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A biomaterial helps to improve the quality of life and longevity of humans. Over the
last decades it has become clear that the demand for biomaterials has increased rapidly
due to the aging population that occurs in practically all the countries of the world, with
the elderly being at higher risk of hard tissue insufficiency. Biological and mechanical
biocompatibility of metal biomaterials requires much improvement. It is sought to
achieve a longer shelf life of the implant biomaterial or that it lasts until the end of life
without failures or need for revision surgery. Biomaterials must meet several criteria,
such as excellent biocompatibility, adequate mechanical compatibility, high corrosion
and wear resistance. The present work aims to perform a description of biomaterials and
some properties for their choice, evidencing some characteristics of the biomaterial of
titanium and its alloys.

ibility

Introduction

A biomaterial is essentially a material that is used and adapted
for a medical application [1]. Although several definitions are
employed to describe them, biomaterials are natural or synthetic
materials that are useful for the restoration of damaged body parts,
through interaction with living systems [2,3]. These materials are
used to replace a component of the human body or to support
physiological functions. As such, biomaterials interact with human
cells, tissues or organs and sometimes even perform their functions
[2]. Biomaterials are used for functional restoration engineering of
different tissues to improve human health and quality of life [2].
We also find the term “nano biomaterial” that comes from the
combination of biomaterial and nanotechnology [4]. The most
important factor that distinguishes a biomaterial from any other
material is the ability to exist in contact with the tissues of the
human body without causing an unacceptable degree of damage
to that body. The way in which mutually acceptable coexistence of
biomaterials and tissues is developed and sustained has been of
interest to biomaterial scientists and users of medical devices for
many years [5]. Over the past fifty years, biomaterials science has
investigated different types of biomaterials and their applications

to replace or restore the function of compromised or degenerate

tissues or organs [2].

Every year, more than 13 million prosthetics / medical devices
areimplanted inthe US alone [2,6]. Biomaterials are used in different
parts of the human body such as artificial valves in the heart, stents
in blood vessels, replacement implants in the shoulders, knees,
hips, elbows, ears and orthodontics structures. The main required
property of a biomaterial is that it does not trigger an adverse
reaction when put into service, which means to be a biocompatible
material. In addition, good mechanical properties, high corrosion
resistance, osseointegration and excellent resistance to wear,
ductility and high hardness are required [7-9]. An acceptable
reason for the increase in the number of revision surgeries is due
to the higher life expectancy [7,10]. Consequently, the scenario has
changed now, due to advances in medical technology, people live
longer and moreover, the prognosis should be better for those who
are physically traumatized due to sports or incorrect or exaggerated
exercise habits or due to traffic road accidents and other accidents.
Thus, the implants are expected to act much longer or to the end of
life without flaws or revision surgeries. Thus, the development of
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suitable material with high longevity and excellent biocompatibility
is highly essential. Although various materials are currently in use
as biomaterials, titanium alloys are rapidly emerging as the first

choice for most applications [7].

Aspects to be Considered for the Selection of a
Biomaterial

Biological Compatibility or Biocompatibility

Biocompatibility has traditionally been related to implantable
devices that were intended to remain within an individual for
a long time. For those who were developing and using the first
generation of implantable devices during the years between 1940
and 1980, it became increasingly obvious that the best biological
performance would be achieved with materials that were the least
chemically reactive [5]. Biocompatibility is defined as the ability
or capacity of the material to be used in close connection with
living tissue without causing adverse effects to them [11,12]. The
materials used as implants are expected to be highly non-toxic
and should not cause any inflammatory or allergic reactions in the
human body. The rejection of an orthopedic implant due to the toxic
release of metallic ions, for example, will lead to the final failure
[13]. The body parts or tissue of a patient coming into contact with
the implants should avoid any physical irritation, inflammation,
toxicity, mutagenic or carcinogenic action [14,15].

