
Chapter 2
Biomaterials: Characteristics
and Properties

The design and selection of a biomaterial depend on its specific application in order
to be useful and assure its properties as long as required, without rejection [1]. In
order to be considered a biomaterial it should, besides not inducing inflammation,
toxic reactions and allergenic symptoms in the body, be biocompatible, biofunc-
tional, bioactive, bioinert and sterilizable (Fig. 2.1) [2, 3].

A further condition for a biomaterial is that the processes of hygienization and
sterilization should not promote modifications in the properties of same [3].

The biomaterial surface, being directly exposed to the living organism, plays a
crucial role as regards biocompatibility. When this issue is considered, the physical,
morphological, and biologic characteristics can be adapted to promote improvement
in the interaction of biomaterial and tissue [2].

The concept of biocompatibility has been deeply altered in these last few years.
At first it was believed that a material was biocompatible by being completely inert
to the human body, without any response from the biological medium to its pres-
ence. The idea of a totally inert material was abandoned when it could be observed
that the presence of any kind of material always entails some response from the
body, varying as a function of the kind of application and the patients’ character-
istics (age, sex, etc.). Thus, the concept of biocompatibility of a material, by
emphasizing especially the tissue (or neighboring medium) material interface, could
be defined only by encompassing the various forms of interaction of the body with
the material [4].

Biomaterials can be utilized for various applications in a myriad of areas of the
human body. However, for each of these applications, the commonly required
feature is the degree of tolerance of these biomaterials when in contact with organs
and tissues. In order to comply with this aspect, the biomaterials should undergo
critical adjustments so as to serve each specific application in the best possible way.
One mode of adjusting the surface characteristics of the biomaterials is by means of
surface modifications, which keep the characteristics of internal properties of the
material with a suitable surface in order to better meet the specification of the locus
of application.
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The use of medical implants increased in the last decades due to the population
aging, boost in life expectancy and style of life and improvements in implant
technology [5].

The development of biomaterials having the required characteristics to aid in the
recovery of tissues damaged by accidents or disease is one of the major challenges
in the scientific field involving medical and engineering areas [6].

Every material used as a biomaterial in the medical field, either by organ
replacement, support for tissue growth or drug release should have specific char-
acteristics in order not to stimulate or cause any level of allergenic or inflammatory
response to the human body. The characteristics to be taken into consideration
when it is meant a biomaterial used for implant include biocompatibility, bio-
functionality, chemical, and mechanical stability. Besides these characteristics, the
material should be sterilizable in order to avoid irritation, rejection, and/or problems
at the locus of implant [7, 8].

Biocompatibility of a biomaterial as previously defined is related to the organism
accepting the body, until then a foreign matter, and admitting it as part of the whole,
as well as not exhibiting signs of harmful effects at its locus of operation. The
expression biocompatibility comprehends different properties of materials, such as
toxicity, tissues compatibility, blood compatibility (hemocompatibility), and bio-
functionality properties [9].

Biofunctionality is essential for the material to perform the functions to which it
has been designed for, at the required period of time and effectively. For materials
of long-lasting biofunctionality the material should not degrade by contact with the
tissue; since thus it would partly lose its functionality, it should also keep its
chemical and mechanical stability throughout the whole process to which it has
been enabled. For metals, degradation is related to corrosion which causes harmful
effects to the body if these are not of a tolerable degree [4, 7].

As for the response of the body, biomaterials can be characterized as biotoler-
able, bioinert, bioactive, and biodegradable [10].

Biotolerable is the way by which are designed materials that are tolerated by the
body, being separated from the host tissue by the formation of a housing of fibrous
tissue. This layer is induced by the release of chemical compounds, ions, corrosion
products, and other ones resulting from the implanted material. Among the

Fig. 2.1 Characteristics that a material must present to be a biomaterial
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biotolerable materials are highlighted the synthetic polymer materials and most of
the metals [10].

