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Chapter 3

3. Kinetics and two-step
competitive protein adsorption
characterization on Ti1O; crystals
using QCM-D

3.1. Introduction

The first event taking place at the implant-tissue interface is water molecules and salt
ions interacting with the material surface. This aspect has been previously reported in
Chapter 2. Wettability and surface energy characterization allowed gaining knowledge
of the liquid/solid interaction of the studied system. Shortly after the formation of the
hydration layer, blood proteins start to crowd the surface [1;2]. The adsorption of blood
proteins influences cell behaviour. Then, when cells reach the implant site, they scan the
protein layer covering the surface looking for activation factors to attach to. So, the
protein adsorption plays a crucial role in the integration of an implant into the body. To
this respect, the material properties have to elucidate appropriate responses for specific
applications.

Understanding and eventually controlling the protein adsorption on the material used is
essential to obtain a good integration of the implant. Proteins are a special, highly
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complex, and important case of particles adsorbing at surfaces. Protein adsorption is a
dynamic process involving non-covalent interactions such as hydrophobic interactions,
electrostatic forces, hydrogen bonding and Van der Waals forces [3]. Moreover, protein
parameters as well as surface properties such as surface energy, roughness and
chemistry have been identified as key factors influencing the adsorption process [4-6].
Since the amount and structure of proteins at the interface as a function of time remains
not well known, this chapter will be focused on the study of the protein adsorption on
TiO; surfaces as a function of time.

Proteins interact on fundamental biochemical mechanisms of biological processes such
as blood clotting and molecular recognition. There are several proteins in human blood
plasma but, among them, fibrinogen, fibronectin and albumin have been chosen for our
study. The three of them are well-known, thoroughly characterized, extensively
described proteins. In addition, several studies have suggested that platelet adhesion
and activation might be affected particularly by fibrinogen, a mediator of platelet
activation via its direct interaction with the platelet receptors [7-9]. Fibronectin is a key
component of the extracellular matrix (ECM), is a large dimeric glycoprotein triggering
cell adhesion [10] and undergoes cell-driven assembly in supramolecular fibrils and
furthermore provides specific binding sites for various ECM biopolymers [11]. Albumin
is the most abundant component of many biofluids, serving as transport media for
various metabolites and as regulator of osmotic pressure.

Different techniques have been used for protein adsorption characterization. They are
mainly based on the labelling of the adsorbing molecules with a radioactive, fluorescent
or other type of marker. But most of these techniques are laborious procedures with
discrete and non-continuous values measurements. As said by Norde and Lylema, [12],
since the proteins systems are so complex ‘measurements with well-defined model
systems carried out under well-controlled conditions’ are essential to understand the
underlying mechanisms. Following this criteria, this chapter has started by studying the
simplest model, i.e., the study of a single protein system on a smooth TiO, surface to
understand the essential adsorption mechanisms in real time. More complex systems
with two proteins in solution, competing and interacting for adsorption on the TiO:
surfaces, have been further analyzed.

Metal surfaces are, with few exceptions, covered by an oxide layer of a few to several
nanometers thickness. As a consequence, interactions between metal implants, proteins
and cells are governed by the physical-chemical properties of theirs corresponding
metallic oxides. Titanium surfaces are mainly covered with the spontaneous formation of
a TiO; layer. And so, TiO.-covered sensor crystals have been used in the experiments of
this chapter for their use in the quartz crystal microbalance with dissipation monitoring
(QCM-D).

The use of QCM-D allows a reliable and sensitive real-time kinematics protein-
adsorption study. QCM-D may be used to explore and analyze not only the amount of
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protein adsorbed on the studied substrates but also the conformational changes of the
proteins in play. These are significant parameters to understand the effect of the
adsorbed protein layer on the biological performance of biocompatible surfaces. The
adsorption kinetics on the studied surface and the conformational changes of the three
working proteins -bovine serum albumin (BSA), fibrinogen (Fbg), and fibronectin (Fn)-
was carried out with monoprotein solutions. The interaction, competition, displacement
and/or co-adsorption of those proteins were also studied performing two-steps
biprotein experiments.

The fact that significantly smooth surfaces have to be tested when using real time protein
adsorption techniques, e.g, QCM-D, ellypsometry and optical waveguide lightmode
spectroscopy (OWLYS), is a known limitation of these characterization techniques. The
effect of roughness on protein adsorption will be discussed on Chapter 4 carrying out
experiments with traditional labelling techniques.
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3.2. Objectives

The main objective of the present chapter is to evaluate and characterize protein
adsorption processes on a titanium oxide surface using a quartz crystal microbalance
with monitoring of dissipation (QCM-D). To do so, the following partial objectives
where defined:

1. To characterize the morphology, chemistry, wettability and roughness of TiO,-
coated quartz crystals.

2. To determine the amount and rate of protein adsorbed on the tested surfaces for
three different proteins with specific biological interest: fibronectin, albumin, and
fibrinogen.

3. To study kinetics of adsorption and possible conformational changes of the three
proteins (fibronectin, albumin, fibrinogen) on TiO, surfaces from monoprotein
solutions.

4. To determine the interaction, competition, and displacement between the three
relevant proteins by means of two-step biprotein adsorption experiments on TiO:
surfaces.
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3.3. Protein adsorption

Proteins are mainly in agueous environments. Nevertheless, when a protein solution is
in contact with another phase, proteins tend to accumulate spontaneously at interfacial
regions, [13;14]. This occurrence can be an advantage or a disadvantage depending on
the application of the biomaterial.

On one hand, for bone anchored implants, such as dental implants or artificial hip joints,
the clinical goal is to obtain a long term secure anchoring of the implant. Achieving this
function with the shortest possible healing-time is of relevance and can be favoured with
a guided protein adsorption resulting in a beneficial induction of bone formation.

On the other side, the engineering of blood-compatible materials, e.g. artificial blood
vessels or heart valves, has the main goal of suppressing blood coagulation on anti-
fouling surfaces. Understanding and controlling the surface characteristics of these
surfaces will also be crucial for controlling protein adsorption.

3.3.1. Protein structure and functions

Proteins are esential parts of organisms and participate in many fundamental and
essential processes within cells. Many functions are supported by proteins: (1) enzymatic
catalysis of biochemical reactions that are vital to metabolism; (2) structural or
mechanical support; forming the cytoskeleton or forming part of the extracellular matrix;
(3) cell signaling; (4) immune responses; (5) cell adhesion and (6) cell cycle.

Proteins are large biological organic macromolecules built up from 20 different amino
acids linked together by peptide bonds and forming highly organized polymers. Their
molecular masses range from a few thousand to several hundred thousand kDa. All
proteins considered in this study are water soluble and all adsorption studies have been
performed in aqueous solutions.

Protein function depends on its third-dimensional arrangement, which in turn depends
on its amino acid sequence. Each amino acid has the same fundamental structure (Figure
3-1 a), including an a carbon (C%) to which an amino group, acarboxyl group, and a
differing variable side chain are bonded.

The sequence of amino acids linked together by covalent bonds, also called peptide
bonds, in the polypeptide chain determines the primary structure of a protein molecule.
Two of the three bonds in the peptide unit are free to rotate (Figure 3-1 b). Amino acids
are usually classified by the properties of the side chain -R group- into four groups. The
side chain can provide the amino acid with different properties: acidity, basicity,
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hydrophilicity if it is polar, and hydrophobicity if it is non-polar. The chemical structures
of the 20 standard amino acids, along with their chemical properties, are catalogued [15].
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Figure 3-1 a) Amino acid and b) Structure of a peptide unit in a polypeptide chain. Two of the three bonds
are free to rotate, R and R’ represent amino acid side-groups [14;16]

The secondary structure refers to the folding of the polypeptide chain into periodic

structure such as a-helix and b-sheet, this is a local structure stabilized by hydrogen
bonds between amide and carboxyl groups.

The tertiary structure is referred to the way the folded segments of the polypeptide chain
are arranged in space, [14], so the completed three dimensional folding of a protein.
Stabilization of the tertiary structure of a protein may involve interactions between
amino acids located far apart along the primary sequence. These may include:

weak interactions such as hydrogen bonds and Van der Waals interactions

ionic bonds involving negatively charged and positively charged amino acid
side-chain groups

disulfide bonds

Interactions with the aqueous solvent, known as the hydrophobic effect results in
residues with non-polar side-chains, i.e. hydrophobic amino acid residues, typically in
the interior of the molecule, [14]. Conversely, polar amino acid side-chains are
predominantly found on the surface of a protein where they are exposed to the aqueous
milieu [13]. There are, however, many exceptions in which polar residues are buried or
non-polar residues exposed on the surface of a protein. This heterogeneity of protein
surfaces, mixed polar (hydrophilic) and non-polar (hydrophobic) regions will affect
protein/surface interactions.

The quaternary structure is the non-covalent association of independent tertiary
structures to form a complex [13]. A multi-subunit protein may be composed of two or

134



Chapter 3

more identical polypeptides, or it may include different polypeptides. It is unique
combination of two or more polypeptide chains amino acids that determines the three
dimensional structure of protein and thereby, its function. To perform their biological
function, proteins may alter between several related structures, during these functional
rearrangements the tertiary and quaternary structures are modified and this process is
called conformational change [17].

3.3.2.  Proteins adsorption studies in TiO: surfaces

Fibronectin (Fn), bovine serum albumin (BSA), and fibrinogen (Fbg) are the three well-
characterized proteins used in this work. The interpretation of an adsorption graph is
presented before the presentation of the properties of the studied proteins.

Adsorption isotherms, i.e., amount of protein adsorbed (G vs the protein concentration
(cp) plots, are commonly reported as a result of protein adsorption experiments. The
initial part of the isotherm (Figure 3-2) reflects the affinity between the protein and the
surface. Eventually, when saturation of protein adsorption on the tested surface is
achieved the amount of protein adsorbed reaches a plateau. If a strong affinity between
the surface and the protein exist, a) the complete coverage of the surface is reached
earlier in time, and b) the adsorbed amount is usually higher, as shown on Figure 3-2.
Adsorption and desorption processes have been reflected equally in terms of affinity at
the graph, but both processes can act differently meaning that the system has two
equilibrium states probably due to an irreversible physical change in the system [18].

C
p
Figure 3-2 Schematics of (a) strong-affinity protein adsorption isotherm, and (b )weak-affinity protein
adsorption isotherm (adapted from [18])
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3.3.2.1. Fibronectin

Fibronectin (Fn) is an adhesive protein and a key component of the extracellular matrix
(ECM). It promotes attachment of cells to the biomaterial surface through its central
binding domain RGD sequence. Moreover Fn participates in complex interactions with
other macromolecules by influencing cellular properties including morphology,
migration, homeostasis and oncogenic transformation [1;19-21].

The formation of focal adhesions by osteoblasts on fibronectin-coated Ti surfaces is
enhanced and the adhesion and spreading of fibroblasts is improved [22]. Osteoblast
precursors could then adhere to these proteins, which provide a matrix for cell
attachment, through integrin-mediated mechanisms.

Fn is a large and fibrillar protein composed of two 250kDa-subunits joined together by
disulfide bonds and it has an isoelectric point (IEP) of 6,1 (MW~500 kDa) [20;23]. The
concentration of Fn in blood plasma is 30 mg/100ml [24]. The different adsorption
isotherms reported in the literature [1;23;25] show a high affinity of Fn onto titanium
surfaces. In particular, Sousa et al. [23] adsorbed Fn in PBS at concentrations of 5, 10, 20,
100 and 200 mg/ml on c.p. Ti sheets and TiO: sputtered substrates and quantification
was performed using 251 labelled Fn (Figure 3-3). The adsorption isotherms showed that
the amount adsorbed on both types of surfaces increased as the Fn concentration
increased in solution and a plateau was never attained. Tamada et al. [26] referred that
the minimum amount of Fn required for fibroblast cell adhesion was 500 pg/maz. After
elution, and for Fn concentration =20 pg/ml for TiO; cp, and = 100 pg/ml for TiO, sp
[23], surface retains more than the referred Fn amount for cell adhesion. Then a range
from 20 up to 50 ng/ml will be the studied Fn concentrations for protein adsorption
assays with the QCM-D technique.