The “fibrous capsule” that surrounds the implant is also the
basis of the biocompatibility of the biomaterials, and the final stage
of the implantation process is represented by this capsule, which
begins when the plasma proteins come into contact or are adhered
to the repair [16]. The success of biomaterials depends mainly on
the reaction of the human body to the implant and this measures
the biocompatibility of a material [5]. When implants are exposed

Table 1: Elements in the human body [13,19].

to human tissues and fluids, various reactions occur between the
host and the implant material and these reactions determine the
acceptability of these materials by our system. Problems related to
biocompatibility are

a)

blood platelets to the surface of the biomaterial, and

thrombosis, which involves blood clotting and adhesion of

b)
biomaterials [7].

encapsulation of fibrous tissue from implanted soft tissue

However, the biocompatibility of the implants also depends
greatly on their corrosion behaviour [9,17]. Thus, the greater the
corrosion of the implants, the more toxic ion rates are released
into the body routinely and higher risk of adverse effects can be
expected [7,9,18].

The human body consists of a significant number of natural
elements with water (H20), comprising about 65 to 75% by
weight of the total composition. Consequently, most of the mass of
a human body contains oxygen and carbon [13,19]. Table 1 shows
a list of elements found in the human body. Where, about 96% of
the available elements are oxygen, hydrogen, carbon and nitrogen,
which are the building blocks of water and proteins [9]. Additional
~ 4% of body mass comes in the form of bone minerals and blood
composed of Ca, P, Mg and extracellular fluids comprising Na, Cl and
K. As such, any implant developed on the basis of these elements
would be compatible with the human body [9]. However, there are
few trace elements (trace elements) that are toxic at high levels.
Therefore, the appropriate composition required for the metallic
implant cannot be toxic. Therefore, the implant will not release
toxic metal ions, which causes inflammatory or allergic reactions in
the human body [9] (Table 1).

Elements in the Human Body [13, 19]

Element (0] C H N Ca P K S Na Cl Mg Trace
element
Wt% 65.0 18.5 9.5 3.3 1.5 1.0 0.4 0.3 0.2 0.2 0.1 <0.01

Biocompatibility of Titanium Alloying Element: Titanium is
not found in the human body and plays no known biological role
in the human body [20] and is non-toxic even in large doses [13].
When amounts of up to 0.8 mg of titanium were ingested daily by
humans, most titanium was excreted without being digested or
absorbed [21]. Titanium implants are generally not rejected by the
body and generally make good physical connections with the host
bone. In vitro assays have shown that titanium can, however, inhibit
osteogenic differentiation of mesenchymal stem cells [22] and may

cause genetic changes in connective tissue [23].

Biocompatibility of Titanium Alloys: Compared with
stainless steel and cobalt alloys, titanium alloys have proved to

be superior in terms of biocompatibility due to their excellent

corrosion resistance [13,24]. In general, 316L stainless steel shows
a relatively good biocompatibility, but at a less satisfactory level
than CoCrMo and titanium alloys, due to the higher corrosion rates,
as outlined below [13] (Figure 1).

= == e mm mm mm mm e Em mm = w—w—

! 316L < CoCrMo < Ti-6Al-4V
I ——

:Poor Biocompatibility Good

Figure 1: Corrosion rates.

Copyright@ Silvio José Gobbi| Biomed ] Sci & Tech Res| BJSTR. MS.ID.002554.

10675


http://dx.doi.org/10.26717/BJSTR.2019.14.002554

Volume 14- Issue 3

DOI: 10.26717.BJSTR.2019.14.002554

The first generation of titanium alloys, represented by the
Ti-6Al-4V alloy, has been reported to cause allergic reactions to
the human body [25]. The second generation of titanium alloys
(X titanium alloys) has been developed and investigated with
great interest. Some stabilizing elements of the K phase, such
as molybdenum, tantalum and zirconium, are used as alloying
elements and are considered relatively safe when compared to
vanadium and aluminum [26].

The increased use of titanium and its alloys as biomaterials
comes from its superior biocompatibility and excellent corrosion
resistance because of the thin layer of surface oxide and good
mechanical properties such as a certain Young’s modulus and low
density that make these metals present a Behavior mechanic close
to the bones [8]. Light, resistant and fully biocompatible, titanium
is one of the few materials that naturally combine the implantation
requirements in the human body [8,25]. In relation to titanium and
its alloys, commercially pure titanium (cp Ti, grade 2) and Ti-6Al-
4V (grade 5) are widely used as replacements for hard tissue in
artificial bones, joints and dental implants [8]. In the substitution
of hard tissue (bone), as the smallest Young’s modulus fits in the
direction of reducing the effect of stress shielding, the low modulus
of elasticity of commerecially pure titanium and its alloys is usually

seen as a biomechanical advantage.

