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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.
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1.1 Introduction

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

While direct immune response to Ti species has been debated for a long time,
newer research shows clear evidence that T-cell-mediated hypersensitivity specific
to Ti(IV) exists (Chan et al. 2011; Hamann 2018; Evrard et al. 2010; Hosoki et al.
2016). Hypersensitivity reactions to Ti have traditionally been overshadowed by
those to other metals (Evrard et al. 2010; Hosoki et al. 2016) and are—due to
chemical limitations—difficult to diagnose by patch testing (Hamann 2018). While
Ti and its oxides, such as Ti dioxide (TiO2), have long been considered nontoxic and
biocompatible, newer studies show that this is not always true (Jin and Berlin 2015).
Small (<4 μm) released Ti oxide particles can be taken up in cells (Kumazawa et al.
2002), be enriched into the implant-adjacent tissue or distal organs (Swiatkowska
et al. 2018; Olmedo et al. 2008; Sarmiento-González et al. 2008), and cause different
immunological responses (Thewes et al. 2001). Due to the low solubility of TiO2,
TiO2 particles, comprising 80% of the total detected Ti, have been found in human
post-mortem studies in different organs, such as spleen, liver, and kidney (Peters
et al. 2020). TiO2 nanoparticles are of relatively low toxicity as compared to other
metal oxides or metal nanoparticles; however, it is now evident that they can cause
the generation of reactive oxygen species, inflammatory response, genotoxicity,
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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 (Noël et al. 2018). Commercially pure (cp) Ti is used as
coating material or for some dental applications (Gilbert 2017). For many biomedi-
cal applications, the use of Ti alloys is necessary, as the mechanical properties of
pure Ti are insufficient. The Ti alloy containing 6 wt% Al and 4 wt% V (Ti6Al4V) is
commonly used for parts of artificial joints (such as the stem of an artificial hip joint
prosthesis), which require high corrosion resistance and high fatigue strength, but
not necessarily high wear resistance (Gilbert 2017); titanium and its alloys have very
poor wear and fretting resistance. Ti and its alloys possess a comparably high
osseointegration (tight integration of the implant with the bone), relatively low
density (closer to that of natural bone), and relatively high biocompatibility com-
pared with alternative alloys.

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

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

1.2.1 Principles of Corrosion of Ti and Its Alloys

A metal is a conductive material, and as such, electrons can freely move within
it. Corrosion of metals occurs via the oxidation of the metal and the reduction of an
oxidant, most often oxygen, water, or protons. These two half-cell reactions are
balanced such that the number of electrons produced by metal oxidation is equal to
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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 TiO2 in several
steps (McCafferty 2010; Schmets et al. 1974), with the following reactions showing
the equilibrium states under standard conditions:

Ti2þ þ 2e� Ð Ti E
� ¼ �1:630 V ð1:1Þ

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

or

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

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

or

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

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

All of these reactions occur at potentials far more negative than the stability range
of water, which means that the thermodynamic driving force for Ti oxidation to the
TiIV valence state is very high, compared to that of most other metals (Pourbaix
1974). This driving force ensures that a damaged surface oxide is rapidly repaired
under benign conditions. This further ensures a very low corrosion rate, under
so-called passive conditions, under which subsequent Ti oxidation is limited by
restricted mass transport through the formed Ti surface oxide. Under more aggres-
sive, nonpassive conditions, this high thermodynamic driving force toward Ti
oxidation can cause a high corrosion rate and large potential differences when
coupled with other metals, phases, or intermetallic precipitates, even within the
same alloy.
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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; Suárez et al. 2010). This Ni release can cause a number of clinical adverse
effects (Faccioni et al. 2003; Mani et al. 2007; Gong et al. 2013).

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

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

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

1.2.2 Physiological Environments from a Corrosion Perspective

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

Halides are important to many localized types of corrosion of passive metals. Ti
has been considered to have low susceptibility to chloride-induced corrosion; how-
ever, in combination with fluorides and other factors, the chlorides contribute to the
corrosion process in a synergistic manner (Li et al. 2007). Fluoride is actively used in
the cleaning and protection of natural teeth; therefore, especially Ti-based dental
implants and orthodontic Ni-Ti wires are regularly exposed to fluorides. The TiO2-
containing passive film of Ti and its alloys is susceptible to fluoride attack. It was
found that fluorides increase the corrosion rates of Ti and its alloys under conditions
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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 Al2O3 from the surface oxide of
Ti6Al4V, and that it is accelerated in the presence of hydrogen peroxide (Hedberg
et al. 2019b).