10000
TiO, cp
s TiO, sp
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IFNI, ng/mL
Figure 3-3 Adsorption isotherm for human plasma fibronectin on c.p. TiOz and TiO; sputtered substrates
after adsorption in solutions ranging from 5 ng/ml to 200 ng/ml at 25°C [23]
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3.3.2.2.  Fibrinogen

Fibrinogen (Fbg) is one of the main proteins involved in the blood coagulation cascade
[27]. In some cases, Fbg layers formed at the liquid-solid implant interface have triggered
an inflammatory response and have been a part of some of the process that may lead to
acceptance or rejection of the implant [28].

Fbg is an ECM protein with a molecular weight of 340kDa [27;29] and a IEP value that
can vary between 5,1 and 6,3. The concentration in human plasma is 300 mg/100ml
[24;29]. Bai et al. [29] showed the adsorption isotherm data for fibrinogen on 316L
stainless steel, nitinol and c.p. Ti after 1 h adsorption in PBS solutions ranging from 10
ng/ml to 5 mg/ml at 37°C (Figure 3-4). Fbg adsorption results indicated that Fbg amount
on Ti range from about 400 ng/cm? to 700 ng/cny as the solution concentration varies
from 80 nmg/ml to 2 mg/ml after about 1 h adsorption. Then, in our work, studied Fbg

concentrations will be 80 and 100 ng/ml for single protein adsorption assays with the
QCM-D technique.
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Figure 3-4 Adsorption isotherms for fibrinogen on 316L stainless steel, nitinol and c.p. Ti after 1h
adsorption in PBS solutions ranging from 10 ng/ml to 5 mg/ml at 37°C [29]

3.3.2.3.

Bovine serum albumin

Bovine serum albumin (BSA) is a globular protein and the most abundant component of
many biofluids serving the transport of various metabolites and the regulation of the
osmotic pressure [11;30].
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BSA is pretty much used for protein adsorption studies since its structure is close to the
human serum albumin (HSA) structure [31]. The molecular weight of BSA is 66 kDa and
69 kDa for HSA [32]. HSA has an isoelectric point between 4,7-4,8 [32;33] , nearly
coincident to the one for BSA, which is 4,7 [32]. In normal conditions, HSA concentration
in human plasma is of 3,5-5 g/100ml [33].

Sousa et al. [34] quantified protein adsorption of HSA solutions in PBS at concentrations
of 0,2; 0,4; 1; 4 and 10 mg/ml on TiO; surfaces using 25| labelled albumin (Figure 3-5).
Specifically, the adsorbed amount increased with HSA concentration and a plateau was
reached for concentrations of ~1 mg/ml for TiO: c.p. Hughes et al. [35] studied the BSA
adsorption on Ti powder and found that maximum adsorption was reached at 10min
and 15 min for 100 and 500 nmg/ml BSA, respectively (pH=6,8). Moreover, BSA is more
tightly bound to the titanium surface at lower concentrations. Wassell et al., [36], also
showed a saturation value of 100 ng/ml for BSA protein on TiO: surfaces at pH 7,2.
Consequently, 100 ng/ml will be the BSA concentration used for single protein studies
with the QCM-D technique.

— 100.0
£ 800
E
= 60.0
‘E 40.0 TiO, sp
J -
% 20.0 - TiO; cp
L 00 .
0.0 50 10.0 15.0

IHSAl solution {mg.n‘m L]

Figure 3-5 Adsorption isotherm for human serum albumin on c.p. TiOz and TiOz sputtered substrates
after 1 h adsorption in solutions ranging from 0,2 mg/ml to 10 mg/ml at 2 5°C [34]

3.3.3.  Surfaces

When a surface is created, the bonds that hold the material together are broken and thus,
generally represent an increase in energy, the surface energy. Since a surface contains a
large number of unsaturated bonds; it is an energetically unfavourable system [37]. If
there is a reactive environment such as air or water at a metal surface, the bonds react
immediately and spontaneously to form new bonds and compounds, and consequently
lowering its surface energy. Therefore, a material surface usually has a different chemical
composition from its bulk, as for example the oxide overlayer on almost all metals.
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The energy required to create a unit area of a surface in vacuum defines the surface
energy (J/m2). In general, the stronger the bonding within the atoms molecules of the
material, the larger is its surface energy [13]. Many inorganic materials such as metals,
oxides, semiconductors etc. have high surface free energies, while many organic
materials, polymers, etc. have low surface energies [38].

When titanium, which is used for dental implants [39] and in orthopaedic devices [40], is
exposed to air reacts rapidly/spontaneously with atmospheric oxygen to form a surface
oxide layer which is typically a few nanometres thick. The oxide stoichiometry is close to
TiO; [41;42] and the oxide interacts with the surrounding biofluids. It is amphoteric, i.e.,
it can react either as an acid or as a base. It is mechanically rigid and binds structural
water in the outermost atomic layer, forming -O-, -OH, and —-OHg:* sites [43]. A very
important consequence of all those properties of the oxide is that it is negatively charged
at physiological pH. The oxide has surface free energy ~ 40 mJ/mz2, as obtained and
reported in the previous Chapter 2 of this work and in agreement with others [43]. Those
properties are referred to the smooth and ordinary titanium surface onto which water,
ions and proteins adsorb upon in contact with body fluids. Any surface treatment can
alter the surface properties listed above.

As a consequence, the different properties of a surface will affect the protein adsorption
response. Table 3-1 summarizes the surface properties of importance for the interactions
between surfaces and proteins.

Table 3-1 Main surfaces properties that determine protein adsorption. Adapted from [14;43]

Surface properties Protein properties

Chemistry Bonding number

Surface topography Quaternary, tertiary and secondary structure
Free energy Overall hydrophobicity

Charge Charge

Acid/Base properties Isoelectric point (pl)

Surface impurities Specific interacting residues

Since the properties of TiO: are significantly different from those of pure metal, it is
necessary to gain knowledge about the properties of the surface to understand the
interaction between the material and the biological entities.
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3.3.4. Interactions between proteins and surfaces

When an aqueous protein solution is exposed to a solid surface, spontaneous
accumulation of protein molecules at the solid-liquid interface is generally observed.
Proteins can adopt many and unplanned conformations since its charge/polarity
irregular/regular distribution along the 3D molecules. They can be exposed to several
sites that can interact with the surface, promoting dynamic protein
adsorption/desorption processes. The large protein size compared to the single binding
sites, the heterogeneous nature referred to local charge, polarity and proteins surface
composition can cause a complex dynamic protein adsorption process onto a surface.
This process can have a number of intermediate states, with changing conformation
and/or orientation of the protein [13].

Protein adsorption is due to the interaction between the different components present in
the system such as, the sorbent surface, the protein molecules and the solvent (water). In
fact, during all the dynamic process, proteins expose several sites to reach its minimum
free-energy state while approaching and adsorbing to the surface [14]. Figure 3-6 shows
a schematic drawing of a protein molecule and a surface with the respectively different
charged, polar and topographic regions.
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Figure 3-6 Schematic view of a protein and a well characterized surface [13]
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For spontaneous adsorption, at constant pressure and temperature, the change in the
Gibbs free energy (G) must be negative (Equation 3-1) [14;16-18;44,45]:

Equation 3-1 DG, =DH_ - TXDS,, <0

where H, S and T are the enthalpy, entropy and temperature of the system, respectively,
and D,y indicates the variation resulting from the adsorption process. Then, according

to Equation 3-1, Gibbs energy will be negative with the decrease in enthalpy and/or an
increase in the entropy. Moreover, Equation 3-1 can be expressed in terms of interfacial
energies as:

Equation 3-2 DG s =9g - 91 - 94 <O

subscripts s, | and p refer to solid, liquid and protein, respectively.

Factors including bound ions, surface and protein characteristics have to be considered
in defining the interaction at the solid-protein solution interface. The surface presents a
heterogeneous nature with respect to the local charge, polarity, roughness and
composition and the protein molecules are characterized by regions with different
charge and polarity.

The number of protein conformations is also limited because, as mentioned in section
3.3.1, the rotation around the peptide bond is restricted. The final structure taken by the
polypeptide is determined by the interactions that occur between the amino acids
themselves and the surrounding water what will determinate the final Gibbs free energy.
The protein stability, what will determine adsorption/desorption processes, is
considering the change in free energy between the fully denatured and the fully
assembled, native state, conformation [13].

The most important interactions determining protein structure are presented below
[13;14;16;17;46]. Among them, distribution of charge and hydrophobic effects have a
strong influence on the protein’s structural stability [12].

i) Coulomb interaction, electrostatic interaction due to charges

Depending on the isoelectric point, coulomb interaction between charged
groups can be attractive or repulsive. The isoelectric point (IEP) is the pH at
which a molecule carries no net electrical charge. At a pH below the IEP,
proteins carry a net positive charge while above the pl they carry a net negative
charge. Around the IEP, the net intermolecular Coulomb interaction is
attractive and favours the compact structure of proteins. Away from the IEP,
the excess of either positive or negative charges lead to repulsion, promoting a
more expanded protein structure.
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i)

iD)

Hydrogen bonds

In proteins, each peptide group is capable of hydrogen bond formation. H
bonding between peptide units does not stabilize a compact structure.
However, it stabilizes helical and pleated sheet structures in the places where
the polypeptide chain is shielded from water due to other interactions [17].

Hydrophobic interaction

The hydrophobic interaction refers to the spontaneous dehydration and
subsequent aggregation of non-polar components in an aqueous environment.
Hydration layer has to be displaced in order to obtain a close contact between
protein and surface. The interior of proteins mostly consists of non-polar amino
acids. The reason for this is the hydrophobic interaction, which forces the non-
polar amino acids away from water towards the interior of the protein
molecule where they contact other non-polar molecules. Then, the polar side
chains are therefore mainly found on the surface of the protein molecule, which
can lower the free energy by interactions with the surrounding water and ions
by forming hydrogen bonds. Mainly due to the entropy increase in water that is
released from contact with hydrophobic components and a relative small
enthalpy effect [17]. Then, the Gibbs energy of the system is lowered.

Van der Waals interaction

Interactions between ionic groups, dipoles and induced dipoles, included in
van der Waals bond, in a protein molecule is also influenced by the
surrounding aqueous medium which also contains dipoles and ions. It is
commonly referred as dispersive or London-van der Waals interactions and it
is generally attractive [13].

Rotational mobility

Directive interactions, e.g. hydrogen bonds, limit the rotation along the
polypeptide chain and the side chains.

Protein adsorption is not only affected by protein and surface interactions, proteins
mutually compete for adsorption at any exposed surface. Initially, the surface will be
mainly occupied by the smaller and more abundantly molecules. Then, the adsorbed
molecules may be displaced by other molecules that have a stronger tendency to adsorb.
Consequently, the protein layer changes, a dynamic process.

The protein adsorption process cannot be predicted by a single factor, however changes
in hydration, redistribution of charged groups, and rearrangements in the protein
structure are considered to be the dominant contribution [18].
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3.3.4.1. Kinetics of protein adsorption

The adsorption of proteins can be divided into four steps [13;17;18]:

i) Transport towards the sorbent surface. The basic transport mechanisms are gradient
diffusion and Brownian motion which explains the random movement of particles
due to the collisions with molecules of the surrounding medium. The rate of
transport of a protein molecule from solution towards an interface increases with
increasing concentration of the protein solution and then, a higher degree of
coverage is expected.

i) Attachment at the interface. The initial protein-surface interaction, whose strength
determines the residence time of the initial protein attachment.

iii) Structure rearrangements in the adsorbed state. Dynamic processes in the interfacial
region including movements and conformational changes of the protein molecules.

iv) Detachment and transport away from the interface. Transport of desorbed protein
molecules away from the interface, if the binding is not too strong.

