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Today, orthopaedics is still in search for the most reliable biomaterial for prosthesis. The biomaterial needs to have good longevity
and other supporting properties in order to maintain low implant failure. An ideal metallic biomaterial should be biocompatible,
has similar elastic modulus to that of bone, has excellent resistance to fatigue, corrosion, aseptic loosening, and wear, and has good
bone-bonding ability. The success of an implant depends on many factors. Good osseointegration is one of the factors required to
reduce the rate of loosening of implants and in order to increase the chance of osseointegration, high stability of implants and early
healing process encouragement are needed.

1. Introduction

Mobility is one of human basic needs. Although accidents can
be prevented, one cannot avoid growing old. Degenerative
and inflammatory diseases of the bones and joints are some
common orthopaedic problems. These conditions are often
found as chronic diseases in elderlies. In the midst of health-
care improvement, aging population keeps increasing and
dominating the world’s population. It is predicted that the
number of people over 50 years of age who have bone
diseases will be doubled by 2020 [1]. Most of these conditions
require surgery, for example, internal fixation or total joint
replacement. These kinds of surgeries will need device(s) to
be implanted inside the body and biomaterials are adopted in
orthopaedic application as the constituent of such devices.

By definition, biomaterials are substances that are engi-
neered to be biocompatible materials used to replace or assist
part of an organ or tissue while in intimate contact with the

body and body fluids [1, 2]. Biomaterials will be used as the
constituent of device(s) that are intended to treat abnormal
anatomical parts of human body, either by improving or
substituting the bones, cartilages, ligaments, or tendons. Bio-
logical materials, such as bone allografts, are also considered
to be biomaterials. In orthopaedics, these devices are com-
monly known as implants or prostheses. Currently, there is
still a great need to find novel and improved biomaterials that
are able to perform correctly with good compatibility and
satisfactory longevity.

Biocompatibility, no foreign body reaction, appropriate
design, good manufacturability of implants, biomechanical
stabilities (stress shielding), good biomaterial properties,
and resistance to implant wear, aseptic loosening, corrosion
resistance, bioactivity, and osteoconduction are the main
fundamental requirements for an implantable orthopaedic
device [1, 3].The biomaterial properties must be aptly studied
and analyzed in regard to tensile strength, yield strength,

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2016, Article ID 5386924, 9 pages
http://dx.doi.org/10.1155/2016/5386924



2 Journal of Nanomaterials

elastic modulus, corrosion and fatigue resistance, surface
finish, creep, and hardness. If these requirements are not
fulfilled, they will provoke failure process.

Human body is a highly corrosive environment. On the
other hand, biomaterials are able to release ions and particles
after implantation. Both will interact when they come into
contact, and, therefore, there are many requirements for a
biomaterial to be able to be implanted inside a human body.
Biocompatibility refers to the interaction or responses of host
cells and tissues with the implanted biomaterial. Additionally,
biocompatibility also means that the design of the medical
device has good biological safety while performing useful
functions. According to IUPAC recommendations (2012),
biocompatibility is the ability of a material to be in contact
with living systems without producing an adverse effect [10].
It is then further classified according to the ability or ten-
dency to produce cytotoxicity, carcinogenicity, mutagenicity,
pyrogenicity, and allergenicity or thrombogenicity. Material
of a metallic implant should be made of nontoxic elements
and causing no inflammatory or allergic reactions to human
body.

The following review will explore the fundamental
requirements of metallic biomaterials to be used as ortho-
paedic implants. Conclusions will be drawn from this review
regarding to the needs in studying novel biomaterials in order
to improve the properties and endurance of the biomaterials
being used as implants.

2. Osseointegration

The major causes of implant loosening are the inability of
the implant surface to merge with the adjacent bone tissue
[2]. Osseointegration is defined by Brånemark as “the direct
structural and functional connections between the ordered,
living bone and the surface of a load-carrying implant” [11].
Brånemark observed this phenomenon when he found that
chambers made of metal titanium could form stable fixation
with bone tissue. In modern day, Guo et al. define osseointe-
gration as “the formation of a direct structural and functional
connections between the implant and the surrounding bone
tissue without any intervening connective tissue” [12]. They
observed this integration based on the histological view.

