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Abstract
Whenever a foreign material is implanted into a human body an implant–tissue interface area
forms between them. In this microenvironment, interactions take place between the implant and
the surrounding tissue. The implantation of a biomaterial into tissue results in injury and initiation
of the inflammatory response. This host response to biomaterials is an unavoidable series of events
that occur when tissue homeostasis is disturbed by the implantation process. In bone tissue,
biocompatible implants must initially be capable of strong bone implant contact and subsequently,
allow the normal bone remodeling cycle around the implant.
NiTi is a metal alloy composed of approximately a 50:50 ratio of nickel and titanium. It
possesses shape memory and superelasticity properties, which make it an interesting biomaterial.
NiTi has two phases: austenite and martensite. A decrease in temperature or applied stress induce
the austenite-to-martensite transformation. Heating or removing the stress restores the parent
austenite phase. The alloy in its martensite structure can be reshaped and strained several times
more than a conventional metal alloy without irreversible deformation of the material. The alloy
returns to its original shape as it changes from martensite-to-austenite. This transformation is seen
as the macroscopic shape memory effect.
This study further investigated the biocompatibility of NiTi, especially the bone cell response
to both austenite and martensite. Different surface treatments were investigated in order to
improve and possibly even control NiTi's bioactivity as a bone implant material.
Osteoclasts grew and attached well on the austenite NiTi phase, but the results indicated that
the biocompatibility of martensite NiTi was compromised. Oxidation of the NiTi surface
improved osteoblast attachment and viability. This was due to the formation of a TiO2 surface
layer of moderate thickness. Coating the NiTi surface with the extracellular matrix protein
fibronectin was shown to enhance osteoblast proliferation and increase the number of cells in the
G1 cell cycle stage. Austenite was more prone to show these effects than martensite. A sol-gel
derived titania-silica surface treatment was observed to increase the bone implant contact of
functional NiTi intramedullary nails. The surface treatment was most effective with the constant
bending load provided by the NiTi nail.

Keywords: austenite, biocompatible materials, martensite, nickel-titanium alloy,
osteoblasts, osteoclasts, prostheses and implants, surface treatment
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Definitions
Austenite
Biocompatibility

The high temperature (parent) phase of a material.
The ability of a material to perform with an appropriate
host response in a specific application.
Biomaterial
A nonviable material used in a medical device, intended to
interact with biological systems.
Biomimetic
A human-made process, substance, device or system that
imitates nature.
Bone remodelation
A process of reabsorption of pre-existing extracellular
matrix by osteoclasts, which is followed by osteoblastic
secretion of new extracellular matrix that is later
mineralized. Also referred to as bone turnover.
Hysteresis
A retardation of the effect when the forces acting upon a
body are changed.
Implant
An artificial or natural object implanted into a tissue.
Infection
The state produced by the establishment of a pathogen in
or on a suitable host.
Inflammation
A local response to cellular injury that is marked by e.g.
capillary dilatation, leukocytic infiltration and swelling,
and that serves as a mechanism initiating the elimination
of noxious agents and of damaged tissue.
Load
Describes the force applied to a component of a structure
or to the structure as a unit.
Martensite
The low temperature phase of a material.
Osseoinduction
The process by which osteogenesis is induced. Implies the
recruitment of immature cells and the stimulation of these
cells to develop into preosteoblasts.
Osseointegration
The direct anchorage of an implant due to the formation
of bony tissue around the implant, without the growth of
fibrous tissue at the bone–implant interface.
Osseoconduction
In biomaterial science, the growth of bone on the surface
of a foreign material.
Superelasticity
The result of a stress-induced phase transformation.
Shape memory effect The result of a thermal phase transformation. The ability
to recover the original predetermined shape under heating
after prestraining in a low-temperature martensitic phase.
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Shape memory alloy
Sol-gel

Surface free energy

Strain
Stress
Wear

Young's modulus
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An alloy that possesses the shape memory effect.
A wet-chemical technique for the fabrication of materials.
The sol-gel process involves the transition of a system
from a liquid "sol" (mostly colloidal) into a solid "gel"
phase.
The work required to increase the area of a substance by
one unit area. In solids, it is sometimes also referred to as
the "surface tension" of the solid substrate.
A measurement of deformation, normalized by the
original length of the specimen.
Internal resistance to an applied force expressed in units
of force (N) per unit area (m2) (1 N/m2 = 1 Pa).
A loss of material with the generation of particles
resulting from relative motion between two opposed
surfaces.
Modulus of elasticity (E) measured as the slope of the
linear portion of stress–strain curve. It is calculated by
dividing the stress by the strain at any point along this
portion of the curve.
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1

Introduction

Biomaterials are materials intended to use in the human body to replace, augment
or interact with the living tissue or function of the body. Vast numbers of different
material types, such as metals, ceramics and polymers are used as biomaterials.
Metals are commonly used in weight bearing applications, i.e. as bone implants.
Unfortunately the perfect bone implant material has not yet been developed. All
the current biomaterials used in bone tissue tend to loosen over time. And as life
expectancy increases, the need for revision surgeries also increases. The
interactions of implant materials and tissues are complex and they vary depending
on both the implant material and target tissue. Although the principles of the
processes that take place at the tissue–biomaterial interface are known, the details
of these are still largely unknown. A comprehensive understanding of tissue–
biomaterial interactions is important for the development of new and for the
improvement of old biomaterial applications.
NiTi is an alloy of nickel and titanium in approximately a 50:50 ratio. NiTi is
superelastic and can tolerate large strains without being irreversibly deformed.
NiTi has two phases, called austenite and martensite. A decrease in temperature or
applied stress induces the change of austenite into martensite. In the martensite
form, the alloy can be largely strained and its macroscopic structure changed.
When the alloy specimen is heated or the load removed, the specimen returns to
its original shape. This phenomenon is seen macroscopically as the shape memory
effect.
This study focused on biocompatibility investigations of both austenite and
martensite phases by utilizing different bone cell cultures. The major part of the
study concentrated on different surface treatments of NiTi in order to improve its
biocompatibility and bioactivity. Biomaterial surface treatments are an interesting
way to tailor the processes that occur after implantation, since the surface
properties of an implant dictate biomolecule adsorption and subsequent cellular
effects.
The use of NiTi as a load applying bone implant application was further
examined. Bone is a load sensing tissue that remodels its structure constantly
according to loading. Hypothetically, bone growth can be guided by applying a
constant intramedullary load. A sol-gel derived titania-silica surface treatment
was used to improve the osseoconduction and -integration of the NiTi implants.

21

22

2

Review of the literature

2.1

Bone

From a mechanical point of view, the skeleton is the supporting framework of all
higher vertebrates. The skull and vertebral column gives shelter to the brain and
spinal cord and the protective rib cage structure hides the vital soft tissue organs,
including the lungs and heart. Bones also provide sites for muscle attachment thus
enabling locomotion. On the other hand, bone and its marrow are responsible of
blood cell production and the maintenance of calcium and phosphate homeostasis
in serum. From a much larger perspective, bone tissue had an enormous relevance
in the evolution of all higher animals. The subphylum Vertebrata, named
according to the unique feature of the backbone, is associated with larger size and
an active lifestyle, both features obviously giving these animals an edge in the
battle for existence.
Bone tissue can be morphologically divided into two types: cortical and
cancellous bone. The cortical bone structure is compact and serves mainly as
mechanical support. In contrast, cancellous, or trabecular bone is structured as a
sponge. Because of the structure, the synonym spongy bone is also used for this
bone type. With a large surface area compared to volume, cancellous bone is
mainly responsible of the metabolic functions of bone tissue. The spaces enclosed
by calcified trabelulae of spongy bone and the medullary cavity surrounded by
compact cortical bone are filled with hematopoetic bone marrow.
Bone is a type of highly specialized connective tissue, which is composed of
cells and abundant extracellular matrix. The following chapters will describe
these fundamental constituents of bone in more detail.
2.2

Bone cells

In principle, four types of bone cells can be found in bone tissue: osteoblasts,
osteoclasts, osteocytes and bone-lining cells. In healthy adult bone tissue, the
resorption of old bone and the formation of new bone are in balance. Once peak
bone mass is achieved at early adulthood, bone remodeling (or bone turnover)
occurs throughout life in an orderly fashion; where bone is eaten away by
osteoclasts, and the same amount of bone is produced by osteoblasts. This process
is called “coupling”. Healthy bone is a highly dynamic tissue with a constant and
23

controlled turnover. Peak bone mass is influenced by genetic heritage, adequate
nutrition, normal sex steroid levels, and physical activity. The co-operation of
different bone cell types in bone turnover is highly complex and can be disturbed
by various diseases. These diseases manifest themselves in excess resorption or
production of bone tissue.
2.2.1 Osteoblast
Osteoblasts synthesize new bone matrix, osteoid, and they are responsible for its
later mineralization to new bone. These cells are of mesenchymal origin and
differentiate under the influence of local growth factors such as fibroblast growth
factors (FGFs), bone morphogenetic proteins (BMPs) and Wnt proteins (Komori
2008). Osteoblasts also require the transcription of Runx2 and Osterix
transcription factors (Komori 2008). The plasma membrane of osteoblasts is rich
in alkaline phosphatase (ALP), whose serum level is a common marker for bone
formation. Osteoblast membranes have receptors for parathyroid hormone,
prostaglandins, steroids (estrogen and vitamin D3) and for many adhesion
molecules and cytokines. Osteoblasts also express cytokines at their plasma
membrane. In particular, osteoblasts express colony stimulating factor 1 (CSF-1)
and RANKL (receptor activator of nuclear factor κB ligand), which activate
osteoclastogenesis. Osteoprotegrin (OPG) is a decoy RANK receptor secreted by
osteoblasts in order to inhibit osteoclastic bone resorption. (Baron 2003.)
Endosteal osteoblasts are at least partly responsible for the maintenance of
the self-renewal potential of the hematopoietic stem cells (HSC) transferring
signals that anchor the stem cells in this special osteoblast-supportive
microenvironment (Adams & Scadden 2006, Yin & Li 2006). Osteoblasts
produce secreted and cell surface bound signaling ligands, such as Angiopoetin-1
(Ang-1) which is the ligand for Tie2-receptor tyrosine kinase expressed by HSCs
(Huang et al. 2007). It has been shown that the Tie2 positive HSCs are localized
to the bone surface and they are in contact with Ang-1-expressing osteoblasts
(Arai et al. 2004). Ang-1/Tie2 signaling is important in sustaining quiescence and
the long-term repopulating activity of hematopoetic stem cells in adult bone
marrow (Puri & Bernstein 2003, Arai et al. 2004).
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2.2.2 Osteoclast
Osteoclasts are of hematopoietic origin (Gothlin & Ericsson 1976). These large
(20–100 µm) multinucleated cells are thought to form by fusion of mononuclear
progenitors of the monocytes/macrophage family (Teitelbaum 2000, Boyle et al.
2003). This highly differentiated cell type has morphologically unique features,
which function in the resorption process of bone tissue. The sealing zone is part
of the osteoclast cell membrane (Väänänen & Horton 1995). According to its
name, it seals the cell into the bone matrix. This structure can easily be detected
in resorbing osteoclasts as a ring-like actin formation, whereas in non-resorbing
osteoclasts, actin is merely arranged at the cell periphery. The sealing zone
surrounds the ruffled border area of the osteoclast membrane (Stenbeck 2002).
This part is filled with finger-like protrusions that penetrate to the bone matrix.
Under the ruffled border, surrounded by the sealing zone, is located the resorption
lacuna. This area of bone matrix is actively destroyed by the osteoclast by
creating a low pH environment and by secreting matrix metalloproteinases
(MMPs) (Delaisse & Vaes 1992, Hill et al. 1994). The degradation products are
endocytosed and further processed by the osteoclasts and also by macrophages
(Halleen et al. 1999). When bone resorption outstrips bone formation, as occurs
in early menopause (Reid 2003, Rosen & Douglas 2003), osteopenia and
osteoporosis can result. The structure of bone is weakened by loss of trabecular
plates and bones become fragile and much more likely to fracture with low
impact trauma. Similarly, if the rate of bone resorption is normal but bone
formation is severely depressed, as is the case in patients on glucocorticoids
(Lukert 2003), osteoporosis can also occur.
Osteoblasts fill the resorbed area (Howship's lacunae) produced by
osteoclasts with new bone. Because of the joint function of osteoclasts and
osteoblasts, these cells can usually be found in close proximity of each other in
areas of active bone remodeling. More and more evidence has shown that
osteoblast and osteoclast functions are coupled: osteoblasts are thought to control
the formation and function of osteoclasts and vice versa (Rodan & Martin 1981,
Lacey et al. 1998, Martin & Sims 2005). In addition to its requirement in
osteoclast differentiation, the RANKL−OPG/RANK signaling route is evidently a
crucial one in the osteoblast–osteoclast functional coupling (Theoleyre et al.
2004).
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2.2.3 Osteocytes and bone-lining cells
When osteoblasts produce new bone matrix, they become trapped inside it. These
trapped osteoblasts are called osteocytes. Osteocytes comprises 90−95% of all
bone cells (Frost 1960, Palumbo et al. 1990). The osteocytes become
phagocytosed and digested by osteoclasts during osteoclastic bone resorption.
Osteocytes are in direct contact with each other and with the secreting side of
osteoblasts. They also interact with the bone lining cells. Osteocytes communicate
with the other bone cells by numerous long cellular membrane protrusions that lie
in tunnels called canaliculi. This continuum network, which couples osteocytes
metabolically and electrically, is formed by connections at the tip of the processes
through gap junctions with integral membrane proteins called Connexins. (Lian et
al. 2003.) Gap junctions are essential for osteocyte maturation, activity and
survival (Furlan et al. 2001, Schiller et al. 2001).
The functions of these networked cells are still partly unknown. They are
thought to be able to sense mechanical load on bone (Aarden et al. 1994, Tatsumi
et al. 2007) and also participate in bone resorption (Shimizu et al. 1990). The
mechanosensory function of osteocytes, i.e. the transduction of stress signals
(stretching, bending, etc.) to biological activity, is thought to involve the strain of
flow of extracellular fluid driven by extravascular pressure and mechanical forces
throughout the canalicular routes (Nijweide et al. 2002, Bonewald 2006).
Immobile, microtubule based primary cilia are suggested to function as the flowsensing structures of osteocytes (Malone et al. 2007). Estrogen receptors of
osteocytes might participate in the transduction of mechanical forces into cellular
functions (Aguirre et al. 2007). The role of osteocyte apoptosis as a
mechanosensory mechanism in intracortical remodeling has been recently
suggested in the rabbit tibial midshaft (Hedgecock et al. 2007). Osteocyte
apoptosis in micro-damage stimulated remodeling was also recently suggested
(McNamara & Prendergast 2007).
In addition to mechanosensory function, recent papers on osteocyte function
in mineral homeostasis (Feng et al. 2006) and mineralization of bone extracellular
matrix (Lane et al. 2006) have been published. Dentin matrix protein 1 (DMP1;
encoded by DMP1) is highly expressed in osteocytes (Toyosawa et al. 2001). Its
deletion in mice results in a hypomineralized bone phenotype (Ling et al. 2005).
The study of Feng and collegues (Feng et al. 2006) showed that DMP1 is critical
for osteocyte maturation. This observation was supported by their findings that
genetic removal of Dmp1 from the skeletal matrix (in mice) and loss-of-function
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DMP1 mutations (in human autosomal recessive hypophosphatemic rickets
kindreds) concurrently lead to independently altered skeletal mineralization and
disturbed phosphate homeostasis, both due to defective osteocyte function. The
results of Lane and co-workers (Lane et al. 2006) concerning the role of
osteocytes in mineralization suggested that glucocorticoids might have direct
effects on osteocytes, resulting in a modification of their microenvironment.
These changes, including an enlargement of osteocytes lacunar space and the
generation of a surrounding sphere of hypomineralized bone, seem to produce
highly localized changes in bone material properties.
As with osteocytes, the functions of bone-lining cells are still partially
unknown. In addition, the origin of these cells is still under debate. However, it is
known that the majority of quiescent bone surfaces are covered with these cells
(Jones & Boyde 1976, Zambonin Zallone et al. 1984, Hauge et al. 2001), but their
role in bone remodeling sites are obscure. One hypothesis of their function in
bone turnover is presented in figure 1.

Fig. 1. A schematic presentation of a cancellous bone remodeling compartment (BRC)
during a complete remodeling cycle. According to one of the hypotheses concerning
the bone remodeling site, osteoclastic bone resorption and osteoblastic bone
formation occurs under the bone-lining cells. Osteocytes are in contact with the bonelining cells, osteoblasts and with each other. The connecting network of osteocytes
and bone-lining cells is re-established after the remodeling cycle.
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According to one theory, bone-lining cells are an alternative osteoblast
phenotype. After filling the bone remodeling compartment (BRC) with osteoid,
the flattened osteoblasts differentiate into lining cells, as schematically presented
in the right corner of figure 1, and the two lining cell layers become a single cell
layer (Hauge et al. 2001). The function of BRC as a structure ensuring osteoclast–
osteoblast interaction throughout bone remodeling is further discussed in the
recent review of Matsua and Irie (Matsuo & Irie 2008). In a quite recent study
(Eriksen et al. 2007), the authors investigated the BRC and the vasculature of
trabecular bone, and came to interesting conclusions. They suggested that
mechanosensory signals from the osteocyte network could be transmitted via the
lining cells of quiescent bone to the bone remodeling compartment lining cells,
where the signal could be translated into changes in osteoclast and osteoblast
activity and eventually to the remodeling event of bone. Whether the cells of the
outer wall of the BRC are differentiated osteoblasts, "real" lining cells,
transformed endothelial cells or pericytes remains to be established. Also detailed
knowledge of the interaction between BRC and adjacent sinusoidal structures
with endothelial cells would be highly important to further clarify the functional
relationships of the constituents of BRCs.
2.3

Bone matrix

Cells constitute only a minor part of the bone tissue. The majority of bone is
extracellular matrix (ECM) that can be divided to organic (35%) and inorganic
matrix (65%). The mineralized ECM is responsible for the rigidity and strength of
the skeleton, while still having some degree of elasticity. The organic matrix is
mainly composed of type I collagen (95%). Other compounds are proteoglycans
and noncollagenous proteins, such as osteocalcin, osteonectin and osteopontin.
The proteins of bone ECM are synthesized and secreted by osteoblasts. The
inorganic matrix is mainly calcium and phosphate in the form of hydroxyapatite
(HA). Bone is composed of approximately 70% mineral, 22% protein and 8%
water (Lane 1979).
2.4

Bone as a load sensing tissue

Bone tissue architecture is influenced by mechanical stresses. This idea was first
documented by Galilei in 1638 (Galilei 1638) when he suggested that the shape of
bones is related to loading. The law of bone–stress relationship, the Wolff’s law
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(Wolff 1892), and its further expansion by Frost (Frost 1987), establishes that the
remodeling of bone occurs in response to physical stresses, and on the other hand,
to the lack of them. Bone develops or adapts its structure to that most suited to
resist the forces acting upon it (Wolff 1892). In principle, this means that bone is
deposited in sites subjected to stress and is resorbed from sites where there is little
stress (Robling et al. 2006). As with any structure, the mechanical properties of
bone reflect the inherent material properties of its constituents and the way these
are arranged and interact. Bone is highly anisotropic, i.e. it exhibits different
properties when loaded from different directions (Turner et al. 1995), and it is
also nonlinear and viscoelastic. These characteristics, together with the ability of
bone to continually adapt to changes in its physiological or mechanical
environment, make it difficult to establish universal constants to characterize the
physical properties of bones (Einhorn 1996).
When forces in one direction exceeding the magnitude of bone tolerance are
directed to bone, a fracture in its structure appears. A fracture is a specific site in
bone where both the bone material and its structure failed. The applied force (i.e.
load) causes a deformation of the bone tissue, resulting in an internal resistance to
the applied force known as stress. Stress (δ) can be expressed in units of force (N)
per unit area (m2) (1 N/m2 = 1 Pa). Stresses can be divided into three groups:
tension, compression and shear (Fig. 2). Briefly, tension is produced in a material
when two forces are directed away from each other along the same straight line.
The ultimate tensile strength of a material is the sum of the cohesive
intramolecular attractive forces that keep the material from being torn apart when
subjected to tensile force. Compression results from two forces directed toward
each other along the same straight line. Shear stress is an exception as it is
produced when two forces are directed parallel to each other along different lines.
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Fig. 2. Three groups of stresses. Arrows with “N” represents the direction of applied
force. Black arrows show the direction of load.

The measurement of deformation, normalized to the original length of the
specimen, is called strain (strain = ε = change in length / original length). Strain is
the property of elastic materials, which are capable of returning to their original
shape after deforming under load. When a moderate amount of stress is applied to
normal, well-mineralized bone tissue, it will cause small strains, whereas the
same stress applied to poorly mineralized bone will produce large strains
(Einhorn 1996). In nature, loads are applied to bone from oblique angles,
resulting in a variety of complex mechanical relationships. Thus, in addition to
magnitude and direction, the orientation of a force must be known in order to
determine the stresses and strains of a given tissue (Einhorn 1996). The
relationship of load and deformation in bone tissue can be presented as a
schematic stress−strain curve as in figure 3. This curve is independent of the size
and shape of an object and is only a function of the material itself.
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Fig. 3. Schematic presentation of a standard stress (δ) – strain (ε) curve of bone
loaded in bending. The linear portion of the curve represents the elastic region and the
slope of this part of the curve is used to derive the modulus of elasticity (E), also
called the Young’s modulus of the material. Loading in this region will result in
nonpermanent deformation. The nonlinear portion of the curve represents the plastic
region in which the bone will be permanently deformed by the load, ultimately leading
to fracture (fracture strength). The point of the curve which separates the two regions
is called the yield point and the stress here is known as the elastic limit (δy), i.e. the
amount of stress a material can undergo before it begins to permanently deform. The
maximum amount of stress the material can handle, or in other words, the stress at
the starting point of structural failure, is known as the ultimate strength of the material
(δu). The strain at this point represents the bone’s maximum ductility. Loading after the
point of the ultimate strength leads to bone fracture. The area under the curve is
known as the strain energy, and the total energy stored at the point of fracture defines
the toughness of the material.

Bones have optimal material properties in a particular orientation with minimum
weight and metabolic load. As already mentioned, bones are anisotropic, having
different mechanical properties in different directions. For example, the femoral
bone in humans is oriented vertically and is subjected to a compressive load with
every step taken. The structure of the femur can thereby resist high compressive
loads, such as jumping from a modest height. On the contrary, the same load
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applied from a transverse direction, causing high bending stresses, will not be as
well resisted by the bone and may result in fracture. The bone as an entity is
stronger in the direction of customary loading. This orientation of strongest
resistance is especially seen in cortical bone where osteons are directed according
to the direction of major stresses in the bone’s loading history (Hert et al. 1994).
Evolutionary selection pressure has produced for load bearing bones a similar
safety margin to failure (2–3 times) between the strains engendered during peak
physical activity (2000–3000 microstrains), and those likely to cause yield or
failure (Rubin 1984).
As seen in figure 3, the modulus of elasticity or Young’s modulus (E) is a
measure of the slope of the linear portion of the curve. It is calculated by dividing
the stress by the strain at any point along this portion of the curve. Thus, the
Young’s modulus is an indicator of the behavior of a material under load. If the
stress−strain curve were to be generated by testing a whole bone as opposed to
uniform specimen, this measurement of linear slope would give the stiffness or
rigidity of the bone. (Einhorn 1996.) The elastic modulus is the property of a
constituent material and stiffness is the property of a solid body, thus elastic
modulus is not principally the same as stiffness. However, the calculated value of
the modulus of elasticity is often though of as a measure of the stiffness of a
material body, such as the measurement of the elastic modulus of a bone sample
as an indicator of the stiffness of the whole bone. Table 1 represents the estimated
mechanical properties of femoral and tibial bone as a function of age. Table 2
gives estimates for the elastic moduli of cortical and trabecular bone as measured
by a nanointendation protocol. However, it should be noted that the
nanointendation method is likely to produce considerably greater values than
more conventional tests (Currey 2008).
Table 1. Mechanical properties of femoral and tibial bone as a function of age.
Bone

Age range

Ultimate strength (MPa)

Ultimate

Elastic modulus (GPa)

Tensile

Compressive

tensile strain

Tensile

Compressive
18.1

Femur

20–29

140

209

0.034

17.0

Femur

70–79

129

190

0.025

16.3

18.0

Tibia

20–29

161

213a

0.040

18.9

35.3a

Tibia

70–79

145

183

0.027

19.9

26.7

a

Age range 30 to 39. Modified from (Currey 2008).
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Table 2. Mean values for elastic moduli of cortical and trabecular bone.
Bone type

Direction of testing

Cortical bone

Longitudinal
Osteons

24.7 (2.5)

Interstitial lamellae

30.1 (2.4)

Transverse
Trabecular bone

Elastic modulus (± SD), GPa

Longitudinal
Transverse

19.8 (1.6)
20 (2.0)
14.7 (1.9)

Modified from (Wang et al. 2006).