Once a protein molecule has reached the surface, complex dynamic processes occur
(Figure 3-7). First, the protein molecules approach the surface in random orientations.
Since the protein molecule is irregular and heterogeneous with respect to surface
polarity and charge, several orientations may occur with different strength. As the
residence time at the surface increases, the number of contact points between the protein
and the surface might increase. Over time this can lead to irreversible adsorption and
conformational changes such that a larger area is occupied by each protein.

Figure 3-7 Protein adsorption characterized by two states: Az is a reversible state but can lead to an
irreversible state as Az. The Kon and the Kot represent the probability of a protein molecule to attach or
detach from the surface [13]
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3.4. The QCM-D technique

3.4.1. Introduction

Information about protein-adsorption kinetics can be achieved by using optical, electrical
or labelling techniques, which mainly provide information about the amount of mass
adsorbed [30].

The quartz crystal microbalance (QCM) has been used for a long time as a weighting
device to monitor thin film deposition in vacuum or gas environment. In 1980 Nomura
[47] showed that the QCM may be used in the liquid phase and in 1997 Hook [13;48]
constructed an experimental setup to measure simultaneously the frequency and the
dissipation of energy in vacuum, air and liquid which completed the name of the device
to the quartz crystal microbalance with monitoring of dissipation (QCM-D). This
technique, [49], represents an extension of the traditional QCM method and can provide
unique and quantitative information on the viscoelastic properties of surface adsorbed
layers [50]. The QCM-D allows a reliable protein adsorption study [51;52] as well as
other surface-related processes [53].

3.4.2.  Fundamental principles of the QCM-D technique

The quartz crystal microbalance consists of a piezoelectric quartz crystal sensor that is
used to measure very small masses. The thin piezoelectric sensor crystal has gold
electrodes evaporated on its two faces. When an AC-voltage is applied over the
electrodes, the crystal can be made to oscillate at its resonant frequency, f. If a mass is
adsorbed on the crystal, the resonant frequency decreases proportionally to the mass of
the film, which also accounts for the adsorbed water from aqueous solutions. The
contribution of water to the mass of the adsorbed layer can be elucidated from the
dissipation factor, D.

The principle of QCM-D is based on the resonance frequency of the quartz crystal
induced by applying an alternating electric field across the crystal [48;49;54;55].
Consequently, an oscillating electric field will induce mechanical shear waves in the
crystal. Resonance will occur when the thickness of the plate (tq) is an odd integer of half

wavelengths of the induced wave (t, =nx /2) [13]. The resonant frequency, f, is thus

given by:

\Y
Equation 3-3 f =nx——=nxf,
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where vq is the wave velocity in the quartz plate and tq is the thickness of the quartz
plate [13]. The resonant frequency for n=1 is called the fundamental resonant frequency,
fo(=ve/2-1q), Nn=3 the third overtone, etc.

An increase in mass Om) bound to the quartz surface causes the crystal oscillation
frequency to decrease, obtaining a negative shift of the resonance frequency (-Df). The
linear relation between Dm and Df was demonstrated in 1959 by Sauerbrey [27;56].

2
Equation 3-4 df =Df =- f xDm=-n 24 =-n><£><Dm

tq><rq Vg X g C

where C is the mass sensitivity constant (C=17,7 ng-cm-2-Hz+t at 5MHz) and n is the
overtone number (n=1, 3,...).

Sauerbrey equation (Equation 3-4) holds if the adsorbed layer is rigid, if the added mass
is small compared to the weight of the crystal, if there is no slip in the metal/layer
interface, and if the layer is homogeneously distributed on the surface. The Sauerbrey
relation concludes that the change in resonance frequency is proportional to the change
in the adsorbed mass if the adsorbed is much smaller than the mass of the crystal [27].

3.4.2.1. The dissipation factor

The QCM s a very sensitive tool to study protein adsorption kinetics in aqueous
solutions, with sensitivity in the ng/Zcrre regime [48;52;54]. In other situations, where the
layer is not rigid and/or thicker the response of the QCM is more complex because the
Sauerbrey relation is not accomplished. Most surface-adsorbed protein layers are
hydrated, and so they are highly viscous and cause significant energy dissipation. In
those cases the dissipation factor, D, calculated when using the QCM must also be taken
into consideration [27;48]. The dissipation factor is inversely proportional to the Q-factor
of the oscillator [57], which is an adimensional parameter that compares the time or
decay of an oscillating physical system's amplitude to its oscillation period as defined by:

E gissipated

. 1
Equation 3-5 D=—=__—>"—
Q 2><p >Estored

where Eudissipatea 1S the energy dissipated during one period of oscillation, and Estored IS the
energy stored in the oscillating system.

The technigue to measure the dissipation factor is based on the fact that when the
driving power to a piezoelectric crystal oscillator is switched off, the voltage over the
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crystal, A(t), decays as an exponentially damped sinusoidal with time, t Figure 3-8)

[48;49]:

Equation 3-6 A(t)=A, ’e% an( 2pft +j )

where A is the amplitude of oscillation before switching off the driving power, t is the
decay time constant, f the frequency and f is the phase angle. The decay time constant is

related to the dissipation factor:

Equation 3-7
p:f:t

The loss of energy in the system depends on the medium surrounding the crystal and on
the properties of the mass added onto the crystal. To get information about changes in f
and D during adsorption from liquid solutions, f and D are recorded as functions of

time.
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Figure 3-8 Steps of adsorption of a mass m on the crystal surface and relative changes in the crystal
oscillation. Initially the frequency is constant at its fundamental overtone; then, when the mass is added the
frequency decreases but remains constant; finally, when the driving power is switched off, the frequency
decays and the dissipation can be calculated [58]

The possibility of the device to determine the dissipation shift induced by the protein
adsorption in real-time gives additional valuable information about the protein layer
formed. When proteins adsorb from the solution to the surface, the following interfaces
have to be considered: the interface between the solid surface and the proteins and the
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interface between the proteins and the liquid. Then, the changes of energy dissipation
are localized

at the protein-substrate interface
at the protein-liquid interface
within the protein layer

Different studies, [56;59;60], have shown that interfacial protein/liquid and
protein/substrate processes are not the dominant mechanisms to increase dissipation
and consequently, the observed dissipation shift must primarily be due to losses of
energy within the protein layer. These changes in the dissipation are believed to arise
from conformational changes of the protein layer and/or from the amount of water
trapped inside the layer [27].

3.4.2.2.  Viscoelastic properties of the adlayer

QCM-D can provide unique and quantitative information on the viscoelastic properties
of surface-adsorbed layers including density, shear elastic modulus, and shear viscosity
[61].

As seen in previous 3.4.1 section, the total amount of mass can be calculated from the
frequency shift using the Sauerbrey equation (Equation 3-4) for rigid, nonporous,
homogeneous adlayers [62]. Since protein layers are not rigid and may slip on the
moving electrodes surface, the Sauerbrey equation hypothesis are not satisfied and the
value of mass calculated with this method for a viscoelastic surface is expected to be
underestimated than the real one since the film is not fully coupled to the motion of the
sensor surface [63].

Rigid
- SoftfViscoelastic

Time
Figure 3-9 The diagram illustrates the difference in dissipation signal generated by a rigid and soft
molecular layer on the sensor crystal [58]
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Therefore, for no thin and no rigid films the Sauerbrey equation must be used cautiously.
For viscoelastic films, the Sauerbrey equation can be applied without inducing a high
error if the layer has the two following characteristics:

the dissipation shift is less than 1?10-¢ for a frequency shift of 10Hz [58;64]

the layer is thinner than 250nm, which is the extinction depth into the aqueous
protein solution of the shear waves excited by the QCM-D crystal [56]

The Sauerbrey mass value is not the real one but can be useful to give and idea of the
total amount of mass on the crystal surface and to have a knowledge of the mass
tendencies, which allows the comparison between different surfaces.

A Newtonian fluid flows like water — its stress at each point is linearly proportional to its
strain rate at that point; the proportionality factor is the viscosity coefficient In QCM-D
measurements, this means that the fluid will have the same viscosity regardless of
frequency. This allows for viscosity modelling at multiple overtones which gives more
information about the system. A fluid that does not obey this rule is non-Newtonian, i.e.
the viscosity changes with the applied strain rate. When using QCM-D, the fluid will
have different viscosities at different harmonics.

Because the linear relation between the adsorbed mass and the change in frequency is
not necessary valid for viscoelastic films, additional information in terms of energy
dissipation and frequency (overtone)-dependent response is necessary. Therefore, to
calculate the adsorbed mass and viscoelastic properties of such protein layers, theoretical
modelling of the QCM-D response is necessary by introducing a shear viscosity
coefficient ? and a shear elasticity modulus p within one of two basic models (i)
Maxwvell and (ii) Voigt.

The Maxwell model is usually applied to polymer solutions which can demonstrate
purely liquid-like behaviour at least for low shear rates, whereas the Voigt model is
applicable for polymers which conserve their shape and do not flow [65]. For that
reason, since we can not assure purely liquid-like behaviour in our systems, the Voigt
model will be the used approach in our studies.

In the Voigt model (Equation 3-8), the viscoelastic element is described by complex shear
modulus G, real part of which (the storage modulus G) is independent of frequency
whereas its imaginary one (the loss modulus G”) increases linearly with frequency
[65;66].

Equation 3-8 G=GH+iGt=m +i2pfh; =m (1+i2pft;)

where ny is the elastic shear (storage) modulus, h; the shear viscosity (loss modulus), f

the oscillation frequency, and t; the characteristic relaxation time of the film.
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In this model, each protein film is represented by four unknown parameters (igure
3-10): density (r ), shear viscosity (hs), shear elastic modulus (ur), and the thickness (ty).
Because viscous layers exhibit different penetration depths of harmonic acoustic

frequencies, changes in frequency (Df) and dissipation (DD) induced by adsorbed protein
are measured simultaneously at different overtones. Then, up to eight experimental

values are available (Df and DD for 5, 15, 25 and 35 MHz), allowing the model to fit the

data and to calculate the unknown parameters (hs, m, tr) but certain assumptions have to
be made such as r+

f: frequency (Hz)

s EEEE
i

Liquid r : density (kg/m?3)
(ri,hy h: shear viscosity (G"/2pf), (kg/ms)
— oy W elastic shear modulus (G), (Pa)
t: thickness (m)
Adlayer
t
(rs, he, 1) f
Crystal i ; fQ
(" Q. Ho)

Figure 3-10 Schematic illustration of the geometry and the parameters of a quartz crystal covered with a
viscoelastic protein film. The film is represented by density (r f), viscosity (hs), elastic shear modulus (L),
and thickness (f). The bulk liquid is represented by a density (r 1), and a viscosity (hi). The crystal is
represented by density (r ), elastic shear modulus (ny), and thickness (tg) [67].

The no-slip boundary condition at the solid-overlayer interface corresponds to a
continuous variation of the displacement and of the shear stress across the interface.
Then if the adsorbed film is situated between the QCM crystal and a semi-infinite
Newtonian liquid under no-slip conditions, changes in the resonant frequency and the
dissipation shift are obtained from the imaginary and real parts of b-function [65;68]:

Equation 3-9 Df = m
2proty
Equation 3-10 DD =- Re(b)
pfr oto
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Where

b=x 2pfh; - i 1- aexp(2x,t;)
Yoo2pf 1+aexp(2xt,)’
X, 2pfh; -im +1

_ X, 2pfh,
X, 2pfh; - im
X,  2pfh,

_ [ ey,
Xy =" 5o
m +i2ph,
. 2pfr,
X, = /I
2 h|

and where tt is the thickness of the viscoelastic film, r  and r | the density of the film and
the bulk liquid, respectively, hs and h; the viscosity of the film and the bulk liquid,
respectively and mis the elastic modulus of the film.