Bioinert are materials which are also tolerated by the body, but where there is no
chemical reaction between the material and the tissue. The material either does not
release components in any significant amount or does not release components and
the formation of fibrous housing is minimal. Common examples of bioinert mate-
rials are alumina, zirconia, titanium and alloys and carbon [10].

Bioactive are materials that can make chemical bonds with the bone tissue,
characterized as an osseointegration process. Through this process the bone tissue
connects to the implanted material promoting the coating by bone cells. Materials
employed as bioactive are the calcium phosphate, hydroxyapatite, and calcium
phosphate compound-based glasses and vitroceramics [10].

Biodegradable are materials which degrade, solubilize, or are absorbed when in
contact with the body for a certain period of time. Their application is of deep
interest since there is no need of a further surgery for the withdrawal of the implant.
Within this class most important are the biopolymers [10].

A biomaterial which otherwise complies with all the characteristics required for
its utilization can only be effectively employed if it can be sterilized. Sterilization is
crucial since it is by means of this procedure that all impurities and microorganisms
are eliminated, providing a material which is suitable for implant [11, 12].

According to regulating authorities such as the Therapeutic Goods
Administration (TGA), Food and Drug Administration (FDA), European
Commission on Health and Consumers (ECHC), and Medical Devices Bureau of
Health Canada, medical devices are classed following their complexity and required
control level to assure safety and effectiveness. In Australia, besides the cited
classification is also attributed a class according to the degree of invasiveness and
onto which tissue the device is applied to (e.g., class III corresponds to chronic
diseases implantable devices). Non-implant (class I and II) medical devices (e.g.,
surgical and dental instruments) are manufactured from commercial-grade materials
(Table 2.1). Biomaterials of higher interest for the scientific community can be
found in the higher classes of Table 2.1, with characteristics suitable for prolonged
contact with human tissues and thus require premarket approval [1].

The choice of the biomaterial is associated with the function it will perform and
the period of time it will contact the human body, based on the combination of its
physical, chemical, mechanical, and biological properties [13, 14].

2.1 Properties of Biomaterials

The biomaterial success for a certain application is related, besides the specific
items for biomaterials cited above, to its physical, chemical, and mechanical
properties. According to the effort demanded from the material and the region to
which it will be applied, such properties can be modified and thus they deserve
careful attention when choosing a material.
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2.1.1 Physical Properties

The physical properties of the biomaterial are fundamental for the response of cell
adhesion. When cells adhere to the biomaterial surface physical chemical reactions
between cell and biomaterial occur, such reactions being influenced by factors such
as cell behavior, biomaterial surface properties, and environmental factors. The
biomaterial surface properties include wettability, filler, roughness, softness, and
chemical composition [15].

Wettability (hydrophobicity/hydrophilicity) is one of the parameters affecting the
biological response of the biomaterial and describes the balance between the solid
surface intermolecular interactions with a liquid. Among the affected properties are
protein adsorption, platelet adhesion/activation, blood coagulation, and cellular and
bacterial adhesion. Hydrophobic surfaces are, generally, considered as more
protein-adsorbent than hydrophilic surfaces due to the hydrophobic interactions
occurring at the surface in contrast with the solvation forces which are water
repellent relative to the water linked to the hydrophilic surface [16].

As relates to surface charge, researchers reported improved biocompatibility,
cellular affinity, and cellular differentiation on surfaces of biomaterials implanted
utilizing positive ions and negative ions. For example, 2-hydroxyethyl methacrylate
(HEMA) gels incorporated with positive charges promoted better adhesion and
spreading of fibroblasts and osteoblasts when compared with negative or neutral
charges [15].