Cortical bone is stronger in longitudinal compression than in tension, and after
maturation the tensile strength and the modulus of elasticity of femoral cortical
bone declines by approximately 2% per decade (Burstein et al. 1976). On the
other hand, trabecular bone can withstand greater strains than cortical bone. The
former fractures at changes of approximately 7% of its original length, and the
latter already at 2%. In addition to the strength and direction of applied load, the
rate of strain must also be identified when describing the behavior of bone, since
bone tissue is viscoelastic (Einhorn 1992). Viscoelasticity simply means that a
material’s mechanical properties differ according to the rate of loading.
Mechanotransduction in bone is mediated by bone cells. Which cells and how
are they responsible of this, is still partly unknown. As already described in the
earlier chapters, strong evidence has accumulated of the role and mechanisms of
action of osteocytes as the mechanotransduction mediator in bone tissue
(Bonewald 2006, Aguirre et al. 2007, Malone et al. 2007, Tatsumi et al. 2007).
Altogether, bone at both the tissue and macroscopic level is a very complex
entity, in which the fine balance of structural geometry, composition and
mechanical properties influence the metabolic (cell) and structural (skeletal)
functions of bone. Thus, the form and function of bone is a three dimensional net
of interactions which are inextricably bound together. (Einhorn 1996.)
2.5

NiTi

The nickel-titanium shape memory alloy NiTi (alias Nitinol or TiNi) has a long
history in technical science and its applications, but a relatively short history in
medicine. From its reporting in 1968 (Buehler & Wang 1968), NiTi has spread
from submarines to the human body. The NiTi alloy is one of the most popular
SMAs (shape memory alloys) in bioengineering applications owing to its
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biocompatibility and its remarkable properties that allow recoverable mechanical
energy to be stored in a compact delivery system (Cui et al. 2006). NiTi has a
broad and continually expanding array of applications, including various
prostheses used in vascular and general surgery. At the turn of the millennium,
more than 227 tons of NiTi alloy were manufactured annually worldwide (Barras
& Myers 2000). The NiTi shape memory alloys usually consist of binary alloys
with Ni and Ti concentrations near an equiatomic composition. Most of the alloy
is used in industrial applications.
The nickel-titanium alloys were first developed in 1962–1963 by the Naval
Ordnance Laboratory in White Oak, Maryland and commercialized under the
trade name Nitinol (an acronym for Nickel-Titanium Naval Ordnance
Laboratory). There are at least two different stories about the discovery of the
shape memory property of Nitinol: both stories state that the shape memory
property was discovered by accident.
According to the first one, samples of the alloy were being subjected to
strength tests by being pounded with hammers to see how much force was
necessary to deform them. After several dents had been created, the researchers
left the samples on a windowsill and went to lunch; upon their return, they
discovered that the dents had “repaired” themselves. The second story says that
the shape memory phenomenon of NiTi was discovered at a laboratory
management meeting at the Naval Ordnance Laboratory. In the meeting, a strip of
Nitinol was presented that was bent out of shape many times. One of the people
present, Dr. David S. Muzzey, heated it with his pipe lighter, and surprisingly, the
strip resumed its original form.
The unique properties of NiTi enable the alloy to undergo large mechanically
induced deformations (a solid-state transformation) and when needed, to recover
the original shape by thermal loading or by mechanical unloading, depending on
the composition and processing history of the material. NiTi alloys have many
important features including: resistant to corrosion, biocompatibility, fatigue
resistance, magnetic resonance imaging compatibility and kink resistance with
two unique thermomechanical behaviors: the shape memory effect (SME) and
superelastic effect. (Petrini et al. 2005). These properties together make NiTi a
very complex material in the sense of material specification and at least partly
explain why ASTM (ASTM International, originally known as the American
Society for Testing and Materials) specifications describing material composition
and test methods have been issued as late as in the year 2002 (Stoeckel et al.
2004).
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2.5.1 Shape memory property and superelasticity
The phenomenon of shape memory property was observed in 1920 by Johnson
from observations of a copper and zinc alloy (Johnson 1920), and in 1938
Greninger and Mooradian published a comprehensive article of the properties of
SMAs (Greninger & Mooradian 1938). The first attempt to explain the shape
memory effect of NiTi is attributed to Zijderveld and associates, who established
in 1966 that the unique properties were due to a crystalline transition induced by
temperature change or application of stress (Zijderveld et al. 1966). At least 15
alloys are now known to exhibit the shape memory effect. These are divided into
three main types: the copper-zinc-aluminum, copper-aluminum-nickel and nickeltitanium alloys. Several SMAs consist of rare and expensive metals and few
match the force of shape recovery and resistance to permanent deformation that
have made NiTi of commercial interest (Hodgson 1988).
SMA presents two well-defined crystallographic phases, i.e. austenite and
martensite. In SMAs, martensite is a phase that, in the absence of stress, is stable
only at low temperatures (Hodgson et al. 1990). The austenite phase is the parent
state of the metal alloy. The two crystal lattices stable under certain
thermodynamic conditions for a given alloy, characterize the two ultimate
products of the martensitic reaction so that after its completion, the whole volume
of material is represented only by one or another phase. In the low-temperature
(martensite) phase, the alloy can be easily bent and shaped. As the metal is
reheated (austenite), its original shape and stiffness are restored. Table 3
summarizes some of the mechanical properties of austenite and martensite NiTi.
Table 3. Selected mechanical properties of austenite and martensite NiTi.
Mechanical property

Austenite

Martensite

Ultimate tensile strength (MPa)

800–1500

103–1100

Elastic limit (MPa)

100–800

50–300

Modulus of elasticity (GPa)

70–110

21–69

1–20

Up to 60

Strain at failure (%)
Modified from (Ryhänen 1999).

The martensitic (also called displacive or diffusionless) transformation is a
classical cooperative phenomenon in solids. Although the displacement of each
atom is not large, the transformation results in a macroscopic change in shape,
since all atoms move in the same direction in a domain or variant.
Interconversions of solids, liquids and gases are widely understood, but the shape35

memory effect that results from a temperature-dependent phase change that
occurs exclusively in the solid state (known as thermoelastic martensitic
transformation) still remains partly unknown.
At lower temperatures, SMAs have a readily deformable, and millions of
times reliably repeatable, crystalline arrangement of martensite. As the martensite
is deformed, no dislocation of the metallic lattice takes place and irreversible
plastic deformation does not occur, provided the strain limits of the particular
alloy are not exceeded. Even though bent out of shape while in the martensite
form, the metal rapidly recovers its original shape in the austenite form, in as little
as 0.2 s (Barras & Myers 2000).
The two phases, austenite and martensite, are named after scientists who
described their structure: Sir William Chandler Roberts-Austen, 1843−1902 for
austenite and the German metallurgist Adolf Martens, 1850−1914 for martensite.
The use of the terms austenite and martensite is not limited to SMAs, but they are
common nominators for particular metallurgical phases present in the
microscopic structures of metals, e.g. stainless steel can also be either austenitic
or martensitic (Newson 2002).
NiTi alloys must be processed to achieve the shape memory property. In the
process called "shape memory training", a SMA is rolled and forged under heat,
put through a cold working phase, and finally carefully controlled heat treated at
450–550°C for 1–5 minutes. During the heat treatment the alloy is constrained on
a mandrel or fixture to form a desired shape. After this treatment, heating the
alloy to above its characteristic transformation temperature range results in
recovery of the "memorized" shape. The transformation temperature range can be
manipulated to occur between -200 to +110°C by varying the alloy composition
or heat treatments. (Barras & Myers 2000.)
The shape memory effect can be divided into one-way and two-way shape
memory effects, of which the latter appears much rarer. In the one-way effect, the
customized-shaped SMA sample has a fully austenite phase in a temperature
above Af (“austenite finish”) (Fig. 4). When the temperature of the sample
decreases, under the threshold value Ms (“martensite start”), the phase
transformation starts to take place and austenite is replaced with twinned
martensite. The phase change continues until the Mf (“martensite finish”)
temperature is reached, the sample having now only the martensitic phase.
Mechanical loading of the martensite alloy causes the appearance of detwinned
martensite, which presents a residual strain after freeing the load. The original
shape of the sample, the parent shape in the austenitic phase, can be recovered by
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heating the detwinned martensitic sample from the austenite transformation start
temperature As (“austenite start”) to the Af temperature, where the alloy again
reaches the fully austenite state. (Machado & Savi 2003.) Af is the upper end of
the transformation temperature range. Careful control of its value is crucial to
commercial and medical applications of the alloy (Barras & Myers 2000).

Fig. 4. Schematic presentation of the shape memory effect. The high temperature
austenite structure transforms into twinned martensite as the temperature is lowered.
This phenomenon is known as the thermoelastic martensitic transformation. Twinned
martensite can be easily deformed by outer force by de-twinning. Heating the
deformed martensite restores the austenite structure. At this stage the macroscopic
shape memory phenomenon is seen. Note that the transformation from austenite to
martensite (cooling) and the reverse cycle from martensite to austenite (heating) does
not occur at the same temperature. Af = austenite finish, As = austenite start, Ms =
martensite start and Mf = martensite finish.

Two-way shape memory is also a martensitic transformation phenomenon. In this
type, the sample has two different customized shapes, one in the austenite and one
in the martensite state. In contrast to one-way shape memory, in two-way shape
memory the change of temperature produces a change in sample shape without
any mechanical loading. (Machado & Savi 2003.)
Martensitic transformations are not limited to inorganic materials; displacive
phase transformations also take place in biological systems, e.g. in cylindrical
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protein crystals of virus tail-sheaths and bacterial flagella (Olson & Hartman
1982). The transformations of these structures appear to be stress-assisted
mechanically reversible martensitic transformations exhibiting a shape memory
effect.
Perhaps the most fascinating property of SMAs is force hysteresis. For most
engineering materials, load (or stress) increases in a linear relationship with
deflection or stretching (strain) within the material. NiTi responds differently
(Fig. 5). As part of hysteresis loop, both loading and unloading curves show
plateaus, along which large strains can be accommodated on loading, or
recovered on unloading, with only a small change in stress (Stoeckel et al. 2004).
This behavior of NiTi is much like natural tissues such as bone, and results in a
‘‘superelastic’’ ability to withstand and recover from large deforming stresses.
Natural materials, such as bone, can be elastically deformed, in some cases up to
10% strain in a non-linear way (Shabalovskaya 1996). In conventional metals,
such as stainless steel, the elastic deformation is limited to approximately 1%
strain, and elongation typically increases and decreases linearly with the applied
force. NiTi behaves similarly to biological materials, and since deformation up to
10% strain can be elastically recovered, the alloy is called superelastic (Stoeckel
et al. 2004).

38

Fig. 5. The stress (δ) − strain (ε) hysteresis loop of superelastic NiTi and some
biological materials. When the deforming stress is released, the strain is recovered at
lower stresses.

Superelasticity, which is also known as pseudoelasticity, is an inherent property of
SMAs. Superelastic materials can be strained several times more than ordinary
metal alloys without being plastically deformed due to fatigue. When the SMA
sample is at a temperature above Ms, in which the austenite phase is the dominant
phase in a stress-free specimen, the martensite phase can be induced by
application of an outer force (Fig. 6). This martensite formation is called the
stress-induced phase transformation, in contrast to the temperature-induced phase
transformation seen in the shape memory events. In the stress-induced phase
transformation, the original structure of the sample is recovered simply by
removing the stress. The high elasticity of NiTi is not simply stretching the
atomic bonds, but it is the result of changes in the crystal structure by stress. The
largest ability to recover occurs close to the Af temperature and, moreover, the
superelasticity is only observed in a distinct temperature range that is specific for
each alloy composition. In addition to alloy composition, the material processing
history and the ambient temperature also greatly influence the superelastic
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properties of the material. The temperature at which martensite can no longer be
stress-induced is called the Md-temperature. (Duerig et al. 1996.)

Fig. 6. Schematic presentation of superelasticity. Austenite structure is transformed
into martensite by application of outer force. This type of austenite-to-martensite
transformation is called the stress-induced phase transformation. The original shape
of the parent austenite structure is restored when the outer force is removed.

Even though relatively many alloys have the shape memory property, only those
that possess the ability to recover from substantial amounts of strain or that can
generate significant force upon changing shape are of commercial interest. In
medical applications, these materials must also have excellent biocompatibility in
order to be used as biomaterials in a living body. Implant materials have to be
inert enough not to disturb the fine balance of the surrounding tissues. Moreover,
in the case of NiTi, both austenite and martensite phases need to be
biocompatible.
2.5.2 Biocompatibility of NiTi
The biocompatibility, and especially allergenicity, toxicity and potential
carcinogenic effects of NiTi have been the target of many studies. The adverse
effects are thought to be caused by nickel, which is considered toxic (Sigel &
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Sigel 1988, Karaczyn et al. 2006, Salnikow & Zhitkovich 2008). NiTi is an
intermetallic compound and not an alloy in the metallurgic sense. The bonding
force of nickel to titanium is much stronger in NiTi than, for example, to the alloy
components of stainless steel, making nickel ion release from NiTi to the
surrounding biological environment more rare. Furthermore, NiTi is a selfpassivating material, i.e., it forms a stable nickel-free surface TiO2 layer that
protects the base material from general corrosion (Chan et al. 1990, Wever et al.
1998). Polarization testing in physiological solution has repeatedly shown that
NiTi is at least as chemically stable and corrosive resistant as stainless steel
(Speck & Fraker 1980, Rondelli et al. 2006), although the integrity of the surface
oxide layer is required for good corrosion resistance (Rondelli 1996). NiTi SMAs
are also thought to have biocompatibility similar to that of pure titanium,
provided that the microstructure and surface properties are well controlled in
order to allow high corrosion resistance to be achieved (Shabalovskaya 1996,
Wever et al. 1997, Es-Souni et al. 2005).
The tensile elastic modulus for cortical bone specimens is in the range of 11–
20 GPa (Currey 2008). NiTi has a Young's modulus of around 70 GPa (Danilov et
al. 2003), whereas for 316 stainless steel it is 193 GPa, and for titanium it is in the
range of 105–120 GPa. Thus, the behavior of NiTi under load is closer to bone
than that of more commonly used weight bearing bone implant materials. This
property makes the alloy well suited for bone applications. NiTi has the potential
to preserve the bone from an unwanted stress shielding effect, which is caused by
uneven stress distribution due to “stiff” implant materials. In addition to the
estimations of overall implant material elasticity or implant stiffness, microlevel
stress analyses are important, since they can provide further details on loosening
and bone resorption at the implant−bone interface (Rho et al. 1997, Rho et al.
1999, Hengsberger et al. 2002).
There are numerous studies concerning both the in vitro (Ryhänen et al. 1997,
Assad et al. 1998, Kapanen et al. 2002a, Kapanen et al. 2002b) and in vivo
(Ryhänen et al. 1998, Kapanen et al. 2001) biocompatibility of NiTi. The
majority of these papers strongly indicate good biocompatibility of the alloy
(Wever et al. 1997, Mantovani 2000, Es-Souni et al. 2005). Furthermore, in many
of the studies (Shabalovskaya 1996, Trepanier et al. 1998, Armitage et al. 2003),
the surface properties of NiTi were considered as an important aspect affecting
the biocompatibility. Danilov and others pointed out the possible difference in the
biocompatibility of the austenite and martensite phases of NiTi (Danilov et al.
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2003). They concluded that biocompatibility decreased depending on martensite
quantity and residual stresses in the parent austenite phase.
The average dietary intake of nickel is 200–300 mg/day and the critical
concentration to induce allergy is around 600–2500 µg of nickel (Huang et al.
2003). Although the quantities of nickel released from NiTi are much lower than
the above-mentioned critical values; there is a risk of induction of long-term
inflammatory responses or altered cell behavior. For example, a significant
decrease in ALP activity and DNA synthesis was found in osteoblasts with
subtoxic concentrations of nickel. (Sun et al. 1997.) Other studies showed that Ni
ions could be responsible for inducing the secretion of different cytokines
involved in the inflammatory process (Wataha et al. 1996, Wataha et al. 1999,
Cederbrant et al. 2003).
2.5.3 Medical applications of NiTi
Of all the commercial applications of NiTi, the most popular market today is the
medical industry, in which the excellent malleability and ductility of NiTi enable
it to be manufactured in the form of wires, ribbons, tubes, sheets or bars. It is
particularly useful for very fine small devices. In the late 1980’s, minimally
invasive endovascular medical applications of NiTi emerged (Dotter et al. 1983).
At the beginning of this millennium, over 50% of all peripheral vascular stents
available on the worldwide market were manufactured from NiTi alloys (Duerig
et al. 2000).
Medical applications of NiTi exploit the superelasticity and the shape
memory effect of the alloy. As an example, a NiTi stent is presented in figure 7.
Due to the high kink resistance and superelasticity, NiTi stents are ideal for
superficial vessels, e.g. carotid artery, where a risk of permanent stent
deformation due to outside forces is a concern. NiTi stents can be completely
crushed, but they still can return to their original diameter when the force is
removed. (Duerig et al. 2000.)
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Fig. 7. Deformation of a superelastic NiTi stent (Cordis SMART). The stent will recover
to its original structure after the load is removed. Modified from (Stoeckel et al. 2004.)

Today, the list of NiTi-utilizing medical applications is long. These include:
vascular, esophageal and biliary stents and filters, medical guidewires and -pins,
surgical localization hooks, flexible steerable and hingeless laparoscopic surgical
instruments, remote suturing and stapling devices, bone suture anchors, clamps
for fixation of small bone fragments and applications in endo- and orthodontics
where constant correcting loads are required (Musialek et al. 1998, Barras &
Myers 2000, Machado & Savi 2003). Porous NiTi has also been investigated as a
potential bone implant material (Kujala et al. 2003, Prymak et al. 2005,
Bertheville 2006). The porosity is thought to allow bone ingrowth into the pores,
thus enabling good osseointegration.
In contrast to stainless steel implants, NiTi devices produce no magnetic
resonance imaging (MRI) “black-hole artifacts” or significant force of attraction
which can cause a risk of implant displacement during MRI study (Teitelbaum et
al. 1988a, Teitelbaum et al. 1988b, Taal et al. 1997).
2.5.4 Surface modifications of NiTi
Different surface modifications have been performed on NiTi in order to improve
its biocompatibility. NiTi stents have been modified with oxide coatings (mainly
TiO2) to e.g. achieve better corrosion resistance (Trepanier et al. 1998) and
adhesion properties for endothelial cells (Wang et al. 2007). Also chitosan and
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hyaluran have been used on NiTi stent surfaces to reduce the neointimal
hyperplasia that is associated with stent implantation (Thierry et al. 2003).
In dental applications, NiTi archwires have been coated with diamond-like
carbon (Kobayashi et al. 2007) and titanium (Ozeki et al. 2003) for improving
biocompatibility in a corrosive environment. A diamond-like carbon coating has
been shown to improve the corrosion resistance and hemocompatibility of NiTi
without sacrificing its superelasticity (Sui & Cai 2006).
TiO2-coating followed by apatite layer induction in simulated body fluid
(SBF) on porous nanocrystalline NiTi was observed to attract primary human
osteoblast attachment and proliferation (Gu et al. 2006). Adhesion and
proliferation of osteoblasts were also improved with carbon plasma immersion
ion implantation and deposition treatment, which also improved the corrosion
resistance and blocked the diffusion of Ni ions from the NiTi alloy (Poon et al.
2005, Chu 2006). Plasma surface treatment of NiTi has proven to be promising
for enhancement of NiTi compatibility for orthopaedic applications (Yeung et al.
2007, Chu 2007a). For example, the surface properties of NiTi spine implants
were improved using plasma-based methods (Chu 2007b).
Calcium phosphate (CaP) coating on NiTi inhibited apoptosis of
polymorphonuclear neutrophil granulocytes (PMN), thus influencing the
functional activities of PMN, such as local host defense (Bogdanski et al. 2004).
A bonelike apatite-collagen composite coating on NiTi was observed to resemble
the matrix of human thighbone, thus making the surface of the alloy more
biocompatible (Cai et al. 2006). In addition, HA coated NiTi showed good
biocompatibility and osseointegration in animal models (Chen et al. 2004, Li et
al. 2007).
2.6

Cell adhesion

Cell adhesion can be considered as cell–cell, cell–ECM or cell–biomaterial
adhesion. The latter two types of adhesions are the main interest in this study. Cell
adhesion to a biomaterial surface is, in many cases, a special form of cell–ECM
interaction, since the surface of a biomaterial is always covered by molecules
with which the cells interact. The cells do not interact with the bare biomaterial
(eg. metal) itself. Cell–cell and cell–ECM interactions are crucial for tissue
morphogenesis, homeostasis and remodeling (Adams & Watt 1993, Gumbiner
1996, Damsky et al. 1997). Inadequate or inappropriate cell–ECM adhesions can
even lead to anoikis, a special class of adhesion driven apoptosis (Frisch &
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Screaton 2001). The extracellular matrix contains information that is interpreted
by cells via adhesion structures and influences cell shape, cytoskeletal
organization, cell motility and polarity, gene expression, proliferation and survival
(Damsky & Werb 1992, Huhtala et al. 1995, Moursi et al. 1996, Moursi et al.
1997, Globus et al. 1998, Ilic et al. 1998).
2.6.1 Integrins
Cell adhesion requires transmembrane cell surface receptors to mediate the
physical contact of cells to the outside matrix and for the propagation of signaling
cascades from outside-to-inside, and vice versa. Integrins are a large family of
homologous transmembrane cell–ECM adhesion receptors (Hynes 1987). They
are heterodimeric structures that consist of a α- and β-subunits; the cytoplasmic
domains of the β-subunits transduce the extracellular signal into the cytoplasm.
The global conformation of integrin is considered important for its signaling
functions (Takagi et al. 2002).
Different cell types express different mixtures of integrins; e.g. osteoblast and
osteoclast plasma membranes have different integrin compositions (Clover et al.
1992). Integrins facilitate downstream signaling cascades by organizing the
cytoskeletal ‘scaffold’ composed of different kinases for intracellular signaling
and structural components like talin and paxillin (Hynes 1987, Turner 2000) in
order to control cell morphology, proliferation, and differentiation (Menko &
Boettiger 1987, Streuli et al. 1991). The interaction of ECM, integrins and the
subsequent cellular responses are closely linked with the functions of different
receptor and cellular protein tyrosine kinases (PTK), indicating that integrin and
growth factor signaling pathways may converge (Boudreau & Jones 1999). The
intracellular serine/threonine protein kinase C (PKC) family has been implicated
as one of the important regulators of the adhesion mediated cellular functions
(Miranti et al. 1999). In addition, integrins induce inside-out signals leading to
e.g. ECM biosynthesis and to differentiation in osteoblasts (Knight et al. 2000,
Luthen et al. 2005, Reyes et al. 2007). Integrins, with other adhesion components,
function also as mechanotransducers, transmitting forces into cell reactions
(Ingber 1997, Bershadsky et al. 2003, Luthen et al. 2005, Hirakawa et al. 2006,
Balasubramanian et al. 2007).
The extracellular parts of the integrin dimers bind to ECM proteins. For
example, in osteoblasts, α5β1 and α2β1 integrins bind to fibronectin controling
multiple crucial osteoblast functions, such as proliferation (Gronthos et al. 1997,
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Keselowsky et al. 2007b), osteogenesis in early stages of bone formation (Weiss
& Reddi 1981, Cowles et al. 1998) and mineralization (Moursi et al. 1997,
Schneider et al. 2001). The α2β1 integrin binds to type I collagen providing crucial
signals for the induction of osteoblastic differentiation and matrix mineralization
(Lynch et al. 1995, Takeuchi et al. 1997, Jikko et al. 1999, Mizuno et al. 2000,
Mizuno & Kuboki 2001, Suzawa et al. 2002), such as the activation of the
Runx2/Cbfa1 osteogenesis transcription factor (Xiao et al. 1998).
In addition to integrins, non-integrin receptors bind to ECM molecules. Nonintegrin receptors include e.g. surface proteoglycans (Adams & Watt 1993),
laminin-binding proteins, such as dystroglycan (Colognato et al. 2007) and also
some receptor PTK's can function directly as receptors for ECM molecules
(Shrivastava et al. 1997).
2.6.2 Focal adhesions
Focal adhesions are integrin-based molecular compositions of cells participating
in adhesion-dependent signaling (Abercrombie et al. 1971, Izzard & Lochner
1976, Avnur & Geiger 1981). The structural and signaling proteins of focal
adhesions constitute the diverse variety of complexes, which link the ECM to the
actomyosin cytoskeleton of a cell (Sastry & Burridge 2000). The structure of
focal adhesions is dynamic and heterogeneous, and these structures are motile and
can assemble/disassemble, disperse and recycle according to the cell’s needs
(Smilenov et al. 1999, Sastry & Burridge 2000). Figure 8 represents a simplified
model of focal adhesions and the formation of fibrillar adhesion. In reality, focal
contacts are very complex structures; at least 50 different proteins have been
reported to be associated with these and related ECM structures (Zamir & Geiger
2001). Focal adhesions coincide with actin microfilaments on their cytoplasmic
side. This association plays an important role in the regulation of actin
organization, hence affecting cell spreading, morphogenesis and migration
(Defilippi et al. 1999, Zamir & Geiger 2001).
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Fig. 8. Hypothetical molecular model of focal and fibrillar adhesion. Fibronectin
receptor α5β1 integrins translocate centripetally owing to the actomyosin-driven
pulling. The translocation of the α5β1 integrins stretches the fibronectin matrix and
promotes fibrillogenesis. The αvβ3 integrins bound to vitronectin remain stationary
and stay in the focal adhesion sites although they are also subjected to actomyosindriven contraction forces.