3.4.2.3.  Overtone sensitivity

The QCM-D used allows simultaneous measurements of the resonance frequencies and
the dissipation shift at the fundamental, third, fifth and seventh (n=1, 3, 5...; i.e,, f=5
MHz, 15 MHz, 25 MHz...) up to n=7 with a repetition rate of 1 Hz. The third overtone of
the QCM-D has been monitored during the adsorption of the three proteins and it is
plotted in the next section for all the assays. This is because the fundamental mode is too
sensitive to environmental fluctuation and because a higher overtone number is related
to a lower penetration/detection depth (Figure 3-11). However, the third overtone data
must be normalized to the fundamental resonant frequency of the quartz crystal.
Therefore the values acquired were plotted divided for a factor of three.

Penetration depth overtones
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Figure 3-11 Viscous penetration depth as function of the overtone number (Q-Sense reported data)
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Simultaneous measurement of multiple overtones is required to model viscoelastic
properties and extract correct thickness for films outside the Sauerbrey region. With the
Q-Sense D300 system, 8 incoming parameters (4 frequencies and 4 dissipation values)
per sensor provide a well-determined model of the particular film properties. Moreover,
the different overtones give information about the homogeneity of applied layers: as the
detection range out from the crystal surface decreases with increasing overtone number,
abnormal frequency behaviour suggests vertical variations in film properties. The fact
that the detection range out from the crystal surface decreases with increasing frequency
is also used by the modelling software to calculate accurate thickness of films that do not
fully couple to the oscillation of the crystal. For rather soft films, containing much water
(films made of large proteins for example), accurate thickness information can not be
obtained without measuring at several frequencies.

3.4.2.4. Data interpretation

A typical protein measurement with the QCM-D will show that the adsorption causes an
initial rapid frequency decrease (mass increase) followed by a slower frequency decrease
as the surface coverage saturates. The D-shifts are positive and display kinetics similar to
the fshifts (Figure 3-12). The frequency (Df) and dssipation shift (DD) plotted are
calculated as the difference between the value at each instant of time and the initial value
fo, Do acquired when the crystal is surrounding of aqueous solution that contains no
protein. Therefore, the data plotted shows aly the changes due to the presence of
protein on the surface and does not consider shift in frequency and dissipation induced
by the fluid surrounding the crystal, such as liquid trapped in cavities or porous of the
surface, that increase the mass value, and the loss of energy induced by the liquid during
the oscillation of the crystal.
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Figure 3-12 Frequency shift and dissipation shift of a typical protein adsorption assay obtained as a
preliminary result for this study.
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An important consideration is that the frequency shift measured by the device is due to
the total mass added on the surface. Since proteins are in aqueous solution, it is possible
to have a significantly increase in weight due to the bond water and, moreover, water
trapped between the proteins adsorbed may be sensed as an additional mass. For this
reason, the shift in frequency is related to the total amount of mass that is the sum
between the mass of protein adsorbed and the mass of the water uptake. The amount of
water influences the viscoelasticity of the adlayer and consequently the dissipation; in
particular a high quantity of water induces a higher loss of energy. Many studies have
been done in order to evaluate the overestimation of the protein adsorbed mass
[57;63;69]. Comparison between QCM and optical or labelling techniques has
demonstrated that the amount of hydrodynamically coupled water varies between 10
and 90% of the proteins mass, the exact amount depends on the type of protein and the
structure of the protein layer formed at the sensor/liquid interface [13;56;57;69]. An
elongated protein that adsorbs flat to the surface gives low dissipation while the very
same molecule standing up on the surface gives high dissipation [58].

Generally, Df and DD show different time dependencies. A useful and revealing way of
exploring Df-DD relationship is to plot DD vs. Df (called the D-f plots) as shown in Figure
3-13, where time is eliminated as an explicit parameter. This plot is useful to evaluate the
structural properties of the adlayer because it relates how much dissipation is caused per
unit of frequency change (mass). Changes via slope suggest structural alterations within
the individual proteins or within the protein layer as the adsorption proceeds [56]. In
other words, this plots gives an estimate of how new mass added affects the structure on
the surface: the higher the DD/ Df slope, the higher the dissipation per unit added mass,
signalling an increasing water content in the protein film forming a less rigid protein
layer [13;56;63].
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Figure 3-13 Dissipation vs. frequency plot of a typical protein adsorption assay. Obtained as a preliminary
result for this study
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3.4.25. Data analysis

In order to determine which approach, Sauerbrey or Voigt, should be applied to model
the obtained results, the frequency and the dissipation shift vs. time of the different
overtones should be plotted. Under normal conditions, the fundamental overtone should
be disregarded, since it is too sensitive, and third, fifth and seventh overtone will be
viewed. The data will require viscoelastic modelling if D values are not close to zero, or
if D-shifts (in 1E-6) are higher than 5% of f shifts (in Hz). In addition, if the are significant
differences between overtones viscoelastic modelling is suggested [58].

3.4.2.5.1. Rigid films, Sauerbrey’s approximation

The frequency data from one-step surface adsorption process is fit to the Sauerbrey
model where the areal mass (ng/Zcmz), the thickness (m) and the density (kg/m3) of the
protein layer can be calculated by the QTools software (Q-Sense AB, Sweden). When
calculating the thickness and the density one or the other needs to be held constant.

Only one frequency data from one overtone can be selected for the calculations.

3.4.2.5.2.  Viscoelastic films, Voigt’s approximation

Once experimental data are recorded, the protein layer viscosity, the layer shear elastic
modulus and the layer thickness applying the appropriate model can be calculated. The
software Qtools (Q-Sense AB, Sweden) is used to fit the model from the experimental
data using some fixed parameters, as explained above. As the behaviour of the protein
layer is unknown, a viscoelastic layer is assumed in all studied cases studied here, and
calculations are performed applying the Voigt model. As a summary, the main steps for
the analysis with the Qtools software are the following:

A. Model settings

The selected data obtained experimentally is introduced. The first harmonic is not
chosen, since is too sensitive, but the 3rd, 5th and 7th harmonic data are introduced to the
Voigt modelling.

B. Parameters

A certain range of floating (Table 3-2) and fix variables (Table 3-3) are used by Qtools to
calculate the frequency and the dissipation of the studied system. Chi-square
comparisons of the experimental and the calculated Df and DD values are estimated.
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Then the range values of the floating variables might be changed until the calculated
Chi-square is minimized.

The parameters used an initial input for the calculations should be carefully chosen to be
as close as possible to the real experimental system. The fixed parameters (fluid density,
fluid viscosity) are those corresponding to water, which is a good estimation since the
system includes a highly hydrated protein film. The value of the protein layer density,
the third fix parameter, might vary between 1000 kg/m3 (water) and 1350 kg/ms
(protein) [57;62;70;71] depending on the protein coverage. 1200 kg/me was chosen on the
basis of a saturated protein coverage is slightly above 50% [57;62;70]; then, the rest of the
protein layer should be covered by water. The parameters to fit are those corresponding
to the layer viscosity, layer shear elastic modulus and layer thickness. The software
allows changes between fixed parameters and parameters to fit as desired.

Table 3-2 Parameters to fit for Voigt model calculations from Qtools software

Minimum Maximum

PETRIMSIETS 1D11H estimation estimation SI
Layer viscosity (kg/ms) 0,001 0,01 10
Layer shear elastic modulus (Pa) 1E5 1E9 10
Layer thickness (m) 1E-10 1E-6 10

Table 3-3 Fixed parameters for Voigt model calculations from Qtools software

Fixed parameters Input
Fluid density (kg/ns) 1000
Fluid viscosity (kg/ms) 0,001
Layer density (kg/m3) 1200

C. Measured data

Once the measured data are introduced to start the calculation, the standard deviation of
the noise is calculated. The nosiest data are excluded for further calculations.

D. Fit settings

Fit settings include the limitation and exclusion of data —establishment of the base line-,
and the selection of the initial value and incremental direction for the model fitting. All
fitting have been done starting the fitting with the last recorded value.

E.  Refining the fit

Once the fit analysis is performed, the different fit parameters can be plotted vs. time.
With this information, new input parameters can be used and so, get a refined fit.
Refining the fit means that:
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i. The total Chi-square is reduced

ii. The overlayer of the calculated values from the experimental values is
ameliorated

3.4.2.6. Other techniques for protein adsorption studies

There are other relevant techniques that have been applied to understand the protein-
surface interactions. As a first group, the optical techniques can be considered.
Ellipsometry [72-75], scanning angle reflectometry (SAR) [30] measure the thickness and
the refractive index of the adsorbed layer based on the fact that the polarization of a light
beam reflected at a planar surface changes due to changes in the dielectric properties of
the interface, in this case, from proteins adsorbed. The optical waveguide lightmode
spectroscopy (OWLS) [57] measures changes in phase velocity of transparent or
semitransparent materials. All techniques are suitable to follow protein-surface and
protein-antibody interactions in real-time and provide quantitative values of the
adsorbed adlayer mass. QCM-D provides complementary information because the
analysis of energy dissipation allows the characterization of mechanical/structural
properties of the adlayer.

A second group of alternative methods for protein/surface interactions is formed with
labelling techniques. Proteins are labelled with either a fluorescent or a radio dye for
diagnostic purposes. The enzyme-linked-immunosorbent-assay (ELISA), the radio-
labelling based systems and the total internal reflection fluorescence (TIRF) [72] are good
examples. Only the later is able to measure kinetics of protein adsorption. An additional
limitation of the labelling techniques is that labelling of protein molecules can alter the
conformation and function of the protein and thereby also its adsorption behaviour.

A last group is formed with the techniques based on electrical properties, which take
advantage of the fact that proteins are heterogeneous molecules with surfaces composed
of hydrophobic, polar and charged regions. Then, the protein adsorption changes the
electrical properties of the interfacial layer. Some examples of electrical techniques are
(streaming) potential measurements [76] and impedance (capacitance) measurements.

Circular Dichroism [77], which can estimate the average loss of secondary structure of
proteins due to the surface interaction; Fourier transform-attenuated total reflection-
infrared spectroscopy (FT-ATR-IR), which can give information about the structure and
the kinetics of the surface adsorbed proteins [78], and techniques based on ultraviolet-
visible spectroscopy [79], which can determine the orientation and conformational
changes of adsorbed protein, are useful complementary optical and spectroscopic
techniques.
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Scanning tunnelling microscopy (STM) and transmission electron microscopy (TEM)
require a dry protein film [69]. Atomic Force Microscopy (AFM) [73] can be used for
imaging protein adlayers also in the aqueous phase [80] and has benn used as the most
popular technique to visualize and complement information of results obtained with
QCM-D.

3.4.3. The QCM-D system

The QCM-D that has been used for the assays in this work is the D300 model by Q-Sense,
Sweden. This machine consists of four parts (Figure 3-14):

1. The sensor crystal.

2. The measurement chamber, in which the sensor crystal is mounted. This chamber
provides a temperature-controlled environment for the crystal during the
measurement.

3. The electronics unit, which allows the QCM-D measurements and contains the
temperature control system.

4. The data acquisition software, Q-soft 301 (Q-Sense, Sweden), and data analysis
software, Q-tool (Q-Sense, Sweden).

PC with Q-Sense software Electronics unit

Measurement
chamber containing
the sensor crystal

Figure 3-14 General view of Q-Sense D300 system (Q-Sense, Sweden) and the axial-flow measurement
chamber (QAFC 302, Q-Sense, Sweden)

The axial flow chamber (QAFC 302, Q-Sense, Sweden) allows measuring the adsorption
and desorption of molecules and particles from solution, such as proteins, lipids and
surfactants. The chamber consists of two parts: the T-loop, to thermally equilibrate the
fluid, and the sensor (Figure 3-15).
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Reservoir , Loop out

Control value ~ Crystal cell

Sensor  Sensor crystal
out

Figure 3-15 Schematics of the axial flow chamber. The solution is placed in the reservoir and introduced
into the T-loop where it is warmed. Finally, the soiution is introduced into the crystal cell and exposed to
the surface. The system is controlled within the control valve.