After an implant is inserted into the bone, inflammatory
reaction, which is followed by hematoma, will occur. Subse-
quently, a cascade of complex reactions will develop together
from the bone side and from the implant side. From the bone
side, there will be a platelet activation, followed by migration
and activation of inflammatory cells. Revascularization will
occur; mesenchymal cells and osteoblast will proliferate and
adhere to the new bone-material interface. Protein synthe-
sis and local factor composition will further support the
integration process. From the implant side, the metallic
biomaterials will undergo oxidation. Osteoblast will attach
and osteogenic cells will deposit on the implant surface.
Following the process, the osteoblast will deposit collagen
matrix.This collagenmatrixwill formwoven bone formation,
which subsequently will transform into lamellar bone. The
process could progress either from the bone to the implant
surface (by means of distance osteogenesis) or from the

implant to the healing bone (bymeans of contact osteogenesis
or new bone formation) [13].

There are some factors determining osseointegration.
Design, chemical composition, surface topography, and coat-
ing of the implant may add the chance of osseointegration.
On the contrary, inappropriate porosity of the materials may
hinder osseointegration. Minimal surgical trauma towards
the bone bed and good vascularity and cellularity of implan-
tation site may support the integration process. However,
factors such as bone defect, osteoporosis, rheumatoid arthri-
tis, smoking, and advanced age may inhibit the process. Pri-
mary mechanical stability of the implant is another factor
that determines good osseointegration. At the same time,
adjuvant therapies such as bone grafting (either autogenous
or allograft), osteogenic coatings (such as BMPs, TGF-𝛽),
biophysical stimulation, and systemic administration of iban-
dronate and human parathyroid hormone may enhance the
process. However, irradiation and pharmacological agents,
such as cisplatin, warfarin, indomethacin, cyclosporine, and
methotrexate, are found to inhibit the osseointegration pro-
cess [13].

Among all metals, titanium alloy (Ti-6Al-4V) has more
close relation with bone tissue as shown by Anselme et al.
This is due to a stable oxide layer (TiO

2
) formed on the

titanium surface which prevents corrosion. However, these
types of implants still can loose as they need further modi-
fications. Some studies tried to modify the alloy to increase
osseointegration, for example, by increasing the surface
roughness [14–16], adding NH

2
and OH functional groups

on the surface [17, 18], increasing wettability and adding
hydrophilic surface [19, 20], adding coatings such as calcium
phosphate or hydroxyapatite [21–23], integrin manipulation
[24–28], coating with growth factors [29–34], or coating with
bisphosphonate [35–38].

An implant can be regarded as osseointegrated when the
implant and the adhered bone show no progressive relative
movement during physiological load bearing condition [39].
Good osseointegration is determined by surface chemistry,
surface roughness, and surface topography [2]. Additionally,
the minimal distance between the implant and the bone
should be no more than 1mm [40]. Poor osseointegration
is often found in implants with low stability, young active
patients, osteoporosis patients, and patients with delayed
healing process.

3. Nanostructure Interface

The content of our bone nanostructure can be divided into
organic and inorganic content. Type 1 collagen comprises
35% of the organic content of the bone nanostructure.
Hydroxyapatite (Ca

10
(PO4)

6
(OH)
2
) dominates the inorganic

content, and the remainder is the ion substituted forms [4, 5,
41]. This formation is also known as collagen-hydroxyapatite
crystal arrangement of the bones (Figure 1). Type 1 col-
lagen has a characteristic length of 300 nm and diameter
of 1.5 nm. The fibers are aligned parallel to each other but
spread out to form collagen fibrils. The accumulation of
fibrils will form collagen bands, which appear as alternating
dark and light shade in electron microscope with periodicity
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Figure 1: Nanostructure of the bone: the collagen-hydroxyapatite crystal arrangement in bone. The staggered array resulting in alternating
light and dark bands in transmission electron microscope called collagen banding [4]. (a) Longitudinal view; (b) cross-sectional view; (c)
diagonal three-dimensional view. Adapted from [4].

of 67 nm (Figure 2). Inorganic components will appear in
the form of plate-like fibers with a characteristic length of
50–100 nm, width of 25–50 nm, and thickness of 4–6 nm.
They are predominantly located in the gap zone and contain
intermolecular and extrafibrillar apatite. All of these collagen
fibrils will bind to each other to form collagen fibers and form,
ultimately, cortical and trabecular bone structures.