Another property that makes titanium and its alloys the most
promising biomaterials for implants is that titanium-based materi-
als generally have the formation of an extremely thin and adherent
protective titanium oxide film. The presence of this spontaneous ox-
ide film in the passivation or repassivation process is an important
criterion for the excellent biocompatibility and corrosion resist-
ance of titanium and its alloys [8]. With regard to the medical appli-
cations of these materials, the use of commercially pure titanium is
more limited to dental implants because of their limited mechanical
properties [8]. In cases where good mechanical characteristics are
required, such as in hip implants, knee implants, screws and plates,
the Ti-6Al-4V alloy is widely used [27,28]. One of the most common
applications of titanium alloys are artificial hip joints that consist of
a joint bearing (head and femoral cup) and stem, where the metal
cup and the components of the hip stem are made of titanium. In
addition, they are also often used in knee joint replacements, which
consist of a femoral and tibial component made of titanium and a
polyethylene joint surface [8], as shown in Figure 2.

Mechanical Compatibility

It refers to the appropriate mechanical properties according to
the function to be performed and the site to be implanted [25]. In
addition, bioimplants shall have appropriate mechanical strength
to withstand all forces and related loads. Primarily, the material
selected for a specific application must have the ability to withstand
the load, therefore, they will not be susceptible to fracture [9]. For a

specific function, purpose or application, the mechanical properties

determine the type of biomaterial to be chosen. Tensile strength,
hardness, osseointegration, modulus of elasticity, resistance to
corrosion wear are some of the properties that are of fundamental
importance. Thus, if during the application the biomaterial will
be subjected to repeated cyclic loads, success over the use of the
implant subjected to this type of loading is determined by the

fatigue strength of the material.

If an implant fractures due to inadequate resistance or
divergence in mechanical properties between the bone and the
implant, this is referred to as biomechanical incompatibility
[7]. The bone replaced material should have a bone equivalent
Young’s modulus. The bone modulus varies in magnitude from 4
to 30 Gpa depending on the type of bone and the direction of the
measurement [29,30]. Current implant materials that have greater
stiffness than the bone prevent the necessary stress from being
transferred to the adjacent bone, resulting in bone resorption
around the implant and, consequently, for implant loosening. This
biomechanical incompatibility that leads to the death of bone cells
is called the stress shielding effect [29]. Therefore, a material with
excellent combination of high strength and low Young’s modulus
closer to the bone should be used for implantation to avoid implant
loosening and longer service period, avoiding revision surgery [7].

High Corrosion Resistance

The biomaterials are normally exposed to the critical level of
humidity and in environment with high percentage of localized cor-
rosion [9]. The low corrosion resistance of implants in body fluid
results in the release of metal ions not compatible with implants
in the body [7]. It has been found that released ions cause allergic
and toxic reactions [7,31]. Corroded implants in the human body
cause excess of harmful and toxic metal ions such as Fe, Cr, Ni, Co,
and Ti released into the body fluid [9,32]. Initially, these main trace
elements in metallic implants would not be harmful by the released
ions. However, when implants begin to corrode, these trace ele-
ments aggressively diffuse into the body. Excessive release of these
harmful metal ions may cause adverse effects to the human body
[9]. When the oxide layer on the metal is broken, corrosion occurs,
and a metal ion is released. The outer layer is then passivated in a
process known as regeneration. The regeneration time or repassi-
vation time of the surface oxide layer is different for various applied
materials [13]. The rate of corrosion and the release of some metal

ions are highly dependent on the regeneration time [33].