3.4.4. TiO.-crystals

The crystal used in the QCM-D is a thin piezoelectric quartz disc with two different sides
(Figure 3-16), supplied by Q-Sense (Sweden). One side is the contact side, which gold
electrodes have been evaporated on and is connected to the electronic unit. The other
side is the active part, which is in contact with the protein solution. Gold is usually
chosen for the active side, but other materials can be sputtered on it too [11;54].

active side contact side

active
electrode

active area

Figure 3-16 Image of the two sides -and their corresponding parts- of the crystal: the active and the contact
sides

In this work, the crystal used (QSX 310 Q-Sense, Sweden) has the active side coated with
titanium oxide by vapour deposition. Figure 3-17 schematically shows the vapour
deposition process. Titanium ions are detached from the target by collision with argon
gas. The presence of oxygen in the processing chamber allows titanium ions to react with

157



Kinetics and two-step competitive protein adsorption characterization on TiO; crystals using QCM-D

oxygen molecules and, consequently, form titanium oxide before being adhered on the
crystal surface.

The crystals are 14mm in diameter. The coverage thickness is about 20nm and the ir
fundamental mode is at 4.95 MHz.

The cleaning protocol used before starting the experiments was: (1) 10min sonication
with ethanol; (2) 10min sonication with acetone; (3) 10min sonication with MilliQ
ultrapure water; and (4) 10 min UV/ozone chamber (BioForce Nanosciences, Ames,
USA). During the cleaning process the crystals where hold on a Teflon crystal.

titaniu
®

o

Figure 3-17 Vapour deposition process to coat the gold crystal with titanium oxide

After using the crystals, they were washed with Hellmanex 2% (Hellmanex Il, Hellma
GmbH&Co, Mullheim, Germany) during 20min at room temperature to eliminate all the
organic substances and then washed with MilliQ water. Contact angle measurements
were performed as a quality control to assess that all cleanings and measurements do not
affect physical-chemical properties of the crystal for crystal reuse purposes, if needed.

3.4.5. Characterization of TiO.-crystals

Basic characterization was done to the crystals to gain valuable additional knowledge of
the properties of the sensors provided by Q-Sense company. Roughness and wettability
values were compared to the results obtained with a Ti c.p. grade Il surface previously
described at Chapter 2. The working surfaces were prepared as follows:

Surfaces Preparation

Polished c.p. Ti. The samples were abraded subsequently
Smooth c.p. Tigrade Il with 400, 600 and 1200 grit silicon carbide abrasive paper
and finally polished with a water suspension of 1 um
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alumina powder.

TiO:-crystal QCM-D titanium sensors (QSX 310 Q-Sense AB)

3.45.1. Morphological and topographical characterization

The morphology and topography of the crystal surface was performed with an
Environmental Scanning Electron Microscope (ESEM, Electroscan, USA).

The ESEM images show two different parts of the active side of a TiO,-crystal (Figure
3-18). The inner part of the crystal reproduces a very smooth TiO.-coated part, with
some micrometric pores. The outer part of the crystal corresponds to a not TiO»-coated
part. The crystalline structure of the a-quartz is noticeable.

Figure 3-18 General view of a TiO,-crystal and ESEM images of its active side: b) TiO inner part where
the protein solution is in contact with (bar: 25mm); and c¢) a-quartz outer part (bar: 15 nm)

3.45.2. Chemical characterization

The chemical analysis of the TiO-crystal surface was obtained by X-ray photoelectron
spectroscopy (XPS) (PHI 5500 ESCA System, Perkin- ElImer Physical Electronics, USA).

159



Kinetics and two-step competitive protein adsorption characterization on TiO; crystals using QCM-D

The XPS spectra were obtained using a monochromatic X-ray source, with an Al anode
and a K, radiation energy of 1486,6 eV. The analyses were conducted at a take-off angle
of 45°. The elements present on the surface were qualitatively evaluated by low-
resolution (pass energy=187,85 eV) survey spectra, whereas high-resolution (pass
energy=23,5 eV) spectra were taken to establish the binding energy and peak area for
guantitative analysis. The positions of the peaks were referenced to the C 1s at 285,0+0.2
eV.

The determination of the atomic concentration provides the ratio (element/sum of all the
elements) present in the acquired data. The calculation is based on the evaluation of the
area of the peak, using the sensitivity factors provided by Perkin-Elmer. All data
calculations (peak fitting, integration and background subtraction) were performed with
appropriate software (Multipak 6.0, Perkin-Elmer Physical Electronics, USA).

XPS analysis revealed the presence of O, C, N and Ti at the crystal surface. The atomic
ratios of the most significant elements respect to Ti on TiO, QCM-D crystals surfaces are
shown in Figure 3-19. An important parameter is the O/Ti ratio; our work detected a
value of 2,31 for TiO;crystals. As known, the cp Ti oxide film is mainly composed of the
stable oxide TiO: then, the O/Ti ratio is around 2. The detected difference can be due to
the XPS intrinsic uncertainness. The XPS technique has an inaccuracy of quantification
around 5-10% for the three primary parameters [81]. This is mainly due to the lack of
knowledge of the in-depth composition of the solid. The presence of carbon and nitrogen
on the surface is probably contamination adsorbed from air.
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Figure 3-19 XPS spectra and atomic percent with respect to Ti obtained for the more significant elements
of TiO2 QCM-D crystals surface. Values obtained by XPS-analysis
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3.4.5.3. Structure characterization

Grazing incidence X-ray diffraction (GIXD) (D8 Advance, Bruker® Axs) was carried out
in order to evaluate the composition of the TiO. QCM-D crystals. The diffractometer was
operated at 40 kV and 10 mA using a Ni filter, Cu Ka radiation, and was equipped with
a 06 mm slit. The incidence angle was fixed at 1° thus limiting the X-ray beam
penetration depth. A counting time of 8s per 0.01° step was set for each measurement. A
range of 2q angles of 10 to 80° were scanned.

Figure 3-20 and Figure 3-21 show de diffraction patterns obtained by grazing incidence
X-ray diffraction (GIXD) on TiO, QCM-D crystals surface. The maximum peaks obtained
are 26.64° and 38.22°. When it is marked out a range of 2q angles between 25 to 45° the
peaks 24.05°, 26.87°, and 34.42° are also detected.

The position and intensities of the diffraction peaks from TiO, QCM-D crystals and the
powder diffraction peaks of relevant substances (according to the JCPDS-International
Centre for Diffraction Data cards no. 21-1272 for anatase, no. 21-1276 for rutile, no. 44-
1294 for titanium, and no. 46-1045 for SiO», quartz) are compared.

The GIXD pattern shows a maximum-intensity peak at 26.64° that corresponds to the
quartz crystal where TiO: has been evaporated on. Titanium and anatase-TiO. phases
were also detected and so, constitute the layer of material tested in the protein
adsorption experiments. The prevalence of the SiO: signal prevented from a more
accurate characterization of the deposited material.
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Figure 3-20 General pattern of the grazing incidence X-ray diffraction performed on TiO, QCM-D crystals
surface
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Figure 3-21 2?=23-440 range of the grazing incidence X-ray diffraction pattern seen at Figure 3-20. A:
titanium dioxide, anatase; Ti: titanium; SiOz: silicon oxide, quartz.

3.4.5.4. Roughness characterization

The roughness measurements were performed with an interferometer microscope
(Optical Profiling System, Wyko NT1100, Veeco, USA). Images were taken using a 10X
objective. A Gaussian filter was used to separate waviness and form from roughness of
the surface by applying a cut-off value (I ¢) of 0,25 mm for smooth surfaces according to
ISO 11562:1996 standard.

The selected parameters for the study were two amplitude ones (Ra: arithmetic average
roughness, R, maximum peak-to-valley height) and two spacing factors (P.. peak
density and Sm: average mean line spacing); all of them explained in detail at Chapter 2
of this document (see section 2.3.4.2.2). Moreover, the results were compared to those
obtained for c.p. Ti grade Il surfaces at Chapter 2 (see section 2.3.5.2) and shown at Table
3-4.

Table 3-4 Mean-values + standard deviation of roughness parameters by interferometry for TiOz-crystal
sensors and smooth c.p. Ti grade Il

Surface Ra (nm) = SD Ry (nm) £ SD Sm (mMm) £ SD Pc (1/mm) £ SD
TiO2-crystal 5,11+0,31 182,03 £ 55,42 3,82+ 0,09 80,58 + 0,56
Smooth c.p. Ti grade Il 34,83 £9,69 236,07 £ 63,65 9,48 £9,87 43,39 + 18,72

Both types of surfaces are at the nano-level scale, but TiO,-covered crystal surfaces are
smoother than c.p. Ti grade Il polished samples. The mean roughness, Ra, of smooth c.p.
Ti grade Il surfaces is ~7 times greater than the one for TiO2 sensors crystals.
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3.45.5. Wettability characterization

The measurement of the static contact angle (SCA) of the TiO.-crystals with ultrapure
distilled water (Millipore) was carried out with the sessile drop method. Drops were
generated with a micrometric syringe and deposited on the substrate surface. The
wettability studies were performed with a contact angle video based system (Contact
Angle System OCA15plus, Dataphysics, Germany) and analysed with the SCA20
software (Dataphysics, Germany). The wettability of the coated TiO-crystal was
compared to a Ti c.p. grade Il surface described at Chapter 2 (see section 2.4.6.1). TiO,-
crystals were cleaned (described in section 3.4.4) to reuse them. Then, the influence of the
cleaning protocol was also studied. A minimum of five measurements for three replicas
were performed to obtain representative data.

Table 3-5 shows the wettability results of a pristine TiO2-crystal and a c.p. Ti grade Il dis.
Additionally, representative images of the contact angle obtained are shown in Figure
3-22. Pristine TiO2-crystals are more hydrophilic than smooth c.p. Ti grade I, differences
are statistically significant (p-value < 0,05, Fisher test). The facts that, c.p. Ti grade Il
surfaces are rougher (at the nano-level scale) than the crystals may explain this
difference.

Moreover, Table 3-6 and Figure 3-22 report the mean values of the contact angle
measurement for a new and ten-times used and cleaned TiO.-crystal. In that case, no
statistical differences were found between the new and the cleaned samples. The
cleaning process does not affect the roughness parameters of the crystal surface, which is
probably the cause that no effect of the cleaning method is observed on the wettability of
the TiO;-crystals.

Table 3-5 Contact angle values for a pristine TiOz-crystal and a TiO» surface

Contact angle (°)
Smooth c.p. Ti grade Il 66,29 + 4.62
Pristine TiOz-crystal 51,25+ 2.87

Table 3-6 Contact angle values for a pristine TiO-crystal and a ten-times used and cleaned TiO»-crystal

Contact angle (°)
Ten-times used and cleaned TiO»-crystal 55,00 + 2.85
Pristine TiO2-crystal 51,25+ 2.87
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a) b) c)

E.=

Figure 3-22 Contact angle images of: (a) a c.p. Ti grade Il surface, (b) a new TiO.-crystal, (c) a ten-times
cleaned TiOz crystal

3.45.6. Statistics

ANOVA tables with Fisher or Tukey multiple comparisons test were calculated to
evaluate statistically significant differences between the average values of contact angle
for the different surfaces analysed. Tukey's test was used to compare samples of
different sizes, whereas Fisher test was applied when samples were of the same size. The
level of significance was p-value<0.05. Statistical tests were carried out with Minitab ™
Release 14 (Minitab Inc.,USA) software.

3.4.6. Conclusions

<> TiO, evaporated films on QCM-D crystals are homogeneous and smooth (Ra»
5nm).

X The main component of the crystal surface is TiO».

X Titanium and anatase are the main phases detected on TiO, QCM-D crystals by

grazing incidence X-ray diffraction.

X New TiO2-crystal is more hydrophilic than smooth c.p. Ti grade I1. No differences
between new and re-used TiO,-crystals have been found.
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3.5. Single-protein adsorption

3.5.1. Materials

3.5.1.1. TiO: crystals

The QCM-D sensors (Q-Sense, Sweden) with gold electrode were polished crystals with
a fundamental frequency of 5MHz. The gold-coated crystal (14mm) was covered with
TiO:2 by vapour deposition as explained in section 3.4.4. The crystals were reused after
cleaning (see section 3.4.4 for cleaning procedure protocol).