2.6.3 Fibronectin and fibrillar adhesions
Fibronectin (FN) is a large cell-adhesive glycoprotein composed of two 250 kDa
subunits joined together by disulfide bonds. It is secreted by many normal and
tumorigenic cells. (Hynes 1990.) It is a central component of the ECM, regulating
adhesion-dependent survival signalling (Sechler & Schwarzbauer 1998), and
taking a large role in cell proliferation and differentiation (Bourdoulous et al.
1998, Mercurius & Morla 1998, Garcia et al. 1999). FN binds primary to the α5β1
integrins, through the arginine-glycine-aspartic acid (RGD) cell-binding site
(Takagi 2004). A recent study of plasma fibronectin knock-out mice by
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Keselowsky et al. (Keselowsky et al. 2007a) showed that fibronectin has a role in
the regulation of the foreign body reaction and chronic inflammatory responses
induced by synthetic biomedical devices.
Fibronectin forms the primitive fibrillar matrix in both embryos and healing
wounds. The process of fibrillogenesis of FN is dependent on the translocation of
α5β1 integrins out of focal contacts in a centripetal direction into fibrillar
adhesions (Pankov et al. 2000, Yamada et al. 2003, Luthen et al. 2005), as
demonstrated in figure 8. The translocation of fibrillar adhesions is driven by
actomyosin contractility and can be blocked with different inhibitors, such as
protein kinase inhibitor H-7 (Zamir et al. 2000). Studies of fibronectin
fibrillogenesis have provided information about matrix control of cellular
functions (Mao & Schwarzbauer 2005). Fibronectin matrix formation has been
shown to stimulate adhesion-dependent cell proliferation (Sottile et al. 1998). On
the other hand, inhibition of FN matrix assembly decreased DNA synthesis in
aortic smooth muscle cells (Mercurius & Morla 1998). In bone, the basic
fibroblast growth factor (FGF) increases bone formation and fibronectin
fibrillogenesis both in vitro and in vivo via a protein kinase C dependent pathway
(Tang et al. 2004). Fibronectin networking is absent in tumor cells, a feature
thought to be of importance for their invasive growth and formation of metastases
(Ruoslahti & Giancotti 1989, Giancotti & Ruoslahti 1990, Hynes 1990). In
addition, transformed cells are proposed to have a growth advantage in vivo, since
they can survive and grow independent of the integrin-mediated mechanical input
from the surrounding tissues (Wang et al. 2000).
2.7

Cell–biomaterial interaction

The quality of initial attachment and adhesion in a cell−biomaterial interaction
will influence the cell’s capacity to proliferate and differentiate. The molecules
responsible for these processes involve adhesion receptors such as integrins, the
actin cytoskeleton, and the intracellular cytoskeleton associated proteins. Figure 9
demonstrates the three players in a tissue–biomaterial interaction (Kasemo &
Lausmaa 1994).
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Fig. 9. The players in tissue−biomaterial interactions.

The simplicity of the above figure (Fig. 9) is strongly misleading. In reality, a vast
number of different interactions and reactions take place in the interface area, all
of which ultimately define the relationship of the implant and the surrounding
tissue.
2.7.1 Protein adsorption on an artificial surface (initial interaction)
When a solid implant material is surgically implanted into the physiological
milieu, protein adhesion to the biomaterial surface takes place immediately
(Horbett 1993). The protein coat forms in less than 30 seconds after exposure to
the biological environment. The properties of the implant surface determine the
kind and number of proteins that attach to the surface (Horbett 1981, Andrade &
Hlady 1986, Kasemo & Lausmaa 1994, Ratner 1995). The protein-modified
biomaterial surface is the substrate that the cells subsequently encounter, thus the
understanding of protein adsorption phenomena and protein interactions on
biomaterial surfaces are of great importance. For example, inflammatory cells
react with the protein-modified biomaterial surface (Anderson & Miller 1984),
and the nature of this interaction has a far-reaching influence on the success of the
implantation. The fundamental interaction mechanisms of protein adsorption are
well understood, but rather little is known about desorption and exchange of
proteins on biomaterial surfaces.
Numerous substratum properties affect the initial protein adsorption and the
subsequent reactions. For example, the substratum chemistry has been noted to
have an influence on fibronectin matrix formation of human fibroblasts
(Faucheux et al. 2006). Phosphorylation of the focal adhesion adaptor protein
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paxillin during early osteoblast adhesion was observed to be influenced by
surface-bound serum protein (Sommerfeldt et al. 2001). One important surface
property that has an impact on protein adsorption is the surface free energy of the
material. Surface free energy is an important parameter for cell attachment and
spreading on artificial surfaces (Hallab et al. 2001), e.g. its role in osteoclast
spreading has been emphasized (Redey et al. 1999, Kawai et al. 2004).
In cell culture experiments, the proteins that initialy adsorb come primary
from the culture media. The media contains ECM and other proteins that adsorb
to the material surface depending on the surface characteristics and subsequently
affect the formation and quality of cell adhesions and cell responses (Faucheux et
al. 2004). In in vivo procedures, the biomaterial surface properties, and hence the
initial adsorption, are affected by the cleanliness, contamination and preparation
procedures of the implant device (Kasemo & Lausmaa 1988).
2.7.2 Formation of adhesive bonds and triggering cell programs
The physical state of the ECM strongly contributes to the properties of cell–
matrix adhesions (Katz et al. 2000). Biomaterial surface properties are reflected
to the molecular architecture of the ECM, including protein conformation (Garcia
et al. 1999, Thull 2002, Keselowsky et al. 2003b). This directly influences the
cells ability to form adhesion complexes, and ultimately affects many aspects of
cell behavior. For example, in fibroblasts, poor adsorption of proteins and hence,
poor cell adhesion leads to the formation of cAMP second messengers and
cAMP-induced cell aggregation and suppression of cell spreading and growth rate
(Faucheux & Nagel 2002). The absence of adhesive proteins on a biomaterial
surface can lead to the absence of focal contacts and stress fibers, which can lead
to reduced cell growth (Faucheux et al. 2004).
As already discussed in the previous chapters, the formation of adhesive
bonds between the ECM components and the cell cytoplasm via integrins is the
starting point of vast numbers of signaling cascades. These cascades lead to cell
proliferation, differentiation and other crucial cellular functions. The
inflammatory response at the implant site is also dependent on the formation of
adhesion. Macrocyte phagocytic activity (Kaplan & Gaudernack 1982, Newman
& Tucci 1990), migration (Lanir et al. 1988), and macrophage fusion to form
foreign body giant cells (Kaplan & Gaudernack 1982, Smetana et al. 1987) are
influenced by adhesion to different proteins.
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2.8

Bone implants

Biomaterial research is a multidisciplinary field that has grown exponentially
during the past decades. In fact, biomaterial science as an “independent” research
area has existed only just a half century. Today, biomaterials and medical devises
are over a 100$ billion endeavor world wide (Ratner & Bryant 2004). A
biomaterial can be defined as a “nonviable material used in a medical device,
intended to interact with biological systems” (Williams 1987). Biomaterials have
a vast scale of applications and uses, including about 25 different areas of medical
and more than 15 of non-medical uses (table 4).
Table 4. Uses for biomaterials (in alphabetical order).
Medical uses

Non-medical uses

Artery graft

Arrays for DNA and diagnostics

Bone implants

Bioremediation materials

Breast implant

Biosensors

Cochlear implant

Bioseparations, chromatography

Dental implant

Biofouling-resistant materials

Ear drainage tube

Biomimetics for new materials

Feeding tube

Cell culture

Glaucoma drainage tube

Controlled release for agriculture

Hydrocephalus shunt

Electrophoresis materials

Intraocular lens

Fuel cells (biomass)

Joint (hip. knee, shoulder)

Microelectro mechanical systems (MEMS)

Keratoprosthesis

Muscles (artificial) and actuators

Left ventricular assist device (LVAD)

Nanofabrication

Mechanical heart valve

Nano electro mechanical systems (NEMS)

Nerve guidance tube

Neural computing/biocomputer

Ophthalmic drug delivery system

Smart clothing

Pacemaker

Yeast array chip

Renal dialyzer
Stent
Tissue adhesive
Urinary catheter
Valve, heart
Wound dressing
X-ray guide
Modified from (Ratner & Bryant 2004).
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The population structure of developed countries is biased toward elderly
people. The population/age structure of the developed world represents that of a
stable (or nearly stable) population, with more a rectangular shaped “growth
pyramid” than for a rapidly growing population where there is a much larger
number of young people. The western population with its increasing number of
elderly people is one of the main reasons behind the increasing need for bone
implants. The process of “getting old” is accompanied by reduced bone density
and bone loss with inadequate nutrition not compliant with calcium and vitamin
D supplementation. Weaker bones together with reduced motoric skills are high
risk factors for fall-related fractures. Hip fracture is a common fall-related
fracture and according to the National Agency for Medicines ca. 5000 hip
replacements are performed every year in Finland (Nevalainen et al. 1998). In
addition to hip and other joint replacements, there are numerous types and usages
for bone implants. The most common ones can be divided into different screws,
nails, plates, wires and pins, which are usually manufactured from different
metals and their alloys, such as stainless steel, titanium and its alloys.
2.8.1 Biomaterials for bone applications
Biomaterials can be classified by various criteria. The National Agency for
Medicines classifies these as follows: 1) metals, 2) polymers, 3) ceramics, 4)
composites and 5) biological materials. Biomaterials can also be classified
according to their surface reactivity: I) almost inert, smooth surface; II) almost
inert, rough surface; III) chemically reactive surfaces and IV) resorptive
materials. Most of the materials in clinical use are in classes I and II. In these
materials the tissue response is a foreign body reaction, where fibrous scar-like
tissue forms around the implant, isolating the implant from the tissue.
Biomaterials from class III, called bioactive materials, are e.g. capable of direct
bonding to bone tissue, whereas type IV materials are completely replaced by
regenerating tissue. Biomaterials for bone implants can also be classified
according to the above mentioned classification by the material's chemical
properties or by surface reactivity, since bone tissue related applications can be
found in all of these groups. (Aho et al. 2003.)
Metals are common materials for weight bearing applications and these
materials must tolerate wear, corrosion and fatigue even for the long term. Today,
titanium and cobalt-chrome (Co-Cr) based alloys are used in various dental and
orthopaedic applications, such as femoral stems in total hip replacement. In
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addition, steel is still very commonly used, but mostly in applications where the
implant is later removed from the body (Newson 2002). Cobalt-chrome has better
rigidity, abrasion, fretting and corrosion properties when compared to titanium
alloys (Carter & Spengler 1978, Dunn & Maxian 1994, Black & Hasting 1998)
(Schmalzried et al. 1998), but titanium implants are a bit more osteoconductive
than those made of Co-Cr. Titanium is also lighter than other biomaterial metals
(4.51 kg/dm3), having approximately half the density of the others. In orthopaedic
applications tantalum (Ta) is also used. It is mainly used in the porous form,
providing a good matrix for bone ingrowth. The use of tantalum implants and
augmentation devices has changed revision operations of the acetabulum part of
the hip prosthesis, since with tantalum, the use of titanium screws and plates is
reduced and also the need for bone allografts is diminished (Unger et al. 2005,
Weeden & Schmidt 2007).
Polymers are chains of organic or inorganic monomers that react and form
single- or multidimensional structures. Polymers can be synthetic, natural or
modified from natural polymers. They can be either biostabile or biodegradable in
tissue surroundings. Some of the most common polymers are silicones,
polyurethanes, polyethylene, polyamides and polymethylmethacrylate.
Polymethylmethacrylate (PMMA), or bone cement, is the common filling
material between a hip prosthesis and bone. (Aho et al. 2003.)
Ceramic materials are solid compounds of metals and nonmetals, mainly
oxygen. Ceramics are brittle by nature, hence they have limitations in weight
bearing applications, but they are used, for example, as ceramic-on-ceramic,
mainly alumina-on-alumina, bearing surfaces in total hip arthroplasty (Mehmood
et al. 2008). Ceramic materials used in non-weight bearing applications include
e.g. bone substitute materials (Välimäki & Aro 2006).
Composites contain two or more phases with different structural or
characteristic properties at the macroscopic, microscopic or submicroscopic level.
Composite materials are used in medical device fabrication, since rarely can only
one material meet the physical requirements for successful implantation and
function. Most of the natural biomaterials are composites, such as bone and
cartilage. (Aho et al. 2003.)
Materials of biological origin can be divided into four categories: 1) tissue
transplants, 2) blood products, 3) processed human or animal originated products,
such as demineralized bone matrix and 4) hybrid products. Human or animal
originated tissues or tissue products are designated auto-, allo- or xenografts
according to their origin. An autograft is a transplant taken from and implanted
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into the same individual. These are not usually considered as biomaterials.
Allografts are taken from and given to individuals of the same species, but the
donor and recipient are different individuals. Xenografts are interspecies tissue
implants, thus the donor and recipient belong to different species. (Aho et al.
2003.) Regenerative medicine, i.e. the use of stem cell therapies, to restore lost,
damaged, or aging cells and tissues in the human body, can be considered part of
the category 3.
The focus of the next chapter is one of the bone implant applications.
Intramedullary nailing is an important metal-based bone implant method and it
has been one of the research topics of the present thesis work.
2.8.2 Intramedullary nailing
Intramedullary (IM) nailing is an operative approach for treatment of fractures. It
allows fast recovery and reintegration, and is economically cost-effective with
short hospitalization when compared to the traditional treatments such as traction
and spica casting (body cast) that immobilizes the hips and thighs so that bones or
tendons can heal properly (Buechsenschuetz et al. 2002). IM nails are used in
fractured long bones (femur, tibia, humerus, ulna and radius) and also in unstable
metacarpal and phalangeal shaft fractures. Intramedullary nailing is less invasive
than extramedullary fixation of fractures with plating but the operation is rather
technically demanding (Jiang et al. 2007). The nails stabilize the fracture
fragments, allowing load transfer across the fracture site while maintaining
anatomic alignment of the bone (Eveleigh 1995).
In principle, nailing can be performed either with locked or unlocked nails.
The nails are either attached to the bone (locked) by interconnecting screws or
they are designed to function without these fixation components (unlocked). IM
nails have load-sharing characteristics (Cheung et al. 2004) and the amount of
load supported by the nail depends on the stability of the fracture/implant
construct (Bong et al. 2007). Unlocked nails can be considered as more
biomechanically load-sharing devices and the locked nails as more load-bearing
ones. In general, IM nails are assumed to bear most of the load after the
operation, and then gradually transfer it to the healing bone (Bong et al. 2007).
Large numbers of different commercial nails are available, but there are no
universal guidelines stating the conditions at which each nail will perform at its
optimum. The clinical choice of the nail type is strongly influenced by the bone
type, and by the location and type of the fracture. Both locked and unlocked
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methods are generally used and they have both advantages and disadvantages
(Aro et al. 1982, Kempf et al. 1985, Lee et al. 2008). The two most frequently
used materials for IM nails are titanium alloy and 316L stainless steel (Bong et al.
2007). Further information on the biomechanics and biology of IM nailing of the
lower extremity can be found in the comprehensive article of Bong and
colleagues (Bong et al. 2007).
IM femoral nailing is an old treatment for bone fractures. The concept of
using a trochanteric entry point can be traced back at least to 1940, when the
method was reintroduced by Küntscher (Küntscher 1940). The method – first
described in 1918 by Hey Groves (Hey Groves 1918) – its modifications and
possible limitations have been evaluated in many papers (de Belder 1968,
Gonzalez-Herranz et al. 1995, Gadegone & Salphale 2006, Kanellopoulos et al.
2006). In contrast to antegrade nailing, the retrograde approach is used in various
treatments, e.g. in distal femoral fractures (Janzing et al. 1998, Acharya & Rao
2006) and in obese patients (Herscovici & Whiteman 1996, Tucker et al. 2007).
Femoral shaft fractures are one of the most common reasons for pediatric
orthopaedic hospital admissions in many children’s hospitals (Buechsenschuetz et
al. 2002). Flexible IM nailing seems to be safe for the treatment of these fractures
(Carey & Galpin 1996), although there are some discrepancies in the nail material
properties (Perez et al. 2007). In addition, retrograde elastic IM nail fixation can
be a good choice in some pediatric distal-third femoral-shaft fractures (Mehlman
et al. 2006), although the most common recommendation for these fractures is the
antegrade insertion of the nail (Galpin et al. 1994, Carey & Galpin 1996, Huber et
al. 1996, Bourdelat 1996).
The nailing site and the nail type for antegrade IM femoral implants has been
a topic of discussion in the literature (Antonelli 1989, Miller et al. 1993,
Gausepohl et al. 2002, Ostrum et al. 2005, Ricci et al. 2005), especially in the
adolescent patient population (Townsend & Hoffinger 2000, Kanellopoulos et al.
2006, Caglar et al. 2006). The choice of entry point in antegrade nailing can have
significant effect on the ease of nail insertion, the strength of the resulting fixation
and on the inevitable soft tissue injury (Moein et al. 2005, Bong et al. 2007).
According to one point of view, the fixation of the fractured femur by IM nailing
in children less than 13 years of age should be altogether avoided, since it is
practically impossible to avoid the proximal physeal system (Gonzalez-Herranz et
al. 1995). There is also some discrepancies in the literature concerning the
terminology of the entry sites, i.e. the piriform fossa and the trochanteric fossa
(Papadakis et al. 2005). According to Papadakis and others (Papadakis et al.
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2005, Bong et al. 2007), the groove of the greater trochanter, i.e. the trochanteric
fossa, appears to be the standard entry point that most surgeons recommend (Fig.
10).

Fig. 10. The location of trochanteric fossa (t.f.) and piriformis fossa (p.f.) as viewed
from the proximal part of the right femur: superior aspect.

Reaming of the intramedullary canal before nail insertion is part of a common
protocol, which allows the insertion of a larger, stiffer nail with increased cortical
contact. This obviously destructive procedure is considered to have positive
effects on the outcome of the IM nailing. Reaming increases the local
extraosseous and periosteal blood flow that is the most important source of
nutrient flow during fracture healing. (Bong et al. 2007.)
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2.9

Bone implant surface treatments

The main aim of bone implant coating methods is to improve the osseointegration
of orthopaedic and dental implants. Osseointegration is crucial for long-term
implant stability and inappropriate contact between implant and bone tissue
results in loosening of the implant. Synthetic materials implanted into a biological
environment induce host and foreign body reactions, and often also fibrous
capsulation of the implant. The topic of implant loosening will be discussed in the
following chapters. In order to postpone, and perhaps even inhibit, these
unwanted reactions, new implant coating methods have been developed and the
old ones further improved. Today, highly sophisticated material technology
methods, together with other technological innovations, make it possible to tailor,
even in nanoscale, the surface properties of an implant.
Two factors play an important role in osseointegration: primary stability
(mechanical stability) and secondary stability (biological stability after bone
remodeling) (Berglundh et al. 2003). Primary stability is the mechanical stability
of the implant as soon as the implant is placed into the bone. It gradually
decreases in the bone remodeling process. Secondary stability is the contact of
new bone with the implant after bone remodeling. Primary stability is fully
replaced by secondary stability when the healing process is completed. (Jimbo et
al. 2007.) Implant coating can possibly advance and/or enhance the secondary
stability.
It is important to mention that in addition to the coating, the material’s
surface roughness itself has an effect on biocompatibility, such as on the ability to
adsorb proteins like fibronectin (Luthen et al. 2005), and in that way improve the
implant’s osseointegration. Micro/macroporous implant surfaces can be applied to
directly enhance tissue ingrowth (Ryan et al. 2006). The mechanical properties of
an implant, such as the flexibility of the substrate have an impact on the cell–
biomaterial interaction (Pelham & Wang 1997).
The idea of coating biomaterials to improve their bioperformance is not new.
As already mentioned, biomaterial research has existed as an independent
research area for ca. 50 years and publications about surface treatments of
biomaterials began to appear 30 years ago. Quick search from the PubMed
database (on November 2007) gives over 3000 hits for the search term
“biomaterial coating”. Searching solely with the term “biomaterial” gives
approximately 50300 hits, including over 4200 reviews, and more than 3300 of
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the papers are published solely in the year 2007. Therefore it is clear that
biomaterials and their coating methods are an expanding area of research.
The table and its reference list in appendices 1 and 2 provide an overview of
bone implant surface treatments. In the table of appendix 1, the coating type,
coating substrates, possible modifications or additives of the coating and coating
methods are given. It also summarizes the main aims of bone implant coatings,
the most important being improved osseointegration. The classification used in
the table is just one of the many possibilities. In this case, the grouping was done
according to the implant surface processing (i.e. the coating). Coated substrates
and coating methods are named in the table as they were presented in the original
publications. Because of this, different names can be used to refer to principally
the same method or substrate. For example, titanium alloys or TiAl6V4 alloy can
be designated titanium in some of the publications. The references of Appendix 1
are summarized in Appendix 2.
One of the most recognized bone implant coating materials is hydroxyapatite.
The osseoconductive and -inductive effects of HA have been demonstrated in
experimental and clinical studies. However, there are ongoing developments to
improve the quality of HA coatings. The poor bonding strength between ceramic
HA and metal implants has been a concern. Since HA and other CaPs are the most
studied coating materials for bone implants, appendices 1 and 2 can only provide
a short overview of the literature of HA coatings, which covers hundreds of
published papers. Although widely studied, it seems that the amount of research
on mere HA and other CaP coatings is decreasing, while new methods, such as
tailored protein coatings are gaining more interest in the research field.
Biomaterial surface modifications use ECM components in order to achieve
more natural-like implant surfaces facing the biological milieu. These coatings
have restrictions, since full-length proteins have a wide range of potential targets,
i.e. their effect is more or less nonspecific, and they can induce immunogenicity.
Short synthetic analogs that present the bioactive motif of a whole molecule have
gained considerable attention in the past years. The most common of these
analogs are the RGD-sequence peptides, which mediate cell attachment to several
matrix proteins. The results of RGD-peptide coatings are controversial. Even
though the actions of RGD-peptides are specific for integrins, they lack
selectivity among integrins and thus they can trigger a wide range of interactions.
Therefore, engineering peptides that selectively target specific integrins, thus
inducing specific cellular responses, may be more advantageous in surface
coating methods.
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2.10 Host response
The implantation of a biomaterial into tissue results in an injury and initiation of
the inflammatory response. A host response to biomaterials is an unavoidable
series of events that occur whenever tissue homeostasis is disturbed by the
implantation process. Even the most biocompatible materials trigger unwanted
reactions such as inflammation, fibrosis, infection and thrombosis, at least to
some extent. The host response following implantation of a medical device
proceeds through nine consecutive events: injury, blood–biomaterial interactions,
provisional matrix formation, acute inflammation, chronic inflammation,
formation of granulation tissue, foreign body reaction and fibrosis/fibrous capsule
formation. It is important to note, that in the normal physiological process of
wound healing, i.e. without the presence of an intrusive implant, no non-specific
protein adsorption occurs. The normal events of acute inflammation, the
formation of granulation and eventual scar formation are all highly complex and
well-coordinated processes that occur in wound healing in the same way
regardless of the cause of wounding. In contrast, wounding with the presence of
an implant is an interplay of normal physiological responses and
“nonphysiological” protein adsorption dictated by the implant properties. This
may lead to the upregulation of proinflammatory processes and result in chronic
inflammation. (Anderson 2001.)
The adhesion of monocytes to the naturally protein-modified biomaterial
surface and concomitant phenotypic change to macrophages and their fusion to
multinucleated giant cells is a key event in biocompatibility. This process is
complicated and event-rich and parts of its molecular and cellular basis are still
unknown (Anderson 2000). Giant cells formed in the presence of foreign bodies
are called foreign body giant cells. These cells are observed to interface with e.g.
orthopaedic prostheses for periods extending up to 15 years (Anderson 1988).
This indicates ongoing chronic inflammation at biomaterial sites for prolonged
time periods. The diagram in figure 11 shows some important aspects of host
tissue reactions to implanted synthetic materials (Keselowsky et al. 2007a).
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Fig. 11. Illustration of host response to biomaterials. The figure represents a simplified
diagram of the processes occurring after implantation of synthetic material.

