HO+}/AAMA+7BAMB or H:H0+7BBMB+7/BAMA

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 Zn,Ni;_,Fe;O4, ZnMn,_,Fe,04 and
Zn,Co, _,Fe;0,4 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*> 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 B’ and B” at
Yafet angle (Oygk) 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),

P. = KB, f*d* [p

where K is a sample geometry-dependent factor, B,,, denotes the maximum
magnetic induction, f denotes the frequency, d denotes the smallest dimension
transverse to the magnetic flux and p 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 (M,). 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 (H.) and remanence (M,) 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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Fig. 9.7 Hysteresis loop of ferri/ferromagnetic materials

(©)

Py = yof%HdM

where y is the magnetic permeability of free space and fis the frequency of
applied magnetic field. The loop integral is over the hysteresis loop.
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,
kgT. 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 (ry) and Brownian (zg) relaxation times of the MNPs are given by the
following equations (Shaterabadi et al. 2018).



242 M. Jamir et al.

H

| et}

L

Néel relaxation

~—
~—~

Brownian relaxation

——

Fig. 9.8 Schematic representation of relaxation process in MNPs
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where the factor 75 =~ 1077 s, K. 1s the effective anisotropy, V'is the volume
of the MNPs, kg is the Boltzmann constant, 7 is the temperature, 5 is the
coefficient of viscosity of the liquid containing the MNPs and Vy 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 z.¢ can be expressed by the following
relation
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1 1 1

Teff N 1B

Nonetheless, the z.¢is predominated by the shorter relaxation time (zy or 7).
(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 fis formulated by Rosensweig (2002) and is given by

P = pomy ”ﬂ'ﬂ

where po denotes the magnetic permeability of free space and )( " denotes the
imaginary part of magnetic susceptibility y = ' — z;( " and can expressed as the
following

T
1+ (wr)?

"

X = X0

where yo denotes the equilibrium susceptibility and @ = 2zf and 7 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

1 ery2
SLP(f’H):gzp%

where p 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 fand H* dependence, and
can be expressed as,

SLP( f,H)
2

ILP =

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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Fig. 9.9 Temperature versus
time graph for adiabatic and
nonadiabatic setup
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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.

dr(r)

P=C"q

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.
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9.4.1.2 Properties Influencing the Heat Generation

(a)

(b)

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 H, 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
Fe;04 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.
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 hea