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GENERAL INTRODUCTION

The continuing aging of the population has brought with it an ever-increasing
need for materials specifically suited for biomedical applications. The fact that this
need is increasing is no surprise if we compare the life expectancy of a hip implant,
for instance, with the ever-increasing life expectancy of a patient. With normal
implant longevity of 12 to 15 years, it is expected a patient that receives a hip implant
at the age of 65 to endure at least one more surgical intervention, before the end of

his life. Nowadays, this is one of the biggest concerns of biomedical researchers.

In the orthopedic domain, the search for specialized materials that respond
both to the mechanical and chemical solicitations of the human body but assure a
proper host response have lead to outstanding and revolutionary breakthroughs over
the years. It is now clear that titanium and in particular the titanium alloy Ti6Al4V are
the most favorable choices for bone substitution. They possess excellent corrosion
resistance due to their ability to interact with water and air to form a spontaneous
oxide layer, which also protects against ion release; great mechanical properties
which approximate the material to the human bone (i.e. young modulus); and are
compatible with the living tissue. Despite being continuously used in the medical
field, titanium may present some challenges to a long-term implantation. Possible
aseptic loosening due to inadequate tissue response (i.e. fibrous tissue formation
and/or infection) may occur. Therefore, it is imperative to find solutions that, on one
side, maintain the mechanical and chemical resistance and properties of the
materials and, on the other side, improve the biological response. This is the “heart”

of the present research work.

Based on previous investigations conducted by the Laboratory of Biomaterials
and Specialty Polymers (LBPS-CSPBAT) team, we now know that the long-term
response of polymeric and metallic implants can be improved by grafting bioactive
polymers bearing anionic groups onto their surfaces. The interactions between the
bioactive materials and the living tissue have been followed in vivo and in vitro and
their potential to modulate the attachment, adhesion, spreading and differentiation of
various cell types has been demonstrated. The mechanism by which the cells

respond to the bioactive model surfaces has been investigated, as well. The results
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point to a selective protein adsorption (i.e. fibronectin and vitronectin) with favorable
affinity and conformations that allow to control the host response. By following this
line of investigation, the LBPS developed a strategy that consists in the grafting of
bioactive macromolecular chains from the poly(sodium styrene sulfonate) or
poly(NaSS) polymer. It has been seen that this polymer aside from enhancing the
cells activity also decreases bacterial adhesion. Data from in vivo testing has
confirmed the stability of this bioactive polymer in physiological environments and the
needless of protection against enzymatic degradation, overcoming limitations of pre-
existing strategies of incorporation or release of bone-promoting proteins (BMPs,
collagen...) and antibiotic drugs (gentamycin). Preliminary results on titanium have
shown that this polymer induces the creation of new active sites along the surface for
protein adsorption from the extracellular matrix aside from enhancing the osteoblastic
differentiation, both alkaline phosphatase activity and mineralization. Nevertheless,
much needs to be understood about the role of the surface chemistry on the cells
development and its interaction with important proteins from the blood plasma and

the extracellular matrix.

In this investigation, the authors:

(1) studied the impact of poly(NaSS) grafted onto Ti6Al4V substrates on the
general osteoblastic cell behavior (from attachment to mineralization);

(2) followed the cells development on grafted Ti6Al4V materials pre-adsorbed
with three important and well characterized proteins, albumin, fibronectin and
collagen type I, both adsorbed individually and from a mixture, and we inferred about
the effect poly(NaSS) exerts on cells when exposed by itself (without a protein
interface);

(3) demonstrated the influence of two adhesive proteins, fibronectin and
vitronectin, on the cells early adhesion on regular and double depleted media;

(4) put in evidence the importance of integrin-mediated cell attachment on
fibronectin, vitronectin and collagen type | pre-adsorbed surfaces

(5) characterized the proteins conformation by assessing the amount of their
active binding sites and the variations in cell morphology;

(6) and finally, determined the competitive character of albumin, fibronectin
and collagen type I.

The totality of the experiments was conducted in vitro.
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This thesis was subdivided in five chapters:

) General Introduction: in this section a brief introduction to the main subjects
of investigation was made and the objectives of the research were established.

1)) Literature Review: this chapter includes a complete analysis of all topics
related to the main subject of investigation. It followed a hierarchical orientation
starting from the simplest and general aspects and continuously evolving to more

complex and detailed information.

1)} Materials and Methods: here a description of the techniques and materials
employed in the project was provided. This included characterization sections, only
related to the materials, and biological sections, composed of all necessary tests to
understand the initial cellular behavior on treated Ti6Al4V materials.

IV)  Results and Discussion: this section deals with the results from the entire
experiments, with each one being exposed in the company of insightful observations

and fundamented discussions.

V) Conclusions and Future Perspectives: as the title suggests, the main
conclusions retrieved from the experimental data were provided and topics for future

work were suggested.
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1. BONE TISSUE

The bone tissue is a specialized form of connective tissue composed of
mineral and organic phases that provide a great rigidity and hardness to the bone.
Despite its inert appearance and high resistance, bone tissue is in fact a very
dynamic structure. For the entire organism life, bone is in constant remodeling so its
mechanical properties and metabolic functions remain viable.

Different cell types are involved in the bone tissue formation, namely
osteoclasts, bone lining cells, osteocytes and osteoblasts. These cells are embedded
within the mineralized extracellular matrix (ECM), formed primarily by fibrils of
collagen type | (Col I), glycoproteins and proteoglycans, which allow the bone to
maintain its functions of support and protection of the organism. Besides those, bone
tissue is also involved in the skeletal muscles and tendon connections needed for the
body movement; works as a lever system amplifying the strength generated during
muscle contraction; and possesses a storage for calcium, phosphate and other ions,
so important for several metabolic functions. More than 90% of the calcium in the
human body is present in bones to guaranty the stiffness of the skeleton, supply the
organism with the mineral, and preserve vital functions through bone resorption [1-3].
Recent reports have shown the remodeling process of bone to be an important
regulator of glucose levels in blood, since the osteocalcin (OCN) hormone liberated

by bone favors the synthesis and secretion of insulin [1].

1.1 Composition

Biochemically, the bone tissue is divided in two phases, organic (~r 20% w/w)
and inorganic (~ 60% wi/w). It is also composed of water (~ 10% w/w) and several
other organic molecules such as glycosaminoglycans, glycoproteins, lipids, peptides,
enzymes and different ions.

Col | (86%) is the predominant constituent of the organic phase of bone. It
provides elastic and viscoelastic capacities to the bone, enabling its resistance to
tension stress. Small amounts of collagen types Ill, V and X can also be found in this
phase, aside from various glycoproteins, one of which, the OCN, believed to play an
important role during mineralization [3].

The collagen molecules are organized in parallel fibers, forming interfibrillar
cross-links at the extremities of bone that provide stability to the matrix (three
6



LITERATURE REVIEW | Chapter 2

dimensional structures). Their orientation goes towards the primary lines of stress by
which the bone structure is regularly submitted. In certain stages of the bone matrix
formation, the small amounts of other collagen types can be involved in the collagen
fibrils size regulation (diameter). There are several gap regions or “holes” in between
those collagen formations that work as initial deposits for hydroxyapatite (HAP)
crystals, during mineralization. This way, the organic matrix will work as a molecular
and structure basis for the initial deposition of the inorganic components, defining its
efficiency [4].

The inorganic phase of bone is highly resistant to compression stress due to
its main composition in calcium and phosphate ions. These are usually organized as
HAP crystals.

The HAP present in the human bone is a ceramic of following composition
Caip(PO4)s(OH),, with a hexagonal crystalline structure. In its natural form, HAP
crystals display different impurities, typically as a way to overcome possible
deficiencies in calcium and phosphate. Potassium, magnesium, strontium and/or
sodium are usually found in the place of calcium ions; carbonate can be found
substituting phosphate ions; whereas chloride and fluoride can be found replacing
hydroxyl ions. These elements are very soluble and, as consequence, the bone is
able to resolubilise and release its ions into the extracellular fluids as needed.

The incorporation of other elements in the crystalline structure of the HAP
slows down during the organism life, becoming more and more crystalline. This
phenomena explains the slower remodeling process of bone tissue correlated with
aging [3,5,6].

1.2 Structure and Organization

The bone tissue can be classified according to its porosity and structural
organization into cortical, also known as compact bone, and trabecular bone, also

known as cancellous or spongy bone (Figure 1) [3,5].
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Figure 1. Bone tissue macroscopic organization [7].

The dense outer cortical bone encloses an irregular medullary space
containing the cancellous bone, which is composed of branching networks of

interconnecting bony trabecular elements. Both cortical and trabecular bone are

composed of osteons (Figure 2).
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Figure 2. Bone tissue microscopic organization [3].

The adult human skeleton is composed of ~ 80% cortical bone and ~ 20%
trabecular bone. However, different bones possess different ratios of cortical and
trabecular bone. For instance, the vertebra has a ratio of 25/75 cortical to trabecular
bone, while the femoral head has a 50/50 ratio. Despite the very distinct structural

and functional tasks, their cellular elements are equal [3,5,7,8].
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1.2.1 Cortical Bone

The cortical bone is a dense and solid hierarchical organization of osteons,
also known as Haversian systems, that surrounds the marrow space. The Haversian
systems are cylindrical in shape. They are composed of 6 to 8 concentric lamellae
sheets of approximately 400 mm long and 200 mm wide that follow a parallel
orientation according to the longitudinal axis of bone, creating a branching network
within the cortical bone. In between the various lamellae there are gaps named
lacunas where the osteoblasts differentiated into osteocytes are located. There are
approximately 2.1x10” cortical osteons in a healthy human adult and its porosity
ranges between 5 and 10%. Cortical bone facilitates bone’s main functions, support
and protection, as well as system of levers of movement and chemical elements
storage. It forms the cortex, or outer shell, of most bones and possesses a complex
vascular system of blood vessels and nerves, which provide high sensitivity and
regenerative capacities to the bone [3,5,7,8].

The cortical bone possesses an outer periosteal surface or periosteum and an

inner endosteal surface or endosteum.

1.2.2 Periosteum and Endosteum

The periosteum is a fibrous connective tissue, highly vascularized, that covers
the outer surface of all bones, with the exception of joints where bone is covered by
joint cartilage. It attaches to the bone by means of strong collagenous fibers also
named Shapey’s fibers and provides an attachment site for muscles, ligaments and
tendons. It is divided in an outer fibrous layer (containing fibroblasts) and an inner
osteogenic layer (containing osteoprogenitor cells). In adults, it is responsible for
bone remodeling (new bone formed after injuries), while in children is critical for bone
formation and development.

The endosteum is a soft, thin, membranous layer of non-mineralized
connective tissue that surrounds the inner cavity of cortical bone, trabecular bones
and blood vessels (Volkman’s canals) present in bone. It contacts directly with the
bone marrow space and contains blood vessels, osteoblasts and osteoclasts. As the
periosteum, the endosteum is also involved in the bone remodeling process by
immobilizing osteoclasts during bone growth, preventing the formation of

unnecessarily thick bones [2,3,9].
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1.2.3 Trabecular bone

The trabecular or cancellous bone has a higher surface area to mass ratio
than the cortical bone. Consequently, exhibits more flexible, light, softer and weaker
characteristics. It is composed of osteons, also known as packets (semilunar shape),
plates, and rods averaging from 50 to 400 mm in thickness that are organized as
honeycomb-like networks. Bone marrow (major producer of blood cells) can be found
in between these spaces. Due to its organization and greater surface area, trabecular
bone is preferable for metabolic functions. There are approximately 1.4x10’
trabecular osteons in a healthy human adult. The trabecular bone is commonly found
in the end of long bones, joints or within vertebrae, and contributes with 20% to the
total skeletal mass [2,3,5].

1.3 Cell Types
From a histological point of view, the human bone is composed of several

distinct cell types (Figure 3). Considering their impact in bone formation, special

attention is provided to the osteoclasts, bone-lining cells, osteocytes and osteoblasts

[1].
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Figure 3. Bone cells [1].

1.3.1 Osteoclasts

Osteoclasts are large multinucleated cells with diameters ranging from 20 to
100 um, only responsible for bone resorption (Figure 4). They possess an acidophilic
cytoplasm including various vesicles and vacuoles. Osteoclasts derive from the
fusion of mononuclear monocyte-macrophage precursor cells, a hematopoietic type
of cells. Its formation occurs in association with the stromal cells in the bone marrow
that secrete essential cytokines, the RANKL (receptor activator of NF-kB ligand) and

the M-CSF (macrophage CSF), which trigger the differentiation of the hematopoietic
10
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cells into osteoclasts. While RANKL is crucial for the osteoclast formation, the M-CSF
is responsible for their survival and for cytoskeleton rearrangement required for bone
resorption [1,3,10].

The newly formed osteoclasts must be activated to set the bone-resorbing
cells activity. During that process, they become highly polarized cells since bone
resorption depends on the osteoclasts ability to secret hydrogen ions (H*) and the
cathepsin K enzyme. The H" ions are used to dissolve the mineralized matrix of
bone, whereas the cathepsin K digests the organic phase of bone (mainly Col I).

The osteoclasts bind to bone matrix via the integrin receptors, in particular the
o3 integrin that interacts with osteopontin (OPN) and bone sialoprotein (BSP). Upon
contact with the bone matrix, the osteoclasts actin cytoskeleton is rearranged so the
acidified resorption (secretion of hydrochloric acid and acidic proteases aside from
the H* and the cathepsin K that favors the hydroxyapatite crystals dissolution) is
sealed to the surrounding bone tissue. After their task is complete, the osteoclasts
migrate into the adjacent marrow space, where they undergo apoptosis (they can live
up to seven weeks), and the calcium and phosphate ions are liberated to the
extracellular fluids [1, 10-13].

HCO,~ CI-
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3

Bone

Figure 4. Mechanism of osteoclastic bone resorption [13]

The equilibrium between the osteoclasts and osteoblasts activity defines the

velocity in which bone regeneration occurs.

1.3.2 Bone-lining Cells
Bone-lining cells are flat and highly interconnect with each other, possess an

attenuated cytoplasm and a reduced metabolic activity (small number of organelles).

11
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They derive from inactive osteoblasts, which are no longer involved in the remodeling
process, and, as the name suggest, form a cellular layer on the surface of bone,
protecting it and controlling ions exchange aside from assuring the nutritional support
of osteocytes embedded in the underlying bone matrix. In addition, these cells are of
importance in the bone remodeling process, since they possess various hormones

and growth factors essential to its initiation [1,3,14].

1.3.3 Osteocytes

Osteocytes are star-shaped cells, derived from osteoblasts that become
completely surrounded by osteoid. They are usually smaller than their precursors
(loss of organelles) and occupy spaces named lacuna, which define the cells shape.
They are able to extend their cytoplasm along the canaliculi (small channels) and
communicate with neighboring osteocytes and bone-lining cells by means of gap
junctions. Osteocytes can also communicate with distant cells through signaling
molecules such as nitric oxides and glutamate transporters. These cells are the most
abundant in the bone tissue (represent 95% of the total cells in a mature bone) with a
life expectancy of approximately 25 years [1-3,15].

Osteocytes are the cells responsible for maintaining the bone matrix, since
they can both synthesize new matrix and participate in its degradation. This function
is also responsible for their longevity. In case of death, the resorption of bone matrix
is assured by the osteoclasts while the remodeling is dependent on the osteoblasts
activity. The osteocytes are also involved in the response to mechanical stimulation
of bone, translating the stress signals from bending or stretching into biological
activity, which can change gene expression and the cells apoptotic mechanism
[15,16].

1.3.4 Osteoblasts

Osteoblasts are bone-forming cells responsible for the secretion of the bone
matrix and the major cellular component of bone. They exhibit a cuboidal or
polygonal shape (15-30 pm), possess a large nucleus and a cytoplasm rich in
organelles with strong activity (granular endoplasmic reticulum, rounded
mitochondria and well-developed Golgi apparatus). These cells are commonly found
in the inner or outer surfaces of forming bone sites, typically as covering monolayers
[1-3].

12
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Osteoblasts arise from osteoprogenitor cells, self-renewing pluoripotent stem
cells as mesenchymal stem cells, located in the bone marrow that induced by
different local and systemic factors (bone morphogenetic proteins (BMPs), fibroblast
growth factor (FGF) and others) differentiate into non-functional pre-osteoblastic cells
and then into mature osteoblasts. Depending on the stimulant factor, stem cells can

differentiate into several other types of cells (Figure 5) [17,18].
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Figure 5. Different stages of osteoblasts formation and differentiation, and respective molecular
signals [18].

Active osteoblasts are very versatile and the responsible for the mineralization of
the bone matrix. They secret Col I, the main component, exhibit an intense alkaline
phosphatase (ALP) activity that intensifies the concentration of calcium and
phosphate ions aside from the hydroxyapatite formations, and are capable of
synthesizing various specialized proteins such as OCN, BSP, OPN and BMPs that
work as biomarkers of osteoblastic function and development. The osteoblasts are
involved in the bone remodeling process, supervising the resorption and promoting
the osteoclasts contact with the mineralized bone surface. In fact, they synthesize the
cytokine RANKL to induce their differentiation into osteoclasts [3,17,19,20].

In the end of the bone remodeling process, most of the osteoblastic cells
undergo apoptosis. Still, there is part that take new functions, differentiating into

osteocytes or bone-lining cells.
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1.4 Bone Dynamics

1.4.1 Formation and Growth

Bone formation (or ossification) is initiated during the first weeks after
conception and its development is traditionally classified as endochondral (cartilage
intervenes as bone precursor) or intramembranous (without cartilage intervention).

The endochondral ossification involves the formation of bone by means of
hyaline cartilage models that are, with time, progressively substitute by bony tissue
(Figure 6). After the third month of gestation, the cartilage models become highly
vascularized and the osteoblasts start the formation of a collar of compact bone
around the cartilage, leading it to disintegrate. At this point, osteoblasts can penetrate
into the cartilage model and initiate its replacement with trabecular bone. The
ossification process continues from the center to the extremities of the bone, until
only cartilage remains at articular joints and growth regions. Most bones are formed
this way [1-3,21].
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Figure 6. Endochondral ossification process [22].

The intramembranous ossification consists in the substitution of connective
tissue membranes with bony tissue, in other words, bone is formed by differentiation
of mesenchymal stem cells into osteoblasts. Here, bone formation starts at the eight
week of gestation. Mesenchymal stem cells migrate and aggregate at specific areas,
and start differentiating into osteoprogenitor cells. The region becomes highly
vascularized and the aggregate enlarges. The cytoplasm of the osteoprogenitor cells
changes, resulting in a more evident and complex structure, which induces the
differentiation of the cells into osteoblasts. These, on its turn, synthesize collagen
and other components of the bone matrix, expanding it. With time, the matrix calcifies
and organizes as described in section 1.2. Most of the flat bones from skull and face

are generated by intramembranous ossification.
14
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As formation, bone growth starts during gestation but only ends in the early
adulthood. Two stages of bone growth can be identified, the longitudinal and the
radial. The longitudinal growth is mainly responsible for increasing bone length, while
the radial is in charge of the bone cross-sectional area enlargement.

Important hormones are involved in the rapid formation and growth of bone. In
females the estrogen is the predominant, whereas in males testosterone plays a
major role. Several other growth hormones are implicated as well. Environmental
factors such as physical activity and good nutrition can also be of influence during
bone formation and growth [3,21,22].

1.4.2 Modeling

Bone modeling governs the enlargement, shape and size of individual bones
during growth. This process allows bones to shape in response to inner or outer
physiologic influences or mechanical forces, leading to the gradual adjustment of the
skeleton. Here, bone formation, instigated by osteoblasts, and resorption, activated
by osteoclasts, may occur in combination. Despite the antagonism of the two
mechanisms, during bone modeling, they can work together to guarantee the
appropriate shape and size of each individual bone (by adding or removing bone),
allowing them to fit in harmony in one big and cohesive structure. While in childhood
bone modeling is very frequent, in adults the remodeling process overlaps the
modeling. Still, under certain circumstances such as renal osteodystrophy or
hypoparathyroidism, the opposite can happen and the modeling stage may increase
[3,21].

1.4.3 Remodeling

Bone remodeling is the process by which bone is renewed to maintain
strength and mineral homeostasis. It involves continuous removal of old bone and its
replacement by newly synthesized protein based matrix that later undergoes
mineralization to form new bone. Bone remodeling occurs during the entire human
life and, as in the modeling process, osteoblasts and osteoclasts work in close
collaboration adding and removing bone, respectively. The balance of bone

resorption and bone deposition is controlled/regulated by the activity of these two cell

types.
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During childhood, immature bone is replaced by bio-mechanically and
metabolically competent bone through this process, whereas in adulthood bone
remodeling is responsible for the replacement of aged, damage and/or mechanically
unfit bone, preventing accumulation of microdamaged bone (from normal activity). In
one year of an adult’s life between 5 and 10% of total bone is renewed. Remodeling
responds also to functional demands of mechanical loading by adding bone where
needed and removing it where it is not necessary. Aside from maintaining the
structural integrity of the skeleton and adapting its architecture to the environment
demands, the remodeling is also required to supervise its metabolic functions by
means of calcium and phosphorus storage. This constant resorption and formation of
new bone makes bone a very dynamic tissue with a highly plasticity level.

The remodeling cycle in adults lasts approximately four months and takes
place in the “basic multicellular unit” or BMU — small packets of cells located in the
cortical or trabecular surface. It comprises five stages, activation, resorption, reversal,
formation and mineralization (Figure 7), and involves three types of bone cells, the

osteoblasts, osteoclasts and the osteocytes [3,21,23-25].
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Figure 7. Bone remodeling cycle [26].

1. Activation or Quiescence: the resting bone surface is activated by the retraction of

bone lining cells and digestion of the endosteal membrane by collagenase action.
This phase lasts two to three days and is instigated by different mechanical and
environmental stimuli. Precursors of osteoclasts are recruited and activated,
differentiating into multinucleated osteoclasts (mature), which will then attach to the

mineralized bone and initiate its resorption.
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2. Resorption: the osteoclasts attached to the bone initiate the erosion of the surface,
leading to the digestion of the mineral and osteoid matrix. This task is completed by
the macrophages and allows the release of various important growth factors
contained within the matrix, for instance the BMPs fundamental for the bone forming
cells activation. This phase lasts between 2 to 4 weeks. Since the life expectancy of
osteoclasts is limited to approximately 12 days, the progression of bone remodeling

requires the continual addition of these cells.

3. Reversal: this is the intermediary phase between resorption and bone formation
and the responsible for the transmission of bone inducing signals to various cells
found in bone resorption cavities, including monocytes, osteocytes and pre-
osteobasts. These signals are not yet known, however there are some who assume
BMPs, bone matrix-derived factors or FGFs as prospective candidates. During this
phase, the osteoclasts disappear and macrophage-like cells are seen at the bone
surface area. These cells aside from inhibiting the osteoclasts resorption action can
also stimulate the osteoblasts activity.

4. Formation: bone formation results from a complex cascade of phenomena. At first,
osteoclasts are inactivated and detach from the bone surface, being afterwards
replaced by osteoprogenitor cells or pre-osteoblasts. These cells are attracted to the
surface by means of various cell signals during reversal phase, which simultaneously
stimulate their proliferation. The BMPs induce cell differentiation onto osteoblasts that
start the synthesis of the osteoid matrix, filling the pre-existent resorption cavities.
This matrix is mainly composed of Col | and non-collagenous proteins (i.e. growth
factors). Eventually, the remaining osteoblasts in function stop their activity and give

rise to lining cells that completely cover the newly formed bone.

5. Mineralization: this phase is characterized by the secretion of ALP, an enzyme

associated with the early ECM maturation, which increases the calcium and
phosphate ions concentration and allows their deposition as hydroxyapatite crystals
over the osteoid matrix. This stage begins 30 days after deposition of the osteoid and
takes almost 90 days in the trabecular bone and 130 days in the cortical bone. At the

end, the new bone returns to a resting state, until new remodeling is initiated [23-25].
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1.5 Bone formation at the interface: Biological Mechanisms
1.5.1 Osteoinduction

As the name suggests, osteoinduction is the process by which osteogenesis is
induced. Primitive osteoprogenitor cells, undifferentiated and pluripotent, such as
mesenchymal stem cells differentiate into osteoblasts and new bone is generated.
This phenomenon requires appropriated stimuli. High molecular weight glycoproteins
as BMPs (abundant in the cortical bone) are the most common osteoinductive cell
mediator. Osteoinduction is a basic biological mechanism that occurs frequently in
fracture healing and implant incorporation. In bone grafts, the recreation of this
process is of particular interest for a faster integration as it triggers the formation of
new osteoblasts and, this way, new bone tissue at the site. Despite the osteoblasts
presence before implantation/injury, their intervention during bone formation tends to
be minor, being the newly osteoinduced osteoblasts the main executors [27-29].

The most common osteoinductive biomaterials are the natural HAPs and the

bioceramics.

1.5.2 Osteoconduction

In layman terms, osteoconduction can be defined as the process by which
bone cells are directed towards a material’s surface and are allowed to grow on it.
This is a three-dimensional phenomena characterized by the ability of growing bone
in apposition or above pre-existing bone.

Osteoconduction occurs frequently in implantable materials. The biomaterial
works as a passive physical support/structure, waiting for the cells to act without
stimulating the formation of bone tissue. Bone is allowed to growth freely on the
surface or down in pores, channels or pipes through cellular and vascular local
invasion. However, and despite continuous debate, many believe osteoconduction
cannot occur by itself and to be dependent on the osteoinduction process. The
differentiation of osteoprogenitor cells into osteoblasts is indeed required for bone
formation. Still, in practice, an injury is sufficient to recruit undifferentiated and
pluripotent bone cells to the site. This raises the debate on whether or not a
biomaterial acts as an osteoinductor [29,30].

Titanium and its alloys, in particular the Ti6Al4V, as well as stainless steel are
favored as osteconductors. To the contrary, bone conduction cannot take place at
copper and silver substrates [29].
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1.5.3 Osteointegration

The term osteointegration was introduced for the first time by Branemark
(1969) which described this phenomenon as the “direct structural and functional
connection between the living bone and the surface of a load-carrying implant”, after
observing a total and permanent integration of titanium screws on a rabbit femur [31].
Later, Donald’s lllustrated Medical Dictionary defined osteointegration from a
histological perspective as “the anchorage of an implant by the formation of bony
tissue around the implant without the growth of fibrous tissue at the bone-implant
interface” [32]. The Williams Dictionary of Biomaterials offered another description of
osteointegration as “the concept of a clinically asymptomatic attachment of a
biomaterial to bone, under conditions of functional load” [33]. Over the years, this
terminology has changed and adapt. Despite their continuous application nowadays,
limitations to those definitions have been detected. Neither took into consideration
that, in particular situations, osteointegration happens despite the absence of a direct
or chemical bond between the implant and bone, and just a physical contact is
observed. For that reason, generally an implant is accepted as osteointegrable when
its anchorage to the bone is such that no relative movements are detected at the
interface and the bond generated endures under normal load conditions (Figure 8)
[29,31,34,35].

(A) (B)

Figure 8. (A) Schematic representation of an osteointegrated hip implant [36] and (B) real life
radiography of a similar outcome [37].

Osteointegration is not an isolated phenomenon and is dependent on both
osteoconduction and osteoinduction. For instance, toxic materials that do not allow
osteoconduction will not osteointegrate. Osteointegration implies that bone

anchorage is maintained over time, through the consolidation of bone at the implant
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site in normal and healthy conditions and without intermediate fibrous tissue or
fibrocartilage formation [29,31,34,35].

These are the foundations for a successful osteointegration:

. Viable and healthy bone, highly vascularized for a good ossification process

(must not cause necrosis or inflammation);

. Small space, without fibrous tissue, between bone and implant to keep the

stability of the implant without micromovements (it should be less than 150
Hm);
Implant biointegrable and compatible with the living tissue with mechanical
stability and resistance similar to the natural bone, as well as appropriate
design/conception, surface chemical composition, topography and morphology
[38].

After implantation, the injured area should be allowed to heal without load for a

considerable time, which can go up to several months depending on its location and
dimension [34,35].
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2. INTERFACE BONE — BIOMATERIAL

The interaction of an implant with the living tissue is a very sensitive
phenomenon, which in a short period of time triggers a cascade of events (determine
the biocompatibility of the material) that culminate with the cells attaching to the
surface of the material (Figure 9).

An interface that is formed between two different phases, solid (biomaterial),
and liquid (the surrounding biological environment, i.e. blood), usually exhibits high
energy that can only be stabilized by the adsorption of substances from the medium,
such as proteins. Water molecules bond to the biomaterial, originating an ionic layer
that allow the proteins to adsorb, modifying their structure and functions according to
the materials’ outermost layer properties, coat the substrate and establish a reliable
connection with cells. This might appear a simple mechanism but many are the
implications to the cells response these events may represent. In consequence, a
complete analysis of each one of those phenomena is required [39-42].

1. Surgeon implants biomaterial 2. The biomaterial adsorbs a 3. Celis (neutrophils and
layer of proteins macro, ) interrogate
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Figure 9. Biomaterial interaction with the living system and correspondent intermediary biochemical
and biophysical phenomena [39].

2.1 Protein Adsorption

It is commonly state the first event taking place at the interface bone-
biomaterial is protein or macromolecule adsorption from the biological fluids.
Evidently this phenomenon is not the first, since water adsorption, ion bonding and

adsorption of low molecular weight solutes, such as amino acids, occurs prior to it.
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Still, protein adsorption remains the most important. Due to its rich, competitive and
complex nature, these biological structures have the ability to disrupt the entire
system at the interface changing the host response. The tendency of proteins to
accumulate in between phases has led scientists to argue that the comprehension of
the proteins behavior at interfaces is in fact a big step towards the comprehension of
their normal and natural behavior [43-45].

Proteins are large complex amphipathic molecules composed of amino acids
that contain combinations of ionic, polar and apolar regions exposed to the
environment by a three dimensional arrangement. These regions grant the protein a
“surface active” character allowing it to interact with various materials, both in vitro
and in vivo. The biomaterials surface properties induce changes in the proteins
behavior during adsorption, particularly in their conformation, by means of
intermolecular forces. Van der Waals forces, Lewis acid-base forces and
hydrophobic interactions are some of the many intermolecular events that affect the
intrinsic structural stability of the proteins. In consequence, those alterations are
reflected by the biological responses that follow, i.e. cell attachment. As proteins are
the primary elements to be recognized by cells, their reaction towards the
implantable material is believe to be a consequence of the interfacial protein layer
[44,45].

2.1.1 Function and Structure

The treatment and understanding of protein adsorption requires familiarity with
the concepts of protein function and structure, at least its basis.

Proteins are high molecular weight macromolecules resultant from the co-
polymerization of up to 20 different amino acids (8 have apolar side chains, 7 have
polar and 5 have charged polar). As general rule, a chain of amino acids is only
named protein if superior to 40 units; otherwise it is identified as a peptide. In the
human body there are near 10° different proteins, each one with a specific role.
Proteins are involved in nearly all biological processes, managing the transport and
storage of vital substances, providing mechanical support and protection, acting as
catalysts of biochemical reactions, and others. Thus, in order to accommodate their
functions, proteins fold into one or more spatial conformations driven by different
non-covalent interactions. Their specificity is therefore determined by the acquired
structure and chemical composition [44-46].
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There are four levels of protein structure, the primary, the secondary, the
tertiary and the quaternary (Figure 10). The primary structure refers to the amino acid
organization as a linear sequence. The unique and specific amino acid organization
is particular to each protein and it is hold together by way of covalent bonds (peptide
bonds). Hydrogen interactions are then created between amino acids from different
positions along the protein chain, causing it to bend and fold resulting in various
secondary structures (i.e. a-helix or [(-pleated sheet). A three dimensional
conformation is here created but only reaches full potential by means of
intramolecular associations [42,44,47]. Hydrophobic/hydrophilic interactions, ionic
interactions, hydrogen bonding, salt bridges and covalent disulfide bonds are the
most common associations — tertiary structures. On its turn, the quaternary structure
refers to the regular association of two or more polypeptide chains, at different
structure levels, to form a complex. A multi-subunit protein is generated that tends to
be stabilized mainly by weak interactions between residues exposed by polypeptides
within the complex [46-48].
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Figure 10. Four levels of protein structure [48]

2.1.1.1 Structure and Orientation of the Adsorbed Protein Layer

The structure of proteins adsorbed on a biomedical substrate is hard to identify
and even harder to predict. The majority of proteins adsorb as monolayers
generating close-packed formations of mass density between 1 to 5 mg/m?
However, this range cannot be assumed as absolute. It all depends on the protein

molecular orientation, conformation state and, as expected, the properties of the
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outermost layer of the substrate. Multilayer adsorption is not as common but can also
occur, particularly in high concentrated protein solutions [46,49,50].

Norde [46] by studying the adsorption of different types of proteins at solid-
liquid interfaces stated that we cannot assume a definitive structure of a protein on a
substrate but only infer about its most likely adsorption orientation. Since proteins are
typically asymmetric and only in exceptional cases they exhibit a spherical shape
(generally proteins present elliptical, rod-like or heart-like shapes), when on a surface
they adopt a certain orientation that determines which side of the molecule interacts
with the material and which side stays in contact with the solution. The local amino
acid composition of specific regions of a protein determines its affinity to the surface.
Usually, the proteins’ structure is subdivided into four domains, hydrophobic,
hydrophilic, positively and negatively charged, that are exposed to the surface

accordingly to the exhibited character (Figure 11) [49-51].
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Figure 11. Schematic representation of proteins’ domains and respective interactions with substrates
of different nature, hydrophilic, hydrophobic, positively charged and negatively charged [51].

Structurally stable proteins can admit two types of orientation, the “side-on”,
with the short axis of an elliptically shaped molecule being perpendicular to the
surface, or the “end-on”, where the long axis is the perpendicular one. Inevitably, the
‘end-on” results in a more saturated monolayer than the “side-on” orientation [52].

As a rule, bigger proteins possess more binding sites. In consequence, their
potential to adsorption is increased and its orientation is even harder to predict. Here,

the unfolding properties of the proteins as well as its stability play a major role on the
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adsorption process. Regardless the protein original structural rearrangement, its
unfolding can lead to increased active site exposure for protein surface contacts,

which will follow the predicted interaction paths described on Figure 11 [50,51,53].

2.1.2 Interactions with the Surface
Proteins adsorb onto solid surfaces through various interactions. Hydrophobic

and electrostatic are the most common.