It is not in the scope of the present study to go into further details of the host
response to biomaterials, but more detailed information on this topic can be found
in the following articles on the pathology of implant failure (Bauer & Schils
1999), coagulation and complement (Gorbet & Sefton 2004), molecular basis of
foreign body reaction (Tang & Eaton 1993, Hu et al. 2001), connective tissue
formation (Anderson 2001) and on monocytes/macrophages/foreign body giant
cell activity after implantation (McNally & Anderson 1994, McNally & Anderson
1995, McNally & Anderson 2002).
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2.11 Adaptive bone remodeling and loosening of orthopaedic bone
implants
Despite numerous biomaterials and their applications, non-biodegradable bone
implants have an overall tendency to detach over time. This “over time” can be as
long as many decades, but even today, no truly non-loosening application exists.
Even if an implant is strongly osteointegrative, and thus forms a strong
attachment to peri-implant bone, the implant is always at risk of loosening.
Before going into detail on aseptic bone implant loosening, it should be noted
that infection is one cause of implant failure (Gristina & Costerton 1985). After
total joint arthroplasty operations, the frequency of infection is about 1–5%, the
prevalence being smaller in hip arthroplasties than in knee arthroplasties, and they
are more likely to occur after revision surgery (Bauer & Schils 1999). These
infections are affected by many factors, such as the complexity of the surgical
procedure and the characteristics of the operating room. Overall, bacteria (such as
Staphylococcus epidermidis) attach to the implant surface, including titanium and
polymethylmethacrylate cement. The bacterial fauna is the cause of infection that
usually takes place quite soon after the implantation. The division of implant
failure to aseptic and micro-organism based reasons is not completely clear, since
there is still some debate over the long term effect of bacteria on implant
loosening (Nelson et al. 2005). Implant-related infections can be further divided
into early (contamination-related), and intermediate and late infections of
hematogenetic origin.
2.11.1 Peri-implant osteolysis
There are a number of causes for implant failure, but the most important is the
aseptic osteolysis occurring because of a chronic inflammatory response to
implant derived wear particles. A vast number of implant design modifications
have tried to overcome this problem, but aseptic osteolysis is still the limiting
factor of implant longevity. For example, aseptic loosening of cemented implants
causes more than 80% of clinical revisions (Erli et al. 2003).
Implant wear can be defined as a loss of material with the generation of
particles resulting from relative motion between two opposed surfaces (Wright &
Goodman 1996). Small particles that detach from the implant as a result of
abrasion, adhesion or fatigue induce a very complex, and partially unknown,
mechanism of action that leads to the activation of the inflammatory response and
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ultimately to implant loosening. There are many modes of wear involved in
implant damage (McKellop 1995) and the damage to implants, such as
components of total joint arthroplasty, are rarely caused by a single wear
mechanism.
The major cause of bone resorption around bone implants is the inflammatory
reaction to particles of wear debris (Schmalzried et al. 1992, Wright & Goodman
1996). Adherent endotoxin, such as lipopolysaccharide (LPS), the primary outer
cell wall component of Gram-negative bacteria, might also be involved in many
of the effects of orthopaedic wear particles (Bi et al. 2001). Osteoclasts are the
major cause of the bone lysis leading to implant failure (Haynes et al. 2004). In
vitro studies have shown that cells incubated with wear particles produce
cytokines that participate in osteoclast differentiation and activation. Osteolysis of
peri-implant bone results indirectly from an inflammatory reaction amplified by
macrophages in response to the phagocytosis of debris particles (Santavirta et al.
1990a, Santavirta et al. 1990b, Jiranek et al. 1993, Jiranek et al. 1995). The
mechanisms of inflammation-induced bone loss are partly unknown, and recent
studies have attempted to determine the exact molecular biology behind these
reactions (Alnaeeli et al. 2007).
The initial response to particulate wear debris includes a subtle inflammatory
response, which becomes more pronounced as osteolysis progresses. The
inflammatory environment provokes a cellular response characterized by elevated
levels of factors such as TNFs (tumor necrosis factors), RANK/RANKL, OPG,
and interleukins IL-6, IL-1 and IL-11. Most of these affect osteoclast
differentiation and activity directly, and result in enhanced osteolysis. (Konttinen
et al. 2005.) Figure 12 shows some of the important cells and pro-inflammatory
factors that are involved in bone resorption due to implant wear debris.
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Fig. 12. Diagram of the cells and pro-inflammatory cytokines thought to be involved in
biomaterial

derived

debris

mediated

bone

resorption.

MMPs

=

matrix

metalloproteinases, IL-6/1-β/10 = interleukin-6/1-β/10, PGE2 = prostaglandin-E2, MCP-1
= monocyte chemoattractant protein-1, TNF-α = tumor necrosis factor α, CFU-GM =
colony-forming units granulocyte-macrophage, TGF-β = transforming growth factor-β,
OPG = osteoprotegrin, RANK/RANKL = receptor activator of nuclear factor κB / ligand,
FGF = fibroblast growth factor, PDGF, platelet-derived growth factor. Modified from
(Bauer & Schils 1999).

Although the majority of the wear debris particles remain in the tissues around the
implant, some of these may enter the lymphatic vessels and be transported to
lymph nodes and other tissues (Jacobs et al. 1991). In addition to debris particles,
failing implants can give rise to ions that are systemically distributed and can be
detected from blood and urine (Bauer et al. 1993, Stulberg et al. 1994).

63

2.11.2 Mechanobiological regulation
Since 1638 it has been know that bone responds structurally to mechanical load
(Galilei 1638), a phenomenon later known as Wolff’s law (Wolff 1892). After
bone tissue is subjected to an implant, the distribution of stress changes in the
bone. Bone tissue adapts to this new situation by sensing the changes in the
mechanical stimuli and responding with the appropriate balance between bone
formation and resorption. As described in previous chapters, mechanotransduction in bone is a complex phenomenon (Bonewald 2006, Aguirre et al.
2007, Malone et al. 2007, Tatsumi et al. 2007).
The success of implantation depends on the initial fixation and the
maintenance of adequate fixation over time. Maintenance of the initial
mechanical fixation depends in part on maintaining local bone mass and
minimizing bone resorption around the implant. The factors that influence bone
density around an implant are, on the bone formation side, appropriate load
magnitude, and from the net bone resorption side, inappropriate load,
inflammatory reactions, implant motion and hydrodynamic pressure (Bauer &
Schils 1999).
As mentioned, the distribution of stress changes when an implant is inserted
into the bone. For example, if a conventional femoral stem implant is inserted into
the medulla, the proximal bone is subjected to less stress as load is transmitted
from the middle or distal aspects of the implant stem to the diaphyseal cortex.
This is called stress shielding, since the implant shields the proximal bone from
stress (Harris & Tarr 1979, Engh et al. 1992). The result of stress shielding is
resorption of bone in the “shielded” areas (Mueller et al. 2007). The magnitude of
this adaptive bone remodeling is determined by the magnitude of change in the
mechanical load, which in turn is influenced by the mechanical properties of the
implant (Huiskes et al. 1989, Sumner & Galante 1992, Glassman et al. 2006).
Thus, stress shielding caused by the implant can be affected by biomaterial
design. For example, manufacturing porous materials with a tailored elastic
modulus can be used to create implants which match better to the elastic modulus
of bone, thus reducing the problems associated with stress shielding (Ryan et al.
2006). Although stress shielding influences local bone remodeling, it is not an
isolated cause of implant loosening. The process of adaptive bone remodeling is
of multi-factorial origin (Sychterz & Engh 1996, Braun et al. 2003), where direct
connection between the cause and effect resulting in implant loosening cannot
readily be made.
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Micromotion of implants is an important mechanism of loosening. Repetitive
loading can cause damage to the implant material or to the interface between the
implant and bone (Huiskes 1993). Even though bone can remodel itself in
response to altered mechanical load, excess accumulation of mechanical damage
can result in destruction of the implant−bone bond, and result in micromotion of
the implant. Implant motion is associated with bone resorption, even in the
absence of wear debris (Aspenberg & Herbertsson 1996), although micromotion
is not thought to be solely responsible for large and erosive patterns of periimplant osteolysis (Jasty et al. 1986). Total joint implants that do not achieve
adequate initial fixation are most likely to fail because of micromotion in
response to load (Ryd et al. 1995). Implant micromotion can also generate
hydrodynamic pressure that might further assist the loosening progress through
osteocyte mediated increase of bone resorption (Bonewald 2006).
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3

Outline of the present study

This study has concentrated on investigation of the effects of austenite and
martensite phases on bone cells and on implant coating as a way to improve and
guide cell and tissue reactions after implantation.
The specific aims of the present research were:
1.

2.

3.

4.

to evaluate the effect of austenite and martensite phases of NiTi on osteoclast
responses, and to study whether osteoclasts can be used as sensitive cell
probes to investigate the effects of the fine physical differences between the
two NiTi phases (I)
to investigate the effect of different levels of NiTi surface oxidation on
osteoblastic cell attachment and survival in order to study the eventual effect
of the thickness of the oxide layer on these cellular functions (II)
to determine if the two phases of NiTi have different effects on osteoblast
attachment, proliferation and stage of the cell cycle in response to a
fibronectin coating, and to the fibronectin molecule itself (III)
to further investigate the usefulness of functional NiTi intramedullary nailing
and the possible advantages of coating the implant with a sol-gel derived
TiO2-SiO2 ceramic thin film (IV).
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4

Material and methods

4.1

Test Materials

NiTi test materials and possible control materials used in the original studies I–IV
are briefly explained in the following chapters.
4.1.1 NiTi samples – in vitro (I–III)
Study I: Two disks 40 mm-in diameter and 5 mm in height were made of hotrolled binary NiTi. In the austenitic sample, the percentages of the elements were
44 wt-% titanium and 56 wt-% nickel. In the martensitic sample, the alloy
composition was 45 wt-% titanium and 55 wt-% nickel. Sonicated cortical bovine
bone slices (A = 0.5 cm2; 150 μm thick) and autoclaved standard glass cover slips
were used as control materials.
Study II: Fifteen disks of six mm and one of 40 mm-in diameter (5 mm
height) samples were made of hot-rolled binary NiTi. The samples were
composed of 44.3% Ti and 55.7% Ni by weight, thus having the austenite phase
at the experimental temperatures. Six of the small sample disks were left
untreated, having only the natural thin oxide layer at the surface. The rest of the
small disks were oxidized in air either at 350°C (straw-colored oxide, SCO; 5
samples) or at 450°C (blue oxide, BO; 4 samples) for two hours. The 40 mm-in
diameter sample was oxidized at 600°C during two hours. In addition, special flat
NiTi control samples (80 × 10 × 2 mm3 and 15 × 15 × 2 mm3) and samples of thin
(0.5 mm in thickness) NiTi wire were used for the study of electrical properties.
Study III: NiTi sample disks of 20 mm-in diameter and 5 mm height were
made with the following melted compositions: alloy I (austenite) – 44% titanium
and 56% nickel, alloy II (martensite) – 46% titanium and 54% nickel (by weight).
Six samples disks of both phase type were made. Differential scanning
calorimetric (DSC) measurements were carried out (DSC 822e, Mettler-Toledo
Corporation) to determine the characteristic martensitic transformation (MT)
temperatures, which were: Ms = 15°C; Mf = 6°C; As = 23°C; Af = 32°C for the
alloy I and Ms = 65°C; Mf = 45°C; As = 70°C; Af = 94°C for the alloy II. Tissue
culture polystyrene (TCPS) and carboxymethylcellulose (CEL, as an antiadhesive coatings (Hindie et al. 2005, Hindie et al. 2006), were used as control
materials in part of the experiments.
69

All NiTi samples used in the original studies I–III, were produced in the
Institute of Light Metals (Moscow, Russia). To provide equal surface roughness,
the samples were ground by the Exakt® micro grinding system (Exakt, Kulzer,
Germany) with carbide silicon of decreasing grade (from 150 to 1200), followed
by manual polishing with a rubber wheel and chromium oxide paste. Before use
in the experiments, the samples were washed with detergent, rinsed and degreased
10 minutes with 70% ethanol. Finally, the samples were washed in ultrasonic bath
and autoclaved for 30 minutes at 120°C.
4.1.2 NiTi samples – in vivo (IV)
The material used was NiTi (44.3% Ti and 55.7% Ni by weight) fabricated to a
wire with a diameter of 1.4 mm. The initial round pieces of curvature radii of 15
and 28 mm were made by constraining the wires in special mandrels while
annealing at 450°C. Intramedullary nails of 26 mm in length were cut from the
round pieces. Straight nails were made from the unconstrained wires.
To determine characteristic MT temperatures and thus, to be sure of the
samples phase state in the range of experimental temperatures used (martensite at
0°C and fully austenite at body temperature), differential scanning calorimetric
measurements were carried out (DSC 822e). The MT temperatures determined
were: Ms = 15°C; Mf = 6°C; As = 23°C and Af = 32°C.
Part of the NiTi samples were coated with TiO2-SiO2 (molar ratio of 70:30) as
described in (Jokinen et al. 1998, Ääritalo et al. 2007). The sol-gel method of
coating is a wet-chemical technique that starts from a chemical solution that
reacts to produce colloidal particles (sol). The colloid sol is composed of solid
particles ranging from 1 nm to 1 µm dispersed in a solvent. The sol further
evolves to an inorganic network containing liquid phase (gel). Drying of the gel
removes the liquid phase, thus forming a porous material, which can be further
processed in order to improve its mechanical and other properties. In this study
the TiO2-SiO2 sol was prepared by mixing TiO2 and SiO2 to obtain the
predetermined molar ratio. SiO2 was prepared by mixing tetra-ethyl ortho-silicate,
ethanol and water at room temperature having the EtOH:Si(OR)4, and
H2O:Si(OR)4 molar ratios of 3.7 and 0.27, respectively. The prepared sol was
aged at 40°C for 60 minutes. TiO2 was prepared by mixing tetra-isopropyl
titanate, ethanol, nitric acid, and water at room temperature and aged at 40°C for
30 minutes having EtOH:Ti(OR)4, H2O:Ti(OR)4 and HNO3:Ti(OR)4 molar ratios
of 3.4, 0.11 and 0.70, respectively. The prepared TiO2-SiO2 sols were aged at
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40°C for 24 hours and cooled to 0°C before the dipping process. The NiTi
samples were dipped into the sols and withdrawn at a speed of 0.3 mm/s at
ambient temperature. After that the substrates were calcined at 500°C for 10
minutes, cooled and washed ultrasonically 5 min in acetone and 5 min in ethanol,
then dried in air. This cycle was repeated five times, which resulted in films
having a thickness of roughly 280 nm. (Jokinen et al. 1998.) The proper
attachment and durability of the sol-gel derived coating on the NiTi wires during
bending was confirmed by SEM-imaging (JEOL JSM 5500, Tokyo, Japan).
After the surface finishing, the implants were degreased with 70% ethanol
and autoclaved for 30 minutes at 120°C, after which they were stored in sterile
packages at room temperature. The chemical compound and the technological
itinerary of the alloy resulted in implants that could be deformed at about 0°C
(fully martensitic state) and that restored their initial shape at about 25–30°C
(fully austenitic state). Table 5 summarizes the implant types used in the original
study IV.
Table 5. NiTi implants used in the original study IV. The nail length was 26 mm and
thickness 1.4 mm in every case.
Group name
I
I-sol-gel
II
II-sol-gel
STR
STR-sol-gel

Sol-gel derived coating

Curvature radius (mm)

–

28

n
7

TiO2-SiO2

28

7

–

15

7

TiO2-SiO2

15

7

–

0

6

TiO2-SiO2

0

6

4.1.3 Animals (IV)
Forty male Sprague-Dawley rats (Laboratory Animal Center, University of Oulu,
Finland) were randomized into six groups. The age of the animals was 14 weeks
and the mean weight (± SD) 385 ± 26 g. The animals were housed in groups of 3–
4 in Macrolon IV polycarbonate cages in a thermostatically controlled room at 20
± 1°C with a relative humidity of 50 ± 10%. The room was artificially illuminated
with a light and dark cycle of 12 hours. Aspen chips (Fintapway, Finland) were
used as bedding. A wooden tunnel made of the same material as the bedding chips
was provided to the animals as a stimulus-toy for the improvement of animal
welfare. In addition, cellulose paper was offered for fulfilling the rats nesting
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behavior. Pelleted rat feed (SDS R3 (E), Special Diet Service Ltd., Great Britain)
and tap water were available ad libitum. The animal tests were performed after
approval by the National Laboratory Animal Center. All aspects of animal care
complied with the Animal Welfare Act and the recommendations of the NIH-PHS
Guide for the Care and Use of Laboratory animals.
4.2

Physical measurements

All the physical measurements performed in the original articles I–III are briefly
summarized in the following chapters.
4.2.1 Surface roughness
Atomic force microscopy (I, II)
The atomic force microscope (AFM) is a high-resolution type of scanning probe
microscope with demonstrated resolution of only a fraction of a nanometer. The
term 'microscope' in the name is actually a misnomer because it implies looking,
while in fact the information is gathered by "feeling" the surface with a
mechanical probe. The probe is raster scanned across the surface under study
while a constant force is maintained between the probe and sample. By
monitoring the motion of the scanning probe, a three-dimensional image of the
surface can be constructed.
Surface roughness of the NiTi samples was measured with AFM (Explorer,
Thermomicroscopes, Sunnyvale, CA, USA). Images were collected in the contact
mode using triangular silicon nitride cantilevers (Veeco Instruments, USA) with a
z-scanner of 13.6 µm range. Image resolution was 300 × 300. SPMLabNT
software version 5.01 (Thermomicroscopes, Sunnyvale, CA, USA) was used to
calculate the average surface roughness from first-order plane leveled images. In
study I, the image size analyzed was 100 × 50 µm and the number of images
analyzed was 10 for both sample types. In study II, the image size was 100 × 90
µm. The number of images analyzed was 40 for austenite, 60 for BO and 80 for
SCO.
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Phase-contrast interferential microscopy (III)
Interferential microscopy is a well-known technique, with a simple founding
principle: a reference mirror is associated to the surface under study in order to
produce a luminous interference, from which a huge number of fringes describing
the surface can be obtained. A surface-relief map is produced by computer-based
treatment of the images obtained from the surface.
Even though the interference-based technique provides considerable
information about a surface, the method leaves the slope sign of the analyzed
profile unknown. This problem can be overcome with a phase-contrast
interferential microscopy technique, which describes the surface roughness in
terms of statistical parameters, such as the root mean square (RMS) roughness.
In the original study III, surface roughness was measured using a surface
profiler (Alpha-Step 500, Tencor Instruments, San Jose, California, U.S.A), which
computes the roughness parameters of the Z range (the difference between Zmax,
the maximum amplitude of roughness, and Zmin, the minimum amplitude of
roughness) and the RMS roughness (R). The RMS, corresponding to the standard
deviation of the Z values within a given area, is determined from the equation
below:
R=

∑ (Z

i

− Z ave ) 2
N

,

(1)

where Zave is the average of Z values within a given area, Zi the current Z value
and N the number of points within a given area.
The RMS values depend only on the amplitude of the peaks/troughs, and
therefore do not include any quantitative information about how frequently such
irregularities appear on the material’s surface. A computational post-treatment of
the roughness profiles can be implemented in order to obtain more relevant
roughness estimates. After selecting the most convenient position for setting two
perpendicular axes, the computer identifies every single peak/trough present
along the profile, storing the corresponding coordinates in a linear array of data.
An approximated profile is then generated by simply connecting such points with
straight lines, whose individual lengths are progressively added until a
quantitative representation is obtained, not only of the height of the
peaks/troughs, but also of the frequency with which they appear. In this study, 81
images from austenite and 39 from martensite were analyzed.
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4.2.2 Contact angle measurements and surface free energy
calculations (I, III)
Contact angle analysis characterizes the wettability of a surface by measuring the
surface tension of a solvent droplet at its interface with a homogenous surface. In
other words, contact angle measures the attraction of molecules within the droplet
to each other versus the attraction or repulsion those molecules experience
towards the molecules of the surface under study. There are many methods and
modifications to measure contact angles, but in all the methods, the contact angle
(Ө) is the angle of the liquid at the interface relative to the plane of the test
surface (Fig. 13).

Fig. 13. Schematic demonstration of the difference in contact angle of a liquid droplet
between (A) hydrophobic and (B) hydrophilic surfaces.