The regeneration time for various alloys was observed based
on the formation of surface oxide layers as shown in Figure 3. From
the observation of these alloys, the regeneration time for SS 316L
is longer compared to the CoCrMo and Ti-6Al-4V alloys. Figure 2
indicates that SS 316Lreleased a higher number of ions compared to
the CoCrMo and Ti-6Al-4V alloys [33]. Thin layer formation through
surface modification improves the biocompatibility performance

with wear resistance and corrosion resistance [9] (Figure 3). In
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general, in the in vivo studies, the general conclusion is that the
presence of metal ions in the body leads to biological responses
[32]. Although the release of metal by corrosion and wear can be
considered in principle to be very limited, the accumulation of long-
term metal ions and particles in the human body is of great concern.
The presence of metallic ions in the tissues around implants has

metallic cup

Ultra-High
Molecular
Weight
femoral Polyethylene
head (UHMWPE)

hip stem

been reported to cause carcinogenicity, hypersensitivity, allergy,
local tissue toxicity, inflammation and genotoxicity. Thus, the
development of implants with high resistance to corrosion and
wear is of prime importance for the longevity of the material in the

human system [7].

knee femoral
component

polvethvlene
articulating

stemmed tibial plate

Figure 2: Schematic diagram of the artificial hip joint and knee implant.

Regeneration time (%)
L]

SS316L CoCrMo Ti-6Al1-4V

Figure 3: Time required for regeneration of surface oxide
layers for some alloys [9].

High Wear Resistance

The low wear resistance leads to the release of implant wear
debris into the surrounding tissue and can produce an adverse
cellular response leading to the release of harmful enzymes,
inflammation, osteolysis, infection, pain and bone resorption
[7,34]. The wear resistance of the material plays a significant role
in the proper functioning of the biomaterial, avoiding loosening
of the implant and reactions in the tissue in which it is deposited,
improving the quality of life of the patient [35]. A description of the
importance of wear performance of metal biomaterials was carried
out in previous work by the present authors [35].

Osseointegration

It is defined as the direct anchoring of an implant by the
formation of bone tissue around the implant without fibrous tissue
growth at the bone-implant interface [36,37]. Osseointegration is
the stable and functional union between the bone and an implanted
surface. This phenomenon occurs after insertion of the device
into the bone and migration of the bone cells to the surface of
the bone [38]. The osseointegration of a bone fixation is defined
as the intimate apposition of newly formed bone and reformed
in congruence with the fixations, including surface irregularities,
so that, with the analysis by optical microscopy, there is no
interposition of connective or fibrous tissue and is established a
direct structural and functional connection, able to withstand
normal physiological loads without excessive deformation and
without initiating a rejection mechanism [28]. However, the term
osseointegration can be defined considering several points of view:
scientific and under the patient’s eye [39]. From the point of view
of patient’s, an implant is osseointegrated if it provides a stable and
seemingly immobile support of a prosthesis under functional loads
without pain, inflammation or loosening.

From the point of view of macroscopic and microscopic biology
and medicine, osseointegration of an implant in the bone is defined
as the intimate apposition of newly formed bone, including surface
irregularities, so that, by optical microscopy analysis, there is no

interposition of connective tissue or fibrosis, and a direct structural
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and functional connection is established, capable of withstanding
normal physiological loads without excessive deformation and
without initiating a rejection mechanism. From the macroscopic
biomechanical point of view, an implant is osseointegrated if there
is no increase in mobility between the implant and the living bone
and surrounding bone marrow under levels and types of functional
load throughout the life of the patient. It is also necessary that
the deformations are of the same order of magnitude as when the
same loads are applied directly to the bone. From a microscopic
biophysical point of view: osseointegration implies that, in optical
and electron microscopy, the identifiable components of tissue
in a thin zone around the surface of the implant are identified as
normal bone and spinal components, which continually constitute
a normal bone structure around the fixation. This implies that
the mineralized tissue must be in contact with nanometres, so
that there is no significant material interfaced functionally at the
interface [39].

Final considerations

The discussion mentioned above illustrates that for choosing
a biomaterial one must observe some fundamental properties
according to the specific application to be performed by the
implant. Biocompatibility is the basic point of choice, and titanium
alloys are superior in terms of compatibility compared to stainless
steel and cobalt alloys. High wear resistance prevents implant
loosening, adverse reactions and revision surgery. A biomaterial
should not present mechanical incompatibility, having a modulus
of elasticity equivalent to that of bone avoiding the effect of stress
shielding. It must also have high corrosion resistance avoiding the
release of non-compatible metallic ions from the implant to the
body. In all biomaterial selection and development, the objective
is the longevity of the implant in the living organism and a better
quality of life of the patient.
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