3.5.1.2. Protein solutions

Three different proteins were used in this work: human fibronectin (Fn), human
fibrinogen (Fbg) and bovine serum albumin (BSA) all them purchased at Sigma (Sant
Louis, USA). The concentrations used for each protein were different depending on the
assay. The exact values will be explained bellow in section 3.5.2.1.

3.5.2. Methods

3.5.2.1.  Solution concentration and temperature

Single adsorption studies of Fn, Fbg and BSA on a crystal coated with TiO. were
performed. At monoprotein adsorption studies adsorption on TiO. surface from
solutions containing only one protein are analyzed. The kinetics and conformation of the
three studied proteins were studied at different protein concentrations and moreover,
the effect of temperature on the protein adsorption was also studied.

Concentration: Different protein concentrations were tested to determine their
effect on the protein-adsorption kinetics. The selected protein concentrations,
based on bibliography studies [23;26;29;34;35], were:

a) Fibronectin: 20 ng/ml - 30 ng/ml - 40 ng/ml - 50 ng/ml
b) Fibrinogen: 80 ng/ml —100 ng/ml

C) Bovine serum albumin: 100 ng/ml
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Temperature: The effect of temperature on protein kinetics and conformation was
also studied. Tests at room, 25°C, and body, 37°C, temperature were performed.

3.5.2.2. The experimental assay

For single-protein experiments, the following protocol was applied (Figure 3-23):
(0) PBS 1X Baseline: A constant baseline is established with PBS 1X.

(1) Protein solution temperature setting: The protein solution of study is introduced
from the reservoir to the Temperature-loop. The protein is then kept at the desired
temperature.

(2) Protein solution introduction to the QCM-D sensor: The solution is transported
into the crystal by opening the sensor part. The protein gets in contact with the
crystal surface and then, the device suffers the frequency and dissipation changes
due to protein adsorption.

(3) Df and DD stability: The assay will be considered finished when the frequency and
the dissipation shift reach a constant value by time, i.e. plateau, meaning that the a
steady-state in the adsorption process has been obtained.

(4) Cleaning of non-attached proteins: To detach the non-adsorbed proteins, the crystal
is cleaned with PBS 1X.
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Figure 3-23 Representative plot of a single-protein experiment with the corresponding steps: (0) PBS 1X
baseline; (1) Protein solution temperature setting; (2) Protein solution introduction to the QCM-D sensor;
(3) Df and DD stability, steady-state for protein coverage; (4) Cleaning of the non-attached proteins
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A minimum of three assays were performed for each protein solution (Fn, Fbg or BSA) at
each concentration and temperature conditions.

3.5.3. Results

3.5.3.1.  Fibronectin adsorption on TiO»-crystals

Figure 3-24 and Figure 3-25 summarize the main results of Fn adsorption on TiO.-
crystals. Figure 324 show Df(t) and DD(t) vs time for adsorption of Fn at different
concentrations in PBS 1X solution on TiO:-crystals. All concentrations cause an initial
rapid mass increase followed by a slower frequency decrease as the surface saturates its
capacity of adsorbing proteins. The different studied concentrations (see 3.5.2.1) have
shown different stable frequency values, i.e. constant frequency by time (Figure 3-24
left). As expected, the higher the protein concentration, the more negative frequency
shifts with time and then, higher mass is adsorbed at the surface. Each increment of
protein concentration also implies an increment of the frequency shift at the stable value.
Specifically, the difference of frequency shift at the stable point, between the tests at 20
pg/ml and 30 pg/ml is around 7,5 Hz (an increment of 45%); a 13% between 30 and 40
ng/ml and a 2% between 40 and 50 ng/ml.

Concerning to the dissipation results (Figure 3-24, right), the higher the protein
concentration, the higher the shift in energy dissipation is. This is true but in the case of
the solution at 50ng/ml, which has a final dissipation shift lower than the obtained for
the solution at 40ng/ml Fn-concentration.

40ng/ml
50ng/ml

30ng/ml

20ng/ml
Stable point

20mg/ml

Frequency shift [Hz]
Dissipation shift [10°]

24 30ng/ml 0,2
-26
40ng/ml
- 50mg/mi " 3
-30 ng/m
LI B B B B S R B B NN S BN BN N B RN B e e m | '0,2||||||||||||||||||.|.|
0 20 40 6 8 100 120 140 160 180 200 20 0 20 40 60 80 100 120 140 160 180 200
Time [min] Time [min]

Figure 3-24 Frequency shift (left) and dissipation shift (right) vs time plots of Fn adsorbed on TiO-
crystals at different protein concentrations, 20, 30, 40 and 50 ng/ml, in PBS 1X

The DD/Df plots show almost equal type of slope response as well as slope value, which
is around -0,07.106/Hz, for all the studied Fn concentrations (Figure 3-25). Again, the
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50ng/ml Fn-concentration assay is an exception because two slopes can be detected. The
first slope is slightly less high compared to the other series, but at the end of the
experimental time, the slope changes reaching values similar to the ones of the other
series.
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Figure 3-25 DD vs Df plots of the Fn adsorbed layer on TiO.-crystals for different protein concentrations
20, 30, 40 and 50 ng/ml in PBS 1X

Sauerbrey and Voigt models have been used to obtain the thickness of the protein
adsorbed layer on TiO.-crystals. Results on Figure 3-26, left column, show differences
between both approximations, which means that the use of the Sauerbrey equation is not
appropriate for the tested system.

Surface mass density was also calculated from the Voigt model when multiplying the
Voigt calculated thickness by the protein density and so, assuming a homogeneous
distribution of the proteins on the surface of the crystals. The higher the protein
concentration in solution, the higher the calculated thickness and the surface mass
density (Table 3-7). For all the studied Fn concentrations, Sauerbrey model
underestimates the thickness and the surface mass density of the protein layer.

Viscosity remained constant during time for all the working concentrations, and the
obtained value, around 0,0036 kg/ms, was statistically the same for all cases. Shear
elastic modulus changed depending on the studied protein concentration between 6 and

7x105 Pa; and fluctuated with time in 30 ng/ml Fn-concentration solutions (Figure 3-26,
right column).
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Figure 3-26 Protein layer parameters obtained after Fn adsorption, on TiO: crystals, at different protein
concentrations in PBS 1X solution. Left column corresponds to the protein adsorbed layer thickness
calculated with Voigt (red) or Sauerbrey (black) models. Right column shows the viscosity (black) and the
shear elastic modulus (green) calculated using Voigt model. All the experiments were performed at 37°C
and at different Fn concentrations (20, 30, 40, and 50 ng/ml graphs, from top to bottom). Results were
obtained using QTools software from QCM-D experimental results
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Table 3-7 Thickness, surface mass density, viscosity and shear elastic modulus obtained by using Voigt
model of the absorbed Fn protein layer on TiQ; crystals at different protein concentrations in PBS 1X
solution after 60min of adsorption

Fnconcentration  Thickness (nm) Sur_face mass Viscosity Shear elastic
density (ng/cm?2) (kg/ms) modulus (MPa)
20 ng/ml 2,60+0,2 312,0+3 0,0035 + 0,000 0,48+0,1
30 mg/ml 4,75+0,1 570,02 0,0036 £+ 0,000 0,46+0,1
40 ng/ml 4,83+0,3 579,6 £4 0,0037 +£ 0,001 0,62+0,2
50 ng/ml 4,90+ 0,6 588,07 0,0049 + 0,001 0,68+0,1

3.5.3.2.  Fibrinogen adsorption on TiO-crystals

The results obtained for the fibrinogen adsorption (Figure 3-27); illustrate that the higher
the concentration, the higher the frequency shifts. In particular, the difference of
frequency shift at the stable point for the two studied protein concentrations is near 25%.
Furthermore, the higher the Fbg concentration, the higher the dissipation shifts.
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Figure 3-27 Frequency shift (left) and dissipation shift (right) vs time plots of Fbg adsorption on TiO>-
crystals at 80 and 100 ng/ml protein concentration in PBS 1X

The frequency shift versus dissipation shift plot (Figure 3-28) shows a single slope
during protein adsorption on titanium but a slight change is detected at the end of the
adsorption time. The slope value tends to zero indicating an increase of the rigidity of
the protein layer with the added mass. This response is more evident for the higher in
100 nmg/ml protein-concentration solution in PBS 1X.
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Figure 3-28 DD vs Df plots of the Fbg adsorbed layer on TiO2-crystals for 80 and 100 ng/ml protein
concentration in PBS 1X

Thickness of the fibrinogen-adsorbed layer, calculated using Voigt and Sauerbrey
models, increases with the protein concentration in solution (Figure 3-29, left column;
and Table 3-8). As expected, the Sauerbrey equation underestimates the protein layer
thickness. The thickness curves for both protein concentrations show a rapid increase
during the early stage of adsorption and subsequently, a moderate steady increase.
Surface mass density, calculated with te Voigt model, after 60min of adsorption, is
higher for 100 ng/ml concentration (697,2 ng/cmz) than 80 ng/ml (567,6 ng/cmg).

The viscosity of the Fbg protein layer increases very rapid during the first 30min of
adsorption, Figure 3-29, right column). This may indicate an increase of the protein
layer rigidity. After 30min of adsorption the viscosity of the adlayer decrease when
testing the solution with 80 ng/ml Fbg-concentration, but stays constant with a sudden
increase after 60 min of adsorption when testing the solution with higher protein
concentration. Shear elastic modulus, after a slight decrease, stabilizes its value to
5,3x105 and 4,6x105 Pa for 80 and 100 ng/ml protein concentration in PBS, respectively,
after 1 hour of adsorption.
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Figure 3-29 Protein layer parameters obtained after Fbg adsorption on TiOz-crystals, at different protein
concentrations in PBS 1X solution. Left column shows the evolution with time of the thickness of the
protein-adsorbed layer calculated using Voigt (red) and Sauerbrey (black) models. Right column shows the
viscosity (black) and the shear elastic modulus (green) calculated with the Voigt model. All the experiments
were performed at 37°C and at different Fbg concentrations (80 and 100 ng/ml, from top to bottom).

Results were obtained using QTools software from QCM-D experimental results

Table 3-8 Thickness, surface mass density, viscosity and shear elastic modulus calculated using Voigt
model of the absorbed Fbg protein layer on TiO2-crystals at different protein concentrations in PBS 1X
solution after 60min of adsorption

. . Surface mass Viscosity Shear elastic
Fbg concentration  Thickness (nm) density (ng/cm?) e modulus (MPa)
80 ng/mil 4,73+0,3 567,64 0,0022 + 0,001 0,53+0,1
100 ng/ml 5,81+0,3 697,24 0,0025 + 0,002 0,46 +0,2

3.5.3.3.  Bovine serum albumin adsorption on TiO--crystals

Figure 3-30 shows the frequency shift and dissipation vs. time plots of BSA adsorption
on TiO; crystal surfaces for the studied protein concentration, 100 ng/ml. The f-shift and
the D-factor shift decrease and increase, respectively, with time; rapidly during the first
30 min.
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Figure 3-30 Frequency shift (left) and Dissipation shift (right) vs time plots of BSA adsorption on TiO3-
crystals for 100 ng/ml protein concentration in PBS 1X

Figure 3-31 presents the DD vs Df plot of the BSA adsorbed layer on TiO-crystals. Three
well-defined different slopes during the BSA protein adsorption assay can be detected.
The slope increases while the frequency shift increases in module, which indicates a
decrease of the rigidity of the BSA adsorbed protein layer when more mass is adsorbed
on the crystal during the protein adsorption experiment.
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Figure 3-31 DD vs Df plot of the BSA adsorbed layer on TiO2-crystals for a concentration of 100 ng/ml in
PBS 1X

Figure 3-32 and Table 3-9 show the thickness of the adsorbed protein layer using Voigt
and Sauerbrey models. The thickness steadily increases with time. Initially, the two
curves overlap, but after 40min, the Sauerbrey curve underestimates the adsorbed mass,
as in Fn- and Fbg adsorption experiments. The viscosity slightly decreases during the
assay, from 0,003 kgZ/ms down to 0,0023 kg/ms. This is accompanied with a decrease in
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its rigidity. The shear elastic modulus decreases, then, with time. It reaches a final value
around 0,26 MPa.