The sessile drop method (measurement of static contact angles) is an optical
contact angle method used to estimate wetting properties of a localized region on
a solid surface. The static contact angle is the contact angle when all participating
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phases, as in the studies presented here i.e. gas, liquid and solid, have reached their
natural equilibrium positions, that is to say, when the phase lines of the three phases
no longer move. (Neumann & Godd 1979, Ulman 1991, Ratner et al. 1996.)
Measurement of contact angles yield data that reflect the thermodynamics of
a liquid/solid interaction and characterize the wetting behavior of a particular
liquid/solid pair. The thermodynamics of a solid surface can be characterized with
various methods, which all are based on the same principle: a solid is tested
against a series of liquids and the contact angles are measured. Calculations based
on these measurements produce a parameter (critical surface tension or surface
free energy), which quantifies the characteristics of the solid and mediates the
properties of the solid substrate. The surface free energy obtained in this way can
be regarded as the "surface tension" of the solid substrate, which is a
characteristic property of the solid in the same way as the surface tension is for a
liquid; defining the work required to increase the area of a substance by one unit
area. (KSV Instruments 2008.)
Study I: A digital optical contact angle meter CAM 200 equipped with
Optical contact angle and pendant drop surface tension software, version 3.50
(KSV Instruments Ltd., Finland) was used for measuring static contact angles.
Briefly, a series of images of the sessile drop placed at the sample surface at
+21 ± 1°C was collected for 20 seconds at 1-second intervals. The left and right
contact angles of each drop were automatically calculated and the contact angle
of each image was determined as an average of the two angles. The final contact
angles used for the surface free energy calculation were the averages of the
contact angles measured between 10 and 20 seconds. Five liquids, whose surface
tensions are known, were used: deionized, autoclaved water, glycerol (BDH,
England), dimethyl sulfoxide (Merck, Germany), ethylene glycol (Merck) and
diiodine methane (Fluka, Germany). Each liquid was measured eight times. NiTi
samples were cleaned between measurements with 70% ethanol, wiped with
cellulose wadding, blown by compressed air and let dry in air for 3 minutes.
The surface free energy parameters were calculated using the average static
contact angles of the test liquids with CAM 200 Surface free energy analysis
software, version 2.41 (KSV Instruments Ltd, Finland), using a harmonic mean
approach (Wu 1971).
Study III: Contact angle measurements were performed using the sessile drop
method with a goniometer (Carl Zeiss, Jena, Germany). Drop images of three
different liquids: water (reference liquid), ethylene glycol and diiodine methane
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were collected in room temperature with a digital camera and analyzed by using a
curve fitting method and tangent approximation.
The material’s surface energy was calculated using the three different liquids
mentioned above, whose surface tensions are known. For every single sample, a
total of nine values were obtained. For surface energy values calculations, the
theoretical approach called the Lifshitz-van der Waal approach or acid-base
approach was employed, which is presented below:

γ L (1 + cos θi ) = 2 γ SLW ⋅ γ LLW + 2 γ S+ ⋅ γ L− + 2 γ S− ⋅ γ L+ ,

(2)

where θi is contact angle corresponding to liquid I, γLLW, γL+, γL- energy
components of liquid I and γSLW, γS+, γS- energy components of the surface.
γ describes the total surface free energy. γLW is the Lifshitz-van der Waals
component of the surface energy. The Lewis acid-base component is further
divided into acidic electron-acceptor (γ+) and basic electron-donating (γ-)
parameters. (Gindl et al. 2001, Sharma & Rao 2002, Chibowski & Perea-Carpio
2002, Mykhaylyk et al. 2003.)
4.2.3 Analysis of the surface oxide layer (II)
X-ray diffraction analysis
X-rays are electromagnetic radiation of wavelength about 1 Å, which is about the
same size as an atom. This enables the study of the atomic and molecular
structure of crystalline substances. X-ray diffraction is one of the most important
characterization tools used in materials science. In principle, a sample is exposed
to X-rays at various angles and the diffraction patterns produced are compared
with reference standards for identification.
The phase composition of the oxidized NiTi samples was controlled by X-ray
diffraction analysis (XDA), using filtered CuKα radiation. To analyze the surface
structure, a grazing beam of 1o incidence was used. The crystal lattice parameters
were determined by extrapolation to θ = 90o using the extrapolating function f(θ)
= 1/2(cos2θ / θ+cos2θ / sinθ). The shifts of diffraction lines under the grazing
beam were controlled by experiments with a thin layer of vacuum annealed fine
tungsten powder at the surface of the oxidized samples. The diffraction peaks that
did not correspond to austenite, martensite or Ni3Ti were used as primary
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information for interpretation of the surface oxides phase compositions and
structure.
Electrical resistance measurements
The electrical properties of a material, especially its surface electrical properties
have a strong influence on a material's adsorption ability. This is an important
aspect of a material’s biocompatibility, since the initial interactions of a
biomaterial surface facing a biological environment (i.e. electrically charged
macromolecules) are underlined by their electrical properties. Thus electrical
properties of the surface have a tremendous effect on the chemical, biological
and, ultimately, on tissue reactions.
The differences in electrical properties of the oxidized NiTi samples were
assessed by changes in electrical resistance before and after oxidation. The
measurements of electrical resistance were performed with an industrial digital
milliohm meter MEGGER BT51 (Megger, USA). The specific resistance of the
material surface layers after oxidation was determined by gradual etching with
simultaneous control of changes in the sample's electrical resistance and
thickness, considering that the resistances of the layer removed and the remaining
material as parallel connected.
Calculation of the oxide thickness
Oxide thickness (δ) after two hours of oxidation was computed from the sample
mass gain per area unit in accordance with the formula δ=Δm/ρ, where Δm is
mass augmentation per sample area unit and ρ is oxide density. This approach was
based on the assumption that the mass gain was a result of oxygen adsorption
only, and that all of this oxygen was used to produce the TiO2 oxide. The validity
of this assumption was confirmed by the results of X-ray diffraction (XRD)
analysis, which demonstrated the predominant content of TiO2 (rutile) in the
sample surface after oxidation. The value of ρ = 4.2 g/cm3 for stoichiometric
rutile TiO2 was used (ASTM Diffraction Data File 1969).
To provide higher accuracy, the values of mass augmentations were
interpolated from the equations fitted to the experimental data mass gain vs.
oxidation time. The experimental oxidation curves were described by the
following equations:
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Δm = 0.2205 × 10-4 × lg t for oxidation at 350°C,

(3)

Δm1.67 = 0.83311 × 10-8 × t for oxidation at 450°C,

(4)

Δm2 = 4.744 × 10-8 × t for oxidation at 600°C.

(5)

The related augmentations of oxide thickness (δ) after two hours of oxidation
were calculated using the mass augmentations from the equations 3–5.
4.3

Cell lines (I–III)

Study I: The original method of osteoclast isolation and culture was slightly
modified (Boyde et al. 1984, Chambers et al. 1984, Lakkakorpi et al. 1989). 1- or
2-day-old Sprague-Dawley rat pups were sacrificed by decapitation. A total of
seven rat pups were used in one experiment. Femora, tibiae and humeri were
dissected out and quickly rinsed in 70% ethanol. Bones were submerged in sterile
phosphate buffered saline (PBS) and the soft tissues were removed around the
bones as thoroughly as possible. The bones with their cartilage ends were placed
into 10 ml of alpha minimal essential medium (αMEM; BioWhittaker, Belgium)
and cut in half in a longitudinal direction. The bone cavity was scraped and the
tissue harvested in the culture medium. The tissue mass was suspended and the
suspension centrifuged at 1000 rpm for 7 minutes. The sediment was dissolved in
10 ml of αMEM and 50 µl, 100 µl and 500 µl of the suspension was placed on
a cortical bovine bone slice, glass coverslip or NiTi sample, respectively. The
samples were submerged in the culture medium before adding the cell suspension.
After 30 minute incubation at +37°C (5% CO2, 95% air), non-attached cells were
rinsed away. The remaining cells on the substrates were cultured for 48 hours in
αMEM buffered with 20 mM Hepes containing 0.84 g sodium bicarbonate/liter, 2
mM L-glutamine (Gibco), 100 IU of penicillin/ml (Sigma-Aldrich), and 7-10%
heat-inactivated fetal bovine serum (FBS; Bioclear), at +37°C (5% CO2, 95% air).
Study II: The rat osteosarcoma cell line ROS-17/2.8 (Merck Research
Laboratories, West Point, PA, USA) was cultured at 37oC in a humidified
atmosphere (5% CO2, 95% air) in αMEM (Gibco), supplemented with 10% FBS
(Bioclear), antibiotics (100 U of penicillin/ml, 100 µg of streptomycin/ml; SigmaAldrich) and L-glutamine (2 mM; Gibco). This cell line closely resembles
differentiated osteoblasts (Majeska et al. 1980, Thiede et al. 1988).
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Study III: An immature osteoblast-like mouse cell line, MC3T3-E1 Subclone
4 (ATCC CRL-2593), was used for these experiments. The cells were cultured
under conditions similar to those described above in study II.
Between cell culture experiments (I, II), the NiTi samples were gently wiped
with cellulose paper, washed with detergent, rinsed in sterile water and degreased
10 minutes with 70% ethanol. In the original study III, after wiping the sample
surface with cellulose paper and washing with sterile water, the samples were
incubated in a 2.5% sodium dodecyl sulfate (SDS, in PBS) solution at 37°C for
one hour, followed by rinsing several times with sterile water. Finally, the samples
were washed in an ultrasonic bath and autoclaved for 30 minutes at 120°C (I–III).
In addition, in study III, energy dispersive X-ray analysis (EDX) was used to
detect possible contamination left from the cell culture on the material surface
after the cleaning procedure.
4.4

Surgical procedure (IV)

Anesthesia was induced with 4.5% Isoflurane (Forene®, inhalation vapor, Abbot
Scandinavia AB, Sweden) and maintained during the operation with a 2.5%
concentration in a special anesthesia unit (Univentor 400 Anaesthesia Unit,
Zejtum, Malta). Immediately after the induction of anesthesia, rats received
Buprenorfin 0.3 mg/kg subcutaneously (Temgesic® 0.3 mg/ml, Reckitt Benckiser
Healthcare Ltd., Hull, Great Britain) as an analgesic.
Before the operation, all the IM NiTi nails and other instruments used during
the implantation were submerged in sterile iced saline to reach and maintain the
martensite form of NiTi throughout the implantation process.
A skin incision was made proximal to the greater trochanter and the entry site
for the NiTi nails was made through the skin and muscle layers into the medullary
canal via a hole drilled through the revealed trochanteric fossa. The femoral canal
was reamed using various needles (up to 18-gauge) with a rotating motion. In
their martensitic form (on ice bath), the bent nails were straightened and inserted
quickly into a special implantation device modified from a bone anchor Mini
Mitek® device (DePuy Mitek Inc., Raynham, Massachusetts, USA). The implants
were pushed rapidly into the reamed medullary canal and allowed to settle in an
incidental position. Straight nails were also implanted with the device. The wound
was closed in layers using resorbable sutures (3-0 Vicryl®, Ethicon, Inc.,
Somerville, NJ, USA).
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After the operation, the rats were kept isolated, but were allowed to move
freely with no external support on the operated limb. During the three days of
isolation, Buprenorfin (Temgesic®, 0.3 mg/ml, Reckitt Benckiser Healthcare
Ltd., Hull, Great Britain) 0.06 mg/kg body weight subcutaneously was used as a
postoperative analgesic twice a day. After the isolation period, the rats were
grouped into groups of 3–4 animals and observed daily for activity and weight
bearing on the implanted leg.
The experiment ended after 24 weeks and the rats were killed using carbon
dioxide followed by cervical dislocation. The animals were sedated by anesthetic
(Dormicum®, Roche, France: 5 mg/ml Midazolam and Hypnorm®, Janssen,
Brussels, Belgium: 0.315 mg/ml Fentanyl citrate + 10 mg/ml Fluanisone) before
euthanasia. All femurs with implants, and also tibias and fibulas were dissected,
as were the contralateral limbs. The bones were fixed in 70% ethanol and stored
at +4°C.
The rats were weighed before the operation (14-weeks of age) and after
euthanasia (38-weeks old). The length of both operated and control femurs were
measured using a digital vernier caliper.
4.5

Biological assays

The descriptions of the biological assays used in the original articles II and III are
summarized in the following chapters.
4.5.1 Cytotoxicity test (II)
The ROS-17/2.8 cells cultured for 48 hours on the oxidized NiTi samples (5×103
cell/sample) were stained with a LIVE/DEAD®Viability/Cytotoxicity kit
(Molecular Probes, Oregon, USA) for 10 minutes at 37°C. This assay is based on
the simultaneous determination of live and dead cells with the detection of
intracellular esterase activity by calceinAM and plasma membrane integrity for
ethidium homodimer-1 (EthD-1). The optimal concentrations of the EthD-1 dye
were 0.1 µM and for the calceinAM dye 1.0 µM (Kapanen et al. 2002b).
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4.5.2 Preparation of fluorescein-fibronectin (FN-FITC) and FN-FITC
coating of NiTi (III)
Fluorescein isothiocyanate (FITC; Sigma-Aldrich) was dissolved in dimethyl
sulfoxide (DMSO, 10 mg/ml; Sigma-Aldrich) and 10 µl were incubated with 1 ml
of human plasma fibronectin (FN, 1 mg/ml; Roche) in 0.1 M sodium bicarbonate
buffer (pH 9.0) at room temperature for 1 hour. The resulting FN-FITC conjugate
was separated from unconjugated dye using a SephadexTM G-25 PD-10 desalting
column (Amersham Biosciences Limited, GE Healthcare) equilibrated with PBS.
The FN-FITC concentration was estimated by measuring the absorbance at 280
nm. The final product was stored at +4°C.
500 µl of FN-FITC (20 µg/ml) solution was added to the NiTi surface (20
mm-in diameter) and the protein-dye conjugate coating was allowed to form for
30 minutes at +37°C in a humidified atmosphere. After PBS-rinsing, 500 µl of
sterile filtered 1% bovine serum albumin (BSA) was added and incubated 30
minutes at room temperature, followed by washing with PBS.
MC3T3-E1 cells (6.8×104) were seeded on freshly made FN-FITC NiTi
surfaces and cultured for 2 hours under conditions described in previous chapters.
The cultures were stopped by adding 3% (w/v) paraform aldehyde (PFA) for 10
minutes at +4°C. The formation and rearrangement of fibronectin fibrils was
imaged with confocal microscopy and digital image analysis, both methods are
described in later chapters.
The 2-hour time point was chosen since it was considered to be long enough
for fibronectin fibrillogenesis (Keselowsky et al. 2003b, Faucheux et al. 2006),
but short enough to minimize the possible impact of matrix proteins secreted by
osteoblasts and incorporated into the cellular microenvironment.
4.5.3 Enzyme-linked immunosorbent assay (ELISA) (III)
The NiTi samples were coated with 320 ng/cm2 of human plasma FN (in PBS;
Roche) followed by blocking in a BSA-Tween solution (0.25% BSA and 0.1%
Tween 20 in PBS), both for 30 minutes at +37°C. Tissue culture polystyrene and
carboxymethylcellulose control samples were coated with 120 ng/cm2 of FN.
These FN concentrations were chosen because they correspond to the respective
saturation limit concentrations (beginning of plateau) of the anti-FN polyclonal
antibody reaction.
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The samples were incubated in a solution of anti-FN antibodies [polyclonal
F3648 (Sigma-Aldrich), diluted 1/5000 in PBS; monoclonal antibodies 1926,
1935, 1936, 1892 (Chemicon) 1/5000] and with horseradish peroxidaseconjugated secondary antibodies [A6154 or Up 446330 (Sigma-Aldrich) 1/10000]
both for 1 hour at 37°C. After BSA-Tween rinsing, 500 μl of chromogen solution
[5 mg o-Phenylenediamine dihydrochloride (Sigma-Aldrich) dissolved in 10 ml
of citrate buffer and 2 μl of hydrogen peroxide (30% v/v)] was added to each
sample and incubated in the dark for 2 minutes at room temperature. The reaction
products (100 μl/well) were transferred to a 96-well plate together with 100 μl of
1 M HCl. Absorbance (490 nm) was read in triplicate in a microwell plate reader.
The test for each antibody was repeated 3–4 times. A control test was performed
for all the samples to estimate the absorbance in the absence of the antibody.
4.5.4 Cell proliferation – LDH and MTT analyses (III)
Cell proliferation was studied in two ways: by LDH (lactate dehydrogenase)
assay and by a MTT colorimetric assay (3-[4, 5-dimethylthiazole-2-yl]-2, 5diphenyltetrazolium bromide). The assays were done from the same samples:
LDH from the supernatant and MTT from the cells.
Lactate dehydrogenase is a cytoplasmic enzyme that catalyzes the
interconversion of lactate to pyruvate. LDH's enzymatic activity is relatively
stable in culture medium and can be measured easily after leakage out of
nonviable cells with compromised membranes. The LDH assay, therefore, is a
measure of cell membrane integrity. LDH released into the culture medium is
measured with a coupled enzymatic assay that results in the conversion of
resazurin into a fluorescent resorufin product. The amount of fluorescence
produced is proportional to the leaked enzyme and thus, to cell damage.
(Korzeniewski & Callewaert 1983, Decker & Lohmann-Matthes 1988.).
MTT is a yellow water-soluble tetrazolium salt that is reduced by live cells to
a water-insoluble purple formazan that can be spectrophotometrically detected.
The MTT assay measures the respiratory activity and thus, the cell viability
(Alley et al. 1988).
The MC3T3-E1 cells (104 cells/cm2) seeded on FN-coated (320 ng/cm2) or
uncoated NiTi and TCPS were incubated at 37°C for 2 and 48 h. The LDH assay
(CytoTox-ONETM 96 non-radioactive cytotoxicity assay, Promega, Wisconsin,
USA) was carried out in accordance with the manufacturer's instructions, from
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100 µl of the culture supernatant. Absorbance was read at 490 nm in triplicate and
three independent experiments were performed.
After removing the supernatant, 500 μl of MTT (0.5 mg/ml in PBS; SigmaAldrich) was added to the PBS-washed cell layer. The samples were incubated at
37°C for 3 h, the MTT solution was removed and the formazan crystals were
solubilized in 500 μl of DMSO (Sigma-Aldrich). The reaction products were
transferred to a 96-well plate for absorbance reading (550 nm).
4.5.5 Cell cycle analysis (III)
A cell cycle analysis was performed on the MC3T3-E1 cells (104 cells/cm2)
grown on FN-coated (320 ng/cm2) or uncoated TCPS, austenite and martensite
NiTi for 48 h. The cells were washed, removed by trypsinization and suspended
in 250 µl of PBS containing 5 mM of ethylenediaminetetraacetic acid (EDTA,
Prolab), and fixed by applying 750 µl of ice-cold absolute ethanol for 45 min at
4°C. The cells were washed and suspended in PBS-EDTA containing 0.1% Triton
X-100 (Promega), mixed with 40 µg of RNase A (Sigma-Aldrich) and 25 µg of
propidium iodide (Sigma-Aldrich), and incubated in the dark for 15 minutes. The
stained samples were analyzed in an Epics XL-MCL flow cytometer (Beckman
Coulter).
4.6

Immunofluorescence staining

Two staining protocols were used in original studies I and III. They are briefly
described in the following chapters:
4.6.1 Staining of actin rings (I)
In nature, phalloidin is a toxin from the mushroom death cap (Amanita
phalloides). It belongs to a large group of toxins known as phallotoxins.
Phalloidin binds at the interface between filamentous actin (F-actin) subunits of
actin, thus preventing its depolymerization, which results in poisoning the cell.
This toxic property of phalloidin is a useful tool for investigating the distribution
of F-actin in cells by labeling phalloidin with fluorescent tags, and using them to
visualize the actin filaments.
In the original study I, staining of primary rat osteoclasts for F-actin was
carried out by using tetramethyl-rhodamine isothiocyanate (TRITC)-conjugated
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phalloidin (Sigma Chemical Co., St. Louis, MO, USA) for 20 minutes at room
temperature. To visualize the nuclei, the cells were incubated with the DNAbinding fluorochrome Hoechst 33258 (1 mg/ml stock diluted 1/1000 in PBS;
Sigma Chemical Co., St. Louis, MO, USA) for 10 minutes at room temperature.
4.6.2 Staining of focal adhesions (II)
The PFA-fixed, permeabilized (0.1% (v/v) Triton-X-100 in PBS) and BSA treated
(0.2% BSA) ROS-17/2.8 cells were stained by using mouse monoclonal paxillin
antibody (diluted 1/100 in PBS; ZYMED Laboratories, San-Francisco, CA, USA)
for 45 minutes on +4°C. Staining was carried out with secondary antibody (1/100;
ALEXA Fluor 488 goat anti-mouse IgG, Molecular Probes, Oregon, USA) for 30
minutes at +4°C and with DNA-binding fluorochrome Hoechst 33258 (Sigma
Chemical Co., St. Louis, MO, USA) for 10 minutes at room temperature.
4.7

Histochemical staining and sample preparation

Histological staining and sample preparation methods used in the original studies
I and IV, are as follows:
4.7.1 Staining of active osteoclasts (I)
Tartrate-resistant acid phosphatase (TRACP), a commonly accepted marker for
osteoclasts (Minkin 1982) was used for visualization of the primary rat
osteoclasts using a commercial TRACP kit (Sigma Chemical Co., St. Louis, MO,
USA) according to the manufacturer’s instructions.
4.7.2 Histological thin sections (IV)
Preparation of histological thin sections of the NiTi functional IM nail implanted
rat femurs were performed by the cutting-grinding technique for hard tissue as
instructed by the manufacturer (EXAKT Appartebau, Germany).
In short, the operated and control femurs, stored in 70% ethanol at +4°C,
were cut by the Exakt® cutting-grinding system. The first cut was made at the
minor trochanter and the femur was cut into about 4 mm pieces until the distal
end of the implant was reached. The cut bone pieces were dehydrated in a graded
ethanol series and infiltrated in plastic infiltration liquid (Technovit® 7200 VLC,
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Kulzer GmbH, Germany). After infiltration, the sample blocks were embedded
and polymerized (Technovit® 7200 VLC), and finally, the blocks were attached
between two parallel plastic slides and cut to about 100 µm thick sections by the
Exakt® cutting-grinding system. After the final micro grinding by the Exakt®
micro-grinding system to about 89 µm, the samples were stained with a standard
Masson’s trichrome Goldner staining protocol.
4.8

Imaging and image analysis

All the imaging equipment and image analysis methods used in the original
articles I–IV are briefly described in the following chapters.
4.8.1 Light and fluorescence microscopy (I)
The numbers of mononuclear and multinucleated TRACP-positive cells were
counted, using a Leica DMLM microscope (NPLAN 20x/0.40BD objective). The
cells were counted from 30 microscopy images of austenite and martensite NiTi
from two experiments.
The primary osteoclasts stained for the visualization of actin rings were
studied using a Nikon Eclipse 600 microscope with a Nikon Plan Fluor 20x/0.50
objective with an appropriate filterset. The numbers of actin rings were
determined by manual counting from an area of 15 consecutive microscopy
fields. The counting was repeated 15 times from different areas of the sample.
Two parallel tests were done.
4.8.2 Confocal microscopy (I–III)
Actin rings (I), focal adhesions (II) and the amount of live and dead cells (II)
were viewed in a confocal microscope LSM 510 equipped with an inverted
microscope Axiovert 100M (Zeiss, Germany), with appropriated objectives. The
same equipment was used to visualize the FN-FITC coating on the NiTi surface
(III).
Actin rings (I), focal adhesions (II) and fibronectin rearrangement (III) were
viewed with 20x (only in the study I) and 63x objectives (NA 1.2/water; Zeiss,
Germany). The optical sections were scanned with a 1024 × 1024 frame size
(pixel size 0.14 μm × 0.14 μm) close to the metal surface. The optical sections in
study II were scanned next to the metal alloy surface at the level containing
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approximately most of the focal adhesions. Images of actin rings (I) and
fibronectin fibrils (III) were taken from the most descriptive focal plane,
illustrating the structures of interest as clearly as possible.
The rat osteosarcoma cells stained for visualization of live and dead cells in
the original study II were immediately viewed under the microscope with a 10x
objective (NA 1.2/water). For each disk, the pictures were taken from randomly
chosen areas (1024 × 1024 frame size, pixel size 0.9 × 0.9 µm).
4.8.3 Faxitron radiography (IV)
Radiographs of the dissected rat femurs of study IV were taken in anteroposterior
(AP) projection on a Faxitron Specimen Radiography System (Model MX-20,
Wheeling, IL, USA) with a high-resolution algorithm. The imaging parameters
were identical for all the specimens and the following settings were used: 12 s, 30
kV; pixel matrix 1024 × 1054; resolution 200 pixels mm-1.
4.8.4 Digital image analysis (II–IV)
A digital image analyzer (MCID M4 v.3.0.re.1.1, Imaging Research Inc., Brock
University, St. Catharines, Canada) was used for the analysis of the confocal
microscopy (II, III) and Faxitron X-ray (IV) images.
Study II: The confocal microscope images of live and dead osteosarcoma
cells were analyzed. From each image (921.3 × 921.3 µm), the numbers of live
(green) and dead (red) cells were calculated and differences between sample
groups were estimated. The proportional area (per one confocal picture) occupied
by live cells was also obtained. The total number of analyzed pictures (after three
experimental runs) was 91 for austenite, 75 for SCO and 60 for the BO sample
type.
The numbers of paxillin-containing focal adhesions were measured. The
measured area of interest was 146.2 × 146.2 µm, corresponding to one confocal
microscope image. The images were segmented on green color intensity, hue and
saturation, representing the emission color of the secondary antibody. These
interactively defined focal adhesions were automatically counted from the region
of interest. The total number of analyzed pictures (after three experimental runs)
was 134 for austenite, 111 for SCO and 93 for the BO sample type. Nineteen
pictures were analyzed from the additional NiTi disk oxidized at 600°C.
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Study III: The confocal images (146.2 × 146.2 µm) of fibronectin fibers were
analyzed. The images were segmented by green color intensity, hue and
saturation, representing the emission color of fluorescein isothiocyanate, and the
fibrils were automatically counted from the region of interest. The number, length
and area of the fibronectin fibrils were defined from 34 confocal images from the
austenite and 22 from the martensite sample.
Study IV: The standard Masson’s trichrome Goldner stained thin sections of
the intramedullary nailed rat femurs were digitalized with a Sony 930 DXC
camera (Sony, Tokyo, Japan) coupled to the MCID M4 image analysis system by
using a Nikon Optiphot II microscope, with a 2.5x plan objective (Nikon, Tokyo,
Japan). From each thin section, the perimeter of bone and fibrous tissue adjacent
to the implant perimeter was measured and the following calculations were
carried out:
Total bone–implant contact (%) = (total length of bone contact (µm) / total
length of implant perimeter (µm)) × 100,
Total fibrous tissue–implant contact (%) = (total length of fibrous tissue
contact (µm) / total length of implant perimeter (µm)) × 100.
The total amounts of analyzed thin sections were: 33 for group I, 34 for I-solgel, 44 for II, 54 for II-sol-gel, 48 for STR and 39 for STR-sol-gel.
4.9

Hybrid NiTi

An additional series of tests for the analysis of the effect of austenite and
martensite phases on osteoblast behavior was performed. In these experiments
hybrid NiTi disks were used. The 6 mm discs had a 3 mm martensitic core
surrounded by a tightly adjusted austenitic shell. Figure 14 represents one of these
samples.
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Fig. 14. An image of the hybrid NiTi sample (diameter 6 mm). The inner disk is
composed of martensitic NiTi, which is compressed by the outer shell of austenitic
NiTi.