Table 2.1 Some accepted classifications and description of medical devices [1]

Authority Class

TGA I IIa, IIb III –

FDA I II III –

ECHC I IIa IIb III

Health
Canada

I II III IV

Description

General
description

Non invasive
and/or
transient use
(e.g., dermal)

Minimally
invasive, short
term (e.g.,
eyes, ear canal)

Short to
medium term
contact with
blood, oral/nasal
mucosae

Medium to
long term contact,
chronic implants,
control systems

Restrictions General General and
specific

General control
and premarket
approvals

–

Health risk Low Low/moderate Moderate/high High

Example Surgical
instruments,
mechanical
barriers

Contact lenses,
ultrasound
probes

Orthopedic
implants, dialysis
machines

Pacemakers,
perfusion pumps,
vascular stents
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The roughness of the biomaterial also plays an important role in the adhesion
and cellular behavior and exerts direct influence both in vitro and in vivo. Smooth
surface and rough surface have different contact areas with molecules and cells and
this difference in contact influences the kind of biological units’ links and therefore,
conformation and function. In most of the cases cells prefer rough surface to smooth
ones, due to the fact that rough surfaces favor proliferation [15].

For low friction applications, such as in implants of orthopedic joints, bioma-
terials with mirrored finishes are preferred. And when tissue-implant integration is
desired, as is the case of endobone implants, high roughness is preferred [17].

The surface roughness of a biomaterial should be studied in terms of amplitude
and organization. Studies revealed that low-amplitude surface grooves induce ori-
entation of groups of cells or individual cells along its axis this being the basis to
state that the best parameter for the orientation of cells would be the groove’s width
and not its depth. Still, oriented osteoblasts tend to mineralize more quickly,
favoring the tissue/implant osseointegration process [18]. Still, for cases where the
biomaterial is used for dental implants, high roughness surfaces could show risks of
increased peri-implantitis, peri-implantar mucositis, or ionic release in case of
alloys [19].

Case Study: Relationship between surface properties (roughness, wettability)
of titanium and titanium alloys and cell behavior [20]

A study performed on a titanium-based biomaterial reports data on wettability,
surface free energy, interfacial free energy, and roughness aiming at determining
which of these parameters had the strongest influence on the response of human
fibroblasts proliferation.

Titanium samples contained neat titanium (Cp-Ti), titanium–aluminum–vana-
dium alloy (Ti–6Al–4V) and titanium–nickel (Ni–Ti). Ni–Ti had different rough-
ness values, Ni–Ti80 (Ra = 1.02 ± 0.17 µm), Ni–Ti400 (Ra = 0.15 ± 0.015 µm),
and Ni–Ti2400 (Ra = 0.057 ± 0009 µm), Ti–6Al–4V (Ra = 0.068 ± 0.007 µm),
and Cp-Ti (Ra = 0.064 ± 0.008 µm). Upon evaluation of cellular proliferation at
the several roughness values, results indicated that cells showed preference for
surface roughness values lower than 1 µm.

Wettability was evaluated for the rough surfaces and for smooth surfaces. For
rough surfaces wettability exhibited higher contact angle for the highest roughness
sample (Ni–Ti80), both in the parallel (69 ± 11°) and in the perpendicular
(73 ± 5°) direction. For smooth surfaces of the Cp-Ti, Ni–Ti, and Ti–6Al–4V
samples with roughness below 0.015 µm (mechanical polish), the contact angle
with water was of hydrophilic nature with close values for Cp-Ti (53.9 ± 5.1°) and
Ti–6Al–4V (50 ± 3.1°) and higher values for Ni–Ti (60.4 ± 5.8°), proliferation
being bigger at the Ni–Ti surface.

In accordance with the Owens–Wendt calculations, the total surface free energy
was 46 ± 3 mJ/m2 for Ni–Ti and 52 ± 2 mJ/m2 for Cp-Ti and Ti–6Al–4V. As
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regards fibroblasts proliferation, it was bigger for the Ni–Ti sample, this being
possibly related to the lower value of total surface free energy. Interfacial free
energy had extremely low values (Ni–Ti: 2.36 ± 0.15 mJ/m2, Cp-Ti:
2.4 ± 0.05 mJ/m2, Ti–6Al–4V: 2.17 ± 0.07 mJ/m2) which could be attributed to
hydrogel formation at the metal surface.