0
BSA 100nmg/ml 37°C 35x10° BSA 100ng/ml 37°C 1 1.2x10°

1,4x10°4 6
1,1x10
3,0x10°

1,2x10° 1,0x10°

5

1,0x10° 2,5x10° 4 9,0x10

8,0x10°
8,0x10"°4

3
2,0x10 7,0x10°

10
6,0x10"" ] 5
15x10° 6,0x10

Thickness (m)
Viscosity (kg/ms)

4,0x10"°4 50x10°

"
10 1,0x10"+ 4,0x10°
2,0x10"

(ed) sninpow 2onses Jeays

3,0x10°

0,0 5,0x10" 4
2,0x10°

20010 +—————T——T———T—T——T— r r r r r r | 1,0x10°
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
Time (min) Time (min)

Figure 3-32 Protein layer parameters obtained after BSA adsorption on TiO2-crystals, ata concentration of
100ng/ml in PBS 1X. Left column corresponds to the protein layer thickness calculated using Voigt (red)
and Sauerbrey (black) models. Right column shows the viscosity (green) and the shear elastic modulus
(black) calculated with Voigt model. All the experiments were performed at 37 °C. Results were obtained
using QTools software from QCM-D experimental results

Table 3-9 Thickness, surface mass density, viscosity and shear elastic modulus obtained using Voigt
model of the absorbed BSA protein layer on TiO.-crystals after 60 min of adsorption

BSA Thickness (nm) Surface mass Viscosity Shear elastic
concentration density (ng/cm2) (kg/ms) modulus (MPa)
100 ng/ml 0,85+0,2 102,0+2 0,0024 + 0,003 0,30+0,1

3.5.3.4. Comparison of Fn, Fbg and BSA protein adsorption on TiO-

crystals

Dissipation shift versus frequency shift of the different studied proteins with Fn at
40ng/ml, Fbg at 100mg/ml and BSA at 100ng/ml concentration in solution is shown in
Figure 3-33. A unique slope is detected for Fn; while two phases are detected for Fbg, the
second one starts at higher values of frequency shift (higher mass). Finally, BSA shows
three phases, all of them have a higher slope compared to the rest of proteins. The lower
slope DD/Df value is found for Fbg series.

Viscosity, thickness, elastic shear modulus, and surface mass density of the adlayer
calculated using the Voigt model for the protein-adsorption experiments shown in
Figure 3-33 are shown and compared in in Figure 3-34.

Fbg adsorption yields the thickest layer and the highest surface mass density under these
specific experimental conditions. BSA yields a noticeable thinner and less dense layer
compared to the obtained with the other working proteins Figure 3-34, a) and b)).
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Adsorption of Fn gives a more rigid and viscous adlayer on the TiO,-crystals than the

other tested proteins.
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3.5.3.,5. Effect of temperature

Figure 3-35 shows the frequency shift (left) and the dissipation shift (right) vs time at
two studied temperatures, 25 °C and 37 °C, for 100 ng/ml BSA, 40 ng/ml Fn and 80
ng/ml Fbg solutions in PBS. The higher the protein solution temperature, the higher is
the module of the frequency shift for all tested proteins. The higher of the protein

solution temperature, the higher the dissipation shift, i.e., of the higher the viscosity of
the adsorbed protein layer on the TiO.-crystals.
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Figure 3-35 ?f vs. time (top) and ?D vs. time (bottom) for BSA [100 ng/ml], Fn [40 ng/ml] and Fhg [80
ng/ml] in PBS at 25 °C and 37 °C
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3.5.4. Discussion

In the present study, the initial adsorption behaviour of fibronectin, fibrinogen and
albumin at different concentration in PBS, on titania surfaces was monitored by the
QCM-D technique. The Sauerbrey equation gives a good estimation of the adsorbed
mass only when the adsorbed protein layer on the studied surface is rigid. By measuring
the dissipation, it is possible to determine if the relation is valid or not for the studied
protein films. In all the studied cases, both Sauerbrey and Voigt models have been
investigated to determine the valid description for our studied different protein layers.
From the results obtained & possible to conclude that the Sauerbrey equation is not
appropriate to describe the investigated system since significant values of dissipation
shift have been recorded and subsequently, thickness of the layer is underestimated
when this model is used. Then, for the following discussion and for comparison
purposes, only the parameters calculated (protein layer thickness, viscosity and shear
elastic modulus) using the Voigt model will be considered. In addition, surface mass
density has been calculated from thickness values obtained applying the Voigt model,
too.

Fibronectin and fibrinogen adsorbed from solutions at different concentrations onto
TiO2-crystals have been studied. One concentration for each protein has been chosen to
do the comparison of the overall adsorption behaviour between proteins; specifically 40
ng/ml Fn, 100 ng/ml Fbg and 100 ng/ml BSA in PBS. The previous values have been
selected in terms of protein adsorption saturation on the titanium surfaces as explained
below.

3.5.4.1. Fibronectin adsorption on TiO»-crystals

Fibronectin, a cell adhesive protein, plays an important role in governing the interactions
of implants with their surrounding biological entities [20;82]. It is predicted that the
attachment of Fn to titanium biomaterials will improve the connection of implants to the
surrounding host hard-tissues [83].

The effect of Fn concentration in PBS solution on the adsorption response of the protein
on TiO:-crystals has been investigated. The increase of frequency shift when increasing
protein concentration is an expected result (Figure 3-24). However, it is worth noting
that the increase of frequency shift and so, the increase of the amount of protein
adsorbed on TiO: is not linear with the protein concentration. For the lower protein
concentrations the effects on the frequency shift when increasing protein concentration is
higher than for the higher concentrations. In fact, when protein concentration is
increased from 40 ng/ml (Fn 40) to 50 ng/ml (Fn50) a slight 2% increase in frequency
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shift is recorded, which translates in a 9 ng/cn® increase in surface mass density (Table
3-7).

This result can indicate that the solution at 40 ng/ml of protein concentration saturates
the available space for adsorption of proteins on the TiO ;-surfaces. The small quantity of
more molecules that are added in the adlayer are probably displacing water molecules
and competing for a few available spaces. This is yielding a more compact layer of
adsorbed proteins layer.

The displacement of water molecules by protein molecules would be accompanied with
a decrease in DD, and an increase in the viscosity and elastic shear modulus of the layer.
The results obtained support this hypothesis (Table 3-7). This includes the change in the
slope of the curve for Fn50 in the DD vs Df plot (Figure 3-25). In fact, DD vs Df plot gives
an estimate of how new mass added affects the protein structure of the formed layer. For
almost all the time of adsorption during the experiment the slope of the curve is slightly
lower than for the rest of the protein-concentration solutions, indicating, again, a more
rigid adlayer. The fact that the DD/Df slope is almost invariable (» 0,07?10¢/Hz) for all
the rest of the adlayers obtained with other protein-concentration solutions indicates that
the proteins does not change their conformation in the layer if the concentration of the
solution is changed.

Thickness measured by the QCM-D technique was derived from the frequency shift
using the Sauerbrey equation and was also calculated with VVoigt model. The Sauerbrey
equation is strictly valid for rigid, nonporous, homogeneous adlayers and it has been
shown that taking the viscoelastic properties of the adsorbed layer into account adds a
correction to the Sauerbrey thickness. This correction depends on the dissipation factor.
For thin layers it is always positive and in our case is around 10% as confirmed by
different authors [62;84]. The thickness of a protein layer is continuously increasing until
reaching a value which is characteristic of the protein, the surface, and the experimental
conditions. This corresponds to the random sequential model where the adsorbing
molecules sequentially occupy the available surface [30].

Protein layer thickness was calculated using Sauerbrey and Voigt models (Figure 3-26,
left column). For all studied concentrations, during the firsts 10 min of contact between
the protein solution and the surface, both thickness curves overlap indicating that the
protein layer is rigid or not significantly thick to make the viscoelastic properties of it a
relevant mechanical feature. During further adsorption the two models differ due to the
significant effect of the viscoelastic properties of the layer of proteins adsorb on the TiO.-
crystals. It is worth noting that after 60 min of adsorption, the thickness of the protein
layer on the surface is very similar, around 4,80 nm, when testing solution at 30, 40 and
50 ng/ml of Fn-concentration (Table 3-7). This can be due to the fact that when the layer
is near 5,00 nm thick, the quantity of adsorbed protein reaches a steady state because
there are not more sites on the surface available for Fn to attach to. Conversely, for lower
concentration, 20ng/ml, the obtained thickness was 2,60 nm (Table 3-7). This result
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correlates with the obtained values, ~2,5 nm by MacDonald et al [20] with AFM; which is
in accordance with the reported value of 2nm for the diameter of the Fn molecule based
on electron microscopic analysis on mica [85]. The highest thickness, ~4.80 nm, obtained
with adsorption of higher protein concentration solutions could be attributed to a more
extended Fn form, which depends on the substrate and solution conditions [86].

The conformation of human plasma fibronectin will vary depending on whether or not
the molecule is in solution or is surface bound. Moreover factors such as temperature,
pH, and ionic strength of the local environment also will play a role in determining the
molecular shape of fibronectin. In solution under normal physiologic conditions, Fn has
been reported to assume a globular compact form [87]. This compact form of Fn is
stabilised by interdomain electrostatic interactions [88]. At temperatures above 40 °C,
extreme pH levels, or increased ionic strength, fibronectin assumes a more extended
form [88;89]. Based on the mentioned considerations, it can be assumed that our
experimental conditions of pH 7,4 and a temperature 37 °C would favour Fn in a
globular-like conformation when in solution at least for concentration of 20 ng/ml; while
a more extended form is obtained for higher concentrations.

Information of the Fn conformation from the thickness results can also been extracted.
The theoretical values for Fn adsorbed on TiO: surface knowing the size and molecular
weight of the protein [23]; indicates, for closely packed monolayers formed by side-on
and end-on adsorption the concentrations are 175 ng/cm? and 4100 ng/cm,
respectively. Demonstrating that the maximum adsorbed amount determined in this
work by QCM-D technique, 588 ng/cme, may correspond to more than one monolayer in
the side-on position for all the studied concentrations. Besides to conformation, a
minimum Fn concentration seems to be necessary to achieve for cell adhesion. Tamada et
al, [26], considered 50 ng/cmz the minimum amount for fibroblast cell adhesion. This
goal was achieved for all the working concentrations since the minimum Fn mass
density obtained in our work was 312 ng/Zcm?with Fn 20 series.

All these results can be used to design strategies to effectively coat implants with
physisorbed layers of this very important protein for cell recruitment and adhesion.

3.5.4.2. Fibrinogen adsorption on TiO»-crystals

It is widely accepted that the plasma protein fibrinogen (Fbg) plays a predominant role
in mediating the adhesion and activation of platelets triggering a clotting reaction [70].
Fibrinogen is an anisotropic large protein meaning that one of the three dimensions is
very different from the others; for this reason, depending on the protein orientation at
the layer, the quantity of molecules adsorbed can be significantly different.
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Both, Df and DD vs. time increase when Fbg concentration in the solution increases
during all the time of adsorption of the tests, which is an expected result (Figure 3-27).
This is confirmed by the fact that thickness of the adsorbed layer and, therefore, its
surface mass density, is higher when the concentration of Fbg in solution is also higher
(Table 3-8).

The DD vs Df plots for the two solutions at different protein concentrations show a
common pattern of steadily decrease in the DD/Df slope up to frequency shifts around
25 Hz (Figure 3-28). This indicates a continuous compactation/rigiditation of the layer
along the experiment. This is possibly a consequence either of the appropriate and
overall orderly occupation of the spaces in the layer by the added new protein molecules
or of the continuous dehydration of when water molecules are replaced by protein
molecules in the layer.