These samples were unique, since they allowed us to examine the impact of NiTi
phases on osteoblast behavior directly with samples having both the austenite and
martensite phase in the same sample. The contact area of the two phases was also
under study, since in this area, compression and tension forces create an
interesting area of stresses. In principle, the inner plate of martensite was under
compression caused by “shrinking” of the outer austenite ring. On the other hand,
the austenite shell was subjected to tension from the expansion of the inner
martensite plate.
On these samples, approximately 5×103 osteoblast-like ROS-17/2.8 cells
were cultured for 48 hours under conditions similar to those already described in
previous chapters. After cultivation, the cells were PFA-fixed and the focal
adhesions were stained with paxillin antibody followed by fluorescent secondary
antibody. In addition, actin filaments were stained with TRITC-conjugated
phalloidin in order to observe the effect of material stresses on the actin
cytoskeleton. The samples were viewed with a confocal microscope and the
number of cell adhesions estimated from the confocal images with an M4 image
analysis system. These methods were also described in the previous chapters.
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4.10 Statistical analysis (I–IV)
An analysis of variance (ANOVA) and the Student′s t-test were utilized to assess
the level of significance of the differences between the experimental groups (I–
III). The statistical analyses were performed with commercial software (Origin
6.0, Microcal Software, Inc., USA). Most of the data (fibronectin conformation,
cell proliferation and cell cycle studies) in study III were analyzed with One-way
ANOVA and the Kruskal-Wallis test to distinguish the differences between the
groups. The analyses were followed by a Tukey-Kramer test for multiple
comparisons. These statistical computations were performed with Graphpad
Instat® 2.00 software and some were analyzed using Wincycle software.
The difference in femur length between the operated and control
(contralateral) femurs in the original study IV were tested versus zero by a onesample t-test. Comparisons between experimental groups were evaluated with
independent samples t-test. In addition, the distribution of the data of bone
formation and fibrous tissue adjacent to the implant surface within each test group
were tested with a 1-sample Kolmogorov-Smirnov test. Differences between
experimental groups were tested with the Mann-Whitney nonparametric test.
Statistical analyses were performed with commercial software (SPSS version
14.0, Chicago, IL, USA), and probabilities of p < 0.05 were considered
significant in all the analyses.
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5

Results

5.1

Surface roughness of the NiTi samples (I–III)

The surface roughness of the NiTi samples used in the original studies (I–III) was
measured either with AFM (I, II) or by a surface profiler (III). The results of
surface roughness measurements are summarized in table 6.
Table 6. Average surface roughness of the NiTi samples [nm, mean (± SD)].
Original article

Austenite

Martensite

I

25.4 (4.04)

26.3 (4.50)

II

849

III

124 (23)

SCO

BO

262

310

188 (33)

SCO = straw-colored oxide (austenite NiTi oxidized at 350°C), BO = blue colored oxide (austenite NiTi
oxidized at 450°C). I) The number of analyzed images was 10 for both austenite and martensite. II) The
number of analyzed images was 40 for austenite, 80 for SCO and 60 for BO. III) The number of analyzed
images was 42 for austenite and 39 for martensite.

The values in study I were not statistically different, hence the surface of austenite
and martensite samples were approximately equally rough. The results of study II
showed the following statistical differences: the austenite samples were rougher
than the oxidized surfaces (p < 0.001) and, in addition, the BO samples were
rougher than the SCO (p < 0.01) samples. Despite these differences, the actual
effect on cell behavior was probably insignificant, since it is not generally thought
that nm roughness levels will affect cell functionality to the same extent as µm
variations (Clark et al. 1991). Other results also support this hypothesis: only
subtle differences in focal adhesion length and no differences in focal adhesion
movement were observed with titanium samples having roughness differences
ranging from 190 nm to over 6000 nm (Diener et al. 2005). In study II, roughness
varied at most by only approximately 600 nm.
The difference between the RMS roughness values of austenitic and
martensitic samples (III) was statistically significant (p < 0.01). Since the RMS
values are limited to only one dimension (the direction perpendicular to the
surface under study), a bidimensional analysis that takes into account the
frequency of occurrence of every single peak/valley, thus calculating the
additional active surface generated by the roughness was used. The corrected
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results demonstrated that the martensite surface was 1.6 times rougher than the
austenite surface.
5.2

Contact angles (I, III)

The results of contact angle measurements performed in studies I and III are
summarized in table 7.
Table 7. Average static contact angles [°, mean (± SD)] for austenite and martensite
NiTi and for glass coverslips as a reference material. The differences between the
contact angles of austenite and martensite samples are also presented.
Liquid

I
Aus

Water

Mar

III

Diff.

P

Glass

65.4 (2.8) 67.3 (2.4) -1.9

ns

57.8 (4.3)

Dimethyl sulfoxide

46.2 (0.9) 43.9 (1.5) 2.3

Ethylene glycol

50.5 (2.0) 43.5 (1.4) 7.0 < 0.001 68.4 (5.0)

Glycerol

68.6 (3.8) 58.5 (3.0) 10.1 < 0.001 92.5 (2.0)

Diiodine methane

47.2 (2.5) 44.4 (1.9) 2.8

Aus

Mar

79.1 (1.9) 86.6 (1.8)

Diff.

P

-7.5

ns

< 0.01 64.9 (6.1)

< 0.05 68.6 (1.0)

54.9 (2.2) 66.6 (1.1) -11.7 ns
43.4 (1.5) 55.8 (2.4) -12.4 ns

Original articles are referred to by the Roman numerals I and III. Aus = austenite NiTi, Mar = martensite
NiTi. The values presented in the “Diff” columns are calculated as the difference between the mean value
of austenite and martensite samples. I) The number of contact angles analyzed was 176 for every sample
type. III) A total of 54 angles were analyzed for both austenite and martensite sample types.

In addition to the statistical differences presented in the above table, the contact
angles measured on glass cover slips were significantly different from those of
austenite or martensite with all five liquids, including water (p-values not shown).
5.3

Surface free energy (I, III)

The results of surface free energy calculation in the original studies I (harmonic
mean approach) and III (acid-base approach) are summarized in table 8. It is
important to note that these results are strongly dependent on the particular
method used to calculate the surface free energy.
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Table 8. Surface free energy and its components [mN/m, mean (± SD)] for austenite
and martensite NiTi and for glass coverslips as a reference material.
Energy

I

III

components

Aus

Mar

Glass

γD

15.7

19.42

6.75

γP

22.52

20.00

30.67

Aus

Mar

γLW

37.9 (0.8)

30.9 (1.4)

γ+

0.01 (0.3)

4×10-4 (5×10-3)

γγ

38.21

39.41

37.42

7.6 (0.7)

6.1 (1.5)

38.5 (1.2)

31.1 (1.5)

Original articles are referred to by the Roman numerals I and III. Aus = austenite NiTi, Mar = martensite
NiTi. γD is the dispersive component of the surface energy. γP refers to the polar component. γLW is the
Lifshitz-van der Waal component of the surface energy. The Lewis acid-base component is divided into
acidic electron-acceptor (γ+) and basic electron-donating (γ-) parameters. γ describes the total surface free
energy.

No significant differences in total surface free energies or its components were
found between austenite and martensite (I). The total surface free energy of glass
coverslips was similar to that of the NiTi samples. In contrast, the polar
component was higher and the dispersive component lower for the glass control
samples compared to austenite or martensite NiTi.
Since the static contact angles measured in study III were smaller on the
austenitic NiTi than on the martensitic phase, the calculated values of the
materials’ surface energy were larger on austenite than on martensite. Even
though the measured differences were not statistically significant, the total surface
energy, mostly due the difference in the LW component, was somewhat different
between austenite and martensite. The results show that the acid components were
null, since the calculated errors are greater than the component itself. Thus, the
surfaces of the austenite and martensite samples were only basic, as is the case for
the thin metal oxide layer present at the NiTi alloy surface.
5.4

Results of the physical measurements of the oxidized NiTi (II)

The following chapters present the results from original article II, concerning the
analyses of the oxidized NiTi sample surface.
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5.4.1 X-ray diffraction
The X-ray patterns obtained in study II showed that the non-oxidized NiTi was
characterized in the austenite state with small quantities of Ti2Ni. The basic phase
in the bulk of NiTi after its oxidation at 350oC and at 450oC was also austenite,
but quantities of martensite phase had emerged in the alloy structure, with higher
amounts in the samples oxidized at 450°C. In addition, after oxidation in both
temperatures, the metal alloy next to the oxide layer contained higher amounts of
martensite than the bulk of the alloy.
5.4.2 Resistivity
In the original study II, the electrical properties of the oxidized NiTi were
measured. The results are summarized in table 9.
Table 9. Changes in electrical resistance (∆R, ohm) of NiTi samples as a result of their
oxidation at 350°C or 450°C for 1 hour. Resistance of the basic NiTi alloy (ρNiTi, ohm
m) and the oxide layers (ρOX, ohm m) are also presented.
Oxidation

∆R

ρNiTi initial

ρNiTi after oxidation

change in ρNiTi

ρOX

0.107

0.769 x10-6

0.804 x10-6

-0.035 x10-6

2.61 x10-6

0.019

-6

-6

-6

8.48 x10-6

temperature (°C)
350
450

0.791 x10

0.770 x10

0.021 x10

5.4.3 Oxide thickness
The plots of mass gain per surface area unit (Δm) as a function of time for NiTi
samples oxidized at 350, 450 and 600°C demonstrated that NiTi oxidation
followed logarithmic time dependence at 350°C and parabolic dependence at 450
and 600°C. The calculated oxide thicknesses were: 15.6 nm for SCO, 51.0 nm for
BO and 725.0 nm for the additional NiTi sample oxidized at 600°C.
The values of the oxide thicknesses estimated were consistent with the oxide
thickness obtained by direct measurements in a study of similar oxidation regimes
(Firstov et al. 2002). Since the oxidized surfaces include the initial natural oxide
layer of non-oxidized NiTi, the final values should be added to with the initial
oxide thickness (δ0). In the absence of available methods for its determination in
the study I, a value of 5 nm was ascribed as δ0, corresponding to the spontaneous
oxide crystal size. A similar value (about 3 nm) was estimated previously
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(Kofstad 1966) and has also been reported for mechanically polished NiTi
(Armitage & Grant 2003).
5.5

Success of the intramedullary NiTi nailing (IV)

First of all, the adhesion between the NiTi wire and sol-gel derived coating was
considered sufficient (Fig. 15). Since the coating did not crack due to the bending
but rather adopted the elastic property of the NiTi wire, the coated NiTi
intramedullary nails were considered to be suitable for implantation.

Fig. 15. SEM image of the bend NiTi reference wire (A) and sol-gel coated NiTi wire (B).
Scale bar 200 µm.
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Forty male Sprague-Dawley rat femurs were implanted with the functional
NiTi intramedullary nails. The implantation was performed in a proximal to distal
direction into the medullary canal of the right femur. Twenty-four weeks
postoperatively, the animals were weighed (this was done also preoperatively)
and the lengths of the dissected operated and contralateral femurs were measured.
The results are summarized on table 10.
Table 10. Summary of the femur lengths (mm) and animal weights (g) in the six
experimental groups. Data are represented as mean (± SD).

n
Operated

I

I-sol-gel

II

II-sol-gel

STR

STR-sol-gel

5 (-2)

5 (-2)

6 (-1)

7

6

6

Average

4.22 (0.15) 4.26 (0.09)

4.15 (0.14)

4.19 (0.09)

4.22 (0.12)

4.28 (0.15) 4.22 (0.12)

4.22 (0.11) 4.22 (0.04)

4.18 (0.12)

4.16 (0.08)

4.18 (0.08)

4.27 (0.08) 4.20 (0.09)

376 (22)

376 (20)

392 (28)

375 (22)

392 (33)

405 (24)

385 (26)

Weight after 24 485 (25)

522 (36)

501 (29)

489 (26)

528 (35)

529 (29)

509 (33)

femur length
Control femur
length
Initial weight
weeks
(-)l indicates animals sacrificed at 2 weeks postoperatively.

The length of the operated femurs did not differ significantly compared to the
control contralateral femurs in any of the six test groups. In addition, there were
no significant differences in femur lengths between the six experimental groups.
Even though there were differences in average animal weights between the
test groups, the average weight gain of the animals was statistically equal after the
24 weeks, approximately 123 ± 40.6 g in all the six experimental groups.
Two weeks after the implantation, five of the 40 animals had to be sacrificed,
since they did not use their operated legs normally due to an infection at the
implantation site. These rats were stored at -20°C until the time point of 24 weeks
was reached. Dissection of the five rats showed an infected area with a large
amount of pus at the implantation site. The contralateral legs were normal as were
all of the limbs in the animals maintained for the full 24 weeks. The infection of
the operated femurs was most probably due to an error in the nailing procedure.
Bostman et al. (Bostman et al. 1989) reported septic arthritis of the hip joint after
intramedullary nailing, in which a deep wound infection had occurred after the
operation in which the hip capsule has been accidentally opened. In the present
case, the hip joint area of the five rats showed a highly resorbed joint surface,
indicating septic arthritis (visual observation, data not shown).
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In addition, on one operated rat (STR-sol-gel), the implant had penetrated
approximately 2 mm out of the distal femur. This was clearly due to an
operational error, in which the reaming was accidentally done through the cortex
of the bone.
5.6

Biological assays

The following chapters represent the main results obtained from the biological
assays used in the original articles II and III.
5.6.1 Cytotoxicity (II)
Cytotoxicity of the oxidized NiTi surfaces was tested with a commercial test kit
that divides the cells grown on the sample surface into live (green) and dead (red)
cells. The results are presented in figure 16.
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Fig. 16. Results of the cytotoxicity test. (A) The percentages of live cells in the ROS17/2.8 cell populations on the three different NiTi alloy samples. Statistical analyses
showed a significant difference in the percentages between SCO and austenite NiTi
disks (p < 0.001). (B) The proportional area occupied by live cells. The mean values
differed significantly between austenitic and BO (oxidized at 450°C) sample groups (p
< 0.05). A similar difference is also observed between the oxidized samples. These
results are presented per one confocal microscopy field. (C) The percentages of dead
cells in the ROS-17/2.8 cell populations on the three sample groups. A significant
difference in the number of dead cells between austenitic and SCO NiTi was observed
(p < 0.001). The results are combined from three experimental runs. The numbers of
confocal images analyzed were: austenite = 91, SCO = 75 and BO = 60. *** p < 0.001; *
p < 0.05
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The results of the cytotoxicity assay demonstrated that most of the cells
grown on the NiTi surfaces were alive and only a very small portion of the whole
cell population was dead; approximately 4.7% on austenite, 1.9% on SCO and
4.1% on BO. However, the interpretation of these results requires caution, since
there is also a possibility that the dead cells were flushed away from the sample
surface during the staining procedure. This might have had an effect on the
results.
5.6.2 Fibronectin rearrangement onto NiTi surface (III)
Fluorescein-labeled fibronectin molecules were allowed to attach onto austenite
and martensite NiTi samples and osteoblast-like cells were grown on the coated
surfaces for 2 hours. The FN-FITC surface coating was clearly reorganized into a
fibronectin-fibril network on the NiTi samples after the 2-hour culture (Fig. 17).

Fig. 17. Confocal images of FN-FITC coated A) austenite and B) martensite NiTi after 2hour cell culture. Green fibronectin fibrils are clearly shown around cell perimeters
and between adjacent osteoblasts (the cells are not labeled for visualization).
Magnification 63x, frame size 146.2 × 146.2 µm.

Table 11 summarizes the results of fibronectin remodeling on the NiTi surfaces.
As the table shows, the average number, length and total area of fibronectin fibers
were larger on the austenite sample type compared to martensite. This was also
visually observed from the confocal images of FN-coated NiTi, as represented in
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figure 17. The amount of fibronectin adsorbed onto biomaterial surfaces vary in
the literature (Keselowsky et al. 2005, Jimbo et al. 2007), but the ~3 µg/cm2 of
FITC-labeled FN used in this study was clearly enough to create an uniform
fibronectin coat over the NiTi sample disks.
Table 11. Results of fibronectin remodeling on austenite and martensite NiTi. The
results are represented as mean (± SD) per one confocal image field.
Fibronectin

Austenite

Martensite

Number

191 (91)

115 (78)

P

Length (µm)

1.48 (0.24)

1.28 (0.18)

< 0.01

Covered area (µm2)

283 (144)

147 (104)

< 0.001

< 0.01

Total numbers of analyzed confocal images were 36 for austenite and 25 for martensite.

5.6.3 Analysis of fibronectin conformation on NiTi surfaces (ELISA)
(III)
These analyses were performed in order to study the adsorption of fibronectin and
possible conformational differences in the fibronectin structure between austenite
and martensite NiTi. The results are summarized in table 12.
Table 12. Fibronectin adsorption and conformation onto austenite and martensite NiTi
2

assessed by ELISA. The results are presented as mean (± SD) absorbances/cm .
Antibodies
Polyclonal Anti-FN

Austenite
0.0658 (0.0019)

Martensite
0.0687 (0.0010)

TCPS
0.0576 (0.0026)

CEL
0.0195 (0.0004)

MAb anti-RGD

0.0368 (0.0031)

0.0359 (0.0021)

0.0332 (0.0014)

0.0010 (0.0001)

MAb anti-N-terminal

0.0243 (0.0019)

0.0236 (0.0015)

0.0250 (0.0016)

0.0011 (0.0001)

MAb anti-C-terminal

0.0802 (0.0074)

0.0837 (0.0097)

0.0424 (0.0006)

0.0028 (0.0002)

MAb anti-gelatin

0.0375 (0.0022)

0.0328 (0.0029)

0.0229 (0.0008)

0.0001 (0.0002)

MAb = monoclonal antibody. Controls samples are tissue culture polystyrene (TCPS) and anti-adhesive
carboxymethylcellulose (CEL). Absorbance (490 nm) was read in triplicate and the test for each antibody
was repeated 3–4 times. Each group had six parallel samples.

The results using an anti-FN polyclonal antibody showed that the total FN
adsorption was similar onto austenite and martensite NiTi. Control materials gave
as expected results: FN adsorbed well on TCPS when referred to the FN
concentration used for the coating, in addition, the adsorption was very low onto
the anti-adhesive CEL (carboxymethylcellulose).
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The results of FN conformation, assessed by monoclonal antibodies specific
for distinct epitopes, indicated similar conformations of fibronectin on both NiTi
phases. There were no statistically significant differences in the binding of RGD,
N-terminal, C-terminal, or gelatin sites by the respective MAbs onto austenite and
martensite NiTi.
5.6.4 Cell proliferation on FN-coated NiTi (III)
Cell proliferation on austenite and martensite was studied with LDH and MTT
assays. The assays were done from the same samples: LDH from the supernatant
and MTT from the MC3T3-E1 cells. The results of both LDH and MTT assays
for 2 and 48 hours cell culture on austenite and martensite NiTi, and TCPS
control, are summarized on figure 18.

Fig. 18. MC3T3-E1 cell proliferation on uncoated and FN-coated tissue culture
polystyrene (TCPS), austenite and martensite NiTi. A) LDH at 2 h, B) LDH at 48 h, C)
MTT at 2 h and D) MTT at 48 h. The data are shown as mean, the error bars indicate the
standard deviation. White bars represent uncoated and grey bars FN-coated samples.
* p < 0.05, ** p < 0.01, *** p < 0.001. In addition to the statistical differences shown in
the figure, in both assays and time points used, the TCPS control substrate differed
significantly (p < 0.001) when compared to the corresponding NiTi samples.
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The results of the LDH cell damage study showed after 2-hour culture that
the LDH activity was higher, i.e. more cell membrane damage present, on NiTi
samples than on the TCPS controls (p < 0.001). The fibronectin coating seemed to
have no effect on osteoblast survival on the control TCPS surface. On the
contrary, on NiTi samples, both austenite and martensite, the presence of
fibronectin significantly improved the surface, resulting in significantly less LDH
activity on the FN-coated surfaces (p < 0.001). In addition, on the martensite
surface, cell damage was higher than on austenite. This difference was significant
both without (p < 0.01) and with (p < 0.05) fibronectin (Fig. 18A).
After two days, the fibronectin coating still did not have an effect on the LDH
activity on the TCPS surface. However, as after two hours, LDH activity after two
days was very significantly lower on TCPS than on the NiTi surfaces. On
austenite, fibronectin significantly reduced cell damage (p < 0.001), thus
improving the biocompatibility of the parent phase of NiTi. In contrast, on
martensite, fibronectin did not have a statistically significant effect on the survival
of the cells. In addition, the protein coating significantly (p < 0.001) reduced the
LDH activity on austenite when compared to the coated martensite surface (Fig.
18B).
In conclusion, surface modification with FN reduced cell damage, as
measured by an LDH assay on austenite and martensite NiTi; by the two-hour
time point, the biocompatibility of both austenite and martensite was significantly
improved by the presence of FN. After two days, fibronectin kept the cell damage
lower on austenite, but on martensite, the difference between the coated and
uncoated surfaces disappeared. In addition, after both 2 and 48 hours, with
fibronectin on the alloy surface, the cells preferred austenite to martensite.
The results of the MTT analysis showed that two hours after seeding,
mitochondrial activity was significantly lower (p < 0.001) on the NiTi samples
(both uncoated and FN-coated) compared with the TCPS control (Fig 18C).
Forty-eight hours after seeding, mitochondrial activity increased in each
experimental situation, but the difference between TCPS and NiTi remained (Fig
18D).
The fibronectin coating did not have an effect on cell proliferation measured
by the MTT assay on both austenite and martensite NiTi. After two hours (Fig
18C), fibronectin increased cell proliferation only on TCPS (p < 0.05), but after
48 hours this difference was reversed (Fig 18D), resulting in a decrease of
osteoblast survival on the fibronectin coated TCPS surface (p < 0.001). The
results observed on TCPS might be due to the fact that TCPS is optimized for cell
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adhesion, thus it is reasonable that cells do prefer this surface type over the NiTi
ones. The reason why fibronectin lowers the biocompatibility of TCPS might also
be due to the surface optimization: the pure fibronectin surface is not as ideal for
cell attachment as is the untreated TCPS surface.
Together these analyses indicate that although cell growth is similar on
austenite and martensite NiTi, cell damage is more prevalent on the martensite
phase, indicating better biocompatibility of the austenitic NiTi. A fibronectin
coating further improves the biocompatibility of austenite.
5.6.5 Cell cycle (III)
The analysis of the cell cycle stage of MC3T3-E1 cells grown on FN-coated or
uncoated TCPS, austenite or martensite NiTi for 48 hours was performed in the
original study III. Comparisons of the cell cycle phases of MC3T3-E1 cells after a
48 h culture with or without the fibronectin-coating are shown in table 13.
Table 13. Comparisons of MC3T3-E1 cells in different phases of the cell cycle after 48hour culture with or without a fibronectin coating on austenite and martensite NiTi and
on tissue culture polystyrene (TCPS). The data are shown as mean % (± SD).
Cell
cycle

Aus
w/o FN

FN

Mar
P

G1

69.0 (4.5) 79.0 (1.9) < 0.01

S
G2/M

w/o FN

FN

71.9 (3.3)

79.4 (1.3)

15.8 (2.9) 11.9 (1.5) < 0.01

14.0 (2.6)

11.5 (1.0)

15.2 (1.8)

14.1 (1.3)

9.1 (1.1)

9.2 (0.8) < 0.01

TCPS
P
< 0.01

w/o FN

FN

P

69.7 (2.8) 72.4 (3.7)

ns

< 0.01

19.5 (1.8) 19.8 (3.0)

ns

< 0.01

10.7 (1.4)

7.8 (1.5) < 0.01

w/o FN = without fibronectin coating, FN = with fibronectin coating. Two independent tests were analyzed.
Each group had six parallel samples.