2.1.2.1 Hydrophobic
Hydrophobic bonds between proteins and surfaces are very common. In

water, protein molecules tend to fold to minimize the exposure of their intrinsic
hydrophobic groups. Thus, in order to establish a connection with the substrate both
protein and substrate need to dehydrate. Hydrophobic dehydration results from the
bonding of protein’s hydrophobic domains with the hydrophobic regions on the
substrate, and these phenomena are mainly driven by entropy positive changes
(gain). Here, protein conformational changes may occur, which contributes to the
irreversible adsorption character of these connections. Though these changes in
conformation driven by the hydrophobic character of the interactions may also be
associated with protein denaturation or loss of function activity, they can also be
beneficial, for instance, by enhancing the proteins activity or their stability.

It has been established that interactions between a protein and a surface
augment with increasing hydrophobicity of the surface and protein.

Hydrophobic dehydration is relatively unimportant for hydrophilic surfaces
and/or rigid-like hydrophilic proteins, which explains the frequent superiority of
hydrophobic substrates in regard to the amount of adsorbed proteins
[46,51,52,54,55].

2.1.2.2 Electrostatic

Overall electrostatic interactions depend on the surface and protein charges,
both of which are usually function of pH and solution ionic content. For instance, at
low pH proteins are positively charged, whereas at high pH conditions proteins are
negatively charged. Only when the isoelectric point equals the physiological pH, the
positive and negative charges of a protein are in balance and, at this point, a

molecule is neutral. Adsorption rates will be accelerated if proteins and substrates
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share opposite charges. However, the mass load is generally maximized at the
isoelectric point (pH at which the net charge is minimized).

lon incorporation can influence protein interaction with surface via transport of
ions from solution to the protein layer or charge redistribution. The presence of
counter-ions is implied in the adsorption of proteins to like-charged surfaces, which
may explain the participation of calcium ions in some adsorption processes.
Electrostatic interactions are considered a more decisive parameter for protein
adsorption of rigid-like proteins and tend to occur more frequently in adsorption
processes to hydrophilic surfaces. In this case, proteins are less susceptible to
structural changes and as consequence are allowed to keep their original
conformation (interior hydrophobic groups) [46,51,52,56].

2.1.3 Kinetics of Protein Adsorption

The kinetics of single protein has been discussed by many groups and
different models have been proposed to explain it. Still, there are some steps on
which all agree: transport of proteins towards the interface, its adsorption, and the
subsequent structural rearrangement. By combining these steps the overall rate of
the adsorption process can be estimated [46].

In the majority (or totality) of the systems, the transport towards the surface is
controlled by diffusion. This step is majorly influence by the stability of the
environment. For instance, elevated temperatures can accelerate the diffusion rate of
proteins and by consequence the amount adsorbed. In low protein concentration
systems, the rate of diffusion is expected to be slower than the actual adsorption,
while in higher, the diffusion rate is expected to determine the rate of adsorption.
Protein-surface interactions are intimate dependent on the concentration of the
protein solution and by extent so are their structural rearrangements. A protein that
adsorbs at a slower rate from a low concentrated environment has more time to
unfold and spread over the surface than if the rate of arriving molecules was
superior. In these cases, a more favorable conformation may be achieved. On the
other hand, in high concentrated environments the amount of proteins attracted to
the surface increases, which reduces the available spaces for connection and leaves
the final extent of the structural rearrangements as function of relative rates of arrival.

In this case, the affluence of protein molecules at the surface induces changes in the
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conformation, most likely as result of intermolecular interactions rather than protein-
surface interactions [46,47,49-51,57].

2.1.4 Conformational Changes and Stability

It is well accepted that many proteins undergo conformational changes after
adsorption. Despite their complex nature, proteins cannot be understood as rigid
structures but more as flexible chains. By interacting with the surface, proteins gain
energy which impels them to maximize their contact through conformational
rearrangements. Initially, proteins interact with the substrates through surface
domains exposed in their native condition. Driven by the need of more favorable
conformational states, rearrangements of the proteins structure take place resulting
in the loss of the proteins’ original secondary level and in gain of energy. In particular
cases, reorganization of the protein structure does not occur immediately, being the
protein layer still in risk of elution. However, after achieving conformational stability,
which may take between few minutes to several hours depending on the size and
structural “rigidity” of the protein, some proteins can even be found irreversibly
attached to the material surface [46,47,49-52,58].

Changes in the environment (pH, temperature...) and in the material surface
(free energy, wettability, charge...) can alter the protein conformation. It is therefore
conceivable that these changes will affect the protein’s biological functions. There
have been reports on protein functions being activated only after adsorption. The
opposite has also been seen through the inactivation or reduction of certain enzymes

activity as consequence of adsorption [50,52].

2.1.5 Reversibility and Irreversibility

During adsorption, the protein rearranges its structure to an optimal one, which
increases the molar free energy of adsorption, in other words the energy necessary
to break the connection protein-surface. Besides, by changing its orientation in order
to fit the requirements of specific regions of the substrate, the protein develops
multipoints of attachment. In consequence, the protein desorption process as inverse
of the protein adsorption process is no longer appropriate. The only possible
alternative to break the connection is to overcome the sum of free energy gain during
protein adsorption and rearrangement. Still, even if possible, since the activation

energy for adsorption is much smaller than the necessary to initiate desorption, the
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later process would be much slower and last much longer. For these reasons, none
or very little proteins desorb by itself and many consider the protein adsorption
process as irreversible [46,47,49-52,57,58].

According to previous research, the adsorption process can only be reversed
biologically through the exchange of protein molecules, with the pre-existent proteins
being displaced by others of different molecular weight and affinity to the surface
[58]. Though proteins may be detached from the surface, those which have
rearranged their structure to fit the demands of the substrate may never recover their

natural conformation.

2.1.6 Competitive behavior

The competitive adsorption behavior of proteins is important to many
interfacial phenomena, particularly to the biocompatibility of biomaterials to blood and
tissue. Body fluids are composed by different kinds of proteins that mutually compete
to any exposed surface. Adsorption from these fluids may be a very complex process
but has many advantages; enriching the surface with proteins that possess the
highest affinity to it is one of those [59-61].

The most common phenomenon known from competitive protein exchanges
on surfaces is the Vroman effect (Figure 12). Molecules in a protein mixture diffuse to
a surface at different rates. Thus, a protein that arrives first can be displaced from a
surface by subsequently arriving proteins. These proteins that are capable of
displacing early adsorbed proteins are considered to have higher affinity to the
surface and are typically larger and conformational flexible, which enables them to
adhere strongly to the material (development of more contact points) [59,62]. By the
end of the adsorption process, the initial population of proteins at the surface is no
longer the same and neither are the proteins in solution. The final composition of the
adsorbed layer is therefore a result of the type, amount and relative affinity of
proteins recruited from and available in the solution, as well as their reversible

adsorption character [42].
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Surface Surface

Surface Surface

Figure 12. Schematic representation of the Vroman effect, with protein B that arrives first to the
surface being displaced by protein A which creates more stable bonds with the available binding sites
of the surface [42].

The irreversibility of protein adsorption results in fundamental differences
between competitive adsorption processes. While the adsorption behavior of low
molecular weight proteins in mixtures can be predicted from the analysis of their
individual behavior, which develops towards an equilibrium state, the same may not
happen between proteins of different molecular weights. Aside from the proteins
affinity referred above, the time elapsed between the arrival of the first proteins and
the next may be of particular importance for the reversibility of the interactions. Since
proteins undergo molecular relaxation and spreading over the surface some time
after arrival, in case of two proteins with similar affinity to the surface competing from
the same location the first will be in advantage over the other [42,46,50,52].

Another major factor determining the outcome of any competitive system is the
relative concentrations of the species or molecules in competition. Generally
increasing concentrations of a given protein in solution result in roughly proportional
increasing amounts of that protein adsorbed onto the surface. However, here, a
complete molecular evaluation of the system must be performed to confirm this
statement as valid. Since the rate of transport and adsorption as well as the rate of
conversion to an irreversible state and the affinity towards the surface limit the
amount and type of proteins adhering to it, nothing guaranties that high concentrate

proteins will adhere preferentially [46,50-52,60-62].

29



Chapter 2 | LITERATURE REVIEW

2.2 Dynamics of Cell Adhesion

The term “adhesion” in biomaterials is commonly associated with different
phenomena. In short term events, it is related to the cell attachment to biomaterials
by means of ionic forces, Van der Walls forces, etc., while in long term events other
biological molecules, ECM proteins, cell membrane proteins or cytoskeleton proteins,
are involved in the adhesion process.

The adsorption of proteins onto a biomaterial surface is a complex process but
can occur in a small time frame of minutes or even seconds. Thus, by the time cells
reach the surface, they no longer recognize the material but rather the adsorbed
protein layer. Through their membrane-bound receptors or ligands, cells identify
bioactive binding sites on the protein layer, mainly integrins (ECM proteins),
connecting and behaving accordingly to the information received by signal pathways
(Figure 13). This association allows the cell cytoskeleton organization, by means of
focal adhesions that spread along the surface, and impel the cell normal
development on the biomaterial [63-65].

As stated in previous sections, the type, amount, orientation, conformation and
packing density of proteins, as function of surface and environment conditions,
determine whether the available bioactive sites from the biomaterial surface may be
recognized by the cell membrane receptors [42,46]. Therefore, to understand the
observed host response is essential to understand the way cells interact with the

exposed surface and the role of the particular molecules involved.
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Figure 13. Schematic representation of the long-term cell adhesion to biomaterials process and
respective proteins and molecular events associated [63].
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2.2.1 Focal Adhesions

Focal adhesions, also known as focal contacts or adhesion plaques, are sites
where integrin mediated adhesion (receptor of cell membrane and major components
of focal adhesions) links to the cell actin cytoskeleton. These cell-matrix adhesions
play essential roles in various cell biological processes namely cell motility,
proliferation, differentiation, cell survival and even in the control of gene expression.
They are found at the cell periphery or more centrally, usually associated with the
ends of stress fibers of cells cultured on two dimensional rigid substrates.

Focal adhesions are specialized regions of the plasma membrane where
bundles of actin flaments are anchored to transmembrane receptors through a multi-
molecular complex of junctional proteins (Figure 14). These close junctions are
normally at 10 to 15 nm from the substrate surface and are very difficult to identify in
vivo. They participate in the structural link between the receptors and the actin
cytoskeleton but as well as in the transmission of signal pathways involving signaling
molecules that include kinases and phosphatases [63,66,67].

Focal adhesions are highly dynamic structures that grow and shrink due to the
turnover of their junctional proteins, in response to external and mechanical stress
forces exerted by or through the surrounding matrix, as they life cycle progresses so
their components evolve. For example, mature adhesions develop increased stability,
with integrin receptors well defined (external faces) and internal faces formed of
proteins like talin, vinculin or tensin mediating the interactions between the actin

filaments and the membrane receptors [66-68].
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Figure 14. Molecules involved in the formation of focal adhesions [69].
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It has been shown that for osteogenesis to occur, the formation of large focal
adhesions must take place, since osteoblasts express a more contractile phenotype
with increased intracellular tension that must be supported [70].

The formation of focal adhesions occurs essentially in cells with low motility
and is promoted in vitro by extracellular proteins such as fibronectin and vitronectin,
which ensure the maintenance of the cells shape and cytoskeleton organization
[63,71].

2.2.2 Adhesion Molecules

Adhesion molecules are characterized by their ability to interact with specific
ligands from the cellular membrane or from other ECM proteins. They can be
subdivided into four categories, the selectins, the immunoglobulin superfamily, the
integrins and the cadherins. Up to this moment, only the last two classes, integrin
and cadherins, have been identified as part of the osteoblastic cells adhesion
process [63].

2.2.2.1 Inteqrins
Integrins are critically important for the cell adhesion to the biomaterial, since

they are the main and best characterized protein receptor that cells use to both bind
and respond to the ECM stimuli. They are a large family of transmembrane
heterodimeric glycoproteins that connect the intracellular and extracellular
environments. Integrins are composed of 24 heterodimers of two noncovalently
associated transmembrane glycoproteins subunits the a and 3. There are 16 different
a subunits and 8 B. Due to their diversity of structures, the same integrin molecule
can bind to various ligand-binding domains. Its binding specificity is determined by
the ECM domain of integrins that recognizes diverse matrix ligands. Controversially,
different integrins may bind to the same extracellular ligands. For instance, 9 different
integrins can bind to fibronectin. Its recognition is usually done through the central
cell-binding sequence, the arginine-glycine-aspartate peptide or RGD motif.

Integrins possess a large extracellular domain that bind to the ECM, a single-
membrane-spanning transmembrane domain, and a short cytoplasmic domain that
links to the cell cytoskeleton (Figure 15). They are responsible for mediating the
interactions between the ECM and the cytoskeleton. Most integrins are connected to
bundles of actin filaments, which given the right conditions, may lead to the formation
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of focal adhesions. They play key roles in the assembly of the actin cytoskeleton and
modulate signal transduction pathways that control biological and cellular functions,
including cell adhesion, migration, proliferation, differentiation and apoptosis [72-75].
Currently, it has been described that bone cells express preferentially the a;
and as subunits, with some sub-populations expressing a, and a, as well. On its turn,
the B, appears to be the predominant receptor forming dimmers with 12 distinct a
subunits. The most common dimmers expressed by human osteoblasts are a;f3;,

a3B1, asB1, avBs, azP1, 04B1, ayPB1 and a,Bs [63].
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Figure 15. Sbunit structure of an integrin cell-surface matrix receptor, with a large extracellular domain
with specificity to fibronectin RGD motifs and a short cytoplasmic domain with specificity to talin
proteins [69].

The understanding of the integrin subunits involvement in the cell adhesion
process provides essential information to the biomaterial improvement, as well as for
the definition of the role of different proteins during implantation. There are many
ECM proteins involved in cell adhesion. Here, special attention will be given to the

fibronectin, vitronectin and collagen type | proteins.

1. Fibronectin (Fn) is a large multidomain glycoprotein and one of the most
abundant ECM proteins that intervene in the cell adhesion to biomaterials. In its
soluble form, Fn is very common in blood and other interstitial fluids. It exhibits a very
stable compact conformation that hinders the interactions to other ECM proteins and
restricts self-assembly. In this state, Fn is of major importance to the activation of
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scar and blood coagulation events. On the other hand, when insoluble, Fn presents a
very fibrous structure and is mainly found in the ECM usually associated with
connective tissue and basement membranes [76,77].

Fn is composed of two homologous subunits, each with a molecular weight of
=~ 250 kDa each, covalently linked near their carboxy termini (or C-terminal domain)
by a pair of disulfide bonds (Figure 16). Fn is remarkably organized. Each monomer
is subdivided into modules with repeating amino acid motifs that are classified as Fn-
I, Fn-Il and Fn-lll. The Fn-l is essentially present at the extremities and is composed
of 12 sequences, each with 45 amino acids; the Fn-Il is formed by two sequences of
60 amino acids; and the Fn-Ill is located in the center of the molecule and possesses
16 sequences of 90 amino acids. The modules are grouped as functional domains for
cell binding and are separated by short hinge regions, which allow the molecule to
adopt different configurations according to its state: globular in soluble Fn, and
elongated in insoluble. This protein is known as multifunctional since it possesses,
from a subunit point of view, various binding sites for biological structures including

collagen, heparin, fibrin and various membrane receptors [78-81].
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Figure 16. Representation of the fibronectin protein molecular organization and respective binding
sites [81]

The most important Fn cell binding sites are located in the lllg.;o modules. At
this region Fn binds to integrins, preferentially through the asf; subunits (others:

B3, ovPs, asP1 and a,B;). Here, the most critical site for osteoblastic cell attachment
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is the RGD peptide (75 kDa), a widely occurring arginine-glycine-aspartate amino
acid sequence. The recognition of this simple tripeptide located in the 1ll;0 module of
Fn is very complex and depends on flanking residues, the protein three dimensional
structure and individual features of the integrin-binding pockets. For instance, by
bonding with integrins, the RGD sequence allows the protein to assemble into fibrils
constituting the primitive structure of the ECM. However, at this point, other Fn
regions intervene to guarantee the integrity of the molecule while stretching, one in
particular the N-terminal domain. Besides, the amino acid sequence PHSRN located
near the RGD domain in the llly module, acts in synergy with the RGD site
maintaining its stability and specificity and supporting its interactions with other
integrins. These interactions trigger different signal pathways that will then influence
the cell response [77,78,82].

Fn has been widely studied due to its impact on the cell behavior around
biomedical implants. In vitro studies have shown that the cell function in cultures can
be changed according to the amount of Fn adsorbed or the substrate used. It has
also been hypothesized that conformational changes of Fn, as a result of surface
properties, affect the presentation of integrin binding sites and therefore the cells
development [79]. Garcia et al. [83] even showed that integrin-Fn interactions
increase with the amount of ligands available, allowing the transmission of desirable
signal pathways, which instigate the activation of intracellular genes and phenotypes
responsible for inducing migration, proliferation and differentiation.

2. Vitronectin (Vn) is a multifunctional glycoprotein present in blood and in the
ECM. Its complete amino acid structure of 459 units was initially deduced from a
human liver cDNA. Vn promotes cell adhesion and spreading, inhibits the membrane-
damaging effect of the terminal cytolytic complement pathway, and binds to several
serine protease inhibitors. It has been also speculated that Vn may be involved in
hemostasis and metastasis processes.

Vn is composed of one only peptide of 75 kDa of molecular weight, present in
the human plasma at a concentration of 200 to 400 pg/mL. Vn can also be found, but
in smaller concentrations, in the elastine fibers of skin or in the stroma of injured
tissue. 30% of its molecular mass is composed of carbohydrates. Vn is predominantly
found in the plasma as a folded monomer stabilized (presumably) by ionic

interactions between its polyanionic and polycationic segments. In human blood two
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distinct molecular forms can be identified: a single chain (75 kDa) and a clipped form
of two chains (65 and 10 kDa) held together by way of a disulfide bond [84,85].

Its structure is thought to be divided in three major domains with binding
regions for target ligands (Figure 17). The first is the N-terminal somatomedin B
domain that consists of 44 amino acids and is assumed to be a key binding site for
several integrins, including the plasminogen activator inhibitor-1 (PAI-1). This domain
is followed by a specific binding sequence, the RGD site, through which Vn mediates
the cell attachment and spreading. The second and central domain of Vn is thought
to mediate binding to some bacteria and is located between the 131 and the 342
amino acids. At last, the C-terminal domain that accommodates the Vn plasminogen
binding site also contains another important specific binding region, the heparin-

binding sequence [84].
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Figure 17. Vitronectin domains, N-terminal, Central and C- terminal [86].

The Vn molecule is recognized by five particular integrin combinations, the
avB1, avBs3, ayfs and a;pPs. The a,B3is probably the most well known receptor for Vn
and recognizes the RGD sequence near the N-terminal domain. The RGD peptide is
identified as well by the a;,B3 but only when this sequence is activated on platelets
surface. The sequence of amino acids that compose the heparin binding site is

mainly recognized by the a,fs integrins [63,84].

3. Collagen Type | (Col 1) is an extremely important ECM protein, majorly

present in the connective tissues (tendons, bone, skin, cornea and many interstitial
connective tissues). 25-35% of the total amount of proteins in the human body are
collagen and, from the 16 existing types, Col | is the most common, representing

near 90% of the organic mass of bone. Col | is part of the fibrous proteins family with
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a structural role in the pluricellular organisms and is one of the longest proteins
known to man [87].

Col | is usually recognized by its hierarchical fibril structure (Figure 18), on
which the smallest structure is a triple helix composed of three polypeptide a-chains
of high concentrations in glycine, proline and hydroxyproline amino acids. The three
chains, staggered by one residue relative to each other, are supercoiled around a
central axis in a right-handed manner to form a triple helix. Here, the glycine residue
plays a major role since it is present in every third position of the polypeptide chains
leading to an assembled structure of repetitive units (Gly-X-Y),. Glycine is usually
found in the center of the triple helix, with the outer positions being available for more
bulky side chain amino acids. In Col | those amino acids are regularly the proline and
the hydroxyproline. The Col | triple helix is usually formed as a heterotrimer by two
identical ai(l)-chains and one ax(l)-chain. In fibril collagens, the three chains come
together in a right-handed helix with approximately 300 nm in length and 1.5 nm

wide, which corresponds to approximately 1000 amino acids [88,89].
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Figure 18. Collagen type | hierarchical organization [69] and molecular structure of the triple helix of a-
chains [89].
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In most organs and notably in tendons, Col | provides tensile stiffness. In
bone, Col I defines considerable biomechanical properties concerning load bearing,
tensile strength and torsional stiffness, in particular after mineralization. In addition to
its structural and mechanical properties, Col | can also interact with other ECM
molecules, adhesion proteins and growth factors. Fn, for instance, is one of the many

proteins that possesses a binding site for collagen [89].
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Col | is known to establish important interactions with receptors from the
cellular membrane of osteoblastic cells, being recognized by the a;31, the a,B1 (the

most important and common) and the a3[3; integrins [63].

2.2.2.2 Cadherins

Cadherins are transmembrane glycoproteins that mediate cell-to-cell
adhesion. These molecules localized in adherence junctions, sites specialized of cell-
to-cell adhesion, can establish linkages with the actin-containing cytoskeleton of
various cell types. Their typical structure consists of an N-terminal external domain,
where the binding functions are located; a single transmembrane segment; and a
cytoplasmic C-terminal domain of approximately 150 amino acids.

Cadherins act by means of intracellular partners the catenins, which interact
with intracellular proteins. These proteins are essential for the cadherin functions.
Catenins were initially described as a set of three proteins a-, B- and y-. The -
catenins bind directly to the cadherin cytoplasmic domain, whereas the a- catenin
bind to the B-catenin and links the complex to the actin cytoskeleton by direct
interaction with the cell actin fibers (Figure 19). In some cases the y-catenin replaces
the B-catenin in mediating cadherin-cytoskeletal complexes.

Osteoblasts have been shown to express E-cadherins, N-cadherin, cadherin-
11 and low levels of cadherin-4. The expression of cadherin-4 is modulated by the
bone morphogenetic protein-2 (BMP-2) [63,90].

a-catenin 'y
B-catenin
\\

E-cadherin

Figure 19. Cell-to-cell adhesion mediated by cadherins, with a- and (-catenin intracellular partners
[69].

2.2.3 Non-Adhesion Molecules
The role of non-adhesion or non-specific molecules on the cell-biomaterial
interface is not yet completely clear. However, it is believe that non-specific proteins

such as albumin or osteonectin may activate other proteins during cell adhesion,
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influencing their adsorption. For instance, there have been reports exposing the
effect of bovine serum albumin (BSA) on the binding of Fn to tissue culture plates.
They demonstrated an increased binding and biological activity of Fn as a result of
the BSA presence [91]. On its turn, osteonectin has been shown to activate matrix
molecules such as Fn, Vn and Col | by inducing different protein conformations that
led to higher exposure of integrin-binding sites [92].

In this section we will give special attention to albumin and its role on

osteoblast-biomaterial interactions.

1. Albumin is a small globular serum protein (66 kDa), predominantly found in
blood plasma (60-70%) in a concentration of 40 mg/mL (adults). It is considered a
non-adhesive or non-specific molecule with a main function of controlling the colloidal
osmotic pressure of blood. Albumin is also involved in transport of low water soluble
molecules such as lipids, salts, ions and even drugs.

Albumin comprises three homologous domains that assemble to form a heart-
shaped molecule, each of which containing two subdomains, 1A, IB, IIA, 11B, IlIA and
[lIB. These are stabilized by 17 dissulfide bonds providing a relative flexibility to the
molecule. Due to its small size, low molecular weight and high concentration in the
human plasma, albumin is regularly the first protein arriving to the surface of a
biomaterial [93,94].

Its conformation and orientation has been found to be affected by the surface
properties. For example, studies have shown that the albumin amino acids exposure
is enhanced on titanium surfaces but decreases on gold substrates. It has also been
shown that its hydrophobic amino acid residues are preferentially oriented to
hydrophobic surfaces such as polystyrene.

The most common binding receptor to albumin in cell membranes is the
albondin. Albumin can also bind to a range of hydrophobic ligands including fatty

acids, steroids, various cations and anesthetics [94].

2.2.4 Cell Signaling

Integrins are used both as mechanical anchors and signal transducers. It is
based on the information received through these signals that cells regulated their
activity, including migration, survival, differentiation and motility, and respond to

inputs transmitted by grow factors, for instance. These signals correspond to external
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stimuli arriving at the cell surface and are the major category of intracellular signal
pathways. The other category is composed by the pathways activated by signals
from within the cells. Both categories are relevant to the transmission of internal
messages that activate the effectors of the cell response [95]. Nonetheless, special
attention will be given to the first and biggest category of signals.

The signaling pathways activated by integrins have been identified through the
analysis of biochemical events that trigger the integrins engagement and by the
identification of focal adhesion complexes. Protein phosphorylation is one of the
earliest events detected in response to integrin stimulation and has provided
evidence of the integrins ability to regulate tyrosine phosphorylation. Here, the
molecules involved in the signal transmission are the focal adhesion kinases (FAK),
whose oligomerization is mediated by the protein talin. FAK appears to play a central
role in integrin-mediated signal transduction since its activity and phosphorylation of
paxilin and tesisn (for instance) is enhanced upon integrin engagement.

It has also been suggested that the protein kinase C (PKC) and the mitogen-
activated protein kinases (MAPK) in signaling pathways are linked to integrin
receptors. The PKC signaling is mainly associated to the cell attachment and
spreading, while the multifunctional MAPK signaling system consists of separate
pathways that function to control a number of different cellular processes that include
gene transcription, metabolism, motility, cell proliferation, apoptosis, synaptic
plasticity and long-term memory. Members of the Src family of tyrosine kinases,
which are capable of phosphorylating FAK, have also been implicated in integrin
signaling events, and so have been different phospholipid mediators and small
molecular weight GTPases [73,75,95,96].

Aside from the previous, there are other signal pathways that transfer
information across the cellular membrane: cyclic AMP signaling pathway, receptor-
operated channels, voltage-operated channels, redox signaling, nitric/cyclic GMP
signaling pathway, phospholipase D signaling pathway, janus kinase/signal
transducer, activator of transcription signaling pathway, and others. In certain
occasions these signal pathways may interact with each other for the intended cell
response.

Due to the signaling system complexity, opportunities to subversion and
aberrations may occur, leading to possible diseases (i.e. cancer, inflammatory

diseases, angiogenesis...) [73,95].
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2.2.3.1 Growth Factors in the Osteoblasts Development

Growth factors are very important to the osteoblastic cells development. In
previous sections, it has been shown that BMPs can contribute to the cells
differentiation and mineralization processes. Here, the participation of the BMPs in
the osteoblasts development on implantable substrates is briefly characterized.

Many studies have shown that there is a close relationship between integrins
and BMPs. BMPs are required for osteoblastic cells differentiation but they are only
capable of inducing strong osteoblastic gene expression in the presence of ECM
signals, for example the MAPK pathway, a transducer of integrin signals to the cell
nucleus. It has also been seen, that the expression of human osteoblasts by means
of integrins is enhanced in the presence of BMP-2 as well as their adhesion [20,97].
Lai et al. [98] by following the osteoinductive capacity of the BMP-2, as function of
specific integrins activity, determined that by blocking the integrins’ function the BMP-
2 expression was harshly reduced. This was then reflected in a reduced ALP,
calcium and phosphate production and diminished expression of OCN, OPN and
BSP. It was also hypothesized that integrins may serve as anchors for BMP-2
receptors at focal adhesion sites. However, there is still much to understand in regard

to these associations.
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3. BIOMATERIALS

The idea of preserving the human body integrity for the longest time possible
motivated the biomaterials development [99,100]. They became an essential tool in
the medical field in the late 1800s, after the introduction of aseptic surgical
techniques by Dr. Joseph Lister (1860s) [101].

By definition (and according to the Williams Dictionary of Biomaterials [33]), a
biomaterial is “a non viable material used in a medical device, intended to interact
with biological systems (...) to evaluate, treat, augment or replace any tissue, organ
or function of the body”. Ideally, it should not induce an abnormal host response
when implanted and the preservation of human body integrity must be the main
priority [99,100].

Biomaterials are primarily employed in medical applications usually integrated
into devices or implants (rarely used as isolated materials) (Figure 20). They are also
used in biological research or even in equipments for processing biomolecules for
biotechnological applications. Either way, biomaterials must always be considered in
the context of their final fabricated sterilized form [39;102].

As a science, the study of biomaterials is relatively young, about fifty years old.
It deals with the physical and biological properties of the materials with a special
attention to the interactions shared with the living tissue [39,100,103]. Biomaterials
science has experienced a strong development over the history translated by a huge
financial investment. In the year 2000, the global market of biomaterials was
estimated at 18.4 billions of Euros (23 billions of US Dollars).

However, this market is still growing. It is expected for the year of 2015 an
approximate investment of 51.8 billions of Euros (64.7 billions of US Dollars)
[103,104]. Further investigation is required to deepen the knowledge on the complex

biological responses stimulated by the materials after implantation [100].
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Figure 20. List of implants with human anatomy significance [103].

3.1 Recommended properties

The most important requirement that a material must fulfill to be consider a
biomaterial is to be accepted by the human body without causing any adverse effect
(inflammation, allergies and/or early rejection associated with toxicity), both during
and pos surgery (recovering period). Good mechanical properties are another
important requirement. The biomaterial should be capable of resisting high
mechanical solicitation, which means its strength should be sufficient to sustain
forces without breaking. Considerable fatigue strength and fracture toughness are
also in the list of the demands. Nevertheless, excellent corrosion resistant continues
to be the highest gold. The living system is a complex environment that changes and
adapts accordingly with the human needs. Extreme corrosive conditions may happen
sporadically but, when do, can affect and even damage the material. The resistance
to constant use and varying loading may also be determinant for a long term
success. The highest imposition to a biomaterial is that it should not fail as long as
the host lives [105-107].

The schematic representation of Figure 21 lists all the demands a material

must met for a successful implantation.
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Figure 21. Implant material requirements in orthopedic applications [105].

Unfortunately, the materials currently available for orthopedic and dental
implantations, despite being selected based on the criteria described above, still
present some challenges. After 12 to 15 years they tend to fail and the patient must
be submitted to a new surgery. To overcome this problem, researchers nowadays
are dedicated in the creation of biomaterials capable of mimicking the
physicochemical properties of tissues which they are meant to augment or replace.
The improvement of the material’s biocompatibility is one of the most important goals
[39,105-107].

3.2 Biocompatibility

The concept of biocompatibility is unique to biomaterials science and common
to all classes of biomaterials. It was firstly defined by the Williams Dictionary of
Biomaterials (1987) as “the ability of a material to perform with an appropriate host
response in a specific application” [33,39]. Later (2008), due to the improvement and
development of the biomedical field, Williams Dictionary proposed a new definition,
“biocompatibility refers to the ability of a biomaterial to perform its desired functions
with respect to a medical therapy, without eliciting any undesirable local or systemic
effect in the recipient or beneficiary of the therapy, but generating the most
appropriate beneficial cellular or tissue response in that specific situation, and
optimizing the clinically relevance of the therapy” [108]. In other words, the
biomaterial must be accepted by the surrounding tissue and by the body as a whole
without causing an abnormal inflammatory response, incite allergic or immunologic

reaction or even cancer [39,108,109].
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This is considered the most important property of a biomaterial and the one
that defines its acceptance by the human body. Whether a biomaterial is
biocompatible or not is strictly dependent on what physical function they are
requested to and what biological response it is intended [39,109].

Before considering a material biocompatible, a thorough evaluation must be
conducted. Precise cellular in vitro tests, defined by international standards and
carefully controlled to allow reproducibility at different laboratories, must be done.
Nowadays, the International Organization for Standardization (ISO) and the
American Society for Testing Materials (ASTM) are the companies responsible for

defining such evaluations [106].

3.3 Classes of Biomaterials

The science of biomedical materials involves a study of the composition and
properties of the materials according to the function they will exercise and the
environment they will be placed in. Since biomaterials can be selected from different
classes between the natural (from human and animal origin) and synthetic derived,
this section will be dedicated to the introduction of the biomaterials with the highest
relevance to the present study, the synthetic. This is the most common category of
materials used in the fabrication of implantable devices for the biomedical field. It is
subdivided in four classes, composites, ceramics, polymers and metals that can be
used either individually or in combination, depending on their specific application and
the required properties [39,100,101].

3.3.1 Composites

The materials that contain two or more distinct constituents or phases, on a
microscopic or macroscopic size scale, are named composites. The composite
materials are divided in two phases, the matrix, which consists in the bulk continuous
phase, and the reinforcement, which is the non-continuous phase and usually is
formed by materials that possess superior mechanical or thermal properties,
depending on the demands of the application.

Bone is a perfect example of a natural composite. Minerals are embedded as
reinforcing elements while the collagen serves as matrix. In the biomedical field, the
most successful applications of composites as biomaterials happen in the dentistry

field, being extensively used as restorative materials or dental cements. They can

45



Chapter 2 | LITERATURE REVIEW

also be found in prosthetic limbs, where the combination of low density/weight and
high strength materials make them ideal for such applications. However, due to the
lack of consistency in the fabrication of composites, these materials still present

some design and conception problems [39,100].

3.3.2 Ceramics

Ceramics are non-metallic inorganic materials with a limited range of
formulations. Their microstructure is highly dependent on the applied manufacturing
process and, consequently, their mechanical and biological properties. Despite have
been used less extensively than metals or polymers, they possess remarkable
properties: great strength and stiffness; high resistance to corrosion and wear; and
low density and hardness. However, ceramic components tend to suffer from early
failures due to their low fracture toughness and sensibility to the presence of cracks
or other defects [39,110].

One of the first applications of ceramics as biomaterials consisted of replacing
the traditional metallic femoral heads of hip prostheses by high-density and highly
pure alumina (Boutin 1972). Since there, important efforts have been made to
improve the material processing and design. Nowadays, ceramics can be found in
several different biomedical fields such as dentistry, orthopedics and even general
medicine, as medical sensors. The most popular ceramics are carbon, alumina and
zirconia — bioinert (does not cause a reaction when placed in contact with the

biological host) — and the bioactive glasses [111,112].

3.3.3 Polymers

Polymers form a versatile class of biomaterials due to their inherent flexibility
to be synthesized or modified to match the physical and mechanical properties of
various human tissues and organs.

The application of natural origin polymers in medicine date back thousands of
years. In contrast, the use of synthetic is relatively recent. The first attempt was
conducted in the 1940s, using a biostable synthetic polymer, the poly(methyl
methacrylate) (PMMA), as an artificial corneal substitute. Ever since, polymers have
occupied a prominent place between the biomaterials, becoming the most widely

used materials in biomedical applications (Figure 22).
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Polymers are macromolecules formed of large chains composed of many
repeated units (monomers). Their main properties go from unique flexibility,
lightweight and easy manufacture, to good resistance to biochemical attacks and
good biocompatibility. They are mostly used when complex forms and high flexibility
are needed [113].