The study evidenced that roughness influences human fibroblasts proliferation,
as well as the wettability characteristic. However, surface free energy can be a
dominant parameter for fibroblasts proliferation.

2.1.2 Chemical Properties

The physical properties, composition, and chemical properties also influence the
kind of cell bond and determine the biomaterial chemical stability and reactivity.

The corporeal ambience is harsh and may cause corrosion of biomaterials. On
account of this fact, the biomaterials’ chemical stability becomes a relevant factor as
regards biocompatibility.

Corrosion products may cause adverse reactions to the implant neighborhood.
Body fluids are in balance with specific ions under normal physiological conditions.
When a biomaterial is implanted the concentration of these ions increases signifi-
cantly around it and may cause swelling and pain, besides the fact that the corrosion
wastes may migrate to other parts of the body and cause undesirable reactions, both
for the tissues and the implant [21].

Corrosion of biomaterials alters not only chemical stability, but also affects the
mechanical integrity, with possible premature failure of the material [21].

As with corrosion, the corporeal ambience may cause and/or accelerate the
biomaterial degradation. Degradation can also be influenced by sterilization pro-
cesses to which materials are submitted [22–24]. When the biomaterial is degraded,
modifications occur at the material structure and, consequently, modifications in its
properties.

Surface functional groups can also influence the biomaterial response, since the
surface chemical functionality affects adsorbed protein and cell/protein interactions.
Commonly investigated functionalities as relates biomaterials are carboxyl
(–COOH), hydroxyl (–OH), amino (–NH2), and methyl (–CH3) groups [25].

2.1.3 Mechanical Properties

Advances in engineering and medicine require the development of ever more
specialized properties for biomaterials. For a biomaterial utilized for a specific
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mechanical application, some of the requirements studied are Young’s modulus,
ductility, tensile strength, yield strength, compression strength and fatigue, and
wear debris. These properties are evaluated on account of the fact that the human
body has different properties for each tissue. For example, elasticity varies from
very soft as is the case of brain tissues (*0.1–1 kPa) up to extremely hard or stiff
(30 kPa and above), which is the case for the completely mineralized bone [26].

Biomaterials having Young’s modulus close to that of the bone are recom-
mended since they assure uniform tensile distribution and avoid stress shielding
after implant placement; high values for yield and compression strength properties
avoid fractures and improve functional stability; ductility is important for modeling
the biomaterial formation and for dental biomaterials. The ductility minimum value
is 8%; hardness and tenacity also evaluate the biomaterial response; the increase in
hardness reduces the wear incidence; and increase in tenacity renders fracture more
difficult [27]. These features, besides defining the processing ability of the bio-
material, are used to evaluate the success and biocompatibility of same.

Still as relates mechanical properties, biomaterials used for hip implant or
articulation replacement should bear cyclic loads without failure or fracture for a
long period of time, the same being true for cardiac valves. Besides numerous
cyclic loads, failure by fatigue can also occur if tensile variations are high [2].
Biomaterials which should bear cyclic efforts without allowing cracking propaga-
tion are made up chiefly of polyurethane, polyester, and metals in general. The
biomaterials which bear the desired characteristics are mainly applied for ortho-
pedic, dental, and cardiovascular implants [17].

Wear causes material surface removal and this process occurs by the movement
of two surfaces in contact. Failure by fatigue and wear can occur, for example, in
biomaterials used for hip prosthesis, where the contact movement of the biomaterial
parts is imperative. Besides, the physiological medium may aggravate these phe-
nomena [2].

Biomaterials used for replacement of intervertebral disk should have fair prop-
erties of compression strength since the backbone undergoes compression caused
by the body weight besides those due to the contraction loads of the muscles
surrounding the backbone. For example, compression forces during dynamic lifting
were estimated in up to 2500 N and the intradiscal pressure of approximately
1 MPa during routine activities, such as climbing steps (0.5–0.7 MPa) and jogging
(0.35–0.95 MPa) [28]. Table 2.2 lists the load applied in different activities on the
lumbar intervertebral disk (L-3) for a 70 kg individual [29].