The cell cycle analysis showed similar results on both austenite and martensite
NiTi. With the fibronectin coating on NiTi, the number of cells in the G1 phase
increased significantly and the number of cells in the S and G2/M phases
decreased when compared with the uncoated sample surface. The elevated
number of G1 cells on NiTi might indicate an increase in the number of
differentiating cells on both austenite and martensite samples. On TCPS, FN had
no effect on the percentage of cells in the G1 or S phases; instead, a decrease in
the population of cells in the G2/M phase was observed.
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5.7

Visualization of actin rings (I)

The organization of actin in adherent osteoclasts depends on the mineralization of
the matrix. In resorbing osteoclasts filamentous actin is organized as a constant
large band, a part of a formation called the sealing zone, which is easily detected
by microscopic methods. Podosome structures of actin are present in nonresorbing osteoclasts, corresponding to numerous F-actin columns arranged at the
cell periphery. Osteoclasts may sense the surrounding physical properties and
react accordingly by changing the actin organization: actin is organized as
podosome belts in spread osteoclasts adhering onto glass, as the sealing zone is
seen in osteoclasts adherent on mineralized matrix. (Saltel et al. 2004.) Hence,
actin organization can be used as an indicator of osteoclast tolerance to the
underlying substratum. The results of using actin ring formation as a marker of
osteoclast tolerance towards the two NiTi phases are represented in figure 19.
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Fig. 19. Confocal microscopy images of F-actin rings using TRITC-conjugated
phalloidin in rat bone cells grown 48 h on the austenitic NiTi disk (A, B), martensitic
NiTi disk (C, D), bovine bone slice (E), and glass coverslip (F) as a control substratum.
Magnification 20x, with the exception of B and D 63x. Scale bar 50 μm.

As figure 19 shows, the overall cell morphology and level of cell confluence were
different in the NiTi samples compared to the control materials. On the bone
slices, the cultivated cell layer appeared notably more confluent and more actin
rings were present compared to the other sample types (data not shown). Some
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amount of deterioration in cell morphology and confluence could be seen on the
austenitic NiTi, but clearly, the martensitic NiTi provoked the most abnormal
cellular responses, seen as distinctively reduced confluence and the appearance of
round-shaped cells.
The numbers of actin rings was calculated from 15 consecutive microscopy
views, repeated 15 times on each sample disks. The average amount (± SD) of
actin rings in these 0.38 cm2 areas, after two separate tests, were 279 ± 31 for
austenite and 91 ± 24 for the martensite sample type. The difference was
statistically very significant (p < 0.001).
5.8

Focal adhesions on osteoblasts attached to an oxidized NiTi
surface (II)

The osteoblast-like cells cultured for 48 hours on unoxidized and oxidized NiTi
samples were immunofluorescently stained and the number of focal adhesions
was calculated. Figure 20 and table 14 summarize the results obtained.
Figure 20 represents images of ROS-17/2.8 osteoblastic cells at the surface of
the different NiTi alloy samples. It is evident, that focal adhesion formation and
average size is reduced when cells are grown on NiTi surfaces oxidized at 450°C
and 600°C compared to the other sample types. Despite the fact that the BO
samples and the one oxidized at 600°C contained the thickest surface oxide layers
(51.0 nm for BO and 725.0 nm for 600°C oxidation), the cells seem to attach best
to the SCO surface with a thin oxide layer (15.6 nm) or to the unoxidized
austenite surface.
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Fig. 20. Immunofluorescence staining of focal adhesion with paxillin antibody on ROSo

o

17/2.8 cells. (A) Austenitic NiTi, (B) NiTi oxidized at 350 C (SCO), (C) at 450 C (BO) and
(D) at 600°C. Numerous white patches represent focal adhesion plaques. The average
thickness of the surface oxide layer: (A) 5 nm, (B) 20.6 nm, (C) 56.0 nm and (D) 730.0
nm. Magnification 63x, frame size 146.2 × 146.2 µm.

Table 14. The average number and total area (µm2) of focal adhesions per ROS-17/2.8
cell. The data are shown as mean (± SD).
Cell adhesion

Austenite

SCO

BO

Number of FA / cell

40 (19)

47 (20)

18 (13)

Total area of FA / cell

23 (14)

21 (11)

6 (5)

FA = focal adhesion. The numbers of confocal images were analyzed: austenite = 134, SCO = 111 and
BO = 93. Each sample type had approximately 1100 attached cells.
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The average number of focal adhesions (table 14) was very significantly (p <
0.001) higher in the austenitic and SCO samples compared to the BO ones. In
addition, more focal adhesions were present on the cells at the SCO surface
compared to the austenite (p < 0.01). The average area (µm2) occupied by focal
adhesions, i.e. the total area of cell membrane attach to NiTi surface, was
similarly higher in austenitic and SCO samples compared to the NiTi treated in
450°C (p < 0.001).
The additional 40 mm-in diameter sample was also analyzed (Fig. 19D). The
results showed the same decreasing trend in focal adhesion number with
increasing oxidation temperature as seen in the other NiTi samples. The average
amount of focal adhesion was approximately 16 plaques per cell and the area
covered by them was approximately 11 µm2.
5.9

Active osteoclasts on NiTi surface (I)

The results of TRACP-staining of primary rat osteoclasts cultured on austenite
and martensite NiTi are presented in table 15.
Table 15. The effect of NiTi alloy phases on the numbers of TRACP-positive cells and
on the percentages of active osteoclasts. The data are shown as mean (± SD).
TRACP-staining
Mononuclear TRACP+ cells

Austenite

Martensite

P

339 (54)

204 (27)

< 0.001
< 0.001

Multinuclear TRACP+ cells

94 (25)

59 (19)

Mononuclear /Multinuclear TRACP+ cells

3.9 (1.5)

3.7 (1.1)

% Osteoclasts active

66 (13)

35 (11)

< 0.001

The percentages of active osteoclasts were determined by counting the total number of osteoclasts with
actin rings divided by the number of TRACP-positive cells after 48-hour cultivation on the austenitic and
martensitic NiTi disks. n = 30 representing the number of analyzed areas of 0.38 cm2 on NiTi disks
combined from two experiments.

In this case, “an active osteoclast” is used as a term for those osteoclasts that
developed an actin ring and were TRACP-positive. The cells’ ability to etch or
modify the underlying metal or construct the full resorbing machinery remains
unknown.
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5.10 Osteoblast attachment to hybrid austenite–martensite NiTi
substrates
The results of ROS-17/2.8 cell culture on hybrid NiTi samples clearly showed
that these osteoblast-like cells were more spread in the austenite areas of the
samples. In addition, the cells on the austenite part of the sample had more focal
adhesion, which were also more elongated in structure. From visual observations
of the confocal images, a conclusion can be draw that although the actin
cytoskeleton was normally organized on both phases, on the austenite part of the
samples the cells had a thicker, stronger-looking cytoskeleton with large focal
adhesions at the ends of the filaments. These can be seen in figure 21. The contact
area of the two phases was observed to have strong cell attachment inhibitory
effects.

Fig. 21. ROS-17/2.8 cells on a hybrid NiTi sample. Green represents focal adhesions
and red actin filaments, yellow is the area where these two colocalized. (A) austenitic
shell, (B) the contact area of the two phases, and (C) martensitic core. Magnification
63x, frame size 146.2 × 146.2 µm.

No statistical analysis was performed on the data, since the number of confocal
images analyzed was low due to the preliminary nature of the experiment. The
amounts of focal contacts were counted from a few confocal images: 26 on the
outer austenite ring, 4 on the contact area and 8 on the inner martensite area of the
sample. The preliminary results were (mean ± SD): 550 ± 227 focal adhesions on
austenite, 327 ± 226 on the contact area and 490 ± 208 on martensite (per one
confocal image of 146.2 × 146.2 µm). The cells on the contact area and on the
martensite inner disk were round and diffusively stained, and thus, paxillinstained focal adhesions were "countable" only in parts of the confocal images.
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5.11 Intramedullary NiTi nails – results of Faxitron radiography and
histological analysis (IV)
Figures 22–24 and table 16 presents an overview of the results of the antegrade
intramedullary nailing from the original study IV.
The IM nails were randomly placed into the medullary canal; as a result, the
curved nails were bowed either in a medial (5) or a distal (18) direction. The
radiographs often showed that 1–2 mm of the nail tip extented from the bone at
the proximal end: 8 of the 23 curved nails and 6 of the 12 straight nails were
partly outside the femur. This had no effect on the health of the rats due to
adverse tissue reactions that might have been possible because of the rubbing of
the implant against surrounding soft tissue. The curved IM nails were typically in
contact with the bone tissue at the distal tip of the implant, where a cup-like
formation of bone was very common: 80% of groups I and I-sol-gel, 50% of
group II and 86% of group II-sol-gel. This effect was not observed with the
straight nails.
The results showed that the femurs with curved or straight nails grew equally
when compared to the unoperated contralateral femurs. In other words, the
presence of a NiTi nail did not cause any bowing of the bone. This might have
been due to the fact that the nailing procedure was not completely successful,
since the intramedullary NiTi nails were not completely inserted into the
medullary canal. Because of this, the bending nails did not direct the bending load
towards the diaphysis of the femur, but more on the proximal part of the bone.
Even though optimization of the nailing procedure is needed, the NiTi nails did
not cause fractures in the bone. In some cases, the bending nails clearly followed
the structure of the femur, as seen in the figure 23.
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Fig. 22. Overview of the radiographic results of antegrade intramedullary NiTi nailing.
The upper three images (A–C) are from the uncoated sample groups I, II and STR,
respectively. The lower images (D–F) represent the TiO2-SiO2 coated samples of
groups’ I-sol-gel, II-sol-gel and STR-sol-gel. At the distal tip of the implant, a cup-like
bone structure can be seen at the bone−implant contact area (white arrow).
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Fig. 23. Left hand side: An AP radiograph of sol-gel surface treated intramedullary NiTi
nail (group II-sol-gel). The austenite nail clearly follows the intramedullary bone
structure without any bending of the bone. Right hand side: AP radiograph of the
contralateral control femur.

As seen in the previous figure (Fig. 23), the IM NiTi nail adapted to the inner
surface of the medullary canal. The figure demonstrates that the curved NiTi nails
did actually push the medullary surface, since there was not enough space to
allow the full shape change when transforming from martensite to austenite.
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Fig. 24. Histological sections of the implanted femoral bones from the six test groups.
(A) I, (B) II, (C) STR, (D) I-sol-gel, (E) II-sol-gel and (F) STR-sol-gel. An AP radiograph of
a femur with a type II-sol-gel nail is presented (G): the upper mark shows the first cut
made at the minor trochanter, the latter is the bone site where the histological sections
shown in this figure are taken (17.5 mm from the proximal end of the bone). Green
represents bone and orange near the implant surface (black sphere; 1.4 mm-in
diameter) represents fibrous tissue.

Femur thicknesses were measured from the radiographs using the MCID M4
image analysis system in triplicate from the area of the minor trochanter (Fig.
24G, the upper line drawn in the figure). The results of every test group showed
that the diameter of the operated femur (5.96 ± 0.37 mm) was significantly larger
(0.01 < p < 0.05) than the unoperated contralateral counterpart (5.14 ± 0.29 mm).
The same effect was observed with both curved and straight nails. Since this
effect was evident in every group and in addition, there were no differences
between the six test groups, the thickening of the bone was probably the
consequence of natural bone remodeling after the disturbance caused by the
implantation procedure.
Table 16. The percentages of bone and fibrous tissue attached to the intramedullary
NiTi nails. The data are shown as mean % (± SD).
Tissue–implant contact

I

I-sol-gel

II

II-sol-gel

STR

Bone–implant contact

79 (19)

75 (23)

77 (18)

89 (10)

47 (34)

STR-sol-gel
57 (30)

Fibrous tissue–implant contact

20 (20)

28 (28)

24 (18)

11 (10)

54 (35)

41 (30)

The numbers of analyzed samples were: I = 33, I-sol-gel = 34, II = 44, II-sol-gel = 54, STR = 48 and STRsol-gel = 39.
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As seen in the above table 16, group II-sol-gel had the most bone attached
around the implant and also had the smallest percentage of fibrous tissue present.
These properties were significantly different when compared to any other group
tested (0.001 < p < 0.05). On the contrary, the straight non-coated nails (group
STR) had the smallest amount of neocortex and highest amount of fibrous tissue
compared to any other group (0.001 < p < 0.01) besides group STR-sol-gel,
which had statistically the same amount of these tissues present in proximity to
the NiTi implant.
According to the histological results, the higher bending force together with
sol-gel surface treatment (group II-sol-gel) was the most effective in the sense of
bone attachment onto the implant surface. Without the coating (group II), there
was much less bone–implant attachment present (p < 0.001). The strength of the
bending force was another significant factor in the bone–implant attachment. The
implants with smaller bending force (group I-sol-gel) had less bone attached (p <
0.01) and more fibrous tissue present (p < 0.001) at the peri-implant area than the
group with the higher force (II-sol-gel). In addition, there were no differences
between the uncoated and coated nails with the smaller curvature radius (groups I
and I-sol-gel). Also, no differences were found when comparing the two types of
curved nails without the sol-gel surface treatment (i.e. groups I and II).
Straight nails were inferior to the curved nails, demonstrating the positive
effect of bending on the bone–implant attachment. Although not statistically
significant, sol-gel surface treatment also seemed to improve the biocompatibility
of the straight nails. As an overall conclusion, sol-gel treatment seems to enhance
the biocompatibility of the NiTi IM nails. The surface treatment might even play
a more important role in bone bonding to the NiTi implant surface than the
constant bending force applied to the surrounding bone, although the bending
itself is also a contributing factor of bone–implant attachment.
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6

Discussion

The following discussion is divided into four sections according to the titles of the
original articles (I–IV).
6.1

The phase state of NiTi implant material affects osteoclastic
attachment (I)

Medical or dental implants made from NiTi alloy can have both austenite and
martensite phase present, depending on the design and use of the implant. Even
though extensive research concerning the biocompatibility of NiTi has been
performed, the two phases have not been studied separately to distinguish their
independent effects on cells and tissues. Since the two phases have different
crystal lattice organizations, they are bound to have different stress levels, which
in turn cause different surface states for austenite and martensite. The properties
of the implant surface influence the attachment and subsequent reactions of
proteins and other extracellular molecules interacting with the implant surface in
a biological environment. In a bony environment, adequate osseointegration is
required for bone implants to perform correctly. In addition to good initial
attachment, proper bone turnover must function at the bone–implant interface.
Thus, osteoblasts and osteoclasts have to be tolerant of the implanted material,
since their collaborative function at the vicinity/contact of the implant is required
for long-term success of the implantation.
In this study, we used primary rat osteoclast cultured on separate austenite
and martensite samples in order to reveal the impact of the two NiTi phases on
the function of these bone resorbing cells. We found that martensite was clearly
less biocompatible than austenite, when the formation of actin rings and positive
staining of tartrate-resistant acid phosphatase were measured. Danilov et al.
(Danilov et al. 2003) concluded that the presence of martensite in the alloy
decreases parameters of biocompatibility depending on martensite quantities and
residual structural stresses in the parent phase; higher stresses promote better cell
viability. This might have been the reason, or at least part of the reason, for the
low biocompatibility of the martensite phase. In addition to osteoclasts,
osteoblastic cells cultured on the hybrid NiTi samples, although only briefly
examined, exhibited different cell behavior depending on the cell’s location on the
sample surface. When the cells approached the contact area of the two phases, the
morphology of the cells started to deteriorate and when they were completely at
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the martensite area of the samples, cell survival was clearly compromised. Taken
together, it is evident that despite the same chemical composition, the two phases
of NiTi have different impacts on bone cell behavior.
Although the damaged morphology of both osteoclasts and osteoblasts at the
martensite surface is evident, we do not know the cellular mechanism(s) behind
it. The reduced number of cells at the martensite samples might give us a hint of
what is going on, indicating reduced cell adhesion onto this phase of NiTi. Cells
attach to artificial biomaterials by forming adhesive structures with a
macromolecular layer adsorbed onto the biomaterial surface. The structure and
conformation of this ECM contains information that influences cell shape,
cytoskeletal organization, cell motility and polarity, gene expression, proliferation
and survival (Damsky & Werb 1992, Huhtala et al. 1995, Moursi et al. 1996,
Moursi et al. 1997, Globus et al. 1998, Ilic et al. 1998). The cell culture media
used in culturing the osteoclasts contained vitronectin and vitronectin receptor
αvβ3 integrin is highly expressed in osteoclasts. Rat osteoclasts are known to
adhere to ECM proteins containing RGD sequences mainly through αvβ3 integrins
(Helfrich et al. 1992). If the integrins present in osteoclasts are unable to
recognize their ECM ligands, the primary attachment of osteoclasts is prevented.
This prevents cytoskeletal microfilament organization of the actin ring and hence
obstructs osteoclast activation towards the resorbing state (Duong & Rodan
1998). This might be one of the reasons why martensitic NiTi contained fewer
actin rings and TRACP-positive osteoclasts than austenitic NiTi.
The good biocompatibility of austenite NiTi, almost comparable to that of
bone slices, demonstrated that there were no unwanted effects caused by the
material chemistry, that is, especially the high amount of nickel in the alloy.
Osteoclasts were not negatively stimulated by NiTi. If the alloy had released
significant amounts of nickel into the culture media, this would probably have
had an effect on osteoclasts. Osteoclasts express a high level of protein tyrosine
kinase (PTK) c-src (Horne et al. 1992, Tanaka et al. 1992), and inhibition of this
and other PTKs disturbs the actin organization and resorbing activity of
osteoclasts (Kajiya et al. 2000). It has been show that Ni2+ binds to specific
domains of PTKs and may activate its function (Ahmadibeni et al. 2007). Nickel
cations can mimic the effects of calcium (Shankar et al. 1993), which function as
a negative feedback mechanism through which an osteoclast monitors its own
activity using resorbed Ca2+ as an extracellular signal (Zaidi et al. 1993). In one
study (Moonga et al. 2002), the authors stated that Ni2+ might be also required for
the rise of cytosolic Ca2+ by transmembrane Ca2+ influx in depolarized
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osteoclasts. Since osteoclasts had well organized resorptive machinery on
austenite NiTi, the negative effect of martensite must be the result of factors other
than chemical properties of the alloy. The use of separate austenite and martensite
samples revealed the existence of the different effects of the material's chemical
and physical properties on the biocompatibility of the NiTi alloy.
Allen et al. (Allen et al. 2003) stated that the assessment of biomaterial
compatibility relies heavily on the analysis of macroscopic cellular responses to
material interaction. In their study, they used both conventional phenotypic and
contemporary transcriptomic (DNA microarray-based) analysis techniques to
examine the interaction of cells with soft condensed biomaterial surfaces. As a
result, they elucidated putative links between phenotypic responses to cell–
biomaterial interactions and global gene expression profile alterations. They also
showed that even discrete modifications with respect to the physiochemistry of
the amorphous materials studied can lead to significant impacts on the phenotype
of interacting cells (Allen et al. 2003). It would be very interesting to study the
impact of phase transformation and different surface modifications of NiTi on the
gene expression profile since, as noted in the studies presented in this thesis, even
small differences in material properties have proved to have significant impact on
cellular behavior. It would be important to combine the conventional cellular
phenotypic analysis with the application of DNA microarray-based gene
expression profiling to provide a comprehensive and integrated overview of cell–
biomaterial interaction.
6.2

The effect of oxide thickness on osteoblast attachment and
survival (II)

Hundreds of different materials, methods and improvements of a biomaterial’s
surface characteristics have been developed to improve the biocompatibility and
functionality of implants. In metal and metal alloy implants, the surface of the
implant must be resistant to corrosion and other material-consuming chemical,
biological or physical processes that take place when the implant is in
physiological environment. Oxidation of an implant surface in order to achieve
bioinert, -active, -stable or tolerant surfaces is a common method of modifying
metal implants. In many studies concerning the oxidization of a metal
biomaterial, ion release experiments are being carried out (Speck & Fraker 1980,
Michiardi et al. 2006). In these studies, improvement of the biocompatibility has
been tested by measurements of ion release into simulated physiological
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solutions. In our study of the oxidation of NiTi, the oxide layer has been in direct
contact with cells, and thus, the results reflect the effect of oxidation on cell
behavior. It has previously been proposed that the formation of a thick and
homogenous stoichiometric TiO2 on the surface of NiTi alloy would improve the
corrosion resistance of the material and improve its biocompatibility (Michiardi et
al. 2006). In the study of Plant and co-workers (Plant et al. 2005), the authors
showed that when brought into contact with the human endothelium, nickel ions
from the surface of NiTi are capable of inducing pathological levels of oxidative
stress sufficient to cause breakdown of the barrier function of the endothelium.
The exposure of human umbilical vein endothelial cells to NiTi also caused loss
of vascular-endothelial cadherin and F-actin, thus significantly increasing the
paracellular permeability. These pathological phenomena were not found in cells
grown on NiTi which had been oxidized at 600°C. In another study, oxidation of
NiTi at 600°C and above resulted in a titania surface layer structure, and
subsequent immersion into simulated body fluid was observed to induce the
deposition of biomimetic bone-like apatite onto the TiO2 coated NiTi surface (Gu
et al. 2005). Interestingly, no TiO2 was detected on the surface of NiTi after heat
treatment at 300 and 400°C and the formation of apatite was also observed to be
dependent of the oxidation temperature. The formation of titania and apatite was
most likely dependent on the presence of anatase and/or rutile in the 600 and
800°C heat-treated NiTi which could provide atomic arrangements in their crystal
structures suitable for the epitaxy of apatite crystals, and anatase had better
apatite-forming ability than rutile (Gu et al. 2005). The results of the present
study indicated that the crystal lattice strains were different between the oxidized
samples (300, 450 and 600°C), and thus, the lattice distortions were different
between the samples studied. This probably had an effect on the structure of the
oxide layer; the one produced at 350°C was, for some reason, preferred by the
osteoblastic cells.
Although NiTi is always covered with a natural thin oxide layer, mainly
composed of TiO2 (Brunette et al. 2001), thickening of the oxidative layer is
thought to have protective effects on the cells and tissues in contact with the metal
(Firstov et al. 2002, Armitage et al. 2003). We observed that thickening of the
surface oxide layer does not improve the NiTi surface biocompatibility when
measured as the attachment and cytotoxicity of osteoblastic ROS-17/2.8 cells.
The reason for this might lie in the changes of the amount of martensite next to
the oxide layer at the oxide–metal contact, since the Gibbs energies of austenite
and martensite are different (Wayman 1975). The samples oxidized at the higher
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temperature (450°C vs. 350°C) had thicker surface oxide layers, but they also had
more martensite NiTi at the oxide–metal interface area. It can be hypothesized
that these alterations in the phase composition caused changes in the oxide–metal
contact potential leading to variations in external surface potential. This probably
led to changes in the surface adsorption ability. Our results indicated differences
in the lattice structure and properties of the oxidized NiTi, and that this somehow
caused different cell behavior. In addition, as already mentioned, lattice
distortions in the oxidized samples were different. Hence, the stresses exerted on
the surface of the NiTi samples probably were different between the three sample
types investigated. Supporting these arguments are results of a recent study of
Michiardi and others (Michiardi et al. 2007a), which indicated that the oxide
formed by oxidation treatment on the austenitic NiTi did not have the same
chemical properties as the one formed on the martensitic phase. The authors
suggested that the difference between austenitic and martensitic NiTi was
probably due to the structural difference between the phases, which had an
influence on the oxidation process and on the growth of the corresponding oxide.
Even though the mechanisms behind the observed differences in cell behavior are
unclear, the results and hypotheses presented here indicate the need for a deeper
understanding of the interface area of a material and its surface. In addition to the
chemical composition of the NiTi surface, surface oxide hydration degrees, types
of conductivity, surface charge, catalytic activity, structural defects caused by
oxygen deficiency and their effects on the electronic structure of Ti surface oxides
modified by the presence of Ni, must be explored in order to gain a full
understanding of NiTi surface modifications (Shabalovskaya et al. 2008).
Even though oxidation of NiTi alloys seems to be promising for further
improvement of NiTi biocompatibility, the oxide layer produced on the alloy
surface must withstand the tribological environment after implantation in order to
be usable in clinical applications. Oxide layers are brittle and crack under tensile
stress (McGuigan et al. 2003). In addition, the thicker the layers, the higher the
tendency for crack formation. Thus, thin oxide layers might in this sense be better
suited for applications, and this is supported by the present study in which a thin
oxide layer was formed on NiTi (< 16 nm) with cell protective properties.
However, these results presented here require caution and are only preliminary,
since detailed knowledge of the electronic structure of NiTi oxides and their
properties are lacking in the literature.
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6.2.1 Focal adhesions on oxidized NiTi
The use of paxillin staining for studying focal adhesions of osteoblasts on
oxidized NiTi surfaces was considered a valid method, since paxillin staining of
bone cells has been used in various biomaterial studies for investigating the
suitability of a biomaterial (Lim et al. 2007, Finke et al. 2007, Woo et al. 2007).
Cell adhesion to a biomaterial surface is a complex and dynamic process, which
occurs through a sequence of events that propagate outwards from a surface along
both spatial and temporal coordinates. The separate “components of
biocompatibility” overlap in time and space, which can cause subsequent events
to partially or wholly obscure the preceding. Because of the complexity, no single
assay sampling of a particular period of time or space can hope to resolve
spatiotemporal components of biocompatibility. (Williams 1998, Lim et al. 2004,
Woodruff et al. 2007.) Although it is clear, and in many ways scientifically tested
that surface properties of a biomaterial affect cell reactions in multiple ways, the
exact molecular mechanisms behind these are mostly still unknown. Despite these
difficulties, the results of the different quantity of paxillin-containing focal
adhesions on austenite and martensite NiTi demonstrate that these phases have
different effects on the formation of adhesive bonds of osteoblasts.
6.3