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

1.2.3 Pitting and Crevice Corrosion

Pitting and crevice corrosion are localized corrosion types that are important to most
passive metals and alloys. For Ti alloys, most pitting or crevice corrosion cases have
been found in conjunction with the crevice induced in modular tapered junctions
(Gilbert 2017), schematically illustrated in Fig. 1.1. The difference between pitting
and crevice corrosion is its initiation: pitting corrosion requires the damage of the
surface oxide, which is often unlikely to occur for Ti alloys, while the crevice already
provides the optimal conditions for initiation of this localized corrosion process.
Once initiated, the propagation and failure or repassivation steps of pitting and
crevice corrosion are similar and involve a large passive area providing the necessary
reaction surface area for the cathodic reaction and a very small confined space for the
anodic reaction (metal oxidation), which is also driven by significant amounts of
proton reduction within its interior (Noël 1999; He et al. 2009). If pitting corrosion
occurs, it is often located in the vicinity of a crevice (Gilbert 2017), as the local
chemical environment there is far more anaerobic, acidic and enriched in chlorides,
fluorides, or other anions able to attack the Ti surface oxide. The anodic half-cell
reactions inside the crevice or pit require cathodic half-cell reactions. These cathodic
half-cell reactions can involve the reduction of oxygen on passive surfaces of the Ti
metal or alloy—far away from the crevice or pit. Another even more important
cathodic reaction is the reduction of protons resulting in the formation of hydrogen
gas or absorbed hydrogen in the metal (Noël 1999, He et al. 2009), which embrittles

8 S. Ferraris et al.



the metal and can cause cracking, Fig. 1.1. Protons inside the confined space
originate from hydrolysis of the released metal ions. These positively charged
protons and metal ions also attract negatively charged counterions, such as chlorides,
fluorides, or sulfates, to maintain charge neutrality inside the crevice or pit. This
results in an extremely concentrated and aggressive solution chemistry. Although
crevice corrosion of CP Ti requires temperatures above ~60 �C (Noël 1999), it may
proceed at lower temperatures on more susceptible alloys. Crevice and pitting
corrosion are often combined with mechanically assisted corrosion types, which
then can result in cracking or faster propagation. A change in the geometry,
replenishing of the solution inside the confined space, and/or a shift in potential
due to oxidants may result in repassivation of the surface. Although crevice and
pitting corrosion are rarely observed directly from retrieved Ti alloy implant
materials, they are suspected to be part of the overall corrosion mechanism (Hall
et al. 2018; Gilbert 2017).

Fig. 1.1 Schematic illustration of the local chemical environment during pitting and crevice
corrosion of Ti or its alloys. Inside the confined space of the crevice or pit, the solution chemistry
is characterized by a very low pH, an anaerobic environment, and a very high concentration of ions.
Charge neutrality is ensured by the free movement of electrons inside the metal and the migration of
ions in and out of the confined spaces. The corrosion reactions result in the buildup of corrosion
products on the surface of the confined spaces and as particles. Micromotion is often present for
crevices of orthopedic and dental implants
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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 ¼ 1.73 (Nelson and Oriani 1993)), the material cracks, and the pit can
propagate further. This can result in millimeter-long oxide-filled pits and cracks
(Gilbert et al. 2012), Fig. 1.2.

1.2.5 Selective, Galvanic, and Intergranular Corrosion

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

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

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

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

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

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

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

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

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

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

1.3.1 Host Response to Ti Surfaces

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

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

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

1.3.2 Surface Modifications for Inflammatory Control

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

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

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

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

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

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

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

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

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

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

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

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

1.3.3 Inflammatory Response and Corrosion Resistance

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

1.4.1 Recent Strategies to Combine Bioactivity and Antibacterial
Activity

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

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

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

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

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

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

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

1.4.2 Mechanical Stability

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

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

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

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

1.4.3 Chemical Stability and Corrosion Resistance

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

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

1.4.4 Ion/Nanoparticles Release

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

1.5 Conclusions

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

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