In order to fulfill the safety requirements and being
implanted for a long time with no rejection reaction, metallic
implants to be used as bone prostheses should have the fol-
lowing properties: nontoxic, excellent biocompatibility, high
resistance towards corrosion, good mechanical properties as
intended, high resistance to wear, and good osseointegration
[2]. When synthetic metal biomaterials are implanted inside
the human body, they will elicit various host responses. Based
on the interaction with the body, synthetic materials may
be classified into nearly inert, bioactive, and resorbable [42].
Nearly inert materials will elicit only minimal reaction to the
body. Some examples of nearly inert materials are stainless
steel, alumina, zirconia, and polyethylene. Bioactivematerials
will form biologically active layer upon implantation. Such
materials include hydroxyapatite, glass ceramic A-W, and

bioglass. Resorbable materials, on the other hand, will even-
tually be replaced by natural tissue over time. The examples
of these materials are tricalcium phosphate and polylactic-
polyglycolic polymers.

There are also some factors affecting the biological
response of the biomaterials. The factors include chemical
composition, crystallinity, surface topography, pore size,
morphology, and connectivity [42].

4. Corrosion Endurance

The most probable biocompatible materials may be selected
from alloy elements that already exist naturally in the human
body [2]. Human body needs many metal trace elements or
metal micronutrients. However, these elements are toxic at
the levels higher than they are required. In reality, there are
no materials that are completely inert or nontoxic to human
body over a prolonged period of use. Therefore, alloys
composed of practically inert elements or elements that are
existed as trace elements in human body could be used in
constructing metallic implants. Otherwise, highly corrosion-
resistant elements, such as titanium, should be used.
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Figure 2: Nanostructure of the bone, as viewed by electron microscope [5]. Taken from [5].

As mentioned before, the highly corrosive environment
inside the human body may cause metals with good per-
formance at room conditions to suffer severe corrosion
inside the human body [2]. In fact, stainless steel, the most
corrosion-resistantmetal, will cause chronic allergy and toxic
reactions after a prolonged implantation period. There are
four types of corrosion observed upon metallic biomaterial
exposure to biological fluids. When the metal is immersed in
the body fluid, two different areas of the same metal surface
could have different electrochemical potential resulting in
corrosion known as galvanic corrosion. In pitting corrosion,
the different potential is localized, causing localized depassi-
vation of the surface, hence forming pits. Similarly, crevice
corrosion also occurs in confined space with low oxygen
tension, low pH, and high chloride concentration leading to
the destruction of the passivation layer. Crevice corrosion
is more likely to occur at the attachment site of metal
parts. Fretting corrosion occurs due to deterioration of the
passivation layer at the interface between two contacting
layers as a result of micromotion.The corrosion occurs at the
weight bearing surfaces.

Different parts and different condition of the body have
different pH values and oxygen concentrations. Although
usually body fluids have nearly neutral pH value (7.2–7.4 at
37∘C, 1 atm), this value may drop to 3-4 in case of inflamma-
tion [43]. This pH change could be influenced by inflamma-
tory cells generated by trauma or surgery.The internal partial
pressure of oxygen inside the body is about one-quarter
of the atmospheric oxygen pressure. Although low oxygen
means less oxidation, the deceleration of protective passive
oxide films formation on metal surface actually accelerates
corrosion process.