The more significant change in the slope for the experiments performed using solutions
at the highest protein concentration at the latest part of the experiment can be related to
the sudden increased in the calculated thickness after » 30 min of adsorption (Figure
3-29, left-bottom). The change in the thickness could indicate a change in the
conformation of the proteins adsorbed on the crystals more than a sudden gain of water
or protein because a) no sudden change/gain of weight is detected in the shift of
frequency vs time curve; and b) a final combined significantly more viscous adlayer and
similar elastic shear elastic modulus is obtained, a combination that is not expected in
case of more water would be trapped into the adsorbed layer.

One could expect a similar response if the experiment with Fn 80 lasts enough to reached
the appropriate surface mass density to produce the conformational changes.

Using Sauerbrey and Voigt models, the calculated values reveal that, again, the use of
Sauerbrey equation underestimates the adsorbed thickness of viscoelastic Fbg layers in a
8-13% range. When testing the higher protein concentration solutions, the calculated
thickness layer using the Voigt model is 5,81nm, and the corresponding surface mass
density is 0,70 ng/mI=700 ng/cn? (Table 3-8). Bai et al. [29] reviewed the fibrinogen
adsorption on Ti performed by different studies with different techniques such as optical
waveguide spectroscopy, electrochemical and radiolabelling methods and the quantified
Fbg amount range from about 400 ng/cm? to 700 ng/cn® as the solution concentration
varies from 80 ng/ml to 2 mg/ml after 1 h adsorption. Our results are within this range.
But a much higher value of surface mass density, 1,8 ng/cm?, was obtained by
Rechendorff et al., [90] when testing. 1mg/ml Fbg-concentration in HEPES solution and
mass calculated from the 7t overtone. Weber et al., [70], obtained an even higher range,
0,2 and 3,1ng/cm2 for other different test surfaces and even higher concentrations of
protein (3mg/ml). In their study data was extracted only from the 7th overtone. A direct
comparison between the results presented here and those from the literature cannot be
made mainly because of the noticeable difference between the protein concentrations in
solution that was tested. Moreover the information given by a single overtone such as
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the 7th is not enough to obtain reliable protein layer parameters. As explained in section
3.4.2.3, the measurement of multiple overtones is required to model viscoelastic
properties and extract correct thickness for films outside the Sauerbrey region. If one of
the overtones should be chosen as the representative one, it has to be considered that the
higher overtone number is related to a lower penetration/detection depth in the
adsorbed protein layer.

3.5.4.3. BSA adsorption on TiO»-crystals

BSA is a globular, extracellular protein and the main component of the blood transport
system and it provides the transport of a range of physiologically compounds like
calcium.

Typical frequency shifts and dissipation shifts vs. time curves are observed in Figure
3-30. The shifts are of lower value (in module) than in the case of Fbg and Fn. BSA is a
significantly lower molecular-weight protein than the other two, which explains the
differences in those lower values in frequency shift.

To obtain further insight into the adsorption of BSA on Ti surfaces, the dissipation shift
per frequency shift DD/Df-values is explored. If any changes in the slope of the curve
occurs during the adsorption process, such changes indicate that the protein binding to
the surface undergo structural rearrangements during the adsorption process [91;92]. It
has been previously shown at the results section that BSA adsorption on Ti crystals
shows a complex behavior, reflected in that the slope of DD/Df changed as a function of
the frequency shift during the adsorption process (Figure 3-31). Three distinctive phases
on the adsorption process were detected with an increasing DD/ Df-slope with time. This
indicates that the average structural conformation of the protein layer is altered during
the adsorption process leading to a less compact and softer protein layer.

Others [93], have showed different BSA adsorption response from 1mg/ml BSA-
concentration solutions in Tris buffer on platinum surfaces depending on the surface
roughness for, root-mean-square values of 1,49 and 4,62nm. A single phase and two
phases during adsorption were detected on flat and rough samples, respectively -root-
mean-square=1,49 and 4,62 nm. The results reported here, in agreement with other
reported works in the literature [34;93-95], show that surface chemistry, roughness and
protein concentration and solvent, strongly affects the protein adsorption response.
Specifically, Dolatshaki-Pirouz et al. [93] and our study coincide that a more opened
structure with more water content and less stiff protein film is obtained if working at
low concentrations such as 50 and 100 ng/ml BSA in solution, respectively. Other
studies [93;94;96] have found that with increased protein concentration, around 1
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mg/ml, structural rearrangements in the protein film occurs resulting in a stiffer protein
layer.

When using Voigt model for viscoelastic materials, the adhered film can be characterized
in detail: viscosity, elasticity and thickness of the layer can be more accurately calculated.
The results obtained for BSA adsorption on TiO.-crystals, Figure 3-32, confirm those
obtained from the DD/Df analysis, i.e, layer probably hydrates with time, which
produces a softer and less viscous adlayer.

HoO0k et al., [57], determined a surface albumin density of 333 ng/cn® on TiO;-coated
substrates at 22 °C. The lower values 102 ng/Zcn® reported here can be attributed to the
different type of specific albumin used (human serum albumin vs bovine serum
albumin).

3.5.4.4. Comparison of Fn, Fbg and BSA protein adsorption on TiO;-

crystals

Among the different properties that can influence on the mass and thickness of the
adlayers obtained with different types of proteins, protein concentration in solution and
molecular weight of the molecule tested are probably the most influencing ones. Other
properties, such as protein conformation when adsorbed on the surface and amount of
trapped water into the adlayer may have an important effect on the specific
characteristics of the layer of proteins obtained, too.

The results report here confirm previous findings by others because he amount of
adsorbed proteins is higher when the protein concentration of the solution is higher,
although no detailed theoretical explanation of this phenomenon has been given to date
[62].

Fn is a big protein with a molecular weight of 450-500 kDa, which is higher than the one
of Fbg, 340 kDa. Consequently, one would expect that surface mass density for the
adsorbed layers from Fn solutions would be higher than those obtained for Fbg layers.
This is not the case as shown in Table 3-7 and Table 3-8. The fact that the mass surface
density from Fbg solutions was higher than from Fn solutions can be due to the higher
protein concentration used, 40 and 100 ng/ml, respectively. However, a different effect
of the protein conformation adopted as well as the amount of trapped water by the
proteins can be hypothesized. Fbg rearranges during the time of the adsorption test, as
previously discussed (Figure 3-28). This arrangement could lead to a significant increase
in the quantity of water associated to the adlayer. As a consequence, thickness of the
layer of Fbg and its surface mass density were higher, but viscosity and sear elastic
modulus lower than those for the Fn-adsorbed layer (Table 3-7 and Table 3-8). This
hypothesis can be further confirmed by the fact that the shear elastic modulus of the
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layer of Fbg adsorbed from the low concentration solution, 80 ng/ml, is higher than the
one from the high concentration solution, 100 ng/ml (see Table 3-8).

A complex relationship between all this properties can be speculated. For BSA
adsorption results, water is continuously being trapped in the layer during the time of
the experiment, as demonstrated in Figure 3-31 and Figure 3-32 as well as with the low
values of shear elastic modulus calculated (Table 3-9). However, the thickness and
surface mass density obtained for the BSA-adsorbed layer are significantly lower than in
the case of the Fn- and Fbg-adsorbed layers. A dominant influence of the molecular
weight, size, and globular shape of the protein can be assessed from those results when
comparing with other types of proteins.

Taking into consideration that BSA-adsorbed layers incorporated a high quantity of
water; a lower viscosity for the BSA-adsorbed layers than the one obtained for the Fbg-
adsorbed layers could be expected, too. One possible explanation for the similar values
of these those two viscosities is the occurrence of the very thin layer of BSA on the TiO;-
crystals, which can change the energy dissipation of as well as the mobility of the
molecules in the layer.

It is also important or relevant value the comparison of the results obtained using the
QCM-D with those obtained using other already-established techniques for protein
adsorption analysis, such as ellipsometry (ELM) and optical waveguide light mode
spectroscopy (OWLS). HOok et al., [57], performed a comparative study between the
aforementioned techniques and they found surface mass densities of adsorbed Fbg of
0,39ng/crm? measured with ELM, 0,45nmg/cm? measured with OWLS, and 1,18ng/cne
measured with QCM-D, using the Sauerbrey equation at 22°C. The discrepancy between
the different techniques and the differences between the surface mass density reported
here and that reported by H66k et al. and Vo6rdos, [57;62]; can be mostly attributed can be
explained by the fact that ELM and OWLS are based on optical principles and detect the
adsorbed dry mass, while QCM-D detects hydrodynamically coupled water in addition
to the protein mass.

Figure 3-34 c¢) and d) show the viscosity and the shear elastic modulus for the three
working proteins. BSA is the protein which adsorbs obtaining the softer layer, since both
modulus are low and DD/D¥ relation is very high compared to Fn and Fbg. Fn 40 has a
high shear elastic modulus and viscosity compared to BSA and Fbg, which means a
more rigid layer contrasted to the rest of working proteins. Fbg has a similar viscosity as
BSA but a higher elastic modulus, its DD/Df relation is the lower indicating the more
rigid layer from the three studied systems. The quantity of protein adsorbed depends
strongly on the spatial organization of these big molecules.
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3.5.4.5. Temperature

The influence of the protein solution temperature in contact with Ti surfaces has been
studied at room temperature (25 °C) and body temperature (37 °C). As expected, the
higher the temperature, the higher of the amount of adsorbed protein on the surface
(Figure 3-35). This result agreed with those obtained by others [12;17;97;98]. However, a
few other works concluded that protein adsorption decreased when increasing
temperature of the protein solution [99;100].

On the one hand, as explained previously in section 3.3.4, only when the Gibbs free
energy (Equation 3-1) is negative, spontaneous protein adsorption can occur. If
temperature of the solution increases, the Gibbs free energy decreases which may favour
spontaneous protein adsorption on Ti surfaces. On the other hand, the diffusion rates of
the studied proteins in solution increases with temperature, if no conformational
changes occur, and consequently, the number of molecules reaching the surface
increases and so the amount of adsorbed protein.

3.5.5. Conclusions

<> Fibronectin adsorbed on TiO2-crystals in a one step adsorption process, i.e., Fn
did not change its structure and properties once adsorbed on the surface. The same
response was absorbed when testing different Fn concentrations in PBS.

X Fibrinogen adsorbed on TiO.-crystals  showed two different
structures/conformations. The second step of adsorption was characterized by a
significant increase in the rigidity of the adlayer. A different conformation of Fbg on the
surface in two different steps is speculated.

X Bovine serum albumin adsorbed on TiO»-crystals showed three different
structures/conformations. As increasing the adsorbed mass, the increasing steps of
adsorption were characterized by a decrease in rigidity of the adlayer. Protein layer
probably hydrates with time, which produces a softer and less viscous adlayer.

R/

<> For Fbg and Fn solution in PBS adsorbed on TiO: surfaces, the higher the initial
protein concentration in solution, the higher the protein adsorption. This indicates a
more favourable protein adsorption when more protein molecules are available in
solution leading to an optimized spatial organization of these molecules.

R/

<> At a given protein concentration, the adsorption on TiO: surfaces was higher in
response to the increase in temperature.
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3.6. Two-step protein adsorption studies

3.6.1. Materials

3.6.1.1. TiO2-crystal

The QCM-D sensors (Q-Sense, Sweden) with gold electrode were polished crystals with
a fundamental frequency of 5MHz. The gold-coated crystal (14mm) was covered with
TiO:2 by vapour deposition as explained in section 3.4.4. The crystals were reused after
cleaning (see section 3.4.4 for cleaning procedure protocol).

3.6.1.2. Protein solutions

Three different proteins were used in this work: human fibronectin (Fn), human
fibrinogen (Fbg) and bovine serum albumin (BSA) (Sigma, Sant Louis, USA). Each
concentration for each protein was different depending on the specific test; the exact
values will be explained at the section 3.6.2.2.

3.6.2. Methods

3.6.2.1. Test conditions

Two-step adsorption studies of Fn, Fbg