Nowadays, a huge variety of polymers are available in the market: vinyl
acrylics, polystyrene, epoxies, polycarbonates, silicones, polyethers, polysulfids and
polyacrylic acids are between the many. These are used in the construction of

prosthetic appliances, artificial teeth, temporary crowns, cements, and others [3].

Ceramic

Metals
30%

Composites
18%

Figure 22. Global biomaterials market in 2002 [112].

3.3.4 Metals

Metals have been used as implants since more than 100 years ago, when
Lane first introduced metal plate for bone fracture fixation in 1895 [114]. From that
first experiment until now much as changed and evolved in their clinical use.
Nevertheless, the reason that led to their initial selection for medical devices remains
the same, high strength and resistance to fracture [3,114,115]. If properly processed,
this class of materials provides reliable long term implant performance in major load-
bearing situations. Metals can be used from simple wires and screws to fracture
fixation plates, dental materials and total joint replacements for hip, knees, shoulders,
and so on. In addition, the good electrical conductivity of metals favors their use for

neuromuscular stimulation devices such as pacemakers.

47



Chapter 2 | LITERATURE REVIEW

The most popular metals for medical applications are: titanium, cobalt,
stainless steel, nickel, chromium and the noble metals, like gold, tantalum, platinum,
palladium, silver, iridium and niobium [39,115,116]. Since, the object of this study is
the titanium material we will be focusing on that with a special attention to the
titanium alloy, Ti6AI4V.

3.4 Titanium Metal and Alloys

The titanium (Ti) metal was discovered in 1790 and was firstly used as paint
addictive to obtain the color white. It was only in 1940 that the American specialists in
aeronautic started to focused their attention on the metal itself rather than on its
derivatives.

After the second half of the twentieth century, Ti and its alloys started to be
used widely in industry as well as in the biomedical field, particularly as hard tissue
replacements. Due to their physical and chemical properties, their good corrosion
resistance and biocompatibility, these materials have been, for decades, successfully
employed in the orthopedic and dental fields. Their properties depend on their basic
structure and manipulation during fabrication. In this last case, the importance of
keeping a low iron content is fundamental to assure that no adverse interactions
between implant and the human body will occur [114,115].

Ti is a nonmagnetic material, occupies the 22" position of the periodic table,
has an atomic mass of 47.9 g and is the fourth more abundant metal in the Earth
crust. The melting point is approximately 1668°C, whereas for its commercial alloys is
around 538°C. At less than 882.5°C exhibits a hexagonal close-packed alpha
crystalline structure and if the temperature is higher than that a body-centered cubic
beta arrangement takes place.

According to the ASTM, Ti is classified in two categories: commercially pure
and alloys. The first one is subdivided in four grades depending on the percentage of
oxygen, iron, nitrogen, carbon and hydrogen. Regarding the alloys, the most
common in the biomedical field is the Ti6Al4V composed of aluminum (= 6%) and
vanadium (= 4%) [39,116,117].

Regardless the category, the material should not induce a harmful biological
response and not suffer degradation when in contact with tissue or body fluids. The
properties listed in Table 1 favor greatly commercially pure (CP) Ti and Ti6Al4V as
bone substitutes. Their ability to react with water and air (oxygen) to produce a stable
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and continuous oxide layer (passive film of 2 to 10 nm of thickness) it is in the bases
of their excellent corrosion resistance and exceptional biocompatibility. This passive
film has the ability of repassivation in the presence of oxygen, allowing its
regeneration even after mechanical damage or removal of the layer [118].

Table 1. Mechanical properties of CP Ti, Ti6Al4V and cortical bone [39,116-118].

Metal S-I;sgr?gi;lteh St\r(éilgm Elongation MEAZitliSs Densnsy Reduction  Type of

(MPa) (MPa) (%) (GPa) (g/lcm® of Area (%)  Alloy
CP Ti Grade 1 240 170 24 102.7 4.5 30 A
CP Ti Grade 2 345 275 20 102.7 4.5 30 A
CP Ti Grade 3 450 380 18 103.4 4.5 30 A
CP Ti Grade 4 550 485 15 104.1 4.5 25 A
Ti6AlI4V 895-930 825-869 6-10 110-114 4.5 20-25 a+p
Cortical Bone 140 - 1 18 0.7

Once the material enters in contact with the biological medium, chemical and
biochemical interactions take place: first hydroxylation and hydration of the oxide
occurs; then adsorption of calcium and phosphate ions, for instance; followed by the
adsorption of macromolecules such as proteins. This last step induces a biofilm
formation that promotes the osteoblastic cells attraction and consequently leads to
the tissue formation.

From a biological point of view, Ti possesses an important characteristic for
implantation which is the ability to osteointegrate. Due to the high dielectric constant
(from 50 to 170 depending on crystal structure) that characterizes these materials, a
strong interaction (strong Van der Waals bonds) with the living tissue is formed
without the need of extra adhesives. Consequently, the forces required to break the
bond are proportionally high [114,115,118,119].

3.4.1 Titanium Alloy, Ti6AlI4V

Pure Ti and Ti alloys are now the most attractive metallic materials for
biomedical applications.

The alloys are classified as alpha (which contain neutral alloying elements or
alpha stabilizers, such as Al or O), alphatbeta (which generally contain a
combination of alpha and beta stabilizers) and beta (which are metastable and

contain sufficient beta stabilizers such as Mo or V), depending on the microstructure

49



Chapter 2 | LITERATURE REVIEW

presented while at room temperature. Ti6Al4V, a grade 5 and alpha-beta alloy (Table
2), is the most widely used of the high strength Ti alloys. The combination of this
property with its light weight, formability and excellent corrosion resistance, have
made the Ti6Al4V a world standard for orthopedic and dental implantations. It is
significantly stronger than CP Ti while having similar stiffness and thermal properties.
Besides, this alloy possesses excellent fatigue strength which is of great advantage
for lifetime implantations [114,118].

Table 2. Ti6Al4V chemical composition [114,118].

Element Percentage (%)
Carbon - C 0.100

Titanium — Ti Balance
Aluminum — Al 5.500 to 6.750
Vanadium — V 3.500 to 4.500
Nitrogen — N 0.050

Iron (Maximum) — Fe 0.400

Oxygen (Maximum) — O 0.020

Hydrogen (Maximum) — H 0.015

Other, Total (Maximum) 0.400

3.4.2 Problematic with titanium and its alloys

In order to achieve an implant system that responds completely to the human
body demands, the physical and chemical properties of the materials’ outermost
layer must be controlled.

As was pointed earlier, the Ti based materials are capable of creating a
protective oxide layer when in contact with oxygen. Unfortunately, that passive film
spontaneously formed is not completely ideal for biomedical uses. It has a
heterogeneous formation and is very thin, tending to disappear when rubbed. If so, it
causes the diffusion of the Ti oxide to the biological surroundings, which will then act
as abrasive elements. All these phenomena incapacitate the implant chemical
adhesion to the biological material [32,39], which can even occur years after
implantation (implant loosening).

Concerning the Ti6AI4V alloy, the issue of toxicity raised by the presence of
vanadium is one of the biggest concerns. After implantation, this problem may
appear due to the dissolution of ions. Indeed, if the oxide layer is not reformed before
exposure to the biological environment, vanadium can be release and, consequently,

a negative host response may take place.
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To overcome these limitations, over the years, several surface treatments
have been proposed. From simple modifications in the physical or chemical
properties of the surface [120,121] to the immobilization of bioactive molecules, both
from inorganic and organic origins (i.e. HAP [122] — precipitation of calcium and
phosphate groups — or adhesion sequences such as RGD [123]), the options are

many.
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4. CURRENT SURFACE TREATMENTS OF TITANIUM

4.1 Role of Surface Properties on the Cellular Behavior

Ti and its alloys are favored as implant materials for orthopedic applications
with direct contact to bone. These materials possess excellent corrosion resistance,
low toxicity, “acceptable” compatibility with the living tissue and good mechanical
properties, namely high tensile strength and durability, high ductility and low density
[115,124,125]. Despite their continuous use in the medical field, aseptic loosening
due to unsatisfactory response of the tissue surrounding and possible infection still
occurs [126]. This challenge has motivated research from various perspectives,
mechanical, physical and chemical, giving rise to different alternatives to improve the
surface properties. However, this was only accomplished once understood the
impact of each one of the Ti surface characteristics on the cells behavior.

A substantial number of studies have been conducted to examine the
osteobastic cells behavior on Ti treated with different surface techniques. In vitro and
in vivo researches have demonstrated that surface topography, wettability and
chemical composition can significantly affect the cells development from early

attachment to late differentiation (mineralization).

4.1.1 Topography

Cell adhesion, proliferation, differentiation, metabolic activity and the synthesis
of ECM proteins are very sensitive to surface properties. There are numerous reports
that show that surface roughness or topography affects the rate of bone tissue
integration and biomechanical fixation of titanium implants, both in vivo and in vitro.
This property has been pointed by many as a stimulant factor in the creation of a
microenvironment favorable for cell adhesion, migration and differentiation [127,128].

The most common mechanical methods of surface modification applied to Ti
based materials are the machining, grinding, polishing and blasting, which usually
associate other physical treatments such as shaping or removal of surface materials.
These are frequently applied with the aim of modifying the surface to obtain specific

surface topographies and morphologies to improve cells development [121].

52



LITERATURE REVIEW | Chapter 2

Linez-Battailon et al. [129] by studying the role of surface roughness of
Ti6AlI4V materials on the MC3T3-E1 cells proliferation, morphology and expression of
different adhesion cells has shown exactly this. They used five surface treatments,
sandblasting, 80, 1200 and 4000 grade polishing and mirror polishing, to induce
different roughness levels, and followed the MC3T3-E1 cells initial behavior on those.
The results revealed the cells preference for smoother surfaces with increased
proliferation rates and different spreading patterns. To the contrary, the diminished
cell growth on these materials indicated a lower adhesion performance and
decreased cell activity, which included differentiation and mineralization. In this study,
it was also seen that the expression of actin, vinculin, Fn and Col | varies with
respect to the surface roughness. While on rougher substrates the actin cytoskeleton
appears disorganized, the amount of vinculin contact points and Col | was increased.

Fn expression did not change with the Ti6Al4V roughness.

Anselme et al. [130] conducting a similar experiment, evaluated the long term
adhesion of osteoblastic cells on CP Ti substrates with different morphologies and
concluded that human osteoblasts spread more intimately on surfaces with lower
roughness amplitude. Cells behavior was tested on seven morphologies created by
five surfaces treatments, electron-erosion, sandblasting, polishing, acid-etching and
machine-tooling. As in [129], it was again seen that cells adhesion is intensified on
rougher materials. By observing the osteoblasts adhesion power, they reached an
interesting conclusion that points that human osteoblasts are more sensitive to the
roughness organization and morphology of the surfaces than actually to its

amplitude.

Simon et al. [131] investigated the biocompatibility and corrosion resistance of
CP Ti submitted to five different surface treatments, namely sintered microspheres
porous Ti, plasma spray, sandblasted and acid etched combination, and sandblasted
with HAP, and demonstrated that MG63 osteoblast-like cells behavior is influenced
by the surface treatment. Porous Ti increased significantly the cell attachment,
morphology, proliferation and ALP production, suggesting a better biocompatibility
compared to the rest of the substrates, aside from putting in evidence an excellent

electrochemical performance.
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During an in vivo study, Gabbi et al. [132] was able to prove that micro-
roughness can considerably affect osteointegration. The aim of the study was to
perform an analogy between bone tissue responses to differently treated Ti implants:
chemically-treated rough Ti achieved by double acid etching process, bioactive Ti
obtained by Bio-Spark, and untreated machined Ti (control). By following the body
local reaction to the implantable materials, they confirmed that all treatments can
improve and accelerate osteointegration in relation to the control, in particular the
double acid etching process which stimulated considerably more the early cells
development. Gabbi et al. consider surface roughness as a key factor for osteoblasts

adhesion and colonization during neo-deposition around Ti implants.

Hayakawa et al. [133] conducted an in vitro study where they followed the
viability and total protein contents of MC3T3-E1 osteoblast-like cells cultured on Ti
with different surface mechanical treatments, nanometer smoothing (average
roughness, Ra = 2.0 nm) and sandblasting (Ra = 1.0 ym), and biochemical
treatments, namely, with and without Fn immobilization. They demonstrated that the
combination of sandblasting and Fn provided better cell viability, while Fn on its own
motivated a better arrangement of the attached cells. The smooth surfaces were
responsible for higher cell attachment with more spread cells. In the end, no
significant differences were found on the total protein contents between the four

surfaces.

Since different roughness usually leads to different morphologies, Teixeira et
al. [134] decided to investigate the effect of pore size on osteoblastic phenotype
development. Porous Ti disks with three pores sizes, 312 pum, 130 pm and 62 pum,
were cultured with osteoblastic cells from human alveolar bone up to 14 days. It was
seen that bigger porous size regulated the cell growth by stimulating the osteoblast
proliferation. On the other hand, bone markers gene expression, namely the runt-
related transcription factor 2 (RUNX2, a master transcriptional factor that initiates
bone formation), ALP, Col I, BSP and OPN, was enhanced in the presence of smaller
porous size substrates (62 um). These results suggested that the size of porous
together with the thickness of the porous coating, also considered to influence the

cells phenotype expression, on Ti materials could contribute to the development of Ti
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implants with ideal surface morphology that yield osteointegration in challenging

bone sites.

Despite the continuous research for surface treatments that will allow a perfect
topography and morphology, until this day there is no absolute values or ideal
characteristics defined for the titanium material. As well, the cell response may not
yet be totally clear. There are some authors that admit a negative effect induced in
the cells activity, cell adhesion [135] and phenotype expression [136], by rougher
surfaces. Others point that different cell types or cells at different maturation stages

may display opposite behaviors when cultured on rougher materials [137,138].

4.1.2 Wettability and Surface Energy

The surfaces wettability and energy are normally a result of differences in
surface composition and/or topography. Despite this interdependence, many studies
have shown that protein adsorption is directly affected by these two important
properties and, in consequence, so is the cells attachment. Kasemo et al. [139] has
even pointed that surface wettability may be the real instigator of osteointegration,
since water molecules are the first to associate with the biomaterial in a living
organism. This argument was supported by Hallab et al. [140] that demonstrated the
surface energy to be more important than the surface roughness for cell adhesion
strength and proliferation. The same was detected by Schakenraad et al. [141]. They
even pointed that surface energy may be the dominant factor for cell attachment
even after the solid surface has been covered by a protein layer. Based on these
revelations, many investigators have dedicated their attention to these important
aspects of Ti implants to better predict the cells response.

Ponsonnet et al. [142] followed the cell attachment and spreading on various
Ti materials, CP Ti, Ti6Al4V and NiTi (titanium nickel alloy), and based their
conclusions on the surfaces hydrophilicity, free energy, interfacial energy and
roughness. They were capable of establishing a relationship between the surfaces
wettability and roughness and it was concluded that on rougher surfaces the water
contact angles tend to increase. However, surface energy could only be determined
when separated from the surface roughness, as the contact angles and the shape of

the drops change on the material with time. Therefore, the materials were polished,
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becoming smother (Ra < 0.015 pm). It was established that all materials were
hydrophilic and that having a low polar component (or low fractional polarity)
influenced positively the cells proliferation. The interfacial free energy values were
low for all investigated surfaces indicating good biocompatibility. Taking into account
roughness, it was demonstrated that after a certain value (between 0.08 and 1 Am)
cell proliferation becomes difficult, showing that the higher the roughness the lower
the cell proliferation rates. In conclusion, surface energy was found as the dominant
factor to determine cell adhesion. Nevertheless, data showed that roughness can

strongly disturb the relationships between surface free energy and cell proliferation.

Rupp et al. [143] showed that the surface wettability and its energy can play a
major role on the protein adsorption and on the osteoblasts adhesion. By evaluating
the materials wettability as a result of different surface topographies (sandblasting
and acid-etiching treatments) and Fn immobilization, they were capable of
establishing a correlation between surface properties, showing that average micro-
structured surfaces possess superior wettability and surface energy. This
combination of properties led to an improved initial biological response at the
interface through the attraction of more ECM proteins. It was seen that the micro-
structured surfaces, once in the complete wettable configuration, may improve the
initial contact with host tissue after implantation, due to the drastically increased
hydrophilicity. They also demonstrated that osteointegration is accelerated in the
presence of Fn and that to be a result of the successful collaboration between

roughness and wettability.

Zhao et al. [144] studied the MG63 cells growth and differentiation on
sandblasting and acid etching modified Ti and demonstrated that the surface energy
and the hydrophilicity of the materials can affect more significantly the cells behavior
than roughness by itself. They created microscaled and submicroscaled structures of
enhanced surface energy, similar to the osteoclasts resorption pits on bone wafers,
and detected an intense osteoblastic differentiation. The hydrophilic nature of the
substrates increased the OC and the ALP activity of the cellular layer and created a
favorable osteogenic environment by enhancing local factors as prostaglandin E;
(PGE>) and transforming growth factor-g1 (TGF-31).
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Despite the clear benefits of wettable surfaces, sometimes they may not be
necessary to improve the host response. Kubies et al. [145] by developing a
comparative study between different commercially available implantable materials
and the normal human osteoblasts reaction to it and capacity of blood coagulation
showed exactly this. The osteoblasts proliferation and the expression of bone tissue
mediators, such as TGF-B, ALP, tumor necrosis factor-a. (TNF-a), interleukin-8 (IL-8)
and vascular adhesion molecule-1 (VCAN-1), were monitored on Ti, Ti6AL4V,
CrCoMo alloy, zirconium oxide ceramics, polyethylene and carbon/carbon composite.
The results revealed the Ti acid etched materials to be the most suitable for bone
tissue substitutions due to its high osteoblasts proliferation and osteogenesis
markers expression, low inflammatory cytokines production and intensive blood clot
formation. These outcomes were promoted by a higher polar surface energy, which
exhibited the highest effect on all materials, and a superior surface roughness
(Ra>3.5 um). Here, it was seen that the wettability of the surface was irrelevant to the

cells behavior.

4.1.3 Chemical Composition

The modification of the Ti chemical composition is a very common process in
the biomedical field. Ti is usually characterized as a biopassive material, since the
healing process induced by it is slower than on materials with bioactive properties,
such as HAP. However, due to its physiological fragility, calcium and phosphate
based ceramics cannot be used by itself as bone substitutes. Therefore, the use of Ti
as bulk material is recommended. Bioactive coatings are usually used on Ti materials
to improve and fasten their integration in the human body [146,147]. Different
techniques may be applied to this task, grafting, anodization, chemical and physical
vapor deposition, sol-gel technique, plasma spray and sputtering are some of the
many [121].

Olivia et al. [148] tested two new formulations of bioactive glass coated on
Ti6AI4V substrates on primary cultures of human osteoblasts and confirmed their
bioactive and osteoconductive properties. A non-bioactive glass, uncoated Ti6Al4V
and polystyrene were used as control against the bioactive glasses. It was seen that
the last induced a rapid and strong osteoblastic proliferation with the cells spreading

along the surface, creating a close and compact layer, and expressing high levels of
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OC. This was not seen on the rest of the substrates which exhibited a minor
proliferation and cytoplasmic extension. Aside from stimulating the osteoblasts
proliferation and colonization, these glasses allowed in a successive differentiative
step the expression of important osteoblasts biochemical markers. Olivia et al. study
provided evidences of the bioactive glasses coated on Ti based materials potential

for prosthetic application and as bone substitutes.

Feng et al. [149] incorporating calcium, phosphate ions and the carbonate
apatite onto Ti followed the effect of the surface chemistry on the initial rabbit
osteoblast response. They observed that the number of adhering cells as well as the
ALP activity was superior for the apatite coated substrates and that to be closely
followed by the calcium coated Ti. The phosphate coated surfaces registered lower
amounts of cells and ALP which were only surpassed by the untreated Ti (control),
the lowest from the group. They observed that calcium ions favor protein adsorption,
such as Fn and Vn as ligands of osteoblasts, due to positive electricity and chemical
and biological functions, becoming more relevant than the phosphate ions to the
initial interactions between culture medium, osteoblasts and Ti surfaces. Calcium
ions also played an important role on the apatite coated materials, since they
represented the active sites for osteoblast adhesion and promoted it in the phosphate

ion sites.

Park et al. [150] by studying the in vitro bioactivity of magnesium and
magnesium/HAP coated Ti determined that these two surface coatings had the
potential to accelerate the implant osteointegration and stimulate the osteoblastic
differentiation. The magnesium and the magnesium/HAP were successfully coated
on Ti substrates using radio frequency and direct current magnetron sputtering and
their performance was compared to non-coated smooth Ti (surface roughness was
similar for all materials). The ALP activity of the MC3T3-E1 cells was followed and
the expression of important bone markers including BSP and OCN was evaluated.
The results showed an improved cellular response with regard to proliferation, ALP
and bone markers activity, on both magnesium and the magnesium/HAP coated Ti.
No significant differences were detected between these two coatings, despite from a

small increase on the ALP and BSP levels induced by the HAP.
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Uezono et al. [151] proposed an innovative approach for quick implant
osteointegration that consisted in the coating of Ti materials with a HAP/Col |
nanocomposite. Here, three substrates were tested, machined Ti rods (control), HAP
coated Ti and HAP/Col | coated Ti. In vivo bone formation was investigated on male
Sprague-Dawley rat calvarium specimens via histomorphometrical analyses and
bonding strength tests. It was seen that all the control substrates and half of the HAP
Ti triggered an inflammatory response by fibrous encapsulation. To the contrary, the
nanocomposite coated materials were almost totally surrounded by new bone tissue
without encapsulation. HAP/Col | coating stimulated bone contact ratio, the greatest

between all surfaces, and led to a superior bonding strength to bone.

Using the same combination Col | and HAP, Cecconi et al. [152] confirmed the
previous argument. They inserted coated and uncoated Ti implants on New Zealand
white rabbits and followed the bone formation at the site. After 45 and 90 days, the
animals were sacrificed and the bone implant contact, the trabecular thickness and
the calcium-phosphate ratio were measured. It was seen that all implants healed
without fibrous encapsulation and that the coated materials significantly improved
bone formation. The data demonstrated that Ti integration can be enhanced by this
coating combination, accelerating stable implant fixation and the early loading of the
device.

For many years, the use of HAP coatings on Ti materials was the most
common and viable alternative in orthopedics. However, due to the instability of HAP
in physiological environments (degradation), nowadays, other options are being
searched. Biochemical modifications of Ti materials with the immobilization of ECM
proteins or other peptides are attracting more and more attention [121]. In contrast to
calcium and phosphate coatings, biochemical surface modification utilizes critical

organic components of bone to affect tissue response [153].

4.2 Biochemical Modification of Ti Surfaces

The main goal of biochemical modifications of biomaterials is to immobilize
proteins, peptides, or grow factors onto the surface in order to induce a specific
cell/tissue response, in other words to control the tissue implant interface. A variety of

techniques can be applied to this function; however an extensive literature review

59



Chapter 2 | LITERATURE REVIEW

shows that Ti materials usually bond with these biological molecules by means of
physical bonding, for instance electrostatic, hydrophobic and Van der Waals
interactions, or chemical bonding, such as covalent interactions [121,153].

For the purpose of this research, special attention will be given to the
adsorption of ECM molecules (Fn and Col I, for instance), and to the peptides

immobilization in particular the RGD sequence.

4.2.1 ECM Molecules Immobilization

The ECM components are very importance to the osteoblastic cells
development, since they modulate their behavior during implantation. Adsorption and
immobilization of these elements, particularly proteins, on the implantable surfaces
can induce the recruitment of more osteogenic cells precursors, provide a more
favorable environment for osteogenic cells differentiation, enhance cell attachment
and increase the bond strength between cells and biomaterial. Since the 80’s,
different proteins have been tested on Ti based materials. Col | is probably one of the
most common proteins used, due to its abundance in the ECM and capacity to
modulate cell growth and differentiation [154].

Morra et al. [155] study was one of first that used Col | in association to Ti
surfaces to modulate the osteoblast response. They covalently linked the protein to
the material using hydrocarbon plasma followed by acrylic acid grafting, creating a
complete and homogeneous adlayer. The surfaces cytotoxicity was investigated in
vitro using Sa0S-2 osteoblastic cells, while the osteointegration rate was followed in
vivo in rabbits. The results from the in vitro studies confirmed these altered surfaces
to be safe, despite no implications to the ALP and cells growth rate were detected
between these and unmodified materials. To the contrary, in vivo studies revealed a
significant increase on bone growth and bone-to-implant contact in the presence of
Col I modified surfaces, which validates the ability of these biochemical modifications
to enhance the bone healing rate. These observations were late confirmed by Van
den Dolder et al. [156]. They observed that initially fewer cells were attracted to the
covalently linked Col | compared to the Ti control, decreasing their proliferation rates.
More importantly, they established this combination stimulates osteoblastic cells
differentiation, improving and accelerating the osteointegration process.

Aside from Col I, Fn attracted much attention as well. This is a major adhesive
glycoprotein that binds to other ECM components and facilitates the interaction of
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different molecules in a stable interconnected network. Due to its central binding
domain, the RGD peptide, Fn is capable of promoting osteoblastic cells adhesion and
proliferation [77,78]. Pugdee et al. [157] using a simple tresyl chloride activation
technique immobilized Fn on Ti surfaces and examined the MC3T3-E1 osteoblastic
cells attachment and gene expression. They observed a higher cell attachment rate
and enhanced expression of BSP and osteomodulin (OMD) on the Fn coated
surfaces but reduced sulfatase-1 (SULF1l) and mRNA levels, which implies a
decrease in the glycosaminoglycan degradation and, consequently, an early
promotion of matrix mineralization. In this study, Fn’s impact on bone formation was
attested. Yoshida et al. [158] conducted a similar experiment where aside from
testing the implications of Fn (immobilized with the previous method) on the MC3T3-
E1 cells behavior, they also tested the influence of surface topography. Here, smooth
(Ra~2.0 nm) and sandblasted (Ra~1.0 um) Ti surfaces were used to monitor the cells
proliferation rates, ALP activity, OCN production and mineralization. In the end, the
nanometer-smooth surfaces were seen to display higher ALP activity, OCN
production and mineralization. In this case, the immobilization of Fn decreased the
ALP production but increased it for the sandblasted materials. On the other hand, the
presence of Fn led to a beneficial rearrangement of the cells cytoplasm, promoting
their spreading, particularly on the smooth material. The MC3T3-E1 cells expression
of various bone tissue markers was also followed by Rapuano et al. [159] on Fn
immobilized Ti materials. As before, Fn enhanced the ALP, OCN, BSP, OPN, Col |
and RUNX2 expression and even accelerated their production and activity, with their
peaks being revealed earlier than on unmodified Ti conditions. Once again, Fn
immobilization assured its value during osteoblasts differentiation and consequent

osteointegration.

4.2.2 Peptides Immobilization

The ability of cells to adhere to a biomaterial, proliferate and organize their
ECM into a functional tissue depends on the molecules involved during cell
attachment, in particular the integrins. Integrins interact with short amino acid
sequences of several proteins to create strong bonds to support their maturation
along time. The most common sequence is the RGD which has been identified in
plasma and ECM proteins, including Fn, Vn, Col I, OPN and BSP. This peptide is

recognized by the majority of the cell membrane receptors and is an essential
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mediator of osteoblasts attachment. Since peptides exhibit superior physiological
stability than proteins, its application and immobilization by covalent bonding on Ti
surfaces has become more and more recurrent. Nowadays, it has been shown that
synthetic peptides that contain the RGD amino acid can essentially mimic cell
attachment activity as if they were the original molecule [154]. One of the first in vivo
investigations with RGD-containing peptides immobilized on Ti substrates was
conducted by Ferris et al. [160]. Their study was designed to evaluate the quality and
guantity of new bone formed on Ti rods coated with RGDC (Arg-Gly-Asp-Cys)
peptides implanted in rat femurs. After 2 and 4 weeks of implantation, a significant
thicker shell of new bone was observed around the RGDC treated implants
compared to the plain ones. Mechanical pull-out testing were conducted after 4
weeks, as well, and revealed a superior (38% more) interfacial shear strength for the
peptide modified Ti rods, suggesting this coating may enhance osteointegration at
the site. In another in vivo study, Kroese-Deutamn et al. [161] evaluated the
formation of new bone in a porous Ti fiber mesh implant coated with cyclic RGD
peptide, containing a phosphonate anchor. They inserted the treated and untreated
Ti implants into the cranium of a rabbit and followed the bone development up to 8
weeks. As before, the presence of RGD peptides increased the bone formation and
ingrowth in relation to the uncoated Ti materials. Secchi et al. [162] confirmed the
previous observations and the importance of RGD and RGD-containing sequences
on the cell attachment regulation by covalently grafting RGDS and RGES (control)
peptides onto Ti using an APTS linker. The peptides increased the surfaces
roughness and hydrophilicity. The MC3T3-E1 cells were cultured afterwards and their
behavior followed. Significantly more cells were found attached to the RGDS coated
Ti than on the RGES, with the first contributing favorably to the osteoblasts
phenotype expression and inhibition of apoptosis. During this investigation, it was
seen that RGD-containing peptides enhanced osteoblasts attachment and their

survival rates, putting in evidence their potential to promote osteointegration in vivo.

Biochemical methods of surface modification are promising approaches to
modify and induce a specific cell response on Ti, at least at a laboratory level.
Difficulties, however, may be found when it comes to the stability of the immobilized
proteins/peptides on the surface and their accessibility to active sites of cells.
Besides, physical adsorption of the molecules may not be successful for long-term
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implantation due to possible desorption. On the other hand, the covalent binding may
require the use of different chemical reactions, which can be aggressive towards the
molecules reducing their bioactive potential. On top of everything, the cost of these
processes and proteins/peptides synthesis may not be viable at an industrial level.
Still, this continues to be a very acceptable and potentially capable surface

modification method for Ti based implants [121,163].

4.3 Grafting of Bioactive Polymers

The grafting of bioactive polymers bearing appropriate chemical functions on
implantable materials can modulate the cells entire activity, including attachment and
spreading. This is an original and innovative approach based on old and well founded
knowledge. Over the years, the notion of bio-specificity or specific recognition
between two biomolecules has been applied to improve the host response at the
interface cell-biomaterial. It became even more relevant with the introduction of
biochemical surface modification methods in tissue engineering and biomaterials
science.

The distribution of appropriate chemical groups along the polymeric
macromolecular chains allows polymers to impart specific biological properties to the
materials surface, such as modulation of the cellular or bacterial behaviors.
Regarding the cells activity, these groups can intervene in the creation of new active
sites capable of interacting with ECM proteins, implicated in the cell response [164].
These sites have been shown to possess specificity to adhesive proteins such as Fn
or Vn and to be capable of modulating their affinity and conformation towards the
implantable device, in order to maximize the exposure of their intrinsic binding
domains to cells [164,165].

This concept of grafting bioactive polymers onto implantable surfaces has
been the main research subject of the Laboratory of Biomaterials and Specialty
Polymers (LBPS-CSPBAT UMR CNRS 7244) for over 20 years. Their efforts allowed,
in an initial phase, the synthesis and grafting of anionic functionalized “model
polymers”. These were synthesized from PMMA materials (methyl methacrylate,
methacrylic acid and sodium styrene sulfonate or NaSS) with carboxylate and
sulfonate functions through radical copolymerization. Different copolymers were
prepared varying the molar proportions of two monomers but maintaining their

insoluble character in physiological medium. After stabilized, the cells, proteins and
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bacterial behavior were followed in vitro and in vivo on these materials. It was seen
that by varying the ratio between carboxylate and sulfonate groups they were
capable of inhibiting the bacterial adhesion and induce osteoblastic maturation,
particularly by enhancing the ALP and calcium production at the ECM [166,167].
Later, they observed that bioactive coatings could be created using only one
monomer carrying sulfonate functions [164]. To the purpose of this study, the next
section will be dedicated to the direct grafting of the anionic polymer poly(sodium

styrene sulfonate) (poly(NaSS)) onto Ti based substrates.

4.3.1 Grafting of Poly(sodium styrene sulfonate)

The concept of grafting a bioactive polymer through radical polymerization on
metallic surfaces is relatively new. This method is based on the creation of free
radicals at the surface that under specific environmental conditions interact with the
monomers in solution, inducing their polymerization [164].

The activation of Ti surfaces by chemical oxidation in a mixture of pure sulfuric
acid (H.SO,4) and hydrogen peroxide (H.O,) leads to the production of Ti hydroxides
and peroxides. The existence of these elements has been confirmed previously and
its value attested. For instance, Tengvall et al. [168] demonstrated that in
physiological medium Ti can react with H,O, and create a thick protective oxide
layer. On its turn, Takemoto et al. [16,170] in two different investigations reported that
Ti substrates treated with H,O, and subsequently heated achieved higher blood
compatibility than untreated Ti. They showed that by heating the Ti material after
oxidation it was possible to induce the decomposition of Ti peroxides into free
radicals. This same ideology has been followed by the LBPS investigators. After
chemical oxidation, the metallic substrates are immersed in a monomeric solution
and heated at 70°C to induce the formation of free radicals but, most importantly, the
covalent linkage between these and the monomers — radical polymerization.

Noirclere et al. [171] in a preliminary study reported the poly(NaSS) effect on
osteoblast-like cells grafted onto Ti surfaces. Here, Ti was functionalized by chemical
grafting with a bioactive polymer bearing anionic sulfonate groups. A thoroughly
characterization of the grafted substrate put in evidence the hydrophilic character of
the treated material and confirmed the presence of sulfur and sodium. After
successful radical polymerization, the MG63 cells were cultured on the materials and

the biological response was followed. Significant improvement of cells adhesion
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strength to these altered surfaces was detected and so was an increase of the
calcium production during mineralization. The surface modification with anionic
sulfonate groups was proved to be effective and to contribute to bone regeneration in
vitro. These results were corroborated by Mayingi et al. [172] research. Later, Hélary
et al. [164] in a similar investigation proved the ability of poly(NaSS) grafted onto Ti to
improve MG63 cells ALP activity aside from the adhesion strength and calcium
production. More recently, Michiardi et al. [173] conducting in vitro and in vivo
preliminary tests on Ti6Al4V surfaces grafted with sulfonate (poly(NaSS)) and
carboxylate groups (methylacrylic acid) implanted on rabbit femoral bones, confirmed
the previous observations. In vitro, poly(NaSS) induced the highest cell adhesion
levels, while in vivo, it was responsible for a superior percentage of mineralized bone

around the implant.