Metal ions, metallic compounds, and debris will be
released in conjunction with wear process. These corro-
sion particles will induce local toxicity and foreign body
reactions when they come into contact with surrounding
tissues [44, 45]. If the debris is soluble, it will go with the
blood flow and be secreted via urine. However, if the
debris is insoluble, the particles will accumulate in the tis-
sues/lymph nodes/bone marrow. The short term effects of

debris accumulation are inflammation and cell tissue damage
[44]. The long term effects are hypersensitivity, chromoso-
mal aberrations, and toxicity/carcinogenicity. In long term,
macrophages will engulf the particles as foreign bodies.
However, these macrophages tend to be killed by the foreign
particles after ingestion. Enzymes and metabolites released
by the dying macrophages will change the surrounding
microenvironment to acidic. Large amount of debris could be
released by the dying macrophages leading to a phenomenon
known as metallosis [2]. These enzymes, acidic chemicals,
and ions and debris contribute to aseptic loosening of the
implant.

5. Mechanical Properties

As an orthopaedic implant, biomaterial has the task to
replace the basic mechanical functions of the bone. The
basic mechanical functions of the bone include supporting,
protecting, and aiding bodymovements.Therefore, the struc-
ture of the biomaterial should be strong and tough. Young’s
modulus, ultimate tensile strength (UTS), and toughness are
the important mechanical properties of the biomaterials
developed [2].

Young’s modulus is a mechanical property showing the
ratio of the stress and the strain of a linear elastic solid
material (Figure 3). The higher the modulus, the greater
the mechanical load that can be borne by the structure.
Young’s modulus of human bone is 10–30GPa [46]. Unfor-
tunately, the biomaterials that currently are available have a
much higher GPa (more than 100GPa). Young’s modulus of
stainless steel is 200GPa, titanium alloy is 110GPa, cobalt
chromium is 220–230GPa, and tantalum is 200GPa. This
may cause what is called as stress shielding effect. The effect
occurs due to the highmechanical load borne by the implant,
while the bone surrounding the implant bears lessmechanical
load. In the future, the bone will undergo atrophy and
requires further revision surgery.

During walking, the mechanical load changes dynami-
cally [2]. During a step, there is a timewhen the whole human
body is only supported by a single leg. This walking cycle,
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Figure 3: Young’s modulus concept of stress and strain of linear elastic solid materials.

or the stress cycle, occurs many times a day, up to 730,000
per year. The maximum number of stress cycle that can be
applied to a material without causing failure is called fatigue
strength or endurance limit. When a material is subjected to
its endurance limit, it may break even with a normal amount
of stress, without any prior warning signs. Combined with
cyclic friction, and if the friction stress superimposed with
plain fatigue stress, it will come into a condition that is known
as fretting fatigue.

About ten years ago, the ten-year failure rate of hip
replacement was 26% [47]. While the ten-year failure rate of
knee replacement could be up to 14% [48]. However, with
the advancement of technology, the longevity of hip and
knee replacement today can be up to more than 90% in 15
years [49, 50]. However, this lifespan is usually decreased
in young active patients or patients with decreased bone
quality or osteoporotic. The most common causes of revi-
sion in total hip replacement are aseptic loosening (55.2%),
dislocation (11.8%), septic loosening (7.5%), periprosthetic
fractures (6%), and others [47]. In order to increase the
chance of osseointegration, high stability of implants and
early healing process encouragement are needed. Delayed
healing process may result in the development of fibrous tis-
sue.Micromotionwill lead to fibrous tissue formation around
the implant. One study by Bacakova et al., examined the effect
of oscillating micromotion on osseointegration in implant in
dog distal femurs [51]. They found that bone ingrowth was
not supported when the structure received 40 and 150 𝜇m
of micromotion. However, osseointegration ability was not
disrupted when the micromotion was only 20 𝜇m.

6. Biomaterial Surface

Surface energy relates to hydrophilic properties of a material.
It can be defined as an excess of free energy per unit area
and can be measured by the contact angles made by water
droplets. Surface with high contact angles can be considered
as hydrophobic, while low contact angles can be considered
as hydrophilic. This is also called wettability. Surface energy
increases concomitantly with the increase in roughness of

metallic surface. Additionally, surface energy also increases
proportionally with the increase in propensity and strength
of cellular adhesion to metallic surface [52].