Fibronectin modulates osteoblast behavior on Nitinol (III)

It is well know that fibronectin binds nonspecifically to substrata of extremely
varied chemical composition (Klebe et al. 1981) and fibronectin coating of a
biomaterial may improve bone–implant adhesion (Seitz et al. 1982). Once
fibronectin is adsorbed onto a TiO2 surface, as in the case of NiTi, which is
covered by a naturally formed TiO2 layer, the adsorbed molecules do not desorb
easily and retain their tertiary conformation (MacDonald et al. 2002).
Fibronectin has been successfully used as a coating material for NiTi. In the
study of Kong and others (Kong et al. 2002), where fibronectin was used as a
candidate molecule for coating NiTi devices designated for the closure of intraatrial communications, a fibronectin coating fully supported endothelial cell
adhesion, proliferation and fibronectin matrix formation. The authors concluded
that NiTi biocompatibility can be improved by coating with fibronectin with
regard to anti-thrombogenicity and endothelialization. A recombinant fragment of
FN coated on titanium disks was observed to attract more osteoblasts on the
sample surface when compared to vitronectin coated or untreated surfaces (Ku et
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al. 2005). The recent in vivo and in vitro results of Jimbo et al. (Jimbo et al. 2007)
suggested that the adsorption of plasma FN onto the implant surface was effective
for earlier osseointegration due to the release of plasma FN and the subsequent
chemotaxis of cellular FN-positive bone marrow stromal cells with an osteogenic
potential.
Fibronectin interacts with cells through integrin receptors. The integrin
binding specificity is dictated by surface chemistry-induced changes in the
structure of the adsorbed fibronectin (Keselowsky et al. 2005). The differences in
integrin binding profiles most likely regulate osteoblastic gene expression and
mineralization via modulation of intracellular signaling pathways that regulate
transcriptional activity. Thus, the integrin binding specificity regulates the effects
of surface chemistry on osteoblast differentiation (Keselowsky et al. 2003a,
Keselowsky et al. 2004, Keselowsky et al. 2005). In our study, fibronectin
adsorption and conformation did not differ between austenite and martensite NiTi.
Nevertheless, these phases somehow caused differences in cell behavior:
fibronectin coated austenite NiTi demonstrated abundant FN rearrangement into
fibrils and improved osteoblast proliferation/survival. Fibronectin also elevated
the percentage of cells in the G1 phase on both austenite and martensite NiTi.
It would be interesting to study the integrin composition and integrinmediated signaling proteins of osteoblasts on austenite and martensite in order to
investigate the possible differences in integrin profiles. Integrin mediated
adhesion-dependent cellular signals are key events in regulating multiple crucial
cellular functions such as cell migration, survival, cell cycle progression,
proliferation and differentiation. Because of this, it might be postulated that the
differences observed in MC3T3-E1 osteoblast behavior on NiTi was most
probably due to the differences in integrin profiles, but the reason for this still
remain unknown. In the study of Krause et al. (Krause et al. 2000) the authors
found that adhesion to FN and Ti6Al4V (titanium-aluminum-vanadium alloy)
activated uniform integrin-mediated signaling pathways and similar
phosphorylation of MAPK (mitogen-activated protein kinase), resulting in similar
cell morphology and proliferation on both FN and Ti6Al4V. Thus, the differences
in cell proliferation on FN coated austenite and martensite NiTi might reflect
differences in the phosphorylation pattern and/or interaction of a protein tyrosine
kinase FAK [focal adhesion kinase; activation requires cell attachment; (Clark &
Brugge 1995)] with other signaling molecules (such as MAPK) due to the
differences between the substrates, which causes alternate or defective signaling
pathways.
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Oxidation treatment of NiTi was observed to enhance the hydrophilic
character of NiTi surfaces, mainly by increasing the polar component of their
surface free energy (Michiardi et al. 2007b). The polar component is the
interaction energy of a material with water, and it can be used to determine
cellular adhesion strength (Hallab et al. 2001). The oxidation treatment increased
the absorption levels and affinity of fibronectin for NiTi surfaces (Michiardi et al.
2007b). In the study of Altankov and Groth (Altankov & Groth 1996), the authors
demonstrated that the decreasing wettability of the materials significantly reduced
endogenous fibronectin deposition on the substratum. In addition, the fibrillar
organization of fibronectin appeared only on relatively hydrophilic materials,
while on more hydrophobic materials cells secreted some fibronectin but were not
able to organize it into a fibronectin matrix. Although not statistically significant,
a difference existed between the contact angles measured from austenite and
martensite. Martensite was more hydrophobic, i.e. the wettability of the surface
was lower than that of austenite. This might have had an effect on the differences
in fibronectin reorganization on the two NiTi phases. The two hour time period
for cell–FN-coating–NiTi interaction was probably so short that the results were
not affected by endogenous fibronectin production, but were merely the results of
the reorganization of the artificial FN coat.
As discussed in a number of papers (Vitte et al. 2004, Garcia & Reyes 2005)
the determination of cell behavior on an artificial surface is influenced by a
number of nonbiochemical signals. Parallel with ligand-receptor mediated cues
for cell behavior, the mechanical, physico-chemical and topographical features of
the substratum also have an input on the initial adhesion and thus for all the
following cellular reactions. As the present study showed, in austenite and
martensite NiTi, the physical differences of these two phases had a strong impact
on both osteoclasts and osteoblasts. The experiments with FN coating
demonstrated that these phase state-dependent differences of NiTi did not have an
effect on the adsorption and conformation of human plasma fibronectin, and thus
the FN coated samples had the same adsorbed surface protein structure regardless
of the sample’s phase state. For some unknown reason FN was more fibrillated by
MC3T3-E1 osteoblasts on austenite than on martensite. Osteoblast survival was
improved with a fibronectin coating; especially at the early stage of attachment
(measured 2 h after cell contact with the FN-NiTi surface). Unlike on martensite,
the protecting quality of fibronectin remained on austenite NiTi after 48 hours.
Fibronectin is known to regulate osteoblast differentiation and mineralization
(Moursi et al. 1996, Globus et al. 1998, Keselowsky et al. 2005). It is thus
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understandable that the fibronectin coating elevated the number of MC3T3-E1
cells at the G1 phase of the cell cycle, possibly indicating cell differentiation.
As Keselowsky and others (Keselowsky et al. 2005) pointed out, the effects
of biomaterial surface properties on cellular responses are generally attributed to
material-dependent differences in adsorbed protein species, concentration, and/or
biological activity. However, the molecular mechanisms modulating these cellular
activities remain poorly understood. The lack of fundamental understanding of
cell–material interactions hinders progress toward the development of synthetic
materials that elicit the desired cellular responses. In the present study, the
fibronectin coating on NiTi probably had different biological activities on
austenite and martensite, even though its adsorption and conformation appeared
to be similar.
6.4

Biocompatibility of sol-gel coated orthopaedic NiTi implants
(IV)

6.4.1 Intramedullary nailing and the effect of mechanical loading
Intramedullary nailing has become a treatment of choice for various bone
fractures. Because of their location in the medullary canal, nails do not have
nearly as adverse an effect on callus strength as bone fixation plates, despite the
fact that the nails are substantially stiffer than bone (Chapman 1998). IM nailing
using the groove of the greater trochanter as an entry point to the femoral canal is
considered to be a safe method to treat various bone fractures (Papadakis et al.
2005, Ostrum et al. 2005) even in adolescent patients (Townsend & Hoffinger
2000, Kanellopoulos et al. 2006).
Functional IM NiTi nails have been previously used in the studies of Kujala
and co-authors (Kujala et al. 2002a, Kujala et al. 2002b). In these investigations,
significant retardation of longitudinal growth of the implanted femoral bone was
observed, but this effect was evident in both curved and straight NiTi nails, thus it
seemed to be due to the nailing itself rather than the bending force. In the present
study, two different bending strengths were used, and one provided a higher
bending force than those used in the studies of Kujala and others. The results of
the present study indicated that the bending force applied inwardly to the bone
increased the biocompatibility of the functional NiTi nails without any effect on
the macroscopic structure of the bone.
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The increased biocompatibility, detected as increased bone−implant
attachment, might be, at least partly, due to better immobilization of the nail to its
position. As Bond et al. wrote, the unlocked IM nails acts to guide the motion of
the bone along the longitudinal axis of the implant. The friction of the implant
within the medullary cavity determines this resistance to motion (Bong et al.
2007). In this study, the bending NiTi nails were tightly attached to the endosseus
surface, and thus provided good anchorage of the nail to the bone surface.
The observed enhancement of bone attachment to the bending NiTi implants
is very interesting, since the influence of static forces around osseointegrated
implants is a topic of debate (McDonald et al. 1994, Carr et al. 1996, Michaels et
al. 1997, Duyck et al. 2001a). It is known that certain prosthesis mismatches
induce a static load continuously on the implant and causes strains and stresses to
the bone (Duyck et al. 2001a). Bone has a high biological tolerance against static
forces (Akin-Nergiz et al. 1998, Duyck et al. 2001a), and this might have
contributed to the “unbending” observed in this study despite the use of load
inducing NiTi nails. In an in vivo study of the quantity and quality of pre-load on
implants supporting a fixed full prosthesis, the authors found bending moments
and forces caused by mismatch, but no compromised osseointegration was
observed (Duyck et al. 2001b). Others have noted that care should be taken to
avoid prosthesis mismatch since significant bone deformation was found around
such implants, which could have an effect on the initial marginal bone loss (Jemt
& Lekholm 1998). In addition to mismatches creating static load, poor initial fit
may decrease the longevity of the implant. The results of Dalton and colleagues
(Dalton et al. 1995) indicated that attachment strength and bone ingrowth are
significantly affected by gaps in the bone–implant interface, particularly those of
more than 1.0 mm.
In the study of Duyck and others, the authors concluded that excessive load
can trigger resorption through the induction of micro-damage in the bone (Duyck
et al. 2001a). Although excessive loading of bone due to implant-related reasons
can cause adverse effects on the normal bone remodeling cycle, an appropriate
amount of load is important for successful osseointegration. As Brånemark stated,
it is critical for the maintenance of osseointegration that the carefully controlled
and prosthetic-induced loading of the implant−tissue interface is maintained
(Brånemark et al. 1985). The controlled mechanical environment is necessary to
assure an adequate remodeling stimulus for maintenance of integration. Since
bone modeling and remodeling are the result of the interactions of the mechanical
environment (e.g. load magnitudes, load directions, loading rates, and loading
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frequencies) and the biological milieu (e.g. bone quality, bone quantity, and the
ability of cells to respond) (Hoshaw et al. 1994), it is difficult to define the
properties of the implant required to achieve the desired bone response, in this
case, the "overload" needed to induce the bending of the femoral bone by the
intramedullary NiTi nail. The precise “overload” of bone required to induce
negative effects on osseointegration is yet to be determined. It is also important to
note that the majority of the studies concerning loading effects on bones have
been done with dental implants, where the cyclic loading of occlusion has great
importance to the prosthesis/implant−tissue interaction. Bone implants in the
weight bearing parts of the body are also subjected to cyclic loading, e.g. walking,
but comprehensive studies of the load effects on these implant types and their
surrounding tissues seem to be rare.
The overall success of osseointegrated implants depends on factors
concerning biological, biomechanical and clinical practice. Of these aspects the
biomechanical properties of the implant and the peri-implant bone is of great
significance. Bone implants must be capable of transferring the load to periimplant tissue, thus enabling the bearing capacity of the system even after the
introduction of an implant. The stress/strain level and its history in the bone act as
mechanical stimuli for bone remodeling (Bonewald 2006, Aguirre et al. 2007,
Malone et al. 2007, Tatsumi et al. 2007). The magnitude and frequency of stress
is closely related to the possible improvement or decrease of bone biomechanical
properties. In addition, the variable elastic properties of bone tissue surrounding
the implant affect the deformability of the bone−implant system and stress/strain
distribution on the bone tissue (Natali et al. 2006). In the present study, the stress
distribution of the implants differed due to the structure of the austenite NiTi nail.
Curved nails created compressive forces on the concave side of the nail and
tension forces on the convex side. Although not measured, the highest stresses
were probably present in the middle part of the twisting nail and also in the tips of
the nail pushing towards the bone endosteum. The magnitude of force directed to
the bone by the bending NiTi nail was unfortunately not studied. This information
would have been an important addition to the results and would have helped in
gaining more accurate and detailed results of the effect of the intramedullary
functional NiTi nail. Overall, the results presented here did not reveal loss of bone
contact in different areas of the bending implants.
When the distal tips of the curved NiTi nails were in contact with the bone
cortex, a cup-like bone structure could be seen in most of the antero-posterior
radiographs. This "cup" was possibly due to a mismatch in the radius of curvature
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between the implant and the femur, resulting in a partial cortical penetration
(Bong et al. 2007). In addition to nail penetration into the cortex, there seemed to
be bone formation below the tip of the nail, thus creating a cup-like structure
around the tip. The interpretations of these observations require caution, since the
radiographic findings could not be histologically visualized. It is possible that the
NiTi nail pushing toward the endosteum caused both bone formation and
resorption. The bones with a curved IM NiTi nail were subjected to multiple
forces, such as local loading, uneven stress transfer and bending strains – all of
these affecting bone turnover and site specific bone formation (Engh et al. 1987,
Raab-Cullen et al. 1994).
Distortion of the physiological milieu by a surgical procedure induces the
normal regional acceleratory phenomenon (RAP) (Frost 1989). RAP is an
increase in all metabolic activities in a part of the body that has been attacked by
any provocative stimulus. In the study of Ryhänen and colleagues (Ryhänen et al.
1999), the authors found no negative effect on the normal RAP of bone after NiTi
periosteal implantation. In the present study, RAP might have played a role in the
observed thickening of the proximal third of all of the operated femurs by
inducing bone turnover with a tendency toward excess bone formation. In
addition, we might hypothesize that in this study the increase of bone formation
after implantation of the curved intramedullary NiTi nails was partly due to the
stronger stimulus of RAP when compared to the straight nails. The curved nails
provided increased mechanical loading, which might have increased the RAP,
resulting in higher bone formation. In addition to early osseointegration, bone
implants have to allow normal bone turnover in order to be fully biocompatible.
Thus, the maintenance of bone−implant contact and the quality of bone around
the implant are important factors that determine the long-term biocompatibility of
an implant.
Even though this study failed to produce macroscopic changes in the
architecture of healthy femoral bone, the use of NiTi-based shape memory IM
implants can provide interesting future advancements in IM applications (Bong et
al. 2007). Due to the martensitic transformation, even bent implants are easy to
insert. The human femur has an average radius of curvature of 120 ± 36 cm, but
the nails currently used as femoral IM implants have radii ranging from 186 to
300 cm (Egol et al. 2004). With NiTi, femoral nails that follow the natural
curvature radius of the human femur can be manufactured and implanted as
straightened in their martensitic form. The histological result of this study
indicates good osseointegration of bent intramedullary NiTi nails.
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6.4.2 Sol-gel surface treatment of NiTi
The sol-gel surface treatment with TiO2-SiO2 improved the biocompatibility of
the intramedullary NiTi nails. This surface treatment increased bone–implant
attachment and decreased fibrous tissue–implant contact. The improved
biocompatibility of might be due to the ability of the modified surface to attract
calcium and phosphate from body fluids, depositing as CaP on the implant
surface and rendering it more suitable for direct bone bonding. In the study by
Areva and colleagues, the authors found that sol-gel derived nano-porous titania
coated titanium implants formed close contacts with adjacent connective tissue,
whereas a gap and fibrous capsule formed at the control implant–tissue interface
(Areva et al. 2004). In a earlier article, the authors (Areva et al. 2002) suggested
that the formation of bonelike apatite on a sol-gel derived titania coating occurs
via continuous dissolution/reprecipitation processes. However, proteins might
quench this formation; i.e. if proteins from surrounding tissue adsorb to the initial
CaP layer, this could inhibit further growth of the CaP to bonelike apatite. In
addition, sol-gel processing of Ti-alloy has been shown to promote the capacity to
initiate CaP nucleation, and to increase the attachment of osteoblasts as well as
the number of mineralized nodules under cell culture conditions (Advincula et al.
2006).
Nanophase ceramics, such as the sol-gel derived titania coating, have been
shown to adsorb vitronectin, which partly explains the subsequent enhanced
adhesion of osteoblasts on these ceramics (Webster et al. 2000). Furthermore, solgel deposition of TiO2 and subsequent steam treatment on NiTi has been shown to
improve the corrosion resistance of the alloy (Chiu et al. 2007). In addition to
improved corrosion properties, sol-gel derived titania was also observed to
increase the blood compatibility of the NiTi alloy (Liu et al. 2003). The results of
a recent study of cell responses on titanium surfaces with different ratios of
TiO2/SiO2 in a sol-gel derived coating showed good fibroblast and osteoblast
response to the surfaces (Areva et al. 2007). These results demonstrated
osteoblast activity on both 70:30 and 30:70 TiO2-SiO2 surfaces; the latter
prolonged osteoblast activity and calcified nodule formation in vitro. The in vivo
results of the present study support the use of a 70:30 ratio of TiO2-SiO2 as an
osteoinductive coating, but other ratios of titania and silica should be tested in
order to optimize the coating method. In addition, the cellular mechanisms behind
the improved biocompatibility due to the sol-gel derived implant coating should
be further examined. Furthermore, the sol-gel derived surface finishing can be
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further developed with methods such as CO2 laser for direct densification and
local activation of the coating, and for creating implants with varying bioactivity
(Moritz et al. 2003).
The findings of the present study, supported by other research in the field,
offer promising indications for the safe and versatile use of sol-gel surface treated
NiTi bone implants. The results encourage further studies concerning the sol-gel
derived nonresorbable TiO2-SiO2 nanocoating as a reactive and biofunctional
implant surface treatment.
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7

Conclusions

In study I, the results showed that austenite and martensite phases of NiTi SMA
had different impacts on rat primary osteoclasts. On martensite, both osteoclast
morphology and activity deteriorated. The results indicate that the
biocompatibility of NiTi is different in the austenite and martensite phase in
respect to osteoclast adhesion and growth. Additional studies are needed to
further investigate the mechanisms behind the differences observed in osteoclast
behavior.
Study II showed that NiTi biocompatibility can be improved with a TiO2
surface treatment, although the thickness of the coating does not necessarily
correlate with the improvement. Oxidation of austenite NiTi caused a martensite
phase presence in the alloy structure, the higher the oxidation temperature, the
higher the amount of martensite. This caused differences in the nano-structure of
the oxidized samples, which probably resulted in different macromolecule
adsorption onto the alloy surface. As a result, osteoblasts adhered better on
nonoxidized austenite and to the modest oxide coating compared to the thicker
oxide surface.
The results of study III demonstrated that a fibronectin coating improves NiTi
biocompatibilily in osteoblast culture. The protective effect was stronger on the
austenite phase. Fibronectin remodeling was evident on both phases, but it
appeared to be more pronounced on the austenite surface. Nevertheless, the
comformation of fibronectin showed no differences between the phases when
studied by antibody-binding capacity. The fibronectin coating increased the
number of cells in the G1 stage of the cell cycle on both phases, possibly
indicating cell differentiation.
In study IV, functional IM NiTi nails were implanted in a proximal to distal
direction into rat femurs. Some of the nails were TiO2-SiO2 coated by sol-gel
deposition. The implanted nails were either curved or straight in their customized
austenite shape. Two types of curved nails were used with two different curvature
radii. The results showed that sol-gel surface treatment of titania-silica coating
improved the bone–implant attachment. The constant load applied by the curved
nails enhanced this attachment, but did not result in changes in the macroscopic
structure of the bones.
As an overall conclusion, NiTi SMA is well tolerated but the mechanically
induced martensite phase should be avoided when implants are designed. Also the
possibility of enhancing IM nail fixation by careful control of the austenite
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implant design should be further studied. Various degrees of titanium oxide and
titania-silica coating can improve the biocompatibility of the NiTi implants
probably by influencing the adsorption of ECM proteins on the surface.
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(Early) osseointegration

rhBMP-2

Osteoblast differentiation

HA-tricalciumphosphate

coated rod

beta1 and 2

Hepatocyte growth factor

Osseointegration

HA

Titanium-fiber-metal

Transforming growth factor
Human fibronectin fragment

153
Osseoinduction

Insulin-like growth factor 1

147–
Local drug delivery system

lactide)

Titanium

Adsorption

Biodegradable poly(D, L-

HA

Growth factors:

146

145

Fibroblast growth factor

Osseoinduction

Dip coating

Osteoblast chemotaxis

Enhanced osteoblast function

Adsorption
Covalent coating

Gelatin

Titanium-ion plating

Titanium

Titanium

TiO2/perlite

Bioglass

142–

Improved bone maturation and

Covalent

Decorin and bioglycan

Ti6Al4V

Acrylic implant

141

Improved biocompatibility

fibrillogenesis

Chondroitin sulfate

Titanium

Bone sialoprotein

Fibronectin

134–

remodeling

Refs.

Aims of Coating

Biomimetic

Coating methods

Carbodiimide induced cross- Adsorption
linking

Additional modifications

Stainless steel

Collagen

Enhanced (early) bone

Substrates
Cobalt alloy

Coating type
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Osseointegration
Spine fusion

Biomimetic co-precipitation with CaP
CaP carrier
Collagen sponge carrier

CaP
HA
Nanocrystalline
diamond

Chitosan

Phospholipids

Arg-Gly-Asp-Cys peptide (RGDC)

Cyclic RGD

Arg-Gly-Asp peptide (RGD)

CAM)

Tetra-cell adhesion molecule (T-

Bioglass

Titanium

Ti6Al4V

Ti6Al7Nb

Titanium

HA

–

Adsorption

Chitosan-HA composite

reactions

Solution casting and bonding via silane

Dip coating

171–
174

Bone formation

170

Osseointegration

Osseointegration

Bone formation

Biomimetic cell membrane 168–-

167

Osseointegration

Thiol anchoring

Ti6Al4V

peptide
SAMP platform

160–

function

HA-blasting

Enhanced osteoblast

PMMA

Adsorption

Cell adhesion molecules
Acrylic acid coupling

159

Titanium

Poly(D, L-lactide) carrier

Refs.

Local drug delivery system 154–

Aims of Coating

Ti6Al7Nb

Adsorption

Coating methods

Titanium

modifications

Substrates Additional

GFOGER collagen mimetic

Bone morphogenetic protein / BMP

Coating type
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antibiotics

Antimicrobial /

Bisphosphanate

Coating type

Titanium

Titanium
–

183

Prevention of implant associated
osteomyelitis

Solvent casting technique
Protection against infection

180–

Local antibiotic therapy

antibiotic

Poly(D, L-lactide) loaded with the

Use in osteoporotic individuals

179

Reduced osteoclast resorption activity

coating

steel

–

175–

HA
Osseointegration

Refs.

Increased mechanical fixation

Aims of Coating

Incorporation into poly(D, L-lactide)

Coating methods
Incorporation into CaP coating

modifications

Additional

Stainless

Substrates
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