Differentiated cells or stem cells of different organs and tissues of the body can
feel the properties of biomaterials, such as the matrix elasticity and convey the
mechanical signs as physiological responses, such as strain specification, cell ori-
entation, morphological alterations, and growth factor. The development of
bio-adaptive materials having mechanical properties similar to those of damaged
tissues or organs could favor cell adaptation [30].
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2.2 Surface Modification—Biomaterial–Tissue
Interactions

Modifications at the biomaterial surfaces are considered as a promising alternative
to improve biomaterial–tissue interactions and promote better biocompatibility and
biofunctionality results without altering the materials’ bulk properties [31].

Surface modifications can be of the following kinds: physicochemical modifi-
cations (related to modifications involving changes of atoms, constituents, or sur-
face molecules) and surface coating (involving different materials for underlying
support). Physical–chemical modifications can be obtained by means of chemical
reactions (oxidation, reduction, utilization of organosilanes, acetylation), etching,
mechanical roughening/polishing, and patterning; and surface coatings include
grafting, non-covalent, and covalent coating, besides thin film deposition [31].
Figure 2.2 illustrates a few surface modification techniques.

Fig. 2.2 Illustration of surface modification techniques for biomaterials

Table 2.2 Load applied on the intervertebral disk as related to different activities [29]

Activity Load on disk (N)

Supine position 294

Standing 686

Seated right 980

Walking 833

Rolling the trunk 882

Inclining laterally 931

Coughing 1078

Jumping 1078

Stretching out 1176

Laughing 1176

Lifting 20 kg with upright column, flexed knees 2058

Lifting 20 kg with bent column, stretched knees 3332
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In the group of coatings those listed in Table 2.3 are highlighted. These surface
coatings are obtained by deposition of hydroxyapatite, a bioactive material which
favors the osseointegration process [32, 33].

A huge variety of techniques for surface modifications is to be found in the
literature; however, no universal technique is known that could be used for any type
of biomaterial. What are known are process variations and those depend on the
desired application and the kind of biomaterial. For example, for bone implant
biomaterial quick bone conductivity is required and stents should be structured to
avoid cell proliferation provoking restenosis, while a cardiovascular device should
have blood compatibility or antithrombogenicity [34].

The choice of the surface modification technique is a function of factors such as
the substrate material, components and geometry design, application and surface
aspects of engineering processes which include coating thickness and process
temperature [34].

Table 2.3 Different techniques and coating characteristics with apatite deposition

Technique Thickness Advantages Disadvantages

Thermal
spraying

30–200 µm High deposition rates, low
cost

Line of sight technique,
high temperatures
induce decomposition,
rapid cooling

Sputter coating 0.5–3 µm Uniform coating thickness
on flat substrates, dense
coating

Line of sight technique,
expensive time
consuming, produces
amorphous coatings

Dip coating 0.05–0.5 mm Inexpensive, coatings
applied quickly, can coat
complex substrates

High sintering
temperature, thermal
expansion mismatch

Sol–gel <1 µm Can coat complex shapes,
low processing temperature,
relatively cheap as coatings
are very thin

Process require
controlled atmosphere
processing, expensive
raw materials

Electrophoretic
deposition

0.1–2.0 mm Uniform coating thickness,
rapid deposition rates, can
coat complex substrates

Difficult to produce
crack-free coatings,
requires high sintering
temperatures

Pulsed laser
deposition

0.05–5 µm Coating with crystalline and
amorphous, coating with
dense and porous

Line of sight technique

Biomimetic
coating

<30 µm Low processing
temperatures, can form
bonelike apatite, can coat
complex shapes, can
incorporate bone growth
stimulating factors

Requires replenishment
and a constant pH of
simulated body fluid

Adapted [32]
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