Although cell proliferation is found to be impaired,
surface with high wettability (hydrophilic) is able to increase
the induction of osteoblast differentiation and the release
of local growth factors [53, 54]. It has been shown that
higher wettability of an implant surface will result in better
bone apposition and bone implant contact [55]. Adsorption
of matrix proteins, such as fibronectin and collagen, plays
important roles in increasing cell adhesion [52].

One example of material with good wettability is tita-
nium. When an implant with titanium-based biomaterial
is implanted, it forms a hydrophilic TiO

2
layer. This layer

modifies the strength of the cell surface integrins binding to
fibronectin-coated surfaces, in vitro [17]. It adsorbs matrix
protein and reorganizes the adhering cells, hence improving
the adhesion and the spread of the cells [56].

In addition to increase the wettability and the roughness,
further modification also attempts to increase the surface
energy. This includes the use of UV light to render the
hydrophobic surface superhydrophilic. This process, which
is also called photofunctionalization, will enhance further
the adsorption of protein, proliferation, and differentiation of
osteoblast, attachment of osteoblast, in vitro proliferation and
phenotype expression, and in vivo fixation of implant [56].
Another method of surface modification in order to enhance
the osteoblast adhesion to implant surface is by topographical
modification. Surface orientation and roughness define the
surface topography, while series of peaks and valleys give the
surface topography a characteristic. This modification acts as
the surface guidance for the cells to adhere.Themodification
can be additive (coating) or subtractive (etching). The end
result of this modification is increased surface area and
alteration of the surface’s chemical composition and energy
[57].

The greater the surface microtopography, the larger the
surface area for fibrinogen adsorption, which will lead to
enhanced platelet adhesion and activation. In an in vitro
study, it is shown that this could elicit osteogenic reactions



6 Journal of Nanomaterials

Table 1: Some metallic biomaterials that are currently used or being studied for orthopaedic implants.

Materials
Elastic
modulus
(GPa)

Yield
strength
(MPa)

Ultimate
strength (MPa) Corrosive resistance Advantages Drawbacks

Stainless steel [6] 200 215MPa 505MPa
Corrosive resistance
due to high Cr
content

Formation of a film of
chromium oxide on
the surface of the steel
at a molecular level,
which is passive,
adhesive, tenacious,
and self-healing

Large amount of wear
debris, poor wear
resistance, worse
corrosion resistance,
and dangerous
allergic reaction
appears in a high
number of patients

Titanium and
titanium alloy
(Ti-6Al-4V) [6, 7]

110–119 850–900 960–970

Stable oxide layer
(Titania–TiO

2
) on the

titanium surface
(2 nm thick)

High mechanical
strength, superior
biocompatibility,
corrosion and wear
resistance, rapid
osseointegration,
enhanced osteoblast
adhesion, and
complete inertness to
body environment

Potential toxicity to
vanadium

Cobalt-chrome
(Co-Cr-Mo) alloys
[6]

220–230 275–1585 600–1785 Excellent, even in Cl−
environments

Highly resistant to
corrosion even in
chloride environment
due to spontaneous
formation of passive
oxide layer within the
human body
environment

The corrosion
products of
Co-Cr-Mo are more
toxic than those of
stainless steel 316 L
(Ni, Cr, and Co)

Unalloyed
tantalum [8, 9] 186 138–345 207–517 Highly corrosive

resistance

High yield and
ultimate strength,
good bone-bonding

Long term data not
yet available

Porous tantalum
[8, 9] 2.5–3.9 35–51 50–110 Highly corrosive

resistance

Young’s modulus
similar to
subchondral bone
with ten times yield
and ultimate strength,
usually used as
coating of trabecular
metal, good
biocompatibility of
tantalum, and
titanium

Long term data not
yet available

[52].Themore complex the implant surface, the more prefer-
able the environment for fibrin attachment, thus establishing
a temporary osteoconductive matrix [58]. These associa-
tions among the surface texture, osteoconductive matrix
formation, and subsequent recruitment of osteogenic cells
will influence the process of contact osteogenesis, new bone
formation, and implant integration.