These results provide evidence of the poly(NaSS) ability to improve and
promote osteointegration both in vitro and in vivo. Nonetheless, much needs to be
understood in regard to the effect of poly(NaSS) grafted onto Ti6Al4V on the
osteoblastic cells general and molecular behavior and on important biological
molecules. The objective of the present research is exactly this; to provide evidences
that sustain these observations and uncover new information that support our
previous premise: “poly(NaSS) grafted on Ti6Al4V improves and promotes

osteointegration”.
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— 1% Part. Substrates —

1. MATERIALS

1.1 Disks
1.1.1 Substrates Preparation

Ti6AI4V disks (1.3 mm of diameter) furnished by the CERAVER company
(France) were used as substrates. Before use, the material was polished with a
series of SiC papers from 500 grit up to 1200 grit and cleaned in Kroll’s reagent (2%
HF, Sigma, and 10% HNOs3;, Acros, in 88% H,0) for 30 s. Afterwards, the substrates
were submitted to several washes in distilled water (dH,O) and dried under vacuum
at 60°C.

1.1.2 Surface Modification

For the grafting process, the monomer NaSS (Sigma) was selected (Figure
23). It was purified by recrystallization in a mixture of water/ethanol (10/90 v/v) at
70°C. Once the monomer was completely dissolved, the solution was filtered and
placed at 4°C for crystal formation. Afterwards, the crystals were recovered, dried

under vacuum at 60°C, and store at 4°C before use.

CH,=CH

O=?=O
0]

- +
Na

Figure 23. Chemical structure of the sodium styrene sulfonate monomer.

Chemical grafting (Figure 24A) was performed in an atmosphere poor in
oxygen (= 99% argon). Ti6Al4V disks were immersed in H,SO4/dH,O (50/50 vlv,
Sigma) for 1 min, to eliminate possible contaminants and start the oxidation reaction.
The same volume of H,O, (Sigma) was added and left for 3 min in contact with the
surfaces (agitation). This process is named chemical oxidation and is accompanied

by gas release (Figure 24B) and alterations in color of the solution (Figure 24C). After
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several washes with dH,O, the oxidized Ti6Al4V were submerged in a 0.7 mol/L
NaSS in dH,0 solution, previously degassed. The round bottom beakers hermetically
closed were then left for 15 h at 70°C. The elevated temperature allows the peroxide
bond to break, leading to the radical polymerization of the NaSS monomers. All
surfaces were, in the end, thoroughly washed in dH,O, under agitation, to eliminate
the homopolymer formed.

(A)

NasSs

o0

. 2. Qil Bath (T =70°C)
TiBAIdY —p =] H>S04/H-0, ﬂEl %

OXIDATION  ==——eep RADICAL POLYMERIZATION seep GRAFTED SURFACE

Figure 24. (A) Schematic representation of the chemical grafting process. Chemical oxidation of
Ti6Al4V substrates: (B) sulfuric acid/dH,0O action and (C) addition of hydrogen peroxide.

1.2 Quartz Crystals

1.2.1 Substrates preparation

Tests conducted using quartz crystals were preformed in real time using a
quartz crystal microbalance with dissipation (QCM-D, QSense, Sweden). Gold-
coated QCM-D sensors with and without a 50 nm thick vapor deposited Ti6Al4V layer
(Figure 25) were purchased from QSense (Sweden). The fundamental resonance
frequency of the crystals was 5 MHz. Data from the 3" to the 11" overtones was
recorded and used.

Before any QSense measurement, the sensors were sonicated in 99% ethanol
(10 min, Sigma) and twice in MilliQ® ultrapure water (10 min each, Millipore),

followed by drying in N, and UV ozone sterilization (10 min).
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P -—
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Figure 25. Gold and Ti6Al4V sensors.

1.2.2 Surface Modification

Ti6Al4V sensors were physisorbed with 15% (w/v) poly(NaSS) in pure water
(Sigma) for 15 h at room temperature (RT) and under agitation. This is a simple
process in which the electronic structure of the atom or molecule is barely perturbed
upon adsorption (absence of chemical bonds). The binding energy depends on the
polarization and on the number of atoms involved. Van der Waals forces are the
fundamental interactions.

In this case, the grafting process could not be applied to the sensors due to
their weak structure (very thin) and fragility of the Ti6Al4V film (easily removed with
weak acids). Other methods were tested to graft or coat the poly(NaSS) polymer onto
the Ti6AI4V surfaces. Physisorption was identified as the best alternative to the
surface functionalization of the Ti6Al4V sensors.

Some gold coated sensors were spin coated with 1% (w/v) poly(desamino
tyrosyl-tyrosine ethyl ester carbonate) (poly(DTEc)) in tetrahydrofuran (THF,
OmniSolv), others were spin coated with 10% (w/v) polystyrene (PS) in toluene
(Sigma) and the rest was used as uncoated gold substrates. The spin coating was
conducted at 3000 rpm for 30 s, and 50 pL of each solution were used per sensor.
The coated crystals were dried under vacuum overnight.

Poly(DTEc) (Figure 26) has been in many occasions indicated as one of the
most suitable polymers to construct scaffolds for bone regeneration [174]. The use of
poly(DTEc) in anterior crucial ligament reconstruction [175] and cancellous bone
fracture fixation [176] has been previously reported in rabbits. Moreover, its unique
osteocompatibility has been confirmed in canine models [177], foreseeing many

applications in the orthopedic field.

70



MATERIALS AND METHODS | Chapter 3

2

*f n

Figure 26. Poly(DTEc) chemical structure.

PS (Figure 27), on its turn, is a common synthetic polymer used in the medical
field. It has high transparency and processability, with low production cost
associated, but most importantly is a non-toxic material. PS is used in a wide range
of disposable biomedical devices, including tissue culture plates, test tubes and
diagnostic components. In in vitro investigations, disposable PS culture dishes are

widely used as blanc tests for cell attachment [178,179].

+i——1

Figure 27. Polystyrene chemical structure.

1.2.3 Data Treatment

QCM measurements were carried out in a Q-Sense E4 instrument (Q-Sense
AB). A peristaltic pump (Ismatec, IDEX Health & Science GmbH, Wertheim,
Germany) at constant flow rate of 25 pl/min (nominal) was used during protein tests.

In analyzing QCM-D data, when the surface coatings and adsorbed protein
are rigid and laterally homogeneous, the dissipation change is negligible compared to
the frequency change, the hydrated surface mass can be calculated using the
Sauerbrey equation [180]:

Af = —C.Am,

with the mass sensitivity of the crystal, C, equal to 17.7 ng/cm?.s. The increase in
dissipation was less than 1x10® per 20 Hz drop in frequency for BSA and Fn, and
hence the Sauerbrey equation was used to estimate the adsorbed protein mass with
hydration. Data from the 3" to the 11" overtones were used. Although the dissipation
was larger with Col I, to keep the analysis consistent, we used Sauerbrey even in this

instance, thus underestimating its adsorbed mass
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2. SURFACE CHARACTERIZATION

2.1 Morphology

The morphology of the ungrafted and grafted Ti6Al4V surfaces was observed
by scanning electron microscopy (SEM, Hitachi TM3000, Germany). This equipment
generates 3D images, allowing the observation of the materials macro and
submicron features. It uses a high energy beam of electrons in a raster scan pattern
that interacts with the atoms at or near the samples’ surface, under vacuum
conditions. The materials in study must be electrically conductive, at least the
outermost layer, and electrically grounded to prevent accumulation of electrostatic
charge [181,182,183]. The Ti6Al4V substrates tested required little preparation since
they were already conductive. Ungrafted and grafted surfaces, previously cleaned
and dried, were observed using the Shadow 2 mode with electron beam intensity of
15 kV and magnification ranging from 100x to 2000x.

2.2 Topography

The surfaces topography was investigated using a microtopographer
(Micromesure STIL, model CHR 150-N, France) that does both profile delineation
(2D evaluation - 2D graphics) and analyses of surface area (3D evaluation — 3D
models). This is a non-contact optical profiling system that measures step heights (up
to 0.1 nm) and surface roughness. It uses a confocal chromatic technology system
with a set of chromatic lens that detect reflected white light and specific wave lengths
emitted by the surface. Here, only light travels above the material so damages or
surface modifications can be avoided [184,185,186].

This equipment uses a probe that possesses an amplitude of measurement of
310 um, an axial resolution of 10 nm, a spot diameter of 4 um and a lateral resolution
of 2 um. 3 equally separated areas of 0.5 mm? per sample were examined and
treated with a microroughness filter with a cut-off of 0.08 mm. Data recovered was
examined using the software Mountains Map (DigitalSurf). The average results were
reported as average roughness (Ra), average maximum height roughness (Rz),
maximum profile peak height (Rp) and quadratic mean roughness (Rq) for 2D (Figure
28), and the corresponding values Sa, Sz, Sp and Sq for 3D.
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Figure 28. Schematic representation of Ra, Rz, Rp and Rq, four roughness (2D) parameters [187].

2.3 Chemical Composition
X-ray photoelectron spectroscopy (XPS) and energy dispersive X-ray

spectroscopy (EDS) were the two techniques used in the analyses of the ungrafted
and grafted surfaces chemical composition.

In the XPS method, the sample is irradiated with mono-energetic x-rays
causing photoelectrons to be emitted from the material surface. The energy and
intensity of a photoelectron peak provides information about the identity, chemical
state and quantity of each element detected. Here, only the composition of the
outermost layer (first atomic layer) is evaluated (Figure 29A) [188,189]. A K-Alpha
XPS Instrument (Thermo Scientific) was used in this investigation. 50,000 eV x-ray
was applied in the identification of individual elements, while 200,000 eV was used
for the entire survey. Their concentration was determined by detailed scans of each
one of the elements. The x-ray spot size used was 400 pum. High resolution spectra
were profile fitted (Thermo Avantage 4.51 software), and the resulting peaks areas

were used to calculate the elemental composition.
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Figure 29. Representation of the (A) XPS [190] and (B) EDS principles [191].

The EDS system (usually associated to the SEM equipment) measures the
number of emitted electrons by the sample, in response to an electron beam
bombardment, versus their energy. Its principle is based on the unique atomic
structure of each element and, in consequence, a unique identification. Therefore,
electrons can be excited from different energy levels (outer positions equals to higher
energy levels while inner positions to lower), allowing the elemental identification to
be done not only at the surface but at the bulk of the material as well (Figure 29B)
[182,183]. Identification of the chemical composition of the ungrafted and grafted

Ti6AI4V was conducted on 3 areas of 0.1 mm? randomly selected on each sample.

2.4 Toluidine Blue Colorimetric Method

Toluidine blue (TB, Figure 30) is an acidophilic metachromatic dye that
selectively stains acidic tissue components (sulfonic, carboxylic and phosphatic
chains), through the complexation of the N*(CHs), with anionic groups such as the —
SOz [192,193]. This way, the TB allows the quantification of grafted polymers, as

poly(NaSS), on different materials.

H4C N Cl
XL
+.CH
H,N S SN 3
CHj

Figure 30. Toluidine Blue molecule.

Ti6AI4V disks were individually immersed in a TB (Acros) aqueous solution

(5x10™ M, pH~10) at 30°C for 6h. This step allows the complexation of the TB with
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the grafted sulfonate groups. The samples were then rinsed with a 5x10 M sodium
hydroxide aqueous solution to remove the non-complexed dye. This step continues
until the solution becomes colorless. Afterwards, the disks were immersed in a
mixture of acetic acid/dH,O (50/50 v/v, Sigma) for 24 h, inducing TB decomplexation.
The concentrations of decomplexed TB were measured by visible spectroscopy at
633 nm using a Perkin-Elmer spectrometer lambda 25.

To determine the quantity of grafted molecules on the Ti6AI4V surfaces
several steps must be taken. The first consisted in the determination of the molar
extinction coefficient ¢ of TB. A calibration curve (Figure 31) was created with
concentrations from 4x10°® to 5x10™ M (initial solution 1x10 M diluted 20x, 25x, 50x,
100x, 200x, 250x) of TB in acetic acid using the formula OD = f(C), with OD =

absorbance at 633 nm.

1.2 1 y = 23403x + 0.022
R?z=0.997

0.6 1

0.4 4

Absorbance at633 nm

0.2 1

00 T T T T T
0.0E+00 1.0E-05 2.0E-0% 3.0E-0% 4.0E-05 5.0E-0% 5.0E-05

Concentration(mol/L)

Figure 31. Toluidine blue calibration curve, with ¢ equals to 23403 L.mol*.cm™.

Using the Beer-Lambert law:

A= clc,

with A = absorbance at 633 nm, € = molar extinction coefficient of TB, | = length of
the optical trajectory (in this case 1 cm), and ¢ = concentration, the concentration of
the molecule that adsorbs could be determined (NaSS).
Finally, the amount of sulfonate grafted molecules on the Ti6Al4V surfaces
was calculated using the following relationship:
m = [NaSS].V. My s in ),
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with V = solution volume (5.107 L) and Myass = NaSS molecular mass (206.2 g.mol
. The quantity of grafted material is expressed in function of the surface area in

glcm?,

2.5 Surface Energy and Wettability

Contact angle evaluations are specific for any given system and are
determined by the interactions across three interfaces, solid-liquid (ys), liquid-vapor
(ywv), and solid-vapor (ysy).

The most common way to determine the wettability of a surface consists in
measuring the angle (6) between a small liquid drop (stable) and a solid surface
(Figure 32).

Young's Equation

r=t 6080

YSV

4

Figure 32. Schematic representation of a contact angle measurement [194].

The wettability of the poly(NaSS) grafted and ungrafted surfaces to pure water
(polar liquid); formamide (polar liquid, Sigma); ethylene glycol (polar liquid, SDS) and
diiodomethane (apolar liquid, Reagent Plus®) was assessed using a dynamic contact
angle apparatus (DSA 10 Kruss Instrument), following the sessile drop method. The
volume of the liquid droplets was 2 puL and the angles’ values were recovered 8 s
after the drop entered in contact with the surface.

The surface energy was calculated by applying a set of mathematical
equations, previously described by [195]. The Young’s equation on Figure 32

projects the relationship between the three interfaces, with a liquid droplet in
equilibrium (Ysv = ¥st T V1p 0S8,

By combining the Young’'s equation with the Dupré’s equation that expresses
the adhesion work, Wa, between a solid and a liquid (1), the Young-Dupré
formulation (2) is generated,
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Wa = Yiv + Ys = Var (1)
Wa = y,(cosd + 1) ).

This relates the contact angle (6) and the energy of the liquid vapor interface

o).
Fowkes suggested the total surface energy to be a result of different molecular
forces

V=rEEYT g,
with y¢ = dispersive forces, and y° = polar interactions. He considered the % to be the

most important for the system, proposing
1
Wa = 2(y2y2)? @).
The Young-Dupré formulation was then re-written as

Vi (1 + cos8) = 2(¥Ey2)> ).

Later Owens, Wendt and Kaelble adjusted the Fowkes equation to a more
general form that had into consideration both dispersive and polar components
1 1
Wa = 20r"v5)2 + 205%,)° (g).
By combining it with the Young Dupré formulation (5) a new equation to

determine the surface energy of a solid was generated

1 1
'.]"’Iv[:l + COSE) = E(ysd]"[ijz + 2(],-;“?;)2 (7)

This equation requires the use of liquids with dispersive and polar components
known and contact angle measurements. All these formulations were taken into
consideration to determine the surface energy of the ungrafted and grafted Ti6Al4V

materials.

2.6 Fourier-transformed infrared spectroscopy

Fourier-transformed infrared (FTIR) spectra, recorded in an attenuated total
reflection (ATR), were obtained using a Nicolet Avatar 370 Spectrometer. This
technique analyzes the vibrations characteristics of the chemical interactions present
on the surface and consequently the grafting homogeneity.

FTIR is most useful for identifying chemicals that are either organic or
inorganic and perhaps the most important tool to identify types of chemical bonds
(functional groups) [196,197].
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The Ti6AI4V spectra were obtained with a 4 cm™ resolution using a 45° Ge
crytals (4000 cm™ — 600 cm™). The disks were pressed uniformly against the crystal,
in order to get a good contact, using a smart Omni sampler. To reduce the
background noise, 128 acquisitions were built-up per surface point. 3 points

randomly selected on each substrate were tested.

2.7 Crystalline Structure

X-ray diffraction (XRD) is one of the most important non-destructive tools to
determine the atomic and molecular structure of a crystal. The beam of x-rays that
enters in contact with the crystalline atoms diffracts into many directions, with specific
angles and intensities. By measuring those specificities, a three dimensional picture
of the density of the electrons within the crystal can be generated and, as
consequence, the atoms position, structure, size, chemical bonds, etc. can be
determined. This technique can be used in many different materials with the ability to
form crystals [198,199]. Here, the data was obtained on a Philips X'pert Theta/Two-
theta diffractometer using copper Ko radiation (wavelength = 1.542 A) from a tube
operated at 45 kV and 40 mA. The scans were conducted between 10° and 90°

degree 26 counting for 2 s at every 0.02° interval.
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— 2" Part. Biological Testing —

After the substrates being prepared and thoroughly characterized, the
sterilization process took place and the biological tests were initiated. The following in
vitro experiments were conducted so the influence of the sulfonate groups on the
osteoblast-like cells behavior could be established and the mechanisms involved
during cell attachment identified.

1. SURFACES CONDITIONING AND STERILIZATION

1.1 Disks

Prior to cell culture, all Ti6Al4V disks were conditioned in a set of aquous
solutions: 1.5 M sodium chloride (NaCl, Fisher), 0.15 M NaCl, pure water and
phosphate buffered saline solution (PBS, Gibco), 3 h each and repeated 3 times
(under agitation). These washes were done so all impurities or residues present on
the substrates during processing were eliminate and, therefore, unable to interfere
with the biological tests (cell culture is extremely sensitive to contaminations). They
also had an important impact on the pH of the surface, approaching it to the
physiologic pH (pH = 7.4). After, each side of the Ti6Al4V substrates was sterilized
with ultraviolet light (UV, 30 W) for 15 min.

If the material was not used immediately it could be stored at 4°C in a PBS

and 1% antibiotics (penicillin-streptomycin, Gibco) solution.

1.2 Quartz Crystals

Before contact with the biological material all QCM-D sensors were sonicated
in 99% ethanol and twice in MilliQ® ultrapure water, followed by drying in N, and UV
ozone sterilization, each for 10 min. Once placed in the QCM chambers, PBS was
flowed through their surfaces to obtain the correct pH. The equipment was set up for
a temperature equal to 37°C and only after stability of the PBS frequency the
biological solutions were introduced.

After each experiment with proteins, the crystals were washed. The gold, the
Ti6AI4V and the physisorbed sensors were sonicated with 2% sodium dodecyl
sulfate (SDS, Sigma) solution in pure water for 30 min, then 15 min with dH,O and
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another 15 min with MilliQ® ultrapure water. This was followed by drying in N, and
UV ozone sterilization, for 10 min. The poly(NaSS) physisorbed sensors were then
submitted to a new physisorption process for 15 h. In the end, several washes with
different solutions were conducted: 1.5 M NacCl, 0.15 M NacCl, pure water and PBS, 3
h each. The poly(DTEc) spin coated crystals required a different cleaning process
that consisted in the total elimination of the poly(DTEc) layer. The substrates were
sonicated for 10 min with 2% SDS, then for 15 min in 95% ethanol and another 15
min with THF. In between, 10 min dH,O washes were conducted. Finally, MilliQ®
ultrapure water was used for 15 min and the sterilization process completed as
before. A new spin coating of poly(DTEc) on the gold coated sensors was preformed.
The same cleaning process was applied to the PS sensors with the exception of THF
which was substituted by toluene. In the end, here too, a new spin coating was
conducted.

On the cell culture experiments, to eliminate the attached biological material,
all sensors were washed with PBS (10 min), dH>O (10 min), ethanol 95% (10 min),
guanidine hydrochloric acid 4M (HCI, 20 min), guanidine HCI 8M (20 min), sodium
hydroxide 1M (NaOH, 20 min), HCI 1M (20 min), ethanol 95% (10 min), dH,O (10
min), and finally twice with MilliQ® ultrapure water (15 min each). N, was then
applied to dry the crystals and the UV ozone to sterilize them. New spin coating and
physisorption processes were carried out in the respective crystals.

2. INTERFACE PROTEIN — SURFACE

After conditioning and before cell work, the substrates were left in a non-
complete medium solution of Dulbeco’s Modified Eagle Medium (DMEM, Gibco) and
1% penicillin-streptomycin, fungizone and L-glutamin, all from Gibco, for 24 h at 37°C
and 5% CO (antibiotic protection).

2.1 Absence of proteins

To determine the importance of proteins and the poly(NaSS) on the cellular
response, tests were conducted in the absence of proteins. After conditioning, disks

were immersed in a non-complete medium solution and left until the cell tests were
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initiated. This way, only antibiotics and chemical elements were adsorbed onto the

surfaces.

2.2 Fetal Bovine Serum Adsorption

After the 24 h in a non-complete medium solution, the materials were
transferred to a complete medium environment (equal composition of the non-
complete medium plus 10% fetal bovine serum (FBS, Gibco)), and left undisturbed

overnight for protein adsorption. Cell seeding was then initiated.

2.3 Single Protein Adsorption
2.3.1 Disks
BSA (Sigma), human Fn (Sigma) and Col | (Sigma) were adsorbed onto the

substrates at 37°C at a concentration of 4000 pg/mL in PBS, 20 pg/mL in PBS and
10 pg/mL in acetate buffer (0.1 M, pH 5.6), respectively. These three proteins were
selected to this study for their importance to bone regeneration processes (Fn and
Col 1) or abundance in biological fluids (BSA). In a selective group of experiments, Vn
(Sigma) was also studied. This was used at 20 pg/mL in PBS.

After conditioning, as happened for the FBS proteins’ adsorption, the
substrates were left in a non-complete medium solution for 24 h (antibiotic
protection). Only then, each protein was placed in contact with the surfaces. Protein
adsorption lasted 1 h. To block non-specific binding regions, the materials were
immersed in a 1% BSA solution in non-complete medium, for 30 min. PBS was used
between solutions to remove unattached biological material. These steps preceded

the cellular experiments.

2.3.2 Quartz Crystals

The procedure and solutions described above were also applied to the QCM-D
sensors. However, differences must be pointed. While for the disks, all materials
were submerged or immersed in the protein solutions, for the quartz sensors the
solutions were flowed through the surfaces (25 pL/min) or directly injected (O
puL/min), depending on the evaluation in progress. For instance, to evaluate the
kinetics of each protein on the different crystals or its competition, a continuous flow
was maintained until saturation was reached. On the other hand, when cellular tests

were conducted, each protein was injected for 1 h and then blocked for 30 min with
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1% BSA. PBS was both used between solutions to remove unattached material and
as baseline. The protein concentrations remained unchanged. The influence of the
acetate buffer solution (Col I) was less than 5 Hz and was, therefore, small enough to
be neglected during the analysis.

2.4 Proteins’ Conformation

The conformation of Fn (most important during initial cell attachment)
adsorbed onto the Ti6Al4V/poly(NaSS) sensors was examined through the amount
detected of heparin (HB) and RGD binding sites. This was determined by monitoring
the amount of antibodies bound to each of these sites using QCM-D. Three different
antibodies against each of the following, N-terminal (MAB1936) and C-terminal
(MAB1935) HB domains, and the RGD peptide (MAB1934) were used. The binding
of antibodies to these and all the other active binding sites on Fn was assessed using
a polyclonal antibody (AB1945) (Millipore, all reactive with human Fn and used at
100 pg/mL). For the totality of the experiments, antibodies were left in contact with
Fn-adsorbed substrates until saturation was reached (25 pL/min). Protein
conformation was also followed on disks, this time by assessing the cells morphology
and attachment ability. The details of those experiments will be described in a next

section.

2.5 Protein Competition

2.5.1 Sequentially

The goal of these experiments was to understand the effect of one protein on
the other when adsorbed onto the same substrate.

The sequential adsorption of the proteins BSA, Fn and Col | was conducted on
QCM-D crystals at 37 °C and contact flow of 25 pyL/min. Each surface was exposed
to a pair of proteins at a time for a total of six combinations: BSA + Fn, Fn + BSA, Col
| + BSA, BSA + Col I, Col | + Fn and Fn + Col I. The concentration of each protein
was kept the same. PBS was again used to establish the baseline. The adsorption of
the first protein was followed until a plateau was reached. Then, a protein solution
was introduced into the same substrate and left until a “new adlayer’ reached
saturation. Between injections, PBS was used to clean the system and remove

unattached fractions of the proteins.
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2.5.2 Mixture

As in the sequential adsorption, the objective of these experiments was to
determine the competitive character of the three proteins, but this time when together
in a mixture. The tests were conducted at 37°C and constant flow of 25 pL/min
(QCM-D analysis). Two proteins were used for each test in three combinations (BSA
& Fn, Col I & Fn and Col | & BSA, in a ratio of 50/50 v/v for each protein) on each
substrate. The proteins’ concentration was kept the same. PBS was again used to
obtain the baseline. The proteins’ mixture was kept in contact with each sensor until

the frequency and dissipation shift reached a plateau (saturation).

3. OSTEOBLAST-LIKE CELLS CULTURE

3.1 Cell Line

MC3T3-E1 cells, mouse calvaria-derived osteoblast-like cells line, from
American Type Culture Collection (ATCC), CRL 2593, subclone 4, were selected to
this study. This cell line is a well established model to study the influence of the
surface properties on the general cell behavior as well as in vitro osteoblastic
differentiation. This cell line is capable of preserving its own cellular profile for longer
without risking the loss of phenotype expression.

3.2 Cellular Expansion

Osteoblastic cells were cultured in complete medium of DMEM at 37°C and
5% CO in air. Criovials with cellular content were unfreezed in a 37°C water bath.
The cellular suspension was mixed with culture medium, centrifuged for 3 min at
3000 rpm and finally resuspended in 10 mL of complete medium. Cells were seeded
in a T7s (75 cm? of area, Sarstedt) polystyrene culture flask and monitored every 24
h. Medium was changed twice a week.

3.3 Cell — Material Interactions

Different experiments were conducted to evaluate the relationship established
between cells and material at the interface: viability, morphology, attachment, early

differentiation and mineralization are some of the many.
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The individual impact of the poly(NaSS) on osteoblast-like cells was
determined by conducting experiments in the absence of proteins. Here, the intention
was to see the contribution of the poly(NaSS) to the cellular development without the
participation of other nutrients or biological molecules. Simultaneously, the
importance of the proteins to the cell survival was also confirmed. In a second group
of experiments, the combined effect of the bioactive polymer and several proteins,
both individually (BSA, Fn, Col | and Vn) and in mixture (FBS, BSA & Fn, Fn & Col |
and Col | & BSA), was assessed. Molecular events taking place at the interface were
followed and identified using antibodies against both specific protein binding domains
(heparin domains and RGD sequence) and important integrins from the cellular
membrane (Fn-asBi, Col I-azB1, and Vn-o,fB;1, from Millipore, all at 100 pg/mL). The
RGD peptide was also used (Sigma, 1000 pg/mL) to test the cell behavior in the
presence of this Fn binding sequence. The significance of each one of these
elements to the initial and posterior osteoblastic development was determined.

For the totality of the experiments, 5x10* cells/mL was the cellular
concentration used, while the culture medium was defined according to the type of
culture conditions, absence of proteins (non-complete medium or serum free
medium, SFM), absence of adhesive proteins (double depleted medium, DD) and
presence of proteins (complete medium). Experiments using DD were divided into 3
categories: DD, 20 pg/mL in of Fn in DD and 20 pg/mL in of Vn in DD, so the
absence and presence of specific adhesive proteins in the medium could be tested.
Experiments with disks were conducted on 24-well tissue culture polystyrene plates
(TCPS).

Each test described below is followed by a list of experiments conducted and

the respective conditions applied.

3.3.1 Viability

3.3.1.1 Alamar Blue

Cells viability was followed from 30 min to 14 days of culture. After the specific
incubation periods, the medium was removed, the samples washed with PBS and
transferred to new wells. A mixture of fresh medium with alamar blue (0.1 mg/mL of
rezazurine in 1 M ammonium hydroxide, Sigma) in a proportion of 10/1 vlv,
respectively, was added to each sample and control. This evaluation requires a

positive and a negative control. The positive control corresponded to cells cultured

84



MATERIALS AND METHODS | Chapter 3

directly on TCPS wells, for the same time periods as the tested samples, while the
negative corresponded only to culture medium. Everything was then incubated at 37
°C for 1 day. The content of each well was transferred for a 96 well plate and read in
a spectrometer at 560 and 590 nm. The difference between the two readings gives
the reduced alamar blue levels (or the cells metabolic activity). Details of the method
can be found in the Invitrogen platform or [200].

This procedure was applied to the following set of experiments:

1. Disks + SFM + Cells (Maximum 3 days of culture)

2. Disks + FBS + Cells

3. Disks + Single Proteins + Cells

4. Disks + Mix Proteins + Cells

3.3.1.2 Calcein and Propidium lodide Staining

The morphology and spreading of the dead and live MC3T3-E1 cells on the
different surfaces was studied by fluorescent microscopy (ZEISS Axiolab, Germany)
using calcein (reacts with live cells, Molecular Probes) and propidium iodide (reacts
with dead cells, Sigma) as staining reagents. The MC3T3-E1 cells were observed
from 30 min to 3 days. After each period, the medium was removed and the surfaces
washed twice with PBS. 500 uL of calcein in PBS (1/1000 v/v) were added to each
sample and left for 30 min at RT, under agitation. The latter was then replaced with
500 pL of propidium iodide in PBS (1/1000 v/v), which were left in contact with the
substrates for 5 min at RT. In the end, the surfaces were again washed with PBS.
The entire procedure was conducted protected from light. Pictures were taken using
a digital camera Olympus Camedia C-5050.

This procedure was applied to the following set of experiments:

1. Disks + SFM + Cells

2. Disks + FBS + Cells

3.3.2 Morphology

4 h after incubation (or 2 h for the integrins-blocking evaluations on crystals
and 30 min for specific single protein analyses), the MC3T3-E1 organization, shape
and size on the substrates were studied. The cells morphology was evaluated by

fluorescent microscopy (ZEISS Axiolab, Germany).
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The medium was initially removed, the materials rinsed with PBS and fixated
with 4% formaldehyde (Sigma) in PBS for 30 min at 4 °C. Then, they were washed
twice in a 4% of PBS/BSA (v/iw) solution, permiabilized with 0.1% of Triton x100
(Sigma) in PBS (v/v) and immersed for 30 min in a 3% PBS/BSA (v/w) solution,
under agitation. Anti-vinculin (Sigma) diluted in 1% PBS/BSA (1/200 v/v) was added
to each sample and incubated for 1 h at 37 °C. Before each dye/staining reagent
addition, the surfaces were washed two times with 0.05% Tween 20 (Sigma) in PBS
(v/v). The 1gG antibody (rabbit anti-mouse, Molecular Probes) diluted in 1% PBS/BSA
(1/200 v/v) was left in contact with the surfaces for 30 min at RT, protected from light
(all the steps from this point were conducted protected from light). The alexa fluor
488 phalloidin (FluoProbes™) in 1% PBS/BSA (1/40 v/v) was added and kept for 1 h
at RT. Finally, 2% of DAPI (Sigma) dissolved in water (w/v) were added and left for
10 min at RT. In the end, the samples were washed twice with dH,O and stored,
protected from light, at 4°C. Pictures were taken using a digital camera (Olympus
Camedia C-5050). Area evaluations were conducted using the Image Pro Plus 5.0
software.

This procedure was applied to the following set of experiments, which include
the DD tests:

1. Disks + SFM + Cells

2. Disks + FBS + Cells

3. Disks + Single Proteins + Cells

4. Disks + RGD + Cells

5. Disks + Single Proteins + Anti-binding domains + Cells

6. Disks + Single Proteins + Anti-integrins with Cells

7. QCM-D Crystals + Single Proteins + Anti-integrins with Cells
8

. Disks + Mix proteins + Cells

3.3.3 Attachment and Proliferation

The number of cells was determined using a cell counter (Multisizer Il —
Coulter Counter Z2 Beckman). After 5, 10, 15, 30 min (initial attachment), 4 h and 1,
3, 7, 10, 14 (proliferation) days of incubation, the cells were detached from the
surfaces using trypsin-EDTA and re-suspended in Beckman Coulter® isoton in a

0.005% v/v ratio, before analysis.
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This procedure was applied to the following set of experiments, which include the DD
tests:

Disks + SFM + Cells

Disks + FBS + Cells

Disks + Single Proteins + Cells

Disks + RGD + Cells

Disks + Single Proteins + Anti-binding domains + Cells

Disks + Single Proteins + Anti-integrins with Cells

N o g s~ wDd e

Disks + Mix Proteins + Cells

Concerning the evaluations of cell attachment conducted on the QCM-D
equipment, the amount of cells was determined by following the frequency changes
and by translating those values into mass density (Sauerbrey equation). Here cells
were left to attach onto the different sensors for only 2 h (static conditions, O pL/min)
so information about the initial cell attachment (influence of receptors from the cell
membrane, integrins) and passage to proliferation stages could be taken. These
experiments were always conducted in the presence of proteins, pre-adsorbed for 1
h.

This procedure was applied to the following set of experiments:

1. QCM-D Crystals + FBS + Cells

2. QCM-D Crystals + Single proteins + Cells

3. QCM-D Crystals + Single Proteins + Anti-integrins with Cells

3.3.4 Attachment Strength

The attachment strength of the MC3T3-E1 cells was studied from 5 min to 3
days of culture. The cellular suspension with the non-adhered cells was removed; the
disks were washed twice with PBS and then split in two groups. In the first group, the
adhered cells were detached using trypsin and the number determined using the
Multisizer Il equipment (see section 3.3). The determined value corresponds to the
number of cells before the application of the shear stress, N;. In the second group,
the Ti6AI4V disks were exposed to a shear stress using a rotary stirring device for 15
min. Garcia et al. [201] proposed an equation that allowed the determination of a

shear stress 1 of 10 dyn/cm?,
T =0.8rypuw?,
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where r is the radial distance from the center of the disk, p is the fluid density

(approximately 1g/cm?®), u is the fluid viscosity (0.85 cP or 0.85 x 10° Pa.s) and o is

_ 2a.rpm
the angular velocity of the disk (f’LJ 60 ins™).

The materials were washed with PBS and the remaining cells on the surfaces
detached using trypsin. The cells were then counted (N). The percentage of adhered
cells after the application of the shear stress was determined by dividing N, per N;
and multiplying by 100 % (percentage correspondent to the totality of cells attached
to the surface before stress).

This procedure was applied to the following set of experiments, which include
the DD tests:

. Disks + SFM + Cells

. Disks + FBS + Cells

. Disks + Single Proteins + Cells (30 min)

. Disks + RGD + Cells (30 min)

. Disks + Single Proteins + Anti-binding domains + Cells (30 min)

. Disks + Single Proteins + Anti-integrins with Cells (30 min)

~N o o b~ WDN P

. Disks + Mix Proteins + Cells (30 min)

3.3.5 Differentiation

The enzyme ALP is responsible for the liberation of phosphate into the ECM
during the transformation of the p-nitrophenylphosphate substrate into p-nitrophenol.
It is an indicative of osteoblastic functional evolution, more precisely the beginning of
bone formation. Its activity was followed from 7 to 28 days.

In in vitro cultures, osteoblast-like cells do not possess the ability to produce
calcium and phosphate by themselves. In consequence, the medium composition
was changed. Ascorbic acid (Sigma) and B-glicerophosphate (Sigma) were included
in a reason of 0.00805 g and 1.08 g in 500 ml of DMEM, respectively, to promote the
cells maturation.

The culture medium was initially removed; the samples were washed 3 times
with PBS and placed in a new plate. 1 ml of Tris Buffered Saline (TBS)-Triton X100
solution (0.4844 g Trizma Base (Sigma), 1.6 g NaCl, 2 ml Triton and 198 ml dH,0),
at 37°C, were added to each well and the plates left under agitation for 1 h, to

separate the ALP from the cellular membrane. The resultant suspension was
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removed to tubes and strongly mixed for 5 min. This was followed by three cycles of
freezing at -80°C and unfreezing at 37°C.

The resultant enzymatic activity was measured with a spectrometer (Perkin-
Elmer). 500 pl of suspension from each tube were mixed with 500 pl of p-
nitrophenylphosphate substrate (Acros) in a concentration of 20 mM (AMP buffer
solution, pH = 10.2, with 0.742 g p-nitrophenylphosphate (20 mM), 0.0407 g MgClI2
(2 mM, Merck), 0.0891 g 2-amino-2-methyl-propanol (10 mM, Acros) and 100 ml of
dH>0) and left in the incubator for 30 min at 37°C. The quantity of p-nitrophenol
produced was determined by optic density at 405 nm of absorbance against a p-

nitrophenol (Acros) range of concentrations (Table 3) in the AMP buffer.

Table 3. P-Nitrophenol (p-NP) range of concentration in AMP.

[p-NP] (umol/mL) 0 0.05 0.1 0.15 0.2 0.25 0.3 0.4
Solution p-NP (pL) 0 5 10 15 20 25 30 40
AMP Buffer (uL) 1000 995 990 985 980 975 970 960

The ALP activity was normalized in relation to the total amount of proteins
contained in suspension, which was detected with the commercial kit, BioRad (Bio-
Rad Laboratories). 25 pl of suspension were combined with 125 pl of a reactive A’
(reactive A’ = 10 pl of reactive S + 500 ul of reactive A) and 1 ml of reactive B. 15 min

later, the solution was measured by optic density at 750 nm (Table 4).

Table 4. BSA range of concentrations in TBS-Triton.

BSA (ug/mL) 0 005 0.1 0.2 0.3 0.4 06 08
BSA 1 mg/mL (uL) 0 5 10 20 30 40 60 80
Tampon TBS-Triton (uL) 100 95 90 80 70 60 40 20

This procedure was applied to the following set of experiments:
1. Disks + FBS + Cells
2. Disks + Single Proteins + Cells

3. Disks + Mix Proteins + Cells

3.3.5.1 BMP-2
The BMP-2 is commonly known for its role as a stimulant of bone production.

In osteoblastic cells, BMP-2 stimulates angiogenesis by inducing the production of
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VEGF-A (vascular endothelial growth factor). In order to attest this phenomena and
the role of BMP-2 in the differentiation of osteoblast-like cells, Ti based substrates
were pre-adsorbed with this protein for 1 h (Sigma, 10 ug/mL). Cells seeded onto
these treated substrates were incubated for 14 days. The level of differentiation was
assessed by following the cells ALP activity as described previously.

This procedure was applied to the following set of experiments:

1. Disks + BMP-2 + Cells

3.3.6 Mineralization

Calcium and phosphate precipitation are two indicators of mineralization. As
before, in in vitro cultures, medium supplements are needed to induce osteoblastic
maturation. Thus, ascorbic acid and B-glicerophosphate were added in equal
amounts. Tests were conducted until 28 days of culture.

The medium was initially removed, the samples washed twice with PBS and
transferred to a new plate. 1 mL of 15% trichloroacetic acid (TCA, Sigma) in ultra
pure water (w/v) was added and left for 1 h in contact with the surfaces, under
agitation and RT. This experiment was divided in two stages, first the calcium
detection and second the phosphate. 10 yL of solution were then combined with 1
mL of Arsenazo Il (Sigma) at 0.2 mM in PBS. After 15 min undisturbed, the quantity
of calcium produced was measured by optic density at 650 nm of adsorbance against

a calcium chloride (CaCl,) and TCA range of concentrations in Arsenazo Il (Table 5).

Table 5. Calcium range of concentrations in TCA.

ca®* (ug/mL) 0 50 100 200 500 600 800 1000
CaCl, 10 mg/mL TCA (uL) 0 5 10 20 40 60 80 100
TCA 15% (uL) 1000 995 990 980 960 940 920 900

The remaining solution in contact with the materials was left for another 48 h
under agitation and at RT for posterior phosphate detection. 100 pL of the resultant
suspension were then combined with 800 puL of AAM (2v acetone, 1v 2.5 mol/L
sulphuric acid in dH,0 and 1v 10 mM ammonium molybdate in dH,0O, all from Sigma)
and 80 pl of citric acid (Sigma) at 1 mol/l in dH,O. After well mixed the solution was

left to rest for 30 min. The phosphate concentration was measured by optic density at
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355 nm of adsorbance and compared to a (di)sodium hydrogenophosphate

(Na,HPO,4) and TCA range of concentrations in AAM (Table 6).

Table 6. Phosphate range of concentrations in TCA.

PO, (ug/mL) 0 10 20 40 100 120 160 200
Na,HPO, 0.2 mg/mL TCA (uL) 0 50 100 200 500 600 800 1000
TCA 15% (pL) 1000 950 900 800 500 400 200 0

This procedure was applied to the following set of experiments:
1. Disks + FBS + Cells
2. Disks + Single proteins + Cells

3. Disks + Mix proteins + Cells

4. STATISTICAL ANALYSES

Surface characterization evaluations were conducted on 12 samples (each

technique) while for the cellular tests 6 were used.

Numerical data were reported as mean * standard deviation (SD). Statistical

significance was determined by on-way analysis of variance (ANOVA) followed by

the pos-hoc Bonferroni test, using the GraphPad Prism 5.0 software. Significance

was defined as having p < 0.05.
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— 1% Part. Surface Characterization —

The first part of this investigation consisted in the chemical grafting of
poly(sodium styrene sulfonate), a bioactive and very promising polymer for
orthopedic and dental applications, onto the surface of the titanium alloy Ti6AI4V.
Here, a complete analysis of the surfaces was conducted, which included
morphology, topography, chemical composition, grafting density, surface energy,
wettability and crystalline structure. Some of these techniques were also applied to
characterize the quartz crystals used during the QCM-D experiments. In this set of
tests, however, instead of chemically grafting the poly(NaSS), the polymer was
physically adsorbed (physisorption). Since the Ti6Al4V layer on the quartz crystals
was too thin and fragile, the oxidation step that precedes radical polymerization
during grafting could not be applied without damaging the crystal or removing the Ti
layer.

The totality of the surfaces evaluations was performed prior to cell culture in a

non sterile environment.

1. Disks

Prior to any test, including characterization, the Ti6Al4V disks were polished in
a series of SiC papers and cleaned in Kroll's reagent. The grafting process was
conducted afterwards. Both ungrafted and grafted Ti6Al4V surfaces were

characterized and their differences highlighted.

1.1 Surface Morphology

The ungrafted and grafted surfaces morphology was observed by SEM.
Micrographies were obtained using the Shadow 2 mode with electron beam intensity
of 15 kV and 100x resolution (larger surface area). The results are given by Figure
33.
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(A) (B)

NLSD59 x1.0k 100um NLSD59 x1.0k 100 um

Figure 33. SEM micrographies of the (A) ungrafted and (B) grafted Ti6Al4V surfaces.

Both ungrafted and grafted disks exhibit a very regular and standardized
morphology with the surfaces topography following the polishing pattern (equal
direction). Still, by looking attentively to the surfaces roughness a small difference
can be detected. It appears the scratches resultant from the polishing process on the
grafted Ti6AI4V (Figure 33B) are not as deep as the ones registered by the ungrafted
disks (Figure 33A). It is important to notice that the conditions of the polishing
process were kept constant for the totality of the experiments. Therefore, the addition
of poly(NaSS) during chemical grafting resulted in a more homogenous/uniform
morphology.

The Kroll's reagent was successfully applied in the removal of visual impurities

from the surfaces.

1.2 Topography

Although SEM evaluations offer the opportunity to study the surfaces
morphology, it is not yet possible to quantify certain topography aspects. Only
detailed topographic analysis by means of surface roughness measurements can
provide such information. In the previous section, the grafting process was assumed
to influence the roughness and topography of the surfaces. Here, we test that theory.

The surfaces roughness was measured using a microtopographer. The results
from the surfaces profile delineation (2D) are shown on Table 7 (average Ra, Rz, Rq
and Rp) and Figure 34 (graphical profile), while the surface area evaluations (3D) are
given by Table 8 (average Sa, Sz, Sq and Sp) and Figure 35 (3D surface area

model).
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Table 7. Profile delineation (2D) of the ungrafted and grafted Ti6Al4V disks roughness.

Profile 2D Ungrafted Grafted Difference
Ra + SD 0.256 £ 0.062 0.212 £ 0.034 0.044
Rz + SD 1.782 £ 0.443 1.532+0.244 0.250
Rqg + SD 0.333+0.081 0.277 £0.043 0.056
Rp + SD 0.927 £ 0.223 0.766 +0.122 0.161

m (A) Frofile # 1 /26888 Pt=257 pm Scale=10pm

; ; ; ; ; ; : ;
u] 50 100 150 200 250 200 3850 400 451 500 S50 G000 S50 o0 THQ 800 850 Q00 pm

Figure 34. 2D profile delineation of (A) ungrafted and (B) grafted Ti6Al4V surfaces.

2D delineation or profilometry is considered the standard method to measure
topographical properties, due to its extensive use in mechanical engineering and
detailed analysis of single profiles. However, this evaluation is only local and limited
to length dependent profiles of a certain region of the surface. It does not follow the
evolution of the roughness parameters along the entire extension of the material. 3D
surface evaluations, on the other hand, are more general since they measure
average roughness parameters of entire areas. From a topographical perspective,
they are assumed as more realistic by considering a larger amount of data.

Nevertheless, both evaluations are fundamental to proper characterize a biomaterial.
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Table 8. Surface area (3D) evaluation of the ungrafted and grafted Ti6Al4V disks roughness.

Surface 3D Ungrafted Grafted Difference
Sa+SD 0.289 + 0.093 0.228 + 0.031 0.061
Sz+SD 7.307 = 3.989 5.495 + 0.814 1.812
Sq+ SD 0.397 + 0.150 3.082 £ 0.040 0.093
SpxSD 3.798 £ 2.194 3.082 + 0.673 0.717

(A) Alpha = 125°  Beta=20° pm
—&

(B) Alpha=125°  Beta=20° pm

751 pm

Figure 35. 3D model area of (A) ungrafted and (B) grafted Ti6Al4V surfaces.

The surfaces topography measurements provided by Table 7 and 8 confirm
our morphological observations. In fact, the grafting process reduces the roughness
of the surfaces, decreasing the Ra, Rz, Rp and Rq, both in 2D and 3D. A minor
difference is detected between the roughness parameters measured on the
ungrafted and on the grafted surfaces. During polymerization, the poly(NaSS) fills the
surface existing valleys leading to a more regular and homogeneous topography.
Similar observations were made in [172]. However, this topographical uniformity
introduced by the bioactive polymer was not statistically significant (p<0.05).

In the literature there is no predefined or standardized average roughness for
Ti based materials from which an optimal cell response can be acquired. There are

some authors that admit rougher surfaces may induce a negative effect on the cell
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adhesion [135] and phenotype expression [136]. However, there are others that point
different cell types or cells at different maturation stages may display improved host
response when cultured on rougher materials [137,138]. From the results, no
predictions about the ungrafted and grafted surfaces influence on the cells response
can be raised. Nonetheless, it can be established that possible differences in cell
behavior between the two types of surfaces will not be an effect of their morphology
or topography.

Despite the similarity between the 2D and 3D evaluations, the roughness
parameters appear to be more affected by the 3D surface readings, in particular the
Sz and Sp. By observing the Figures 34 and 35 we can conclude that by analyzing a
larger surface area the 3D model acquires additional data and by consequence
considers the surface in its full extension. Furthermore, these results reveal that to
have a real perception of the vertical distance between the highest peak and deepest

valley and their average size, a 3D analysis should be preformed.

1.3 Chemical Composition

The surfaces chemical composition was determined using the XPS and EDS
techniques. XPS provides the atomic percentage of the chemical elements present
on the Ti6Al4V surfaces, while EDS aside from analyzing the elements at the
materials surface goes further and tests the chemical composition of the consecutive
layers of material that follow the outermost (1% atomic layer). By combining the
information from the XPS and the EDS analyses a more precise atomic composition
can be established. Table 9 gives the elemental composition of the ungrafted and
grafted Ti6Al4V surfaces.

Table 9. XPS elemental composition of ungrafted and grafted Ti6Al4V surfaces.

XPS Atomic Composition (%)

Surface C 0] Ti Al \% Na S Imp.
6.8 215 52.3 154 34 0.6
Ungrafted - -
+3.3 +2.6 +4.8 +1.8 +0.7 +0.5
64.5 12.7 2.1 0.0 0.4 7.7 12.0 0.5
Grafted

+1.4 +3.3 +1.1 +0.0 +0.0 +14 +19 +0.5

The atomic composition of the ungrafted materials (control) was found as
expected [170-172]. Substantial amounts of Ti, aluminum (Al) and vanadium (V), the
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original chemical elements of the alloy, were detected as well as oxygen (O), product
from the material spontaneous oxidation, and small levels of carbon (C), a very
common contaminant found on metallic surfaces.

After grafting, the quantity of C increased almost 10 times, a result of the
hydrocarbon layer introduced by the poly(NaSS) coating, while the O levels
decreased almost 40%. Ti experienced a significant reduction (» 96%) caused both
by the oxidation reactions that took place during the grafting process and by the
formation of the polymeric layer. The same happened to the remaining alloy
elements, Al (r 99%) and V (~ 88%). Grafting is a very efficient surface treatment by
hiding the original surface elements and by exposing new important ones, such as
sodium (Na) and sulfur (S).

The fact that the Ti6Al4V elements disappear almost completely during
polymerization allow us to infer about the thickness of the poly(NaSS) layer.
According to the XPS parameters, the x-ray beam scans the chemical composition of
a surface until 5 nm in depth. Hence, it is conceivable the layer of poly(NaSS) to be
superior than that. Furthermore, during XPS analysis experiments were made after
removal of several atomic layers of the grafted surfaces. The idea was to eliminate
possible contaminations on the surface and simultaneously test the chemical grafting
resilience. A sputtering process with argon of ion energy of 3000 eV was repeated 3
times (120 s each), removing each time 40 nm of grafted material. In the end, the
chemical composition of the surfaces was assessed and declared unchanged. The
efficiency of the grafting process was, this way, evidenced and the grafting layer
assumed as superior to 125 nm in thickness.

These evaluations were found similar for all tested samples confirming the
grafting process as a reproducible surface treatment [173].

Despite all precautions during manipulation and the removal of contaminants
during Kroll's reagent action, small impurities majorly in the form of nitrogen were

detected by the XPS, before and after sputtering.

The XPS measurements aside from providing quantitative elemental analysis
of a given surface can as well be used for qualitative information. By identifying the
binding energy associated with each element that composes a surface, it is possible

to determine its specificity but more importantly its ionic character. Ramirez et al.
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[202] by studying the composition of the Ti alloy Ti6Al4V established this relationship.
Table 10 shows their findings.

Table 10. Binding energies and composition of the high energy spectra of each chemical element,
Ti2p, Al2p, V2p, Ols and Cl1s, present on Ti6Al4V surfaces [adapted from 202].

Element Binding Energy (eV) lonic Character & Chemical Interaction
453.3 Ti% Ti metal
_ 455.1 Ti'": Tio
Ti2p Il
456.8 Ti: Ti,O3
458.4 Ti'V: TiO,
71.5 Al Al metal
Al 2p
74.0 Al,O;
512.1 V% V metal
V 2p
515.1 V,0;
529.9 TiOy, V5,04
531.5 Al,O3, C=0
O1s .
533.1 Sio, C-0
534.8 -OH
284.8 C-C,C-H
286.2 C-O
Cls
287.5 C=0
288.8 0O-C=0

The ionic character and chemical interactions established by Ramirez team
were determined for a specific binding energy. However, ito accommodate changes
in the elemental binding energy from one tested surface to another a standard
deviation of + 0.5 eV was established. This same variation will be applied in this
study.

The following survey spectra are representative of the ungrafted (Figure 36A)
and grafted (Figure 36B) Ti6Al4V XPS chemical composition.
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Figure 36. XPS survey spectra of (A) ungrafted and (B) grafted Ti6Al4V surfaces and respective
elemental identification.

The spectra above are in agreement with the results from Table 9. The
elements from the ungrafted surfaces are well defined and were easily identified,
while some components of the grafted could not, namely the Al (inexistent) and the V
(only identified through high resolution spectra). Each element is associated with one
or consecutive binding energies according to the peaks detected. For instance,
during C detection on the ungrafted surfaces (Figure 37) three peaks were identified.
Hence, three binding energies were recovered and each one related to the

respective ionic character/chemical interaction.
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Figure 37. High resolution XPS spectra of carbon on ungrafted materials and respective peak
identification (arrows).

High resolution spectra were acquired for each element and their binding
energies identified according to Ramirez et al. [202]. The results are given by Table
11 and 12, respectively ungrafted and grafted surfaces. As the ionic character or
chemical interaction of the S and Na high resolution spectra from the grafted
surfaces are not available for correlation in Ramirez et al. work, their binding

energies were not considered in Table 12.

Table 11. Binding energies and composition of the high energy spectra of each chemical element,
Ti2p, Al2p, V2p, O1s and Cl1s, found on the ungrafted Ti6AI4V surfaces.

Element Binding Energy (eV) lonic Character & Chemical Interaction
. 454.7 Ti": TiO
Ti2p AV,
459.0 =Ti": TiO,
72.6 ~ A% Al metal
Al 2p
74.0 Al;O3
513.2 =V’ V metal
V 2p
515.3 V,0;
531.1 Al,O3, C=0
O 1s .
533.0 Sio, C-0
284.5 C-C,C-H
C1s 287.5 C=0
289.0 0-C=0
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Table 12. Binding energies and composition of the high energy spectra of each chemical element,
Ti2p, V2p, Ols and C1s, found on the grafted Ti6Al4V surfaces.

Element Binding Energy (eV) lonic Character & Chemical Interaction
Ti2p 458.6 Ti'V: TiO,
V 2p 514.5 =V,03
O1s 533.2 Sio, C-O
284.7 C-C, C-H
Cls 287.3 Cc=0
288.9 0-C=0

From these results it is possible to corroborate our initial premises on the
efficiency of the grafting process. The poly(NaSS) coating masks the surface original
elements and, in consequence, less chemical interactions are established between
them. Their ionic state is affect as well. On both ungrafted and grafted substrates, the
oxides of the chemical elements were found in abundance as expected (spontaneous
oxidation). Nevertheless, binding energies in between the metal and oxide states
were detected for Al and V. In this case, two explanations may be raised. The first
relates to a possible ionic state in between the AI°V° and the Al,O3/V,0;3 states not
identified by Ramirez et al. The second consists in the assumption that a larger
range, more than + 0.5 eV, of Al and V binding energies may occur for their oxide in
response to their stability. Since none of these explanations can be confirmed and
the energy values in question were not found in the literature, we will assume those

as correspondent to the Al and V metal states.
To confirm the previous observations EDS evaluations of the surface
composition, and some atomic layers afterwards, were conducted. The results are

shown on Table 13.

Table 13. EDS elemental composition of ungrafted and grafted Ti6Al4V surfaces.

EDS Atomic Compaosition (%)

Ti6AI4V
Ti Al \Y, 0] S Na
Ungrafted 205+56 69.0+x47 7515 3.1+0.7 - - -
Grafted 36.3£23 30712 3402 16+£02 273226 06+0.1 0.2+0.1

As before, reductions in the Ti, Al and V levels were detected as well as the

increased in C after radical polymerization. Interestingly, S and Na were not the only
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elements to be found exclusively on the grafted substrates, O was also detected only
on these surfaces. As the oxygen reactions and oxides only occur at a material’s
surface and since the EDS analysis is “an invasive” technique that considers more
bulk than surface, the inexistent of O on the ungrafted materials is expected. On the
other hand, during chemical grafting, oxidation and reduction reactions involving the
sulfonate groups (SO3) from the poly(NaSS) take place. O is liberated to the
environment but may occur as well associated with the other chemical elements and
incorporated onto the grafted coating. As a result, EDS, by being capable of
identifying the elements from the bulk, allows the detection of the O elements from
within the sulfonate coating.

With the exception of O, the EDS elemental composition of the ungrafted and
grafted substrates follows the same proportional pattern observed on Table 9 (XPS).
Some elements, namely S and Na, however, are not as important as the XPS
analysis highlighted. The differences between the EDS and XPS evaluation
processes explain the disparities.

In order to have a clear view of the distribution of the elements on the Ti alloy
and to confirm the homogeneity of the poly(NaSS) coating, elemental mapping was

carried out using the EDS system on grafted samples. Figure 38 shows the results.

f 90pm ' Titanium Ka1 f 90pm ' Aluminum Ka1 f 90pm ' vanadium Ka1

-+-
| 2
amm 1 | e r———|

90pm Sulfur Ka1 90um Sodium Ka1_2

90um Mixed
Figure 38. Elemental mapping/distribution on a grafted Ti6AI4V surface.

104



RESULTS AND DiscussiON | Chapter 4

The chemical elements distribution was found random on both ungrafted and
grafted substrates. Figure 37 only provides the results from the grafted surfaces,
since the distribution of the Ti, Al and V elements on the ungrafted did not reveal any
particular difference from the previous.

Interestingly, by combining the Na and S we confirmed these elements to be
randomly disperse on the surface but uniformly distributed, without saturated areas.
Even if this evaluation does not translate the real amount of Na and S to be found on
the outermost atomic layer (XPS gives a more precise evaluation of the surface
composition), it confirms the grafting process to be a homogeneous surface

treatment.

1.4 Toluidine Blue Colorimetric Method

The amount of poly(NaSS) on the grafted surfaces was determined using the
toluidine blue (TB) colorimetric method.

After the 15 h polymerization and all the washes in between, it was noticed
that the samples passed from a grey to a yellow/blue coloration, an indicative of the
polymer presence (Figure 39).

Figure 39. (A) Ungrafted and (B) grafted Ti6Al4V surfaces.

By allowing the grafted disks to contact for 6 h with the TB, the complexation
of the dye with the SO3 groups occurred. The TB colorimetric method allowed, this
way, the quantification of the poly(NaSS). The amount of polymer found was
determined as 1.63x10° g/cm? + 2.56x10° g/cm?, proving once again the success of
the grafting process. Ungrafted samples did not react with TB. These results show
that the grafting conditions are in fact optimized, something that has been the
research goal of many PhD students along the years. The amount of poly(NaSS)
coated is substantially superior than that registered in previous investigations
[171,203].
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In the literature although, smaller amounts of polymer have been identified
after grafting, ranging from 1.00x10” to 1.00x10° g/cm? [204,205]. They explain
these quantities by the presence of non-grafted polymer chains, formed by free
radicals in solution, which are entangled and retained in the inner graft polymer
network generating a thick coating with a multilayer structure. Hence, when dye
conjugates enter in contact with the polymeric layer they do not distinguish these
inner chains and only report the polymer present on the outer coating. The same
event may be taking place during poly(NaSS) grafting onto Ti6Al4V. Despite the
substantial improvement of the poly(NaSS) density over previous work, during TB
complexation its totality may not be taking into consideration. As seen by the EDS
and XPS results, the polymeric layer generated during grafting is more than 100 nm
thick, which accounts for multiple monomer associations and creation of long chains.
Therefore, when the surfaces are exposed to TB the polymer encased in the network

may not be exposed.

1.5 Surface Energy and Wettability

The wettability of a biomaterial surface is of extreme importance to the cell
development but most importantly to protein adsorption. The hydrophilicity or
hydrophobicity of the ungrafted and grafted substrates was put to test by measuring
the contact angles of water, formamide, ethylene glycol and diiodomethane, after 8 s

of contact with the surface. The results are given by Table 14.

Table 14. Liquid contact angles of ungrafted and grafted Ti6Al4V surfaces.

Ti6Al4V Water (°) Formamide (°) Ethylene Glycol (°) Diiodomethane (°)
Ungrafted 61.9+8.9 54.0+6.4 452+6.5 37.0+6.6
Grafted 37.2+9.2 20.0+2.2 25.0+5.8 45255

The polar liquids (water, formamide and ethylene glycol) contact angles
decreased with the grafting process, while the inverse happened with the apolar
liquid (dilodomethane), reflecting the hydrophilic nature of the surfaces. An important
decrease in the water contact angles after grafting as been reported by Hélary et al.
[164] and Mayingi et al. [203].

During radical polymerization, the poly(NaSS) chains on the Ti alloy are

formed by molecular weight distribution. However, that distribution may not always be
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homogeneous. Noirclere et al [171] study demonstrated the poly(NaSS) grafted on Ti
materials to create a 16° contact angle in the presence of water, which is half of the
obtained on Ti6Al4V. They observed that in some cases the angle could not be
determined as the water was completely absorbed by the polymeric layer. This can
be explained by the distribution of the polymeric chains on the Ti tested by Noirclere
et al. As the poly(NaSS) chains are generated randomly along the surface, it allows
for areas with chains large enough to result in the absorption of the liquid. This effect
is not rejected by our results, as poly(NaSS) is water soluble and polymeric “swell”
under the effect of water or culture medium may still occur [206,207]. Nevertheless, it
should be highlighted that Ti6Al4V materials may be more suitable for poly(NaSS)
grafting than pure Ti, since they allow for a more reliable and uniform coating to be
generated.

By using the contact angle measurements it was possible to determine the
surface free energy and by extension the respective dispersive and polar

components. The results are shown on Table 15.

Table 15. Surface energy and quantification of dispersive and polar components of ungrafted and
grafted Ti6Al4V surfaces.

Total Surface Energy y  Dispersive Comp.y®  Polar Comp. y° iy Yly

Ti6Alav (MN/m) (MN/m) (MN/m) o o)
Ungrafted 29.3 9.4 19.9 32.1 679
Grafted 57.3 13.1 44.2 229 771

As the contact angle measurements, the total surface energy shows an
increase in the hydrophilic character of the Ti6Al4V disks by the addition of
poly(NaSS). In total, the bioactive coating allowed for an energy increase of 28
mN/m. This augment in energy is in fact due to a = 77% contribution of the polar
component, which is associated to the polar nature of the NaSS molecule, more
precisely the SOz ionic groups. These observations are consistent with previous
work [163,208].

From a biological perspective, the hydrophilic nature of the grafted surfaces
may affect positively the cells behavior as they allow for proteins to interact more
easily with the surface and to create an environment compatible with osteogenesis
[209,210].
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1.6 Fourier-Transformed Infrared Spectroscopy

To identify the chemical groups characteristics of the poly(NaSS) when grafted
onto the Ti6Al4V metal, we used the ATR-FTIR technique. The spectrum from Figure
40 is representative of Ti6Al4V surfaces ungrafted and grafted with poly(NaSS),
between 930 and 1830 cm™.
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Figure 40. ATR-FTIR spectrum from Ti6Al4V surfaces, ungrafted and grafted with poly(NaSS).

As expected, no peaks were noticed on the ungrafted surfaces — absence of
the bioactive polymer. On the other hand, several peaks were detected in the
presence of poly(NaSS). Table 16 summarizes their intensity and classifies each

peak according to their correspondent chemical groups and interactions established.
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Table 16. Adsorption bands characteristics of poly(NaSS) [adapted from 170].

Number of Wave (cm™)

Peak Intensity

Chemical Groups & Interactions

1635-1595 and 1496-1433
1411
1185-1130
1044
1010

Weak
Medium
Strong
Strong
Strong

v (C=C) from the Aromatic Ring
v (SO)
SOz Na'’ (salt)
v (0=S=0)
Aromatic Ring

The aromatic ring and the symmetric vibrations of the SO3" groups generated a
NaSS doublet (0O=S=0) located at 1010 and 1044 cm™. The absorption of the

sulfonic acid salt was detected by the peaks between 1130 and 1185 cm™, which are

also associated with asymmetric vibrations. Asymmetric valence vibrations were also
found for the group SO, at 1411 cm™. Finally, the series of peaks between 1635 and
1433 cm™ are attributed to stretching vibrations of bonds (C=C) of the benzene ring.

Similar observations were made in previous work [172], confirming the grafting

process to be successful. In those cases, however, the peaks registered between

1635 and 1411 cm™ were not distinguished due to background noise.

1.7 Crystalline Structure

The crystalline structure of the ungrafted and grafted Ti6AI4V substrates was

determined by XRD. The spectra are given by Figure 30.
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Figure 41. XRD spectra of (A) ungrafted and (B) grafted Ti6Al4V substrates.

Despite from a small difference in peaks intensity, which can be explained by
naturally occurring structural variations between tested samples, both ungrafted and
grafted surfaces exhibited equal crystalline structure. The material basic structure
(RT) was confirmed with various peaks identifying the hexagonal closed packed
rearrangement, the most typical and characteristic structure of Ti based materials.
Oxide formations and conjugates of Ti and V were also detected, although in smaller
amounts. As expected the grafting process and the presence of poly(NaSS) did not

affect the Ti6Al4V crystalline structure.

2. CRYSTALS

Prior to any test, including characterization, the QCM-D crystal were sonicated
in 99% ethanol and twice in MilliQ® ultrapure water, followed by drying in N, and UV
ozone sterilization. The poly(NaSS) physisorption and poly(DTEc) or PS spin coating
were applied afterwards. During characterization special attention will be given to the
Ti6Al4V sensors, as the biological outcomes from the treated (physisorbed) and
untreated (control) crystals will be correlated with the results obtained from the

grafted and ungrafted disks, respectively.

2.1 Morpholoqgy

The sensors morphology was observed by SEM. Micrographies were obtained
using an electron beam of 20 kV of intensity and 100x resolution (larger surface

area). The results are given by Figure 42.
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Figure 42. SEM micrography of a Ti6Al4V QCM-D crystal.

A very regular and smooth morphology is exhibited by the QCM-D sensors.
This was observed for the totality of the studied surfaces. Due to the fragility of the
crystals no topographical measurements were conducted. Therefore, we can only

suppose about the smoothness transmitted by the SEM micrographies.

2.2 Chemical Composition

The sensors chemical composition was determined using the XPS technique.
As the thickness of the Ti6Al4V deposited layer did not exceed 50 nm, EDS analyses
were not conducted. The elemental composition of the 1% monoatomic layer of the
Ti6Al4V and the poly(NaSS) physisorbed sensors is shown on Table 17.

Table 17. XPS elemental composition of Ti6Al4V and poly(NaSS) coated sensors.

XPS Atomic Composition (%)

Sensors C 0] Ti Al \% Na S Imp.
TiGAI4Y 3.3 18.8 56.9 17.2 3.3 0.6
1.0 +24 +3.3 +20 +0.1 +0.1
5.3 15.4 49.4 16.1 1.7 10.8 0.7 0.7
Poly(NaSS)

+3.3 +1.3 2.7 +24 +0.3 +1.9 +0.1 +0.0

The presence of Na and S, slight increase in C, decrease in O, and a
reduction of the original Ti6Al4V elements Ti, Al and V on the poly(NaSS) coated
surfaces, confirmed the presence of this bioactive polymer on the sensors surface
after physisorption. Equal observations were made on the grafted disks. The
explanations used in the 1% Part, subsection 1.3 can be applied in this case. Still by
comparing these results with previous studies [164,173,208] or even the results from
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the subsection 1.3, it is shown that physisorption is not as efficient as chemical
grafting with 10 times less polymer being detected. Nevertheless, between all
techniques tested this was the most favorable and less aggressive towards the
surface.

As expected, a superior amount of C was detected in the poly(DTEc) and PS
coated sensors and of Au in the gold sensor. Therefore, their chemical composition

analyses were not taken into consideration.

2.3 Toluidine Blue Clorimetric Method

The poly(NaSS) physisorbed onto the Ti6Al4V sensors was determined using
the TB method and by measuring the drops in frequency caused by the addition of
the poly(NaSS) coating through QCM-D.

After 15 h of physical contact between a solution at 0.7 M of poly(NaSS) and
the sensors, the surfaces were washed and dried with N,. Afterwards, they were
divided in two groups. In the first, the sensors were complexated with TB, following
the same procedure as the disks, and in the second their frequency was measured.
Here, it is important to refer that the frequency of the sensors used in the last group
was measured as well before physisorption so differences between before and after
coating could be detected. The amount of poly(NaSS) was determined as 9.03x10”’
g/cm? + 1.06x10°® g/cm? using the TB and 1.06x10° g/cm? + 1.11x10" g/cm? using
the QCM-D system. In both cases, the values were approximated, confirming the
validity of the characterization processes applied. Comparing these results with the
TB values obtained with the grafted material, it is possible to conclude that the total
amount of polymer coated onto the sensors is 10 times less than that registered by
the grafted surfaces. This is to be expected, since the grafting process results from
the chemical activation of the surface and consequent radical polymerization of the
monomer NaSS, sharing covalent bonds with the material and developing long
anionic chains; while physisorption, as the name suggests, results from the physical
adsorption of the polymer onto the surface of the sensors, generating weak links and

smaller chemical chains.

2.4 Wettability

Data from contact angle measurements of the four tested surfaces is given by

Table 18. The results show the Ti6Al4V sensors to be the most hydrophilic from the
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group, while the PS are the most hydrophobic. Contrary to previous investigations
and the results from the subsection 1.3, in which poly(NaSS) coating made Ti based
materials more hydrophilic [164,208], in our studies it made the surface more

hydrophobic as indicated by an increase in the water contact angles.

Table 18. Water contact angles of Ti6Al4V, poly(NaSS) physisorbed, gold, poly(DTEc) and PS QCM-D
Sensors.

Sensors Average = SD (°)
Ti6AI4V 309+27
Poly(NaSS) 449+ 25
Gold 67.2+4.8
Poly(DTEc) 77.3+3.6
PS 84.0+£19

Poly(NaSS) is typically chemical grafted onto Ti6Al4V. However, because of
the fragility of the Ti6AI4V layer deposited by PVD onto the gold surfaces (crystals),
poly(NaSS) was deposited by physisorption. PVD, by its very nature does not
produce continuous films as Ti disks. Thus, while physical adsorption of the
poly(NaSS) on Ti based disks form a continuous layer of polymer, this may not be the
case of PVD, and hence could influence its wettability. Furthermore, the amount of
poly(NaSS) was smaller than that registered on the grafted disks. Despite this small

contradiction to previous work, the poly(NaSS) coated sensors remain hydrophilic.

2.5 Crystalline Structure

The crystalline structure of the Ti6Al4V sensors was evaluated by XRD. As
reported by the XPS results, the amount of poly(NaSS) physisorbed onto the crystals
was 10 times less than that registered on grafted disks. Therefore, and since no
indication of the grafted poly(NaSS) influence on the structure on the Ti alloy disks
was detected, the crystalline structure of the poly(NaSS) physisorbed crystals was
neglected from the study. Figure 43 shows the spectrum of the Ti6Al4V sensor.
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Figure 43. XRD spectra of a Ti6Al4V QCM-D sensor.

The spectrum suggests the crystalline structure of the Ti alloy deposited on
the crystals to be predominantly a body-centered cubic rearrangement. Usually, the
atomic structure of Ti based materials undergoes a transformation from a hexagonal
close-packed arrangement to a body centered cubic arrangement when heated
[211,212]. That phenomenon may occur during PVD deposition, which explains the
differences between the crystalline structure of disks and crystals. SiO;

predominantly found on quartz sensors was also detected, as expected.
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— 2" Part. Biological Testing —

In the second part of this study, the behavior of osteoblast-like cells in contact
with ungrafted and grafted disks as well as differently treated quartz crystals was
tested.

Different culture conditions were evaluated, including SFM and FBS
supplemented medium, to understand the impact of proteins in the cell early
attachment and the influence poly(NaSS) exerts by itself in the host response. The
effect of adhesive proteins, i.e. Fn, in the cell attachment and progressive maturation
was determined by adsorbing single and protein mixtures, and by testing the cell
development in DD conditions. Moreover, the mechanisms by which cells establish
reliable and strong interactions with protein treated substrates were characterized by
means of integrin-mediated evaluations and protein binding domains restrictions. The
conformation of specific proteins, as a result of the poly(NaSS) presence, was also
considered and so was the impact of the RGD sequence in the early cell attachment.
Finally, the competitive character of three important proteins, BSA, Fn and Col | | was
assessed and categorized according to the substrate in test.

The totality of the biological experiments was preformed after thorough
sterilization of the Ti disks and the QCM-D crystals.

1. FBS SupPPLEMENTED MEDIUM VS SERUM FREE MEDIUM

Ten years ago, researchers synthesized “bioactive model polymers” bearing
SO3 groups and proposed a step by step mechanism with which they could modulate
the cell response. By setting up the grafting of polymers bearing SO3 on Ti6Al4V
surfaces by a grafting “from” technique they assured the creation of covalent bonds
between the grafted polymer and the alloy. More recently, it has been confirmed the
positive effect of grafted sulfonate groups on the osteoblastic cell response in vivo
and in vitro, using different model surfaces as substrates. However, the mechanism
by which that interaction, surface-protein-cell, is accomplished has not yet been
exposed. In this section, we investigate the role of the SOz groups on the early
osteointegration of ungrafted and poly(NaSS) treated surfaces, in the presence and

in the absence of FBS proteins, in vitro.
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1.1 Viability — Alamar Blue Analysis

The first assessment to be made in a study that limits the basic elements
needed for cell survival, more precisely the proteins and the nutrients from the FBS,
is the cell viability.

The alamar blue viability tests were conducted from 30 min to 3 days (4320
min) of culture in the presence (CM) and absence (NCM) of FBS proteins. The
results are shown in Figure 44.
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Figure 44. MC3T3-EL1 cells viability on ungrafted and grafted Ti6Al4V dics cultured for 30, 240, 1440
and 4320 min in the presence of FBS proteins (CM) and in its absence (NCM). Significant differences
between CM and NCM cultures are indicated by # while between ungrafted and grafted surfaces in
equal conditions (CM or NCM) are indicated by * (#/* p<0.05; ##/** p<0.001; ###/*** p<0.0001).

In the first moments of cell contact (30 min) the viability pattern was similar
whatever the tested surface. After 4 h (240 min), a small difference became
perceptible between cells cultured on ungrafetd and poly(NaSS) grafted materials
and between CM and NCM conditions. However, it was after 1 day (1440 min) of
culture that the medium supplements started to play a major role. The presence of
FBS proteins contributed to the survival and development of the osteoblastic cells.
This phenomenon has been extensively study over the years [63,213]. In the
absence of nutrients and proteins, it was expected the MC3T3-E1 cells to experience
starvation and that to lead to a quick and extreme reduction on their life expectancy.
That was confirmed with survival rates lower than 50% at day 1. Despite the
continued viability decrease on the NCM cultures with time, the fraction of viable cells

at day 3 (4320 min) was found higher on poly(NaSS) grafted surfaces when
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compared to ungrafted. The SOz groups from the poly(NaSS) macromolecular
chains grafted onto Ti surfaces were shown to induce Fn and Col | secretions in vitro
and in vivo [214,215]. Therefore, the fact that cells tend to respond more favorably
even in the absence of proteins would suggest that the poly(NaSS) grafted exhibit
biological properties, which play a crucial role in those particular conditions. The
presence of SOz groups could mitigate partially the defect of proteins by stimulating
the secretion of these by the cells which in this particular case are in “direct” contact
[164,173].

1.2 Viability — Calcein and Propidium lodide Staining

To confirm the data from the alamar blue viability tests and to assess the
osteoblastic cells spreading and morphology, fluorescent microscopy evaluations
were conducted. Live and dead cells were stained in green and red, respectively,
using calcein and propidium iodide dye reagents. Our findings are shown on Figure
45.
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FBS Supplemented Medium (CM) Serum Free Medium (NCM)
Ungrafted Grafted Ungrafted Grafted

240 min 30 min

1440 min

4320 min

Figure 45. MC3T3-E1 cells morphology and spreading on ungrafted and grafted Ti6Al4V surfaces
cultured from 30 to 4320 min in CM and NCM conditions (20x resolution).

The cells spreading and morphology was similar on all tested surfaces after 30
min of incubation. The osteoblastic cells still presented a round shape and the
majority was stained in green (most of the red stained cells were located in the
border of the Ti6Al4V samples). At 4 h, a more elongated shape was dominant
between the MC3T3-E1 cell morphology. The cytoplasm started to expand and
evidences of protrusions extending along the surface were found. As before, the
majority of the cells were live. At day 1 the differences between the cells cultured in
the presence and absence of the FBS elements intensified. In the NCM cultures, a
decrease in number of cells was detected. A small part of the cells displayed an
elongated shape (morphology expected in regular conditions), while the rest returned
to a more round morphology. Despite being smaller than the living cells, the dead
represented = 50 % of the total amount. Regardless the culture conditions, CM or
NCM, more cells (total amount) were visible on the poly(NaSS) grafted surfaces than
on the ungrafted. Given the nutrients and the proteins from the FBS to be essential
118



RESULTS AND DiscussioN | Chapter 4

for cell survival and particularly development/maturation [213], after 3 days of
incubation only a minority of cells remained on the NCM cultures. At this point, the
MC3T3-E1 cells on the ungrafted substrates were mainly round and most were dead.

Interestingly, the osteoblast-like cells attached to the grafted Ti6Al4V, despite
being less and smaller than at previous time points, still displayed an extended
cytoplasm with elongated protrusions. Previous investigations, have shown the ability
of poly(NaSS) to create long lasting bonds with cells in the presence of proteins,
allowing them to spread freely in the surface and to develop strong focal adhesions
(Figure 46) [164,166,173,208]. The novelty introduced by this test was the capacity of
the bioactive poly(NaSS) to prolong the interface created with the cells in the
absence of proteins. We believe this to be a consequence of stronger physical bonds
developed both through the SO3" groups’ presence and the activation of specific cell
functions, a phenomenon seen before [216]. Poly(NaSS) has been identified as a
trigger of early signaling pathways (FAK phosphorylation and MAPK cascade)
associated with important cell events, namely adhesion, migration and spreading.
Knowing the ECM of osteoblastic cells to be a complex and diverse system with
many different proteins and growth factors [20,217,218], it is expected, in SFM
conditions, the surface properties and in particular the bioactive poly(NaSS) to
stimulate the production of proteins of interest by the cells and, consequently, to
activate the signal pathways necessary to extend the cells viability and their
interaction with the biomaterial [216].

with cytoplasm protrusions already extending in that direction.
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All along the experiments, MC3T3-E1 cells exhibited a heterogeneous
orientation on both grafted and ungrafted surfaces. Still, after 3 days on the CM
grafted cultures, evidences of cytoplasmic rearrangement from some cells in one
direction and following the surface topography could be seen (Figure 46). This is a
necessary phenomenon in order to generate a complete and stable cell layer on the
implantable material [63]. Once more, evidences of the poly(NaSS) impact on early

cellular events were found.

1.3 Cell Attachment

The MC3T3-E1 cell numbers on each tested surface were registered from 5
min to 3 days. Figure 47 shows the results.

From 5 to 30 min no differences were detected between the two culture types.
At 4 h, small differences in the cell numbers were evidenced between CM and NCM
conditions. From 1 to 3 days, however, the influence of the FBS elements in the cell
development became obvious. While nourished cells continued their progressive
growth, cells cultured in SFM experienced a reduction in number. This happens
because cells interact directly with the molecular structure of the adsorbed protein
layer rather than with the molecular structure of the material surface. They bind to
specific bioactive features exposed by the adsorbed proteins by way of membrane-
bound receptors. That interface stimulates intracellular processes which determine
the cellular response. These interactions are based on chemical bonds [63,213]. In
CM conditions, the MC3T3-E1 cells were capable of generating such connections
that supported their development with time [164,173]. To the contrary, NCM cultured
cells were not. During the 3 days period, only physical bonds were established [208].
These interactions are not capable of supporting the cells development on their own
for long periods of time. Ultimately the cells starve, rearrange their morphology (from

elongated to round) and later die. Figure 45 supports this statement.
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Figure 47. MC3T3-EL1 cells attachment on ungrafted and grafted Ti6Al4V surfaces cultured in CM and
NCM conditions, from 5 min to 3 days. Significant differences between CM and NCM cultures are
indicated by # (### p<0.0001).

Despite the lack of significant distinctions, from 4 h to 3 days, the average
number of cells on the grafted Ti6Al4V was always superior to the ungrafted, even in
NCM conditions. We believe the physical bonds established between the MC3T3-E1
cells and the poly(NaSS) in the NCM cultures allowed the cells to sustain their
structure longer and, consequently, led to the activation of specific functions. Zhou et
al. [214] and Huot et al. [219] using RT-PCR to study the Fn and the Col | gene
expression on different substrates reached conclusions that corroborate this
discussion. Their studies suggest the ability of this bioactive polymer to stimulate the
cellular secretion of these two proteins in quantities and speed that overcome the
registered on ungrafted substrates (maximum levels were reached sooner by grafted
materials). Fn and Col | play an important role in the cell initial attachment to a
biomaterial and in intra- and extra-cell communications. The early signal pathways
triggered by the poly(NaSS) enhanced the genetic expression revealed by these
proteins and, consequently, led to stronger and more efficient interactions with the
surface [216]. The number, spreading and morphology revealed by the MC3T3-E1
cells cultured on grafted Ti6Al4V and NCM conditions confirm these phenomena to

be in progress during this experiment.

1.4 Attachment Strength

In order to test the cells adhesivity or attachment strength towards the
ungrafted and grafted Ti alloy, a shear stress of 10 dyn/cm? was applied for 15 min to
each substrate. The percentage of remaining attached cells is given by Figure 48.
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Figure 48. Percentage of remaining attached cells after the application of a shear stress of 10 dyn/cm2
for 15 min. Significant differences between: CM and NCM cultures are indicated by #; ungrafted and
grafted in the same culture conditions (CM or NCM) by *; ungrafted surfaces in different conditions
(CM vs NCM) by +; and between grafted surfaces in different conditions (CM vs NCM) by ™ (#/*/+I"
p<0.05, ##/**[++/" p<0.001 and ###/***/+++/"M" p<0.0001).

Differences between cells cultured on ungrafted and grafted surfaces, in CM
and NCM conditions, were observed right from the initial moments of attachment. For
the majority of the time points, the cells cultured in the presence of FBS and
poly(NaSS) displayed the higher resistance to stress. Poly(NaSS) increases the
interactions strength between the two systems, cell and biomaterial, by inducing the
creation of more resistant and numbered adhesion points (focal adhesions)
[164,173,208]. The chemistry of the grafted surfaces is assumed to have a major
impact on protein adsorption and cell attachment [208]. Previous studies have shown
the enhanced affinity of the bioactive polymer to adhesive proteins, such as Fn or Vn,
over BSA [216,220,221]. This preference affects the interface, which is directly
associated with the cells ability to spread and establish a reliable connection to the
implantable material [83,222]. Even in low concentrations (such as in the FBS), Fn
and Vn play a major role in the cells attachment strength. This way, the bond
generated is more difficult to break and, therefore, more resistance to shear stress.
After 4 h of culture, the bond strength increased in the presence of the FBS proteins,
reducing the differences between ungrafted and grafted materials (development of

strong chemical bonds representative of the cell maturation). The percentage of cells
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still attached to the surface was enhanced, surpassing 80%. For the totality of the
experiments, the bond strength was always superior in the presence of proteins.

In the NCM cultures, despite a small improvement introduced by the
poly(NaSS) in the initial stages, it was only after 4 h that it had the biggest impact on
the osteoblasts attachment strength. The ungrafted cultures experienced a loss in
adhered cells almost 20 times higher than the grafted. Again, the poly(NaSS) chains
were fundamental to the cells development and to the creation of better-quality
physical bonds with the surfaces [208]. This experiment allows for a better
appreciation of the polymer importance to the cells initial and continuing development
on implantable surfaces.

The grafting of SO3 groups onto Ti6Al4V substrates favors the adhesion of

cells that are capable of resisting detachment under stress circumstances.

Main Conclusions

The experiments carried out in this study have shown the benefit of
poly(NaSS) grafted onto Ti6AI4V surfaces in the early stages of osteoblastic cultures,
in vitro. Indeed, the results showed that (i) the fraction of viable cells was superior on
grafted materials than on ungrafted and (ii) the poly(NaSS) is capable of supporting
the cell structure and morphology for longer, all in NCM conditions. In addition, SOz
groups exhibited by the poly(NaSS) macromolecular chains allowed for stronger
physical bonds to be developed between cell and biomaterial, conferring a superior

resistance to stress of 10 dyn/cm?.

2. SINGLE PROTEIN ADSORPTION AND CELL BEHAVIOR

Functionalization of surfaces with poly(NaSS) is a recent approach to Ti6AI4V
materials. Previous work has shown the radical polymerization of poly(NaSS) to be
successfully preformed on Ti based substrates with promising biological responses
[223]. Poly(NaSS) is stable in physiological environments and is not susceptible to
enzymatic degradation, overcoming the limitations of pre-existing strategies of
incorporation and/or release of bone-promoting proteins (BMPs [224], collagen [225])
and antibacterial drugs (gentamycin...) [226]. Furthermore, bacteria experiments on

these chemically altered materials demonstrated their higher resistance to bacteria
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adhesion, particularly to the staphylococci family [227], which includes the
Staphylococcus aureus a bacteria with high affinity to Ti [228,229]. The bacteria
inhibition promoted by the SOj; groups was also confirmed in the presence of
different adhesive (i.e. Fn) and non-adhesive (i.e. BSA) proteins, increasing the
hopes for a better and more reliable implantation [230]. In this section, we explore a
little further the impact of protein adsorption on poly(NaSS) grafted Ti6AI4V
substrates but this time from a cell point of view.

Cell-surface interactions are dependent on the initial adsorption of proteins.
Once an implantable material enters in contact with the living system, rapid
adsorption of proteins occurs on the surface. These proteins provide an adhesion
network for the attachment of cells both in vivo and in vitro, and mediate all the
interactions that follow [231]. The cells that reach the protein coated substrate attach
to the ECM of those highly complex particles. Since there is no actual contact
between the implant and the cells, the resultant biological activity will depend on the
recruited proteins [43,232] and, by consequence, so will the long-term compatibility of
the biomaterial. As the influence of the SO3™ groups on the early and late osteoblastic
response and the associated molecular phenomena, in the presence of important
ECM and plasma proteins, remains to be understood, cell and protein data was
collected. Single protein tests with BSA, Fn, Col | and Vn were conducted in the form
of cell attachment, including integrin-mediated and protein binding domains
adhesion, morphology, differentiation and mineralization, as well as protein

conformation tests.

As Ti6Al4V disks and QCM-D sensors were used to collect information about
the protein and cell behaviors. Along this section and when necessary the
experiments discussion will be divided in disks and sensors.

- General Cell Behavior -

2.1 Cells Viability

The MC3T3-E1 cells viability was tested in the presence of three independent

proteins, BSA, Fn and Col I, and a common protein mixture, the FBS. The cell

survival rates after 4 h of culture are shown on Figure 49.
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Figure 49. Percentage of viable cells attached to the ungrafted and grafted Ti6AlI4V surfaces after 4 h
of culture.

Data was found similar between proteins and between surface treatements
(ungrafted vs grafted). The pre-adsorption of proteins had no effect on the MC3T3-E1
cells viability. Survival rates were found between 60% and 75% for the totality of the
tests. The absence of superior survival rates may be an effect of the short incubation
period and/or detachment of cells during processing. Equal observations were made

earlier with FBS coated substrates (2" Part, Section 1).

2.2 Spreading and Morphology

The early osteoblast-like cells spreading and morphology was acquired 30 min
after incubation on ungrafted and grafted substrates, pre-adsorbed with FBS, BSA,
Fn and Col I. The results are given by Figure 50. Due to the condensation of the cells
biological material the intensity of the staining reagents could not be balanced and
the quality of the fluorescent images was therefore limited.

As expected at this time point, round shaped cells were observed in the
majority of the tested conditions. At 30 min of contact most of the cells are still
initiating their interaction with the surface and therefore only small cytoplasm
extensions/protrusions were detected. Interestingly, poly(NaSS) was seen to intensify
cell spreading even at this time point, particularly on BSA and Fn pre-adsorbed
grafted surfaces compared to ungrafted. Still, the lowest cell spreading was
registered on the BSA treated substrates. Here, most of the cells cytoplasmic content
was concentrated in a round formation and no focal adhesions were detected,
pointing the absence of strong structural links with the surface [72,73]. To the
contrary, Fn was seen to promote early cell expansion, even on ungrafted surfaces,

with cells already in a more spread polygonal shape sharing many focal adhesion
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points with the surfaces. These differences between cells cultured on BSA and Fn
treated substrates can be explained by the specificity of the proteins. While BSA is a
non-adhesive protein with little influence in the cell development, Fn is an adhesive
protein known to promote osteoblastic cell attachment due to its many and important
binding domains [63,233].

Ungrafted Grafted

FBS

BSA

Fn

Col |

Figure 50. MC3T3-E1 cells morphology on ungrafted and grafted Ti6Al4V surfaces after 30 min of
culture (50x magnification).

The MC3T3-E1 osteoblastic cells morphology was observed, as well, after 4 h
of culture. This time point is referred by many as the period of maximum cell
attachment [234]. Hence, in order to have a better perception of the cells
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organization above the Ti alloy surfaces, the images acquired from the three staining
reagents, anti-vinculin, phalloidin and DAPI (respectively focal adhesions, actin fibers

and nucleus), were analyzed separately. The results are shown on Figure 51.

4h Focal Adhesions Actin Fibers Nucleus

Grafted

4h Focal Adhesions Actin Fibers Nucleus

Ungrafted

Grafted

4h Focal Adhesions Actin Fibers Nucleus

Ungrafted

Grafted
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Figure 51. MC3T3-E1 cells morphology after 4h of culture on ungrafted and grafted Ti6AI4V
substrates, pre-adsorbed with FBS, BSA, Fn and Col I. Focal adhesion points were stained with anti-
vinculin, the actin fibers with phalloidin and the nucleus with DAPI (50x magnification).

After 4 h of culture, the MC3T3-E1 cells exhibited a well defined morphology,
with an organized actin cytoskeleton, numerous focal adhesion points and a very
clear nucleus, within which several organelles could be distinguished (bright blue
dots). This morphology is categorized as the typical for osteoblasts [235] and was
only observed in some cells cultured on Fn pre-coated substrates at 30 min of
contact (Figure 50).

At 4 h, the majority of the cells were already well spread along the Ti alloy.
The presence of poly(NaSS) increased the cells area and confluence, in particular
when it was combined with Fn and Col I (Figure 52), representing an improvement of
~ 19% and ~ 15% respectively. The amount of focal adhesion points was as well
influenced by the SO3 groups, augmenting in 1/3 its presence on Fn and Col |
grafted substrates compared to ungrafted. The hydrophilic character of the surfaces
is enhanced in the presence of the anionic groups of the poly(NaSS). It has been
reported that biomaterials of hydrophilic nature incite more intensively cell spreading
due to the increased development of focal contacts, which result from favorable
protein binding [236,237]. Both Fn and Col | possess various binding regions for
integrin association (main components of focal adhesions), including the RGD
oligopeptide. This sequence supports integrin-mediated adhesion and by
consequence regulates cell spreading and morphology [83,222]. The binding
domains of the Fn molecule have been associated with osteoblastic cells attachment
through various membrane receptors, asBi1, azB1, a3B1, asB1, aB1 and a,Bs. This

accounts for the increasing number of focal adhesions observed [63,233].
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Figure 52. MC3T3-EL1 cells area after 4 h of culture. Significant differences between ungrafted and
grafted surfaces pre-adsorbed with the same proteins are indicated by * (*p<0.05 and ***p<0.0001).

Between all proteins BSA represented the smallest improvement in cell
spreading and confluence. BSA is a non-adhesive or non-specific protein and for that
reason has little influence on the cell behavior. Nevertheless, it has been shown that
hydrophilic materials such as Ti can alter the conformation of BSA, increasing the
exposure of its binding domains compared to hydrophobic materials such as
polystyrene [93]. Here, that may be the case as the cells area is close to that
registered on FBS culture conditions, where adhesive proteins like Fn or Vn can be

found.

2.3 Attachment Strength

The percentage of cells that remained attached to the ungrafted and grafted
surfaces pre-coated with BSA, Fn, Col | and FBS, after the application of a shear
stress of 10 dyn/cm?, is given by Figure 53. These experiments were conducted 30

min after cell seeding.
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Figure 53. Percentage of cells that remained attached to the substrates after the application of a
shear stress of 10 dyn/cm? for 15 min. MC3T3-E1 were cultured for 30 min. Significant differences
between ungrafted and grafted surfaces pre-adsorbed with the same proteins are indicated by *
(*p<0.05, **p<0.001 and ***p<0.0001).

The presence of poly(NaSS) on the grafted materials exerted a positive effect
by increasing the resilience of the bond cell-biomaterial between 5 and 30%
compared to the ungrafted, for the totality of the tested conditions. Once again, Fn
and Col | displayed the highest cell numbers maintaining the cell-biomaterial bond of
~ 75% and =~ 81% of the attached cells, respectively. Similar percentages were
obtained by Garcia et al. [238] when testing the adhesivity of osteoblast-like cells
from the line ROS on bioactive glass surfaces pre-coated with Fn. In their
experiments, equal culture conditions to the ones of this study were applied: 30 min
incubation and 15 min shear stress of 10 dyn/cm?. They observed that Fn adsorption
increases cell adhesion strength and that BSA does not affect significantly the
behavior of cells, pointing the differences in attachment to be independent from
variations in non-specific interactions. The same analogies can be established with
the results from Figure 53. Between all proteins, BSA registered the lowest bond
strength, being only capable of sustaining the interaction of 50% of the cells, while Fn
and Col | two specific and adhesive proteins impacted the most on the cells
attachment strength.

As pointed earlier, the chemistry of the SO3™ groups plays a major role on
protein adsorption. It can affect the orientation, the conformation and the amount of
the adsorbed protein but most importantly the type of protein that adsorbs. Previous
studies have shown the enhanced affinity of the bioactive polymer to adhesive
proteins, such as Fn, over BSA [216,220,221]. Moreover, it has been shown that

detachment of cells on Fn pre-coated surfaces occurs at the cell-Fn junction and not
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at the Fn-substrate interface, ruling out the possibility that differences in cell adhesion
arose from differences in adsorption strength between Fn and the underlying
substrate [238,239]. Therefore, the preference for these type of proteins at the
interface conditions in an important way the cell behavior, explaining the results
acquired.

Fn and Col | possess various binding sites for cell attachment, including the
heparin binding domains and the RGD sequence [77,78,82]. These regions are
known to offer strong adhesion points that support cell expansion above the surface,
creating an environment compatible with osteointegration [83,222]. This way, the
connection created is more difficult to break. These observations are consistent with

the cell morphologies from Figure 51.

2.4 Proliferation

The cell proliferation curves on ungrafted and grafted Ti6AI4V materials were
followed from 30 min to 14 days of incubation. The results are shown on Figure 54.

For the majority of the time points no statistical differences were detected
between cell proliferation rates on ungrafted and grafted substrates, as expected
[240]. However, it is noticeable that the number of cells increased substantially with
time, especially on the Fn pre-coated surfaces. In these conditions, it was even
detected a significant cell improvement over the ungrafted surfaces at day 14. The
combined effect of the anionic groups from the poly(NaSS) with the Fn molecule has
again proven its value. According to Garcia et al. [222] the presence of RGD motifs
can greatly increase the integrin-mediated interactions which support adhesion,
proliferation and differentiation in vitro.

These results confirm our morphology and attachment strength analyses and
provide more information about the Fn influence on the initial cell development.
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Figure 54. Evolution of the MC3T3-EL1 osteoblastic cells number on ungrafted and grafted surfaces,
pre-adsorbed with FBS, BSA, Fn and Col |, from 4 h to 14 days of culture. Significant differences
between ungrafted and grafted surfaces pre-adsorbed with the same proteins are indicated by *

(*p<0.05 and **p<0.001).

2.5 Differentiation and Mineralization

ALP is an early marker of the osteoblasts differentiation relating to the
production of a mineralized matrix. It is an enzyme present in the cellular membrane
capable of releasing phosphate ions to the ECM that interact with the pre-existing
calcium ions, leading to the matrix mineralization (precipitation of calcium phosphate)
[164]. In this experiment, the ALP activity was followed from 7 to 28 days of culture
on ungrafted and grafted substrates pre-adsorbed with FBS, BSA, Fn, Col | and
BMP-2. As the highest metabolic activity, consistent with the beginning of the ECM
formation, was registered at day 14, only those values were statistically treated and

shown on Figure 55.
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Figure 55. ALP concentration after 14 days of culture. Significant differences between ungrafted and
grafted surfaces pre-adsorbed with the same proteins are indicated by * (***p<0.0001).

The ALP concentrations before and after day 14 were lower than those

registered at that time point. This occurs because at the beginning of the MC3T3-E1
132



RESULTS AND DiscussioN | Chapter 4

cells development, proliferation is the dominant phase, while after day 14 the ALP
concentration decreases in response to the ECM mineralization [241].

The ALP production was significantly enhanced by the poly(NaSS) grafting,
which suggests the SO3; groups to accelerate the osteoblastic cells differentiation
sequence most likely through a surface-protein mediated mechanism [242]. In a
previous research, Mayingi et al. [172] have shown that the poly(NaSS) grafted onto
CP Ti substrates can improve the ALP production by 19%, in the presence of FBS
proteins, compared to ungrafted. Here, in the same conditions, we experienced an
improvement of ~ 31%, thus confirming the validity of our results and the
improvement of the grafting process.

El Khadali et al. [166] by following the response of fibroblastic cells on
poly(NaSS) functionalized PMMA substrates determined that the ionic distribution of
the SOz groups above the surface was in a certain way random. It was seen that the
arbitrary organization of the bioactive groups modulated the cell response, including
differentiation, by means of specific protein adsorption. The same analogy can be
applied here. In the presence of adhesive proteins, Fn and Col I, the ALP activity was
significantly enhanced compared to BSA, a non-specific protein. As the polymer
distribution is not entirely homogeneous, the grafted material generates an
environment compatible with “specialized” protein adsorption, favoring Fn and Col I.
The proteins are allowed to adsorb by adapting their conformation and, through that,
increasing the exposure of their binding sites. The cells that reach the surface of the
biomaterial interact directly with these sites responding accordingly to the signals
received, in this case by boosting the cells differentiation. Besides, the cell spreading
and adhesion strength has been shown to favor the MC3T3-E1 cells differentiation
and mineralization [164].

The SO3 groups allowed for an improvement of ~ 28% on the Fn and of » 34%
on the Col | pre-adsorbed surfaces. In regard to the BMP-2 growth factor, the
functionalized surfaces improvement over the untreated Ti6AI4V was of = 35%.
Between all proteins, this was as well the one that stimulated the most ALP
production. The BMP-2 is one of the most potent bone forming agents available. It
can accelerate osteoblast differentiation and stimulate the expression of bone matrix
proteins, such as Col I, BSP, OPN and even Fn [97,243]. Lai et al. [98] by following
the influence of BMP-2 on human osteoblasts (HOBs), and inherent integrin
functions, demonstrated that this growth factor increases the levels of o, and of3;
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integrins on the cell surface. Moreover, they showed that the BMP-2 receptors
overlap with these integrins in osteoblasts and that possible disturbs on their
functions can retard significantly the matrix mineralization. Their research suggests
that the o, and ap; receptors modulate cell differentiation and mineralization by
regulating the BMP-2 activity. Since poly(NaSS) increases the protein binding sites
for integrin adhesion, it is conceivable the combination of the SO3™ groups with the
BMP-2 to provide a stimulant environment for cell differentiation and therefore
explaining the increased production of ALP.

As the MC3T3-E1 cells differentiation is enhanced by the grafted material it is
expected the mineralization to be favored as well. The calcium and phosphate
productions were assessed after 28 days of culture. The results are shown in Figure
56 (in reason of the its cost the BMP-2 was not considered in the mineralization

experiments).
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Figure 56. (A) Calcium and (B) phosphate production after 28 days of culture. Significant differences
between ungrafted and grafted surfaces pre-adsorbed with the same proteins are indicated by *
(*p<0.05, **p<0.001 and ***p<0.0001).
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Calcium and phosphate are markers of the late differentiation of osteoblasts,
more precisely the mineralization. As happened for the ALP, the amount of calcium
and phosphate increased on all functionalized substrates compared to ungrafted
Ti6Al4V. On calcium, the improvements were registered between 22%, with the
exception of Col | that accounted for an improvement of = 28%. This same protein
was found to have an important influence over the phosphate production, increasing
its levels above all the other tested proteins and by raising its production in = 27%
compared to untreated substrates. Such observations suggest that the mineralization
was not only influenced by the poly(NaSS) but as well by the protein adsorbed.

Col | is known to activate specific signaling pathways that affect the
expression of bone cell phenotypes associated to the ECM formation and maturation
[244,245]. Furthermore, the supplemented medium (B-glycerophosphate and
ascorbic acid addition) is considered an instigator of osteogenic markers expression,
which includes Col | the main component (= 80%) of the organic cell matrix [246,247].
Rezania et al. [248] has even shown that the mineralization at the bone-substrate
interface can be accelerated by the “attraction and immobilization” of amino acid
sequences of important ECM proteins, like Col I, responsible for regulating adhesion
and differentiation of bone-derived cells. Therefore, the exposure of the Col | binding
domains as product of the poly(NaSS) grafting may be behind the results from Figure
56.

- Interface Cell-Biomaterial -

In this segment we discuss the interactions between cell and biomaterial by
means of protein binding and integrin association. The information was recovered

from disks and sensors and by that reason two subsections were defined.

2.6 Disks

At the interface, cells contact with the protein layer rather than with the surface
of the substrate. Hence, to understand the impact these molecules have on the
MC3T3-E1 cells development, cultures of 30 min and 4 h were prepared. Evaluations
were conducted by blocking important binding domains of proteins and integrin
receptors from the cellular membrane, and the osteoblast-like cells morphology (4 h),

attachment (4 h) and attachment strength (30 min) were determined on:
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1) Disks pre-coated with Fn:
a) N-Terminal blocked;
b) RGD Peptide blocked;
c) C-Terminal blocked;
d) Integrins asp1 blocked.
2) Disks pre-coated with Col I:
a) Integrins a,p1 blocked.
3) Disks pre-coated with Vn:
a) Integrins o, B1 blocked.
4) Disks pre-coated with the RGD peptide.

2.6.1 Spreading and Morphology

The processes by which cells become established upon a surface involve
initial attachment and cellular spreading. The molecules involved in this task include
the ECM proteins, transmembrane receptors from the cell membrane, and
intracellular cytoskeleton components, like focal adhesions [249]. Thus, to better
understand the interaction between surface-protein-cell and the effect each one of
these components has in the cells initial spreading, MC3T3-E1 cells were cultured on
ungrafted and grafted materials and their morphology analyzed.

Fn is one of the ECM proteins with the biggest impact in cell adhesion and for
that reason its structure has been extensively studied [77,78,82]. The main binding
regions responsible for cell attachment in Fn are the HB domains, the synergy
peptide PHRSN, which stabilizes the RGD-integrin interactions and preserves its
specificity, and the central adhesive peptide RGD [77,237]. Due to its importance to
cell attachment, we decided to block the HB domains (N-Terminal and C-Terminal)
and the RGD peptide on the Fn molecule with monoclonal antibodies and observe
the changes they introduced in the cell morphology in comparison to unblocked Fn.
The results are shown on Figure 57.

For the totality of the tested conditions, the amount of cells detected (visually)
was reduced in comparison to the unblocked Fn. This is to be expected since these
binding domains represent important areas for integrin association, the main and
best characterized receptor that cells use to both bind and respond to the ECM
stimuli. By blocking these regions, recognition of the integrins asB1, azB1, azP1, 4P,
a,B1 and a,B3 (all viable alternatives known to support osteoblastic cells attachment)
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is reduced [63] and therefore less cells are capable of attaching. Regarding its
morphology, all cells exhibited a polygonal shape, some with more cytoplasm
extensions than others, but all with abundant bundles of actin fibers within its
structure.

Fn is also known to induce the reorganization of actin microfilaments to
promote cell adhesion and spreading, which in turn affects cell morphology and
migration [250,251]. According to Figure 57, cell organization, by means of cytoplasm
expansion and amount of focal adhesions, is inhibited by the presence of the

monoclonal antibodies. Table 19 provides evidences to this statement.
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Grafted

Ungrafted
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Figure 57. MC3T3-E1 cells morphology on ungrafted and grated surfaces pre-coated with Fn, after 4
h of culture. The N-Terminal and C-Terminal HB domains and the RGD peptide were blocked using
monoclonal antibodies (50x magnification).
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Table 19. Percentage of inhibition in cell spreading and focal adhesions by cells cultured on blocked
Fn (N-HB, RGD and C-HB binding regions) relatively to unblocked Fn.

% to Spreading (%) Focal Adhesions’ (%)
unblocked Fn Ungrafted Grafted Ungrafted Grafted
Anti N-HB 11.2+6.4 144+ 8.7 36.8 25.2
Anti RGD 15.3+5.0 10.9+3.3 29.5 19.3
Anti C-HB 94+21 204+15 58.4 36.9

* These results should be perceived as approximations since only manual measurements, using 3 images per condition and
equal amount of cells, were conducted. The cell analysis software used did not possess this tool.

The MC3T3-E1 cytoplasm expansion and amount of focal adhesions were
considerably conditioned by the presence of the antibodies (Table 19). Interestingly,
the cells cultured on poly(NaSS) grafted surfaces experienced a more intensive
inhibition on cytoplasm expansion than the cells cultured on the ungrafted, when
compared with the results from the surfaces pre-adsorbed with unblocked Fn. The
opposite situation was detected in regard to the amount of focal adhesions. These
observations suggest that the blocking of each one of the 3 selected binding regions
on the Fn molecule slows down the cell migration and spreading above the grafted
substrate, presumably as product of new chemical bonds being generated between
other binding domains available and the cell receptors. Due to their diversity of
structures, the same integrin molecule can bind to various ligand or binding sites. Its
specificity is determined by the ECM domain of integrins that recognizes diverse
matrix ligands [72,73]. For that reason, when the protein adapts a new conformation
in response to the SO3™ groups, less focal adhesions may be lost but more time may
be required for the connections to be established, conditioning simultaneously cell
expansion. Nevertheless, it is important to refer that for the majority of the cases the
area of the osteoblast-like cells cultured on the grafted substrates was superior to
that observed on the ungrafted (Figure 58).

Another interesting aspect to be pointed from these results is the importance
of the C-HB to the cells early attachment. Yamada et al. [252] has shown that the C-
HB exhibits higher affinity to cellular proteoglycans than the N-HB, therefore
explaining the increased effect of this domain on the cells morphology, size and focal
adhesions. The same was observed by Latz et al. [218] on poly(NaSS) functionalized
PMMA surfaces.

Differences in cell morphology, namely formation of focal adhesions, between

binding domains can result from the specificity of the mechanism of cell attachment.
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On the RGD-motifs the cell attachment mechanism is integrin-mediated, whereas the

attachment to HB domains can be both electrostatic or integrin-based [248].
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Figure 58. MC3T3-EL1 cells area on surfaces pre-adsorbed with unblocked and blocked Fn (N-HB,
RGD and C-HB), after 4 h of culture. Significant differences between ungrafted and grafted surfaces
pre-adsorbed with the same proteins are indicated by * (*p<0.05 and ***p<0.0001).

The RGD peptide is a widely occurring arginine-glycine-aspartate amino acid
sequence with an important effect on the osteoblast-like cells early attachment.
Because of its superior physiological stability, its adsorption and immobilization onto
Ti-based surfaces has become a recurrent technique to improve cell attachment
[145]. In this experiment, we adsorbed the RGD peptide onto ungrafted and grafted
Ti6AI4V and followed the osteoblastic cells morphology after 4 h of culture. The

results are shown on Figure 59.

Grafted

Ungrafted

Figure 59. MC3T3-E1 cells morphology on ungrafted and grafted Ti6Al4V surfaces pre-coated with
the RGD peptide, after 4 h of culture (50X magnification).
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The RGD sequence is recognized by various integrin receptors from the
osteoblastic cells. For instance, 9 different integrins can bind to Fn and its recognition
is mainly done through the central cell-binding sequence, the RGD motif [74,75]. For
that reason, many focal adhesion points were detected on both ungrafted and grafted
surfaces. Though poly(NaSS) increased in = 17% the amount of focal contacts, it was
in the cell expansion that its influence was the most remarkable. Cells doubled in size
and longer cytoplasmic extensions were observed.

In contrary to what was expected, a smaller amount of cells was observed
(visual) on these treated surfaces compared to ungrafted and grafted Ti6Al4V pre-
adsorbed with Fn. This could be explained by the fact that RGD is only a small
peptide from the Fn molecule. It has been shown that the affinity of integrins to short
RGD-containing peptides to vary significantly from integrin to integrin [253,254]. On
the other hand, studies have demonstrated an increased affinity by all cell receptors
to larger protein fragments or the intact protein (containing the RGD sequence),
indicating that other domains closer to the RGD contribute significantly to the contact
between ligands and integrins. The amino acid sequence PHSRN that works in
synergy with the RGD motif has been identified as the main stabilizer of the integrin
adhesion at the RGD site. This peptide has been recognized as the activator of the
ECM domain of important integrins, such as the asB; heterodimer, determining its
specificity [255-257]. Thus, it is possible that the interactions established on the RGD
pre-adsorbed surfaces are not as stable as the ones on the Fn coated substrates,

hindering cell expansion.

The MC3T3-E1 cells morphology was also followed in the presence of
antibodies against specific integrins, aspi, a2f1 and a,B;. Ungrafted and grafted
surfaces pre-coated with Fn, Col | and Vn were tested. The results after 4 h of culture

are given by Figure 60.
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©

Ungrafted Grafted
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Figure 60. MC3T3-E1 cells morphology on ungrafted and grafted Ti6Al4V pre-adsorbed with (A) Fn,
(B) Col I and (C) Vn. Antibodies against the integrins (A) asB;, (B) a,B; and (C) a,B; were applied (50X
magnification).

The osteoblastic cells morphology was strongly influenced by the presence of
the anti-integrins. In Figure 60A, cells experienced an important reduction in size and
in actin bundle of fibers (cells with weak staining). By blocking the integrin asf3;, some
of the cells lost their identity as osteoblasts and became more elongated, the typical
fibroblastic morphology. This was noticed preferentially on ungrafted substrates. On
the grafted, the majority of the cells still exhibited a polygonal shape although
cytoplasmic expansion was significantly reduced (Table 20). The amount of focal
adhesions was as well diminished on these substrates. The same was seen for the
Col | treated substrates (Figure 60B). The use of the anti-integrin a,p; induced a
significant reduction in actin cytoskeleton but, most importantly, in focal adhesion
points.

Cells cultured on grafted surfaces pre-coated with Fn and Col | were capable
of sustaining better the cells cytoskeleton than the ungrafted. While on the grafted
the antibodies caused a size reduction between 46% and 37%, respectively Fn and

Col I, on the ungrafted it was near 51% for both. These results confirm the
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importance of the heterodimers asB31 and a,p; for the integrin-mediated attachment of
cells to Fn and Col | proteins. In many researches, these integrins have been
indicated as the most important for cell binding to these proteins [235,236].
Interestingly, when it comes to the amount of focal adhesion points the ungrafted
surfaces were found to sustain more of these connections than the grafted. On the
grafted materials, the presence of the antibodies caused a reduction in = 75% and =
91%, respectively Fn and Col I. Once again, we perceive the impact of the
poly(NaSS) on the cells behavior. The results state without doubt the cell adhesion to
be mediated by integrin binding and that to be preferably made through the integrins
asB1and azB; on Fn and Col I. These observations provide significant evidence of the
protein conformational changes as product of the SO3" groups of the poly(NaSS).

On the Vn pre-coated surfaces (Figure 60C), cells were well spread and
confluent. Many focal adhesion points were observed and the actin cytoskeleton was
well organized. Here, the action of the anti-integrin a,; was not as effective as the
antibodies used on the Fn or Col | coated substrates. The morphology of the cells
experienced little change (insignificant decrease in size), maintaining their polygonal
and well spread structure. Regarding the development of focal adhesions, only a
small decrease was perceived, less than 20% on both ungrafted and grafted
materials. Interestingly, these integrins appear to have more impact on the ungrafted
surfaces than on the grafted. This may be explained by the specificity and preferable
recognition of other integrins by the Vn molecule when in contact with poly(NaSS).
As pointed several times along this work, poly(NaSS) is capable of changing the
proteins conformation favoring some protein binding sites over others. Perhaps here,
like for Fn and Col I, poly(NaSS) allows more cells to bind to Vn using the integrin

oyB3, its most more common and important receptor [63].

Table 20. Percentage of inhibition in cell spreading and focal adhesions by cells cultured with anti-
integrins (asB, a,B; and a,f;) relatively to cells cultured in unblocked conditions.

% to unblocked Spreading (%) Focal Adhesions’ (%)

Fn, Col l and Vn

(respectively) Ungrafted Grafted Ungrafted Grafted
Anti asB; 52.2+15.1 445+ 4.6 65.4 4.7
Anti a,3; 49.8 +10.3 36.9+5.7 83.2 91.0
Anti a,f; 0.4+0.0 3.0£0.3 18.3 15.6

* These results should be perceived as approximations since only manual measurements, using 3 images per condition and
equal amount of cells, were conducted. The cell analysis software used did not possess this tool.
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The enhanced formation of focal adhesions by osteoblasts plated on grafted
surfaces pre-coated with Fn, Col | and Vn proteins suggest that the pre-coating of
Ti6AI4V substrates with ECM molecules may be a good incentive to osteointegration,

in particular when combined with the bioactive poly(NaSS).

2.6.2 Attachment
The attachment of cells on differently treated surfaces in the presence and

absence of anti-binding domains and anti-integrins is shown on Figure 61.
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Figure 61. MC3T3-E1 cells attachment on ungrafted and grafted substrates pre-adsorbed with Fn, Col
I and Vn, after 4 h of culture. Antibodies against binding domains of Fn (N-HB, RGD and C-HB) and
integrins (asP1, axP1, a,B1, respectively Fn, Col | and Vn) were used.

For the majority of the conditions, poly(NaSS) was found to induce a slight
increase in the MC3T3-E1 numbers. However, it was not significant.

Fn and Vn stimulated significantly the osteoblastic attachment and
proliferation, above Col | and the RGD site (p<0.05). These two ECM proteins are
very adhesive, and have proven their impact in the early cell attachment in many
occasions [249]. The amount of cells attached was reduced by the presence of the
anti-binding regions and the anti-integrins, as expected. Their effect was the most
significant on the Col | surfaces using the a,B; anti-integrin. These observations
confirm the importance of the a,3; integrin for cell attachment to Col | surfaces. Our

morphological examinations corroborate these results.
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2.6.3 Attachment Strength

The adhesivity of the cell-biomaterial bond was put to test after 30 min of
contact by applying a shear stress of 10 dyn/cm® MC3T3-E1 osteoblast-like cells
were cultured on Fn, Col | and Vn adsorbed Ti6Al4V and their adhesivity was tested
in the presence and absence of anti-binding domains and anti-integrins. The results

on ungrafted and grafted surfaces are shown on Figure 62.
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Figure 62. Percentage of cells that remained attached to the substrates after the application of a
shear stress of 10 dyn/cm? for 15 min. MC3T3-E1 were cultured for 30 min. Significant differences
between ungrafted and grafted surfaces pre-adsorbed with the same proteins are indicated by *
(*p<0.05, **p<0.001 and ***p<0.0001).

The resilience of the bond cell-biomaterial was highly improved by the SOj3
groups of the poly(NaSS), for the totality of the tested surfaces. Fn and Col | pre-
coated on the grafted substrates promoted a bond so strong that only 20-25% of the
cells were lost during stress.

The antibodies used against the HB domains and the RGD sequence reduced
the adhesivity of cells in = 55% and = 47%, respectively, for the grafted material and
= 46% and = 32%, respectively, for the ungrafted. It seems that by blocking the
central adhesive site of Fn (RGD), the structural link that sustains the cells on the
surface is highly challenged. Rezania et al. [248] has shown that cells attach
preferentially through integrins onto the RGD sequence, while electrostatic
interactions tend to take place on the HB domains. It may be possible that the
connections made at the HB terminals are not as strong as the ones that take place

at the RGD site.
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Regarding the anti-integrin tests, the information acquired shows the
importance of the asp; integrin (p<0.0001) in the osteoblastic attachment to the Fn
protein. It is also clear this integrin-mediated attached to be favored in the presence
of poly(NaSS). The same is perceived with the anti-integrin axf; on the Col | treated
surfaces. This integrin enhances significantly (p<0.0001) the cells attachment
strength to Col I, promoting it above all the other tested proteins. The chemistry of
the SOz groups plays a major role on protein adsorption. It can affect the orientation,
the conformation and the amount of the adsorbed protein. In this particular case,
poly(NaSS) stimulates the exposure of active binding sites in the Col | structure
highly recognized by this integrin. Regarding the integrin a,B1, its effect on the cell
attachment to Vn was slightly reduced in comparison with the Fn or Col | integrins. Its
influence was still remarkable (p<0.05), however the results suggest other integrins
may have more impact on the adhesivity of the osteoblastic cells.

The morphology results confirm the previous statements.

These evaluations show that the grafting of SOj3; groups onto Ti6AI4V
substrates can favor the adhesion of cells that are capable of resisting detachment

under stress conditions.

2.7 Sensors

In this segment we continue the discussion on the protein adsorption and the
changes they induce in the cell behavior when protein binding domains or important
integrins of the cell membrane are blocked. The QCM-D technique was applied to
measure mass changes and four surfaces were tested: Ti6Al4V, poly(NaSS)

physisorbed sensors, gold (standard for QCM-D testing) and poly(DTEc).

2.7.1 Cell Attachment

The attachment of MC3T3-E1 cells, after 2 h of culture, onto a poly(NaSS)
coating is compared with those onto uncoated Ti6AI4V, gold, and poly(DTEc)
surfaces in Figure 63A. These experiments were carried out in the presence of 10%
FBS supplemented medium (MEM-a) (control) and with pre-adsorbed proteins, BSA,
Fn and Col I. Here, the use of FBS containing medium during cell attachment had
minimal effect in the outcome of the experiments, since the FBS proteins were

blocked by 1% BSA solution as demonstrated in Figure 63B.
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Figure 63. (A) MC3T3-E1 cells attachment (2h, 37°C) onto Ti6Al4V, Ti6Al4V physisorbed poly(NaSS),
gold, and poly(DTEc) sensors pre-adsorbed with FBS, BSA, Fn and Col |, under static conditions. (B)
Pattern of frequency shift during cell attachment tests in static conditions. Though the image
represents the cell attachment on gold sensors pre-adsorbed with Fn, all sensors behaved similarly
with the 3 proteins (CM = complete medium or MEM-a supplemented with 10%FBS).

The FBS columns in Figure 63A show that under the conditions of the
experiment the cell attachment is better on poly(NaSS) coating than on uncoated
Ti6AI4V and the other substrates. This result is in agreement with previous studies in
which poly(NaSS) was found to promote the attachment of osteoblastic cells onto Ti
based substrates [173] and with the results discussed in earlier sections. Most
interestingly, the attachment of the cells onto poly(NaSS)-coated substrates remains
high even when Fn and Col | are pre-adsorbed onto the substrate prior to cell
exposure, while BSA inhibits the cell attachment. Interestingly, Col | pre-adsorbed
surfaces displayed the lowest cell attachment rates with the exception of poly(NaSS)

coated sensors. Moreover, Fn increased the cell attachment for all substrates. This is
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expected, since Fn is known to promote cell attachment because of the role of its
RGD sequence in the integrin-mediated recognition processes [222]. Furthermore,
the RGD sequence is found in Col | as well, but not in BSA [236]. This finding was
further investigated by studying the interplay of protein adsorption and the potentially
RGD/integrin dependent mechanism.

2.7.2 Protein Adsorption

To better understand the cell attachment results, the adsorption of BSA, Fn
and Col | onto physisorbed poly(NaSS), uncoated Ti6AI4V, gold and poly(DTEc)
substrates was investigated. The hydrated surface masses of protein specific to the
various substrates, calculated from QCM-D experiments, are compared in Figure 64.
It should be noted that unlike surface plasmon resonance and ellipsometry, QCM-D
is sensitive to the hydration state of the adsorbed layer.
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Figure 64. Adsorption of BSA, Fn and Col | onto Ti6Al4V, Ti6Al4V physisorbed poly(NaSS), gold, and
poly(DTEc) at 37°C and 25 pL/min flow, until saturation.

For the majority of the cases, the poly(NaSS) coating showed the highest
amounts of adsorbed protein. The only exception was Fn, however no statistical
significance between surfaces was detected. This is expected since poly(NaSS) with
its SO3” pendant chains is a polyanion, and electrostatic interactions are a main driver
for protein adsorption [258]. On the other hand, adsorption to uncharged surfaces,
such as gold and poly(DTEc), is dependent on weaker forces such as hydrophobic
contributions or London dispersion forces. Changes in protein conformation or even
denaturation along with loss of functional activity may occur when hydrophobic amino
acid side chains are exposed to the interface [259,260]. Presence of poly(NaSS) may

reduce these effects due to its hydrophilic character which makes proteins less
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susceptible to structural changes and less tightly bound to the surface, so their
original conformation can be preserved [261,262]. Moreover, previous studies have
shown that poly(NaSS) grafted substrates are able to adsorb proteins until saturation.
It was demonstrated, for instance, that the saturation level of BSA was three times
greater on chemically grafted surfaces than on ungrafted [263].

Poly(DTEc) sensors show some interesting results. Even though adsorption
was small with each of the three proteins investigated, cell attachment was high
[174,264]. It could be because although electrostatic interactions are responsible for
protein adsorption, on poly(DTEc) surfaces there could be a different class of specific
binding interactions that promote cell attachment. It is possible that despite the low
concentration of the adsorbed proteins on poly(DTEc), the conformation/orientation
of the adsorbed protein, on this hydrophobic surface, is favorable for cell attachment.

2.7.3 Antibody Interference with Integrin-Mediated Adhesion

Studies were carried out to see how antibodies interfere with the cell
attachment that is initiated by the interaction between the integrins on the cells
membrane and the binding domains/sequences of the adsorbed proteins.
Specifically, we wanted to understand how poly(NaSS) coating effects Fn and Col |
adsorption and then cell attachment. Anti as and anti B; were associated with cells to
block interactions with Fn pre-adsorbed substrates, while anti a, and anti 3; anti
integrins were used for the Col I. These are heterodimers of two noncovalently
associated transmembrane glycoproteins a and 3, and are recognized preferentially
by the Fn and Col | integrin binding domains in the presence of osteoblastic cells
[235,236].

Figure 65A and 65B show the extent to which the attachment of MC3T3-E1
cells on the Fn and Col | pre-adsorbed surfaces, respectively, are inhibited by the
presence of these antibodies. In addition to their superior cell adhesivity, the
poly(NaSS) physisorbed surfaces showed higher osteoblastic attachment inhibition
than the bare Ti6AI4V, in the experiments with antibodies. While the inhibition was
only 40% with Fn, the inhibition with Col I, in some cases, was greater than 60%.
One possible explanation for this observation is that poly(NaSS) changes the
exposure of the specific protein domains to the cells, and this might lead to more
integrin-mediated interactions. The main binding regions responsible for cell

attachment in Fn are: the HB domains, the synergy peptide PHRSN, which stabilizes
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the RGD-integrin interactions and preserves its specificity, and the central adhesive
peptide RGD [237,77]; and those in Col | are: the HB domains, the RGD peptide and
the von Willebrand factor A-like domain (A-domain) also known as inserted domain
(I-domain) [265]. At these sites, the interactions between cells and material are
mainly mediated by integrins. Biomaterial surfaces are known to induce changes in
the proteins conformation during adsorption by means of intermolecular forces. Van
der Waals forces, Lewis acid-base forces, electrostatic forces and
hydrophobic/hydrophilic interactions are some of the many intermolecular events that
affect the intrinsic structural stability of proteins [44,45]. In poly(NaSS), the SOz
pendant chains (polyanion) interact with Fn and Col | by means of electrostatic and
hydrophilic interactions [46]. It has been shown that as a result of these interactions,
regardless of their original structural arrangement, proteins unfold to a more stable
conformation, thereby increasing the exposure of important active binding regions
[50].

Another interesting aspect from the results is the importance of each subunit o
and f to the final cell attachment. By itself, each anti-integrin may interact with other
heterodimers. For instance, the anti-integrin 31 can be recognized by more than one
a subunit, i.e. azpi1, asB1, a,B1, therefore explaining the increased inhibition in cell
attachment registered in Figure 65A and 65B (first two columns). Still, in combination
the reaction with the respective heterodimer, asB; in Fn and ayB: in Col I, is
predominant [235,236].

In addition to mediating cell attachment, the receptors o and p also play an
important role in the actin cytoskeleton organization. To assess this influence,
images of individual cells stained with phalloidin (actin fibers) were taken after 2 h of
culture on Fn pre-adsorbed Ti6Al4V and poly(NaSS) physisorbed sensors, both in
the absence and presence of the antibodies (Figure 65C). In the absence of the
antibodies (control), the focal adhesions are abundant. Integrins are the major
transmembrane components present in focal adhesions. These specialized contact
points provide a structural link to the actin cytoskeleton allowing the spread of the
cytoplasm in all directions, developing multiple points of interaction [233]. The
amount of focal adhesions detected on the Ti6Al4V was 1/6 of that on the
physisorbed sensors. These results demonstrated the influence of poly(NaSS) on the
interactions between MC3T3-E1 and Fn.
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The use of antibodies induced a 20-50% reduction of the cells cytoplasm, size
and extensions, and number of focal adhesions. However, it is remarkable to see that
even when the antibodies block the asfB; there are still many focal adhesions
detected on poly(NaSS) physisorbed sensors. We suspect that poly(NaSS) allows
more than one type of integrin-mediated interactions between osteoblastic cells and
the Fn binding regions, despite the clear preference for the asB: combination. The
a2B1, asPBi, asBi;, of1 and a,Bs; are possible alternatives known to support
osteoblastic cells attachment in the presence of Fn [63]. Similar observations are

expected on Col | pre-adsorbed substrates.
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Figure 65. Percentage of cell attachment inhibition on Ti6Al4V and poly(NaSS) physisorbed sensors,
pre-adsorbed with (A) Fn and (B) Col I, by the presence of anti-integrins (2 h at 37°C and 0 puL/min).
(C) Morphological characteristics of cells cultured for 2 h on Fn pre-adsorbed substrates, in the
absence (control) and presence of anti-integrins (50x magnification). Significant differences between
surfaces are indicated by * (* p<0.05, ** p<0.001 and *** p<0.0001).
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2.7.4 Effect of Poly(NaSS) Coating on the Fn Conformation

While Figure 64 shows that the amount of Fn adsorbed is about the same on
gold, Ti6Al4V and poly(NaSS), Figure 63A shows that the cell attachment is the
highest with poly(NaSS). The hypothesis is that the orientation or the conformation of
Fn, not just the amount adsorbed plays a role in cell attachment. This hypothesis that
poly(NaSS) coating affects on the orientation/conformation of Fn adsorbed compared
to uncoated Ti6AI4V was investigated using specific antibodies recognizing HB
domains (N- and C- terminal) and the RGD sequence (Figure 66A). The data shown
in Figure 66B were obtained to demonstrate the effect of poly(NaSS) on the Fn
orientation at the interface. The results show that the exposure of the three sites was
enhanced by the presence of the polymer, confirming that the orientation of the
protein, and most likely its conformation, is different on poly(NaSS) coated Ti6Al4V

relatively to uncoated.
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Figure 66. (A) Schematic structure of a Fn fragment, with identification of binding domains of interest
[adapted from 41]. (B) Percentage of active sites, namely RGD peptide and heparin domains N-
terminal (N-HB) and C-terminal (C-HB), exhibited by Fn pre-adsorbed on Ti6Al4V sensors with and
without poly(NaSS) (25 uL/min). Significant differences between surfaces are indicated by * (**
p<0.001 and *** p<0.0001).

The conformation and orientation of a protein adsorbed on a surface has a
significant effect on the binding of cells because they determine the exposure of the
cell-binding sites. It has been shown that both the RGD and the HB domains are

directly involved with the attachment of osteoblastic cells to Fn [266]. These
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observations were also confirmed by the use of a polyclonal antibody against the
entire Fn molecule in which the exposure of the Fn active sites was found to be 2x
higher on poly(NaSS) physisorbed surfaces than on uncoated Ti6Al4V. Latz et al.
[218] reached similar conclusions with PMMA substrates grafted with poly(NaSS).
They found enhanced expression of the C-terminal HB domain, and even by the
entire molecule, and they attributed this to the conformational changes in Fn induced
by the SO3; groups. They also found increased cellular attachment and adhesion
strength stimulated by integrin activation at the RGD and HB binding regions.

These results validate our findings and support our conclusions on the
integrin-mediated cell attachment, and thus demonstrating the influence of the

poly(NaSS) on both protein adsorption and cell attachment.

- Adhesive Proteins in Double Depleted Medium -

In this segment we continue the investigation on the role of proteins at the
interface cell-biomaterial. However, this time proteins were not left to adsorb before
cell culture, they were combined with the medium. FBS depleted of Fn and Vn,
hereafter referred as double depleted serum or DD medium, was used to test the role
of these serum glycoproteins in the adhesion and morphology of MC3T3-E1 cells on
ungrafted and grafted Ti6Al4V

DD was furnished by the laboratories of CSIRO Molecular Science in Sydney,

Australia, and was prepared by following the procedure described in [267].

2.8 Cell Behavior in Double Depleted Medium

The current set of experiments were carried out to examine the role of Fn and
Vn in the initial attachment and spreading of early passage MC3T3-E1 osteoblast-like
cells to ungrafted and grafted Ti6Al4V surfaces. Our main goal was to understand the
influence of poly(NaSS) on the adsorption of these two proteins, when in DD
medium, and infer about the cell behavior as product of these settings. To set the
conditions of this experiment, tests were initially conducted with FBS and SFM. Here,
cells were left to interact with the surfaces in the presence of a variety of proteins and
in its absence. Afterwards, three culture mediums were prepared: DD, DD + Fn and
DD + Vn. Again, the cells morphology, attachment and adhesivity after 4 h and 30

min of contact were our main objects of study.
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2.8.1 Spreading and Morphology

Cell morphology analyses were conducted 4 h after cell seeding, in FBS and
SFM, and DD, DD + Fn and DD + Vn conditions. The results are shown on Figure
67A and 67B, respectively.

Cells seeded in FBS showed the highest overall level of cell attachment
(visually) during the 4 h test period. Their organization was found consistent with the
images from Figure 51. The MC3T3-E1 cells exhibited a well structured polygonal
shape, with many cytoplasmic protrusions extending along the surfaces, and several
bundles of actin fibers were identified. Furthermore, many focal adhesion points were
detected. This was seen on both ungrafted and grafted Ti6AI4V, although cell
spreading and formation of focal adhesion points was intensified by the SO3" groups
[164,166,173,208]. On the other hand, only few cells were found spread in SFM
cultures. Most of them still displayed a small round shape, with little cytoplasm
extensions. The area of the spread cells was also smaller than that observed in cells
cultured in FBS. The same differences in morphology were reported by Degasne et
al. [249] following the Saos-2 osteoblast-like cells attachment and proliferation on
acid etched and sandblasted Ti disks. This is to be expected, since in this situation
proteins are not present, and the interactions between cell and biomaterial are only
based in physical contacts rather than chemical. The absence of focal adhesion
points on the ungrafted and small quantities on the grafted surfaces proves this
statement correct. In early sections, we have shown that stronger physical bonds can
be developed in the presence of SOz groups, through the activation of specific cell
functions [216]. For instance, we have demonstrated that the morphology of the cells
can be sustained for longer on grafted materials, even in SFM (Part 2, Section 1).
Poly(NaSS) has been identified as a trigger of early signaling pathways associated
with important cell events, namely adhesion, migration and spreading. Knowing the
ECM of osteoblastic cells to be a complex and diverse system with many different
proteins and growth factors [20,217,218], it is expected, in SFM conditions, the
surface properties and in particular the bioactive poly(NaSS) to stimulate the
production of proteins of interest by the cells and, consequently, to activate the signal
pathways necessary to extend the cell interaction with the biomaterial.

Regarding Figure 67B, cell expansion on DD cultures was very restrained

compared to the rest. The majority of the cells were round with very little protrusions,
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on both ungrafted and grafted Ti6Al4V. Nevertheless, evidences of small cytoplasm
expansions were detected on the grafted material, supporting our initial conclusions.
Interestingly, both ungrafted and grafted substrates showed a lower cell
attachment and spreading in DD serum compared to SFM. This implies that the
presence of non-adhesive serum components may act to block cell attachment rather
than promoting it, in this conditions. The same was reported by McFarland et al. [268]

and Steele et al. [269] on various polymeric substrates.

(A)
Grafted

10%FBS

SFM
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(B)

Ungrafted Grafted

DD

DD +Fn

DD +Vn

Figure 67. MC3T3-E1 cells morphology on ungrafted and grafted surfaces cultured in (A) FBS and
SFM and (B) DD, DD + Fn and DD + Vn (50X magnification).

In contrary to the DD results, the MC3T3-E1 cells cultured in DD + Fn and DD
+ Vn conditions exhibited a spread morphology and many focal adhesion points. In
Fn, the functionalized surfaces allowed for cells to express the typical osteoblastic
morphology, with increased cytoplasmic extensions and well defined polygonal
shape. On the other hand, in the ungrafted surfaces some cells exhibiting a more
fibroblastic morphology were detected (stretched). The same was seen in the
presence of Vn. In this case, however, round shaped cells were still observed, even
in the grafted material. These results suggest that the contribution of Fn to cell

attachment to be more significant than the contribution of Vn on Ti materials.
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McFarland et al. [268] reached similar conclusions with TCPS, PHEMA/HEMA and
PEMA/THFMA. In their study, they showed that cell adhesion and morphology are
promoted by DD + Fn more intensively than by DD + Vn. They explained these
differences by possible alterations in the Vn conformation, and by extension the
ability to bind cells, during adsorption as a result of the surfaces chemistry. Here,
probable conformational changes may be taking place as well. By comparing the
morphology results from Figure 67 with the observations made on Figure 60A and
60C (1°' two images on both), it is clear the changes in the morphology and amount
of cells. It seems that cells adhere more easily onto surfaces previously coated with
the protein in question than when they are combined with the protein in a serum free
solution. It is conceivable that the conformation of the proteins may change as
product of competitive behaviors between non-adhesive proteins and the adhesive
proteins in solution. For instance, Pegueroles et al. [270] has shown that BSA can
strongly bind to the Ti oxide surfaces and even displace Fn. Therefore, we can
assume that Fn and Vn conditioning events may be taking place at the interface,
which may account for the reduce number of focal adhesion, affecting somehow the

cell behavior.

2.8.2 Attachment
The attachment of cells onto ungrafted and poly(NaSS) grafted Ti6Al4V in
FBS, SFM, DD, DD + Fn and DD + Vn conditions is shown on Figure 68.
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Figure 68. MC3T3-EL1 cells attachment on ungrafted and grafted substrates cultured in FBS, SFM,
DD, DD + Fn and DD + Vn medium conditions and Fn and Vn pre-adsorbed surfaces.
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For the majority of the conditions, poly(NaSS) was found to induce a slight
increase in the MC3T3-E1 numbers. However, it was not significant.

High levels of cell attachment were detected on both surfaces in the presence
of FBS proteins, which has been in many cases appointed as a result of the
competitive binding between Fn and Vn [267]. When by itself, Fn and Vn may
compete against other molecules in the DD serum such as BSA or fibrinogen (Fg).
As seen by the morphology results, the non-adhesive proteins on the DD may
somehow hinder the cell spreading and attachment possibly through the alteration of
the Fn and Vn conformations above the ungrafted and grafted substrates. The DD
results point, once more, to possible competitive events between non-adhesive
proteins that may inhibit the cell attachment, while the SFM attachment numbers may
result from the production of adhesive proteins by cells.

These observations corroborate the analyses made on the cells morphology.

2.8.3 Attachment Strength

The adhesivity of the cell-biomaterial bond was tested 30 min after seeding. A
shear stress of 10 dyn/cm? was applied to each sample for 15 min. The MC3T3-E1
osteoblast-like cells attachment strength in FBS, SFM, DD, DD + Fn and DD + Vn

conditions, on ungrafted and grafted surfaces is shown by Figure 69.
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Figure 69. Percentage of cells that remained attached to the substrates after the application of a
shear stress of 10 dyn/cm? for 15 min. MC3T3-E1 were cultured for 30 min in FBS, SFM, DD, DD + Fn
and DD + Vn conditions. Significant differences between ungrafted and grafted surfaces pre-adsorbed

with the same proteins are indicated by * (*p<0.05, **p<0.001 and ***p<0.0001).
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The resilience of the bond cell-biomaterial was highly improved by the SOj3
groups of the poly(NaSsS), for nearly all tested conditions. The Fn proteins on DD
promoted the most significant bond strength between cell and grafted material. Its
resistance was slightly superior compared to the FBS but significantly enhanced over
the DD + Vn (p<0.001), SFM and DD (p<0.0001). Most importantly, the poly(NaSS)
improved the cells adhesivity in = 36% compared to the ungrafted (DD + Fn). In
regard to the other adhesive protein in study, Vn, the improvement of poly(NaSS)
over the untreated materials was of = 20%.

Fn and Vn possess various binding sites for cell attachment, including the HB
domains and the RGD sequence [77,78,84]. These regions are known to offer strong
adhesion points that support cell expansion above the surface, creating an
environment compatible with osteointegration [83,222]. The results from Figure 69
suggest that the conformation of the proteins is favored by the bioactive polymer;
however not as much as the surfaces coated with each one of these proteins. Almost
64% of cells cultured on grafted materials in DD + Fn conditions were capable of
resisting to a shear of 10 dyn/cm?. This percentage is smaller than that revealed by
the Fn pre-coated surfaces, = 75%. As explained earlier, pre-adsorption and
adsorption by DD mixtures may not result in equal protein conformations [268].
Changes introduced by the competitive behavior of proteins in DD may condition
integrin association, the main components of the focal adhesions known to support
and strength the cell-biomaterial structural links [72,73], and therefore result in less
tightly bonds. These same explanations can be applied to the differences of bond
strength induced by Vn pre-coated substrates, = 68%, and the DD + Vn, = 55%.

The DD serum was only capable of sustaining = 18% and = 26% of their cells
attachment to ungrafted and grafted surfaces, respectively. Garcia et al. [238] has
shown that BSA (the main component of DD) does not affect significantly the cells
adhesion strength, explaining that variations in non-specific interactions have little
influence on cell attachment. However, this medium possesses as well Fg. Perhaps
the competitive behaviors between these proteins that influenced the DD + Fn and
DD + Vn results can also explain the reduced levels of attachment strength. Besides,
the lack of focal adhesion points and a less advanced cytoplasmic body structure
observed in these conditions (DD) could also explain the weakness of the links
between the MC3T3-E1 and the surfaces.

The morphology results confirm our conclusions.
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Main Conclusions

In vitro biological tests using MC3T3-E1 osteoblastic cells attested on the
Ti6Al4V grafted with poly(NaSS) ability for biomedical applications. Substrates pre-
adsorbed with FBS, BSA, Fn and Col | were studied. The morphological analyses
showed that the presence of proteins with RGD adhesive-sequences tend to facilitate
the interaction between the cells and the surfaces. Fn was found to be an instigator
of MC3T3-E1 proliferation when associated with poly(NaSS), right from the initial
stages of development. On the other hand, the pre-adsorption of Col | on grafted
surfaces was associated with significant improvements on the osteoblastic cells
matrix mineralization. BSA did not reveal any particular effect.

Cell attachment to protein adsorbed substrates was determine as highly
dependent on protein active binding sites, such as the N-HB and C-HB binding
domains and the RGD peptide of Fn. It was seen as well that cells interact
preferentially through the integrins aspB: and a8 on Fn and Col | pre-coated
surfaces, respectively, specially on grafted materials. To the contrary, the integrin
a,B1 did not display much influence on the cell attachment to Vn, raising the
possibility of other integrins to intervene more significantly in this task (i.e. a,Bzs).

The effect of pre-adsorption of BSA, Fn and Col | on uncoated and poly(NaSS)
physisorbed Ti6Al4V, gold and poly(DTEc) sensors on osteoblast-like cells
attachment was investigated using the QCM-D technique, as well. Cell attachment
was found to depend on the substrate and adsorbed protein. Poly(NaSS) exhibited
the highest cell adhesivity, particularly in the presence of Fn and Col I. Integrin
dependent attachment was observed between the MC3T3-E1 cells and the Fn/Col |
pre-adsorbed poly(NaSS) sensors. Our findings also reveal that poly(NaSS) exerts a
large influence over the Fn conformation, resulting in more available binding sites
(RGD and HB domains) being exposed to cells.

The effect of Fn and Vn in DD serum conditions was promoted by poly(NaSS).
The same way the SO3™ groups allowed for more cells to spread on FBS and SFM,
instigating the development of more focal adhesions. By comparing the results of Fn
and Vn pre-adsorbed surfaces with the DD + Fn and DD + Vn, a small decrease in
cell spreading, attachment and adhesivity was observed. Our results revealed that
possible competitive behaviors may be taking place between the DD proteins,

hindering the osteoblastic cells development.
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3. PROTEIN COMPETITION

Once implanted, the biomaterial is quickly surrounded by proteins that adsorb
onto its surface and mediate all the interactions with the biological tissue. Protein
adsorption is a complex and competition based process very difficult to predict. It
depends not only on the nature of the proteins in the mixture but as well on the
physicochemical properties of the surface. Generally, proteins seek active sites on
the surface, and compete with each other for those sites until they finally adsorb
[153,261]. Their conformation, type and amount at the biomaterial surface will trigger
an appropriate cell response. This is the basis for the long term compatibility of a
biomaterial and its successful implantation [152,271]. In this section, the competitive
behavior of three proteins, BSA, Fn and Col |, was examined on QCM-D crystals
(Ti6AI4V, poly(NaSS) physisorbed sensors, gold, poly(DTEc) and PS).

As competitive adsorption behavior of proteins is complex and cannot be
predicted from the adsorption behavior of individual proteins alone, data was
collected in two ways (broad perspective): in one, the proteins were allowed to be
adsorbed onto the substrates sequentially, so the effect of one protein on the
subsequently adsorbed protein was determined; in the other, the substrate was

exposed to a two-protein mixture and their mutual competition assessed.

3.1 Competitive Protein Adsorption

When a biomaterial is implanted and surrounded by tissue the surface is
exposed to numerous proteins. The cellular response depends on the nature of the
protein layer that is formed on the material surface out of that mixture of proteins by
competitive adsorptive behavior. This process was investigated by using six pairs of
three proteins, BSA, Fn and Col I. Sequential adsorption will be indicated by “+”
symbol (i.e. BSA + Fn to indicate adsorption of BSA first followed by Fn), and
adsorption from mixture will be indicated by “&” (i.e. BSA & Fn).

3.1.1 Sequential Adsorption
The results obtained by exposing the substrates to six pairs of proteins are
presented in Figure 70. With many of these pairs, the amount of the adsorbed protein

on the substrates is smaller than that observed with a single protein on the surface
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[270]. This effect was more noticeable when the first protein was larger or more
complex than the second (i.e. Col | + BSA; Figure 70C). Interestingly, the total
amount of adsorbed protein from the combinations BSA + Fn and Fn + BSA (Figure
70A) is about the same as that of Fn by itself, particularly on the poly(NaSS)
physisorbed sensors. In this instance, important protein rearrangements that are not
noticeable in the QCM-D data may occur between BSA and Fn. Fn has been known
to have large affinity to poly(NaSS), exhibiting a stable and favorable conformation
for cell attachment [218]. It has been suggested, as well, that in hydrophilic charged
surfaces Fn adapts an active conformation exposing more binding sites, including the
RGD sequence, for cell attachment [91]. In contrast, BSA possesses no specificity to
any substrate, sharing only weak links with the surface. Therefore, in the BSA + Fn
sequence, a continuous replacement of BSA for Fn may be taking place, while in Fn
+ BSA sequence, the extent of BSA adsorption may be almost insignificant, probably
to bound to the few non-specific binding sites. The same is seen on the Col | + BSA

sequence (Figure 70C).
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Figure 70. (Left) Percentage of a second protein adsorption onto Ti6Al4V, poly(NaSS), gold,
poly(DTEc) and PS after pre-adsorption of a first until saturation (sequential tests, at 37°C and 25
pL/min). The percentage values were determined by relating the sequential adsorption rates of the
second protein with its own individual values. (Right) Representation of the changes in frequency

(overtone 9) registered on all surfaces in the sequential tests ((A) BSA + Fn and Fn + BSA; (B) Fn +
Col land Col | + Fn; (C) BSA + Col I and Col | + BSA).

In the two particular cases of Fn + Col | (Figure 70B) and BSA + Col | (Figure

70C), the effect of the larger protein on the smaller was more pronounced than that
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registered on the BSA + Fn sequence. Here, the second protein, Col I, displaced the
first, a clear example of the Vroman effect. Col I, the less motile protein with greater
affinity to the substrate replaced a pre-existing protein [62]. These results were
confirmed by fluorescent microscopy of FITC conjugated (Sigma) with the first protein
(Fn or BSA), which was recovered from the waste fluid as it was displaced by Col I.
Figure 71 shows evidences of the displacement of the protein solutions BSA and Fn,
stained in yellow by the FITC conjugate, after being removed by Col I. The stained
liquids started being collected from the waste 20 min after introduction of the Col |
solution in the QCM-D system (time necessary to complete a cycle, in-out, in the
QCM-D apparatus).

Figure 71. BSA (1* column) and Fn (2nd column) protein solutions stained in yellow by the FITC
conjugate. Liquids recovered from the QCM-D apparatus waste 20 min after Col | injection.

The adsorption behavior of Col | and Fn in the sequence Col | + Fn (Figure
70B) was highly dependent on the substrate. While in the Ti6Al4V and the gold
crystals the adsorption of Col | limited the adsorption of Fn, in the poly(NaSS) coated
sensors the amount of Fn after Col | was similar to that of Fn by itself. It is possible
that conformational rearrangements between proteins took place on this biomaterial
as a result of the negatively charged sulfonate groups characteristics of the
poly(NaSS), allowing interactions between Fn and Col I. Fn is thought to mediate
important interactions between cells and other ECM components, namely collagen
[175]. Fn possesses a collagen binding domain, which could explain the lack of
restrictions for its adsorption.

The hydrophobic materials were also found to influence the proteins
adsorption. Proteins typically adsorb preferentially on more hydrophobic surfaces
despite the concomitant changes in their conformation [272,273]. In more hydrophilic

materials, the proteins are less tightly bound to the surface so their original
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conformation, which is favorable for cell development, is maintained [261]. The
poly(DTEc) and the PS surfaces appear to influence the conformation of Col | in a

way that facilitates its interactions with Fn.

3.1.2 Adsorption from Mixtures

Three protein mixtures, each containing two of the proteins used in this study,
BSA, Fn and Col |, were used to determine the proteins competitive character for the
adsorption sites on the surface. Figure 72 shows the total amount of proteins
adsorbed onto the five surfaces and the corresponding kinetics.

In the BSA & Fn mixture (Figure 72A), the amount of proteins adsorbed was
determined by the wettability of the surfaces. The more hydrophilic (Ti6AI4V)
achieved the highest mass densities, while the more hydrophobic (PS) the least.
These two proteins aside from their ability to be dissolved in PBS, when in solution
achieve equilibrium at approximately the same pHs, BSA at 7.0 and Fn at 7.2; their
behavior in mixture is therefore simpler to interpret. These similarities are reflected in
their adsorption kinetics. Here, a sharp drop in frequency is observed with the
saturation being achieved in less than 5 h.

In contrast with these results, the Fn & Col | mixture (Figure 72B) show an
early drop in frequency caused by the initial adsorption of the proteins, which is then
followed by a small but continuous increase in frequency. Equilibrium was only
achieved 12 hours after initial protein injection. Comparing these results with the
sequential adsorption kinetic curves, it appears that the increase in frequency, i.e.,
or the additional mass loss, could be due to a constant rearrangement of the
proteins, with new interactions being formed between the Fn binding sites and the
Col I, or to a possible displacement of Fn (both events observed in sequential tests).
The total amount of protein adsorbed on the five substrates from the Fn & Col |
mixture was about the same, the only exception being the uncharged hydrophobic
poly(DTEc) substrate, which adsorbed the least amount of proteins. This same
behavior was seen on the Col | & BSA mixture (Figure 72C). However, in the last
case the proteins mass on the poly(DTEc) surfaces surpassed the rest of the
substrates. Poly(DTEc) showed a very unusual protein adsorption pattern in the
presence of Col I: in some instances the adsorption was higher whereas in others it

was the lowest. We can only speculate that the proteins affinity towards this
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particular material changes depending on the mixture of proteins and protein-protein
and protein-surface interactions.

In spite of the extensive time consumed to reach saturation (12 h) and the
important drop in frequency registered (Af ~ 200 Hz), the kinetics of the Col | & BSA
mixture (Figure 72C) was similar to that of BSA & Fn. In many of the tested mixtures,
the total amount of proteins on each surface was always less than in the sequential
studies. This suggests that once the finite number of adsorption sites on the surface
is occupied, interaction between dissimilar proteins prevent remodeling of the
adsorbed layer that could increase the amount of adsorbed protein. Such remodeling
probably occurs if only one type of protein is present as in sequential adsorption. The
Col | & BSA mixture is an exception to this statement, since the total amount of
protein adsorbed was higher in mixture than in sequential adsorption. There are two
possible explanations for this observation. The first is based on a continuous
rearrangement of the proteins conformation due to the influence of one protein on the
other; an optimal protein structure being eventually attained. The second possibility is
the formation of multiple protein layers. The first protein layer being directly
influenced by the surface properties, while the subsequent layers being dependent
on the conformation of the previous protein. BSA possesses numerous binding sites
for lipids and other hydrophobic molecules. It is therefore plausible to BSA to bind to

Col | via these hydrophobic pockets when in a mixture.
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Figure 72. Mass density (left) and frequency changes (right) on Ti6Al4V, poly(NaSS), gold,
poly(DTEc) and PS resultant from the adsorption of two proteins in a mixture: (A) BSA & Fn; (B) Fn &
Col I; (C) Col | & BSA, at 37°C and 25 uL/min. Significant differences between surfaces pre-coated
with the same protein are indicated by * (* p<0.05, ** p<0.001 and *** p<0.0001).

Main Conclusions

Competitive adsorption between proteins was found both in mixtures and in
sequential depositions. The first protein that interacts with a biomaterial surface
restricts the deposition of a second on the same material. Evidence of the Vroman
effect, a very common competitive behavior of proteins, was identified in the
sequential adsorption of Fn + Col | and BSA + Col I. Proteins competition is
intensified in mixtures.

The Col | & BSA adsorption was substantially higher than that registered on
the other mixtures and even sequential adsorptions. This was seen for the totality of
the substrates. In the presence of Col I, protein adsorption on poly(DTEc) is different

from other substrates.
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4. ADSORPTION FROM PROTEIN MIXTURES AND CELL BEHAVIOR

The competitive adsorption of proteins regulates many interfacial phenomena,
in particular the biocompatibility of biomaterials when exposed to blood and cell
tissues. Body fluids contain different types of proteins that can mutually compete to
adsorb to any exposed surface. As seen before, protein adsorption from these fluids
may be very complex but also favorable as it enriches a biomaterial surface with
proteins exhibiting the highest affinity to it [59-61].

In early experiments, we demonstrated poly(NaSS) grafted surfaces to
modulate the cell response in vitro. Individual adsorption of adhesive proteins onto
these chemically changed materials was found to stimulate the cell attachment,
adhesion and even maturation. Still, when implanted in the human body a biomaterial
is surrounded not by one protein type but by many. Their competition for the active
sites on the surface is responsible for the host response. In order to identify the effect
of selected proteins and their competition on the osteointegration process, we
investigated the osteoblast response as a result of controlled mixtures of two

proteins.

4.1 Viability
The viability of cells in contact with substrates treated with protein mixtures

determines the validity of these mixtures to support the cells development. Cell
survival rates analyses were conducted on the 3 experimental groups, Fn & BSA,

BSA & Col | and Col | & Fn, after 4 h of culture. The results are given by Figure 73.
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Figure 73. Percentage of viable cells attached to the ungrafted and grafted Ti6Al4V surfaces after 4 h
of culture.
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Data was found similar between protein combinations and between types of
surface (ungrafted vs grafted). The pre-adsorption of the proteins had no effect on
the MC3T3-E1 cells viability. Survival rates were found at ~ 60% for the totality of the
tested conditions. The absence of superior survival rates may be an effect of the
short incubation period and/or detachment of cells during processing. Equal
observations were made earlier with FBS coated substrates (2" Part, Section 1 and
Section 2).

4.2 Spreading and Morphology

The MC3T3-E1 cells morphology after 4 h of contact with ungrafted and

grafted surfaces, pre-adsorbed with protein mixtures, is shown on Figure 74.
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Figure 74. MC3T3-E1 cells morphology on ungrafted and grafted Ti6Al4V surfaces pre-adsorbed with
protein mixtures after 4 h of culture (50x magnification).

For all the experiments, cells exhibited a well defined polygonal shape and
actin cytoskeleton, with cytoplasmic protrusions extending in all directions. At this
point, as a result of the surfaces roughness, the cells growth pattern possesses no
organization or orientation defined. Cells cytoplasm expansion was intensified in the
presence of poly(NaSS), achieving sizes two times larger than on ungrafted surfaces.

Interestingly, the existence of Fn in the mixtures enhanced the amount of focal
adhesions between the osteoblastic cells and the material (both grafted and

ungrafted), aside from the number of cells (visually). Focal adhesions are majorly

170



RESULTS AND DiscussioN | Chapter 4

composed by integrins, which play a crucial role in the assembly of the actin
cytoskeleton [72,73]. These specialized contact points provide a strong structural link
with the substrate, essential for an optimal cell development (migration, proliferation,
differentiation and mineralization). Fn is an ECM protein with several cell adhesion
sites (the HB domains, the PHRSN peptide, and the RGD sequence). In case of
osteoblastic cells, various cell membrane receptors, asB1, azB1, aspi, asB1, af1 and
ayfB3, can interact with the Fn binding regions increasing the amount of focal contacts
[63,233].

The Col | & Fn mixture on grafted surfaces revealed the most important
cytoplasm spreading/extension, attachment numbers and amount of focal contacts.
The bioactive macromolecular chains from the poly(NaSS) can induce the creation of
new active sites for protein binding. This promotes changes in the conformation of Fn
and Col | and intensifies integrin mediated cell attachment [166,218]. The
hydrophilicity and surface energy (57.3 mN/m) of the grafted substrates allows for
electrostatic and hydrophilic interactions to be established with the proteins. This
contributes significantly to the proteins unfolding to a more stable conformation,
increasing the exposure of important cell binding regions [49]. Such modulation of the
proteins behavior can trigger signaling pathways different from the ones registered
on ungrafted surfaces and condition the totality of the cellular development. Besides,
Col | possesses as Fn various binding sites for osteoblast-like cells integrin
receptors, including the RGD peptide, the HB domains and the von Willebrand factor
A-like domain [265], which availability may increase during unfolding of the Col I triple
helix structure. Furthermore, Fn and Col | can benefit from protein-protein
interactions, through collagen specialized binding regions on the Fn molecule,
leading to new protein rearrangements beneficial for the cells. The evaluation of the
competitive character of these two proteins, both in sequence and when in mixture,
confirms this statement. Col | and Fn enroll in conformational rearrangements and
can establish interactions with each other when combined.

Comparing the images from Figure 74 with the results obtained from
experiments on poly(NaSS) grafted Ti6Al4V substrates individually adsorbed with Fn
and Col | from Figure 51, our latest conclusions are confirmed. Fn and Col | by itself
on grafted surfaces stimulate the cells attachment and expansion compared to

ungrafted, however their combination is more successful. The assembly of these two
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adhesive proteins with the bioactive polymer creates an environment incentive for

early osteoblast-like cells attachment.

4.3 Attachment Strength

The cells adhesivity or attachment strength was evaluated 30 min after

incubation. The results are given by Figure 75.
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Figure 75. Percentage of cells that remained attached to the substrates after the application of a
shear stress of 10 dyn/cm2 for 15 min. MC3T3-E1 cells were cultured for 30 min. Significant
differences between ungrafted and grafted surfaces pre-adsorbed with the same protein combinations
are indicated by * (*p<0.05 and ***p<0.0001).

In the 3 tested groups, poly(NaSS) exerted a positive effect by increasing the
cell-biomaterial bond resistance to shear stress of 10 dyn/cm?®. These results are
consistent with previous investigations [164,173]. The SOjs; groups improved
significantly the MC3T3-E1 cells attachment strength, particularly when treated with
Fn & BSA and Col | & Fn. In fact, a relation can be established between the cell
morphology and its attachment strength. By inducing the cytoskeleton expansion,
these proteins allowed stronger and more resilient interactions with the surface,
translate by an increased amount of focal adhesions. Since the common element
between these two mixtures is Fn and knowing that the RGD peptide is a preferable
binding region for osteoblastic cells, which tend to originate strong interfaces as seen
by the morphology results, we believe this to be a decisive factor in the cells
attachment to the Ti6Al4V alloy [63,233]. Moreover, the BSA & Col | combination
displayed the lowest percentage of remaining cells, ~ 60%, even in the presence of
poly(NaSS).
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Fn possesses various regions of binding activity. Therefore, it is conceivable
the presence of Fn on the protein mixtures to automatically assume a prominent
position over the others, at least in the early stages of cell development.

Another interesting aspect from these results is the ability of the combination
Col I & Fn to sustain almost 90% of cells on the surfaces. Again, these results are
consistent with the morphological observations. Changes in protein
conformation/orientation induced by the negatively charged SO3™ groups and protein-
protein interactions are responsible for this outcome [166,218]. Integrin-mediated
attachment between the binding domains of Fn and Col | and specialized receptors
from the MC3T3-E1 cells membrane contributed drastically to the resilience of the
bond cell-biomaterial. This has been observed previously (2" Part, Section 2), and
now it has been confirmed as valid.

Once more, the results sustain our innovative perspective on protein mixtures

and their competitive benefits for the early cell attachment.

4.4 Proliferation

The cell proliferation curves on the differently treated substrates are shown in
Figure 76. As expected, for the majority of the time points no significant differences
were detected between ungrafted and grafted surfaces [240].

From the 10™ day to the 14™ a small but significant increase on the cell
numbers was introduced by the poly(NaSS) on the combinations Fn & BSA (Figure
76A) and Col | & Fn (Figure 76C). Given these results to be divergent from previous
studies with surfaces treated with FBS protein mixtures [172,173,240], it is
conceivable poly(NaSS) to induce a new organization on the already attached cells,
allowing for more to proliferate. These two combinations achieved the highest cell
numbers. The results support our morphology and attachment strength analysis and

provide more information about the Fn competitive character over BSA and Col I.
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Figure 76. Proliferation curves of MC3T3-E1 cells on ungrafted and grafted surfaces, pre-adsorbed
with (A) Fn & BSA, (B) BSA & Col | and (C) Col | & Fn mixtures, from 4 h to 14 days. Significant
differences between ungrafted and grafted surfaces are indicated by * (*p<0.05).

4 5 Differentiation and Mineralization

The ALP activity of the osteoblastic cells was followed from 7 to 28 days.

Figure 77 gives the highest ALP concentration registered during that time frame,

more precisely at day 14.
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Figure 77. ALP concentration after 14 days of culture. Significant differences between ungrafted and
grafted surfaces pre-adsorbed with the same protein mixtures are indicated by * (*p<0.05 and
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According to the data, poly(NaSS) has an important impact on the enzyme
production in all tested groups [274]. As before, its effect was more significant for the
combination Col | & Fn. The alterations in the Fn and Col | conformation and
orientation appear to have a permanent impact on the cell development. Besides, as
we established earlier protein-protein interactions can also occur and be determinant
for the MC3T3-E1 cell growth [78-80].

Fn has been shown to enhance gene expression of ALP on MC3T3-E1 cells
by accelerating their production and activity [159]. On its turn, Col | is known to
activate specific signaling pathways that affect the expression of bone cell
phenotypes associated to the ECM formation and maturation [244,245]. Takeuchi et
al. [275] has even shown that the interaction of Col | with cell-surface a,B; integrin
receptors on MC3T3-E1 cells is indispensable for their differentiation. By observing
the ALP production induced by the BSA & Col | mixture, it is possible to infer about
the contribution of Col | to the cell maturation process. As pointed in previous
sections, BSA is a non-specific protein with little influence on the cells development.
Hence, in this case, Col | can be assumed as the prominent protein from the group
and the major responsible for the BSA & Col | and Col | & Fn ALP results. These
observations reflect the competitive character of the proteins, more precisely the role
they exert on the cell behavior after competing for the active sites on the surface. It is
important to notice that during attachment, adhesion and proliferation (early cell
development) Fn is the protein with the biggest influence, while during cell maturation
Col | assumes the leadership role. The way the regions of the adsorbed proteins are
exposed to the cells in slightly different conformations defines their impact on the cell
functions and progress.

Besides, the supplemented medium (B-glycerophosphate and ascorbic acid
addition) is considered an instigator of osteogenic markers expression, which
includes Col | (= 80% of the organic cellular matrix). These supplements adopt an
osteoblastic phenotype and secrete and organize the ECM. They trigger a series of
molecular events that include the activation of signal transduction pathways very
important for the osteoblast differentiation and mineralization [246,247].

The same explanations can be used for the calcium (Figure 78A) and
phosphate (Figure 78B) production, which once again was instigated by the presence
of Col I. It must be highlighted, though, that poly(NaSS) contributed significantly for
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the calcium production on the BSA & Col | and Col | & Fn treated substrates and for

the phosphate production on Col | & Fn adsorbed surfaces.
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Figure 78. (A) Calcium and (B) phosphate production at 28 days of culture. Significant differences
between ungrafted and grafted surfaces pre-adsorbed with the same protein mixtures are indicated by
* (**p<0.001 and ***p<0.0001).

The amount of ALP, calcium and phosphate produced by the grafted surfaces
adsorbed with these 3 protein mixtures was found superior than that generated by
equally treated surfaces adsorbed with FBS or individual proteins (BSA, Fn and Col
1), on previously shown work. This puts in evidence the meaning of the proteins

competitive character to the osteointegration process.

Main Conclusions
The tests carried out in this study aimed to understand the proteins influence

on the osteoblastic cells behavior when adsorbed from mixtures onto Ti6AI4V
materials.

It was seen that the grafting of poly(NaSS) enhances the osteoblast-like cells
attachment strength, differentiation and mineralization, particularly in the presence of
Col I & Fn mixtures. While in competition, Fn and Col | prevailed over the other
protein in solution, being responsible for strong early cell-biomaterial interactions,

and increased production of ALP, calcium and phosphate, respectively.
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The synthesis and grafting of bioactive polymers such as the poly(NaSS) onto
Ti surfaces has been proposed and optimized over the years, using a grafting “from”
technique that generates covalent bonds between the polymer and the implantable
material.

In this work, we explored the combination of the poly(NaSS) with the Ti alloy
Ti6Al4V and its influence on the osteoblast-like cells behavior. Our aim was to
understand in more detail the effect poly(NaSS) exerts on the cell response,
particularly in the presence of important biological molecules at the interface cell-
biomaterial. The approach followed in this research consisted: first, in the
establishment of the biological properties of the polymer poly(NaSS); second,
stipulation of the general cell behavior on these altered surfaces; and, finally, in the
comprehension of the biological molecules effect on each other and on the cells

behavior at the interface.

The characterization of the ungrafted and grafted disks was our first goal. The
results showed the grafting process to be successfully conducted on the Ti alloy.
Poly(NaSS) was detected using the TB colorimetric method, FTIR and XPS. By
measuring the surfaces wettability, we concluded that the SO3 groups increase the
surface energy and by extension its hydrophilic character. The physisorbed QCM-D
sensors were characterized as well. XPS analyses confirmed the presence of Na and
S on the surface of the Ti6Al4V sensors, and TB measurements determined the
guantity of poly(NaSS) coated as 1/10 of the amount on grafted disks.

In SFM conditions, we tested the single impact of poly(NaSS) on the early
stages of osteoblastic cultures. The SOj3; groups influenced positively the cells
response by supporting the cell structure and morphology for longer, compared to
ungrafted surfaces, and by allowing for stronger physical bonds to be generated
between cell and biomaterial (superior resistance to stress). Here, it was
demonstrated the capacity of poly(NaSS) to induce the production of ECM proteins
by the osteoblastic cells, necessary to sustain their own viability and structure on the
biomaterial surfaces. These observations were corroborated with the results from the
cell cultures in DD conditions.

On the single protein adsorption experiments, it was found that the Fn protein
together with poly(NaSS) can play a major role in the osteoblast-like cells early

178



CONCLUSIONS AND FUTURE PERSPECTIVES | Chapter 5

attachment. Poly(NaSS) was seen to alter the proteins conformation by increasing
the exposure of their cell binding sites, such as the RGD peptide and the HB
domains in the Fn molecule. These binding regions enhanced significantly the cells
morphology and adhesivity on the grafted Ti6Al4V, most likely by interacting with
important integrins from the cellular membrane. On Fn and Col | pre-adsorbed
substrates, the heterodimers asB1 and ayf;, respectively, were found to be of
extreme importance to the cell development, particularly the last.

For all tested proteins, BSA, Fn, Col | and Vn, poly(NaSS) promoted the
adhesivity, morphological expansion, differentiation and mineralization of the MC3T3-
E1l cells. While Fn had the most effect on the cells early attached, development of
focal adhesions, and expansion above the surfaces, Col | stimulated more
significantly the osteoblast-like cells matrix mineralization, by increasing the ALP
activity and the calcium and phosphate productions. Vn played as well an important
role on the cell early attachment, however not as relevant as the Fn or Col I. BSA,
being a non-specific or non-adhesive protein, did not reveal any particular influence
on the cell development. This was also detected on the experiments using DD
serum. The effect of Fn and Vn in DD serum conditions was promoted by
poly(NaSS). However, by comparing the results of Fn and Vn pre-adsorbed surfaces
with the DD + Fn and DD + Vn, a small decrease in cell spreading, attachment and
adhesivity was observed. Our findings revealed that possible competitive behaviors
may be taking place between the DD proteins, hindering the osteoblastic cells
development.

In regard to the BSA, Fn and Col | competitive character, it was seen that, in
seqguential adsorptions, the first adsorbed protein inhibit the adsorption of the second.
Evidence of the Vroman effect was found only with BSA + Col | and Fn + Col I. The
total amount of proteins adsorbed from a mixture was, in many instances (BSA & Fn
and Fn & Col I), less than that from sequential adsorption, but not with Col | & BSA.
In this case, the amount was five times higher and took four times longer to reach
saturation, indicating continuous rearrangement of proteins or possible development
of hydrophobic interactions between BSA and Col I. The cell behavior on surfaces
pre-adsorbed with protein mixtures was positively influenced by the SO3™ groups, in
particular the cell cytoplasmic expansion, attachment strength, differentiation and

mineralization, whatever the protein nature. While in competition, Fn and Col | were
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capable of prevailing over the other protein in solution. The combination Fn & Col |

promoted the most successful cell results.

In summary, this research project allowed for the biological influence of the
poly(NaSS) on the bone cells behavior to be established. The mechanisms taking
place at the interface cell-biomaterial are now clearer, and the SOz groups’ influence
on the protein conformation and integrin-mediated cell attachment better understood.

The use of polymeric materials with bioactive functional groups, like
poly(NaSS), as coatings on Ti-based implants can offer a promising solution for fast
biomaterial osteointegration and enhanced bacterial inhibition, to be used in the

orthopedic and dental fields.
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Synthesis and Grafting of Bioactive Polymers to Create Biomimetic Surfaces Capable of Controlling the Host
Response

Abstract

In this investigation, we combined the good mechanical properties of the titanium (Ti) alloy Ti6Al4V with the biological
properties, namely bioactivity, of the polymer poly(sodium styrene sulfonate) (poly(NaSS)). By chemically grafting the
poly(NaSS) on the surface of the Ti alloy we generated biofunctionalized biomaterials. On these substrates, the MC3T3-E1
osteoblast-like cells response was followed in the presence and absence of individual proteins and important information about
the competitive behavior of proteins and their effect on the cell development was uncovered.

In serum free medium conditions, poly(NaSS) influenced positively the cells response, by enhancing their attachment
strength and by extending their viability and inherent morphology. Fn together with poly(NaSS) was found to play a major role in
the cell early attachment, even when in double depleted medium. It was also seen, that poly(NaSS) alters the proteins
conformation by increasing the exposure of active binding sites, such as the RGD peptide in the Fn molecule, and this way
promoting integrin-mediated cell attachment. Between all proteins, Col | was found to stimulate more significantly the
osteoblast-like cells matrix mineralization, by increasing the alkaline phosphatase activity and the calcium and phosphate
productions. Grafted surfaces pre-adsorbed with Fn & Col | mixtures promoted the cell cytoplasmatic expansion, attachment
strength, differentiation and mineralization. The competitive behavior of Fn and Col | was seen to prevail over BSA.

In summary, the poly(NaSS) together with the Ti6Al4V material offers a promising solution for fast biomaterial

osteointegration to be used in the orthopedic and dental fields.

Key Words: TI6AI4V, poly(NaSS), grafting, osteoblast response, protein, fibronectin, collagen type |, binding domains, integrins,

osteointegration.

Syntheése et greffage de polymeéres bioactifs pour créer des surfaces biomimétiques capables de contrbler la réponse
de I'hdte

Résumé

Dans cette étude, nous avons combiné les bonnes propriétés mécaniques de l'alliage de titane Ti6Al4V avec les
excellentes propriétés biologiques apportées par le greffage d’'un polymere « bioactif » le poly(styréne sulfonate de sodium)
(poly(NaSS)). Le greffage chimique du poly(NaSS) réalisé a partir de la surface de l'alliage a permis de générer des
biomatériaux « fonctionnalisés » et « bioactifs ». Sur ces substrats, la réponse de cellules ostéoblastiques de la lignée MC3T3-
E1 a été étudiée en présence et en absence de protéines d’intérét (seules ou en mélange). Nous avons pu mettre en évidence
I'effet de ces protéines, de leur conformation et de leur compétitivité sur la réponse cellulaire (adhésion, étalement,
différenciation).

Dans des conditions de culture sans sérum, la seule présence du poly(NaSS) améliore la réponse cellulaire en
augmentant I'adhérence, I'étalement et en prolongeant la viabilité cellulaires. Nous avons montré qu’en présence du
poly(NaSS) la Fn joue un r6le majeur dans l'attachement précoce des cellules quel que soit le milieu de culture méme
« déplété » en certaines protéines. D’autre part nous avons également montré que le poly(NaSS) modifie la conformation des
protéines adsorbées en augmentant I'exposition de leurs sites de liaison « actifs », tels que le peptide RGD dans la molécule Fn
favorisanr ainsi I'adhésion et la fixation cellulaires par le biais des intégrines. Entre toutes les protéines étudiées, Col | a été
identifiée comme la protéine qui stimule de maniére la plus significative la minéralisation de la matrice ostéoblastique, en
augmentant l'activité de la phosphatase alcaline et la production de phosphate et de calcium. Les surfaces greffées de
poly(NaSS) pré-adsorbées du mélange protéique Fn & Col | favorisent I'expansion cytoplasmique des ostéoblastes, leur force
d'attachement, leur différenciation et leur minéralisation. La compétitivité des protéines Fn, Col | et BSA protéine a également
été étudiée.

En résumé, le poly(NaSS) greffé sur des surfaces de Ti6AI4V propose une solution prometteuse pour

I'ostéointégration rapide des biomatériaux, avec des applications possibles dans les domaines orthopédiques et dentaires.

Mots-clés: TI6AI4V, poly(NaSS), greffage, réponse ostéoblastique, protéine, fibronectine, collagéne type |, sites de liaison,

intégrines, ostéointégration.