In addition to the roughness of surface, material porosity
is also one of the factors that influence the interaction
between bone andmaterials. Study found that bony ingrowth
within the material requires a pore size between 50 and
400 𝜇m.This porous structure is also essential for supporting
the vascular formation, proliferation of mesenchymal cells,
and osteogenesis within the material. However, if the pore

size is greater than 1mm, fibrotic tissue ingrowth is more
likely to occur [59].

7. Available Metallic Biomaterials

There are several metallic biomaterials that have already been
used as orthopaedic implants. The characteristics of some of
them, including the elastic modulus, yield strength, ultimate
strength, corrosive resistance, advantage(s), and drawback(s),
are summarized in Table 1. Some studies of biomaterial sur-
face modifications in achieving osseointegration are aiming
not only at biocompatibility but also at bioactivity. The pro-
cess of rendering the material to be more bioactive is also
called biofunctionalization [60].
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Among the coatings for biometallic surfaces that have
been implemented and studied, hydroxyapatite is among
the first studies. Hydroxyapatite provides bioactive materi-
als with osteoconductivity by forming precipitated apatite
layer, and studies showed that it would double the strength
of mechanical fixation in 4 weeks in vivo compared to
uncoated Ti. Another osteoconductive coating is calcium
phosphate, which has bioactive interaction through protein
adsorption. Coatingwith fluoride is also found to increase the
number of attached cells, induce osteoblast differentiation,
increasemineral density at the interface, and improve pullout
force by altering the surface chemistry and nanotopography.
One study also found that Strontium (Sr) coating is able
to enhance attachment, spreading, and differentiation of
osteoblast [61].

Oral bisphosphonate supplement is also found able to
significantly enhance early new bone formation at the inter-
face and inhibit peri-implant bone resorption. However, in
long term use it increases the risk of atypical fractures. Local
application of factors may increase bone remodeling; for
example, VEGF may enhance bone mineralization, collagen
may improve osseointegration (by increasing differentiation
and adhesion of osteoblast), and RGD-sequence-containing
peptide may accelerate tissue integration (by promoting
osteoblast attachment, differentiation, production, and osteo-
clast differentiation) [61]. Constant delivery of Bone Mor-
phogenetic Protein (BMP) in moderate dose was found to
stimulate osteoblast differentiation; however if it is given too
much, it may impair the osteoconductivity drastically [62].
Local antibiotics may be given to prevent septic loosening.
Other coatings being studied may include other organic
agents, bioactive molecules, and cytokines/chemokines [61].

Recently, there is a new biomaterial being studied as
the main material for orthopaedic implant. The material is
Ti-24Nb-4Zr-7.9Sn (TNZS), developed by the Institute of
Metal Research Chinese Academy of Science [63]. The novel
material has low elastic modulus (42GPa) but possesses high
strength (800–900MPa). Its surface roughness is similar to
titanium alloy. Study found significantly higher ALP activity
seven days after implantation, with higher pullout strength at
12 weeks. Micro-CT analysis showed greater bone formation
at 12 weeks, with direct bone-to-implant contact, disappear-
ance of fibrous tissue and osteoid, and replacement by new
bone tissue.

8. Summary and Remarks

Technological advancement of biomaterial manufacturing
and research have driven the development of main bio-
materials and coating for orthopaedic implants. An ideal
metallic biomaterial should be biocompatible and should
possess elastic modulus properties as close as those of bone,
high strength, excellent resistance to fatigue, corrosion, asep-
tic loosening and wear, and good bone-bonding ability.
Although titanium is imperfect, it is still being the dominant
material used in orthopaedic implants. Research findings
regarding porous metallic implant with modified surface
or coating with Young’s modulus close to the bones are
needed in order to improve the current implant technology.

Researches are needed to find biomaterials that canwithstand
daily load and improve the long term success of the metallic
implant.
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Garćıa, “Biomolecular surface coating to enhance orthopaedic
tissue healing and integration,” Biomaterials, vol. 28, no. 21, pp.
3228–3235, 2007.

[27] T. A. Petrie, J. E. Raynor, C. D. Reyes, K. L. Burns, D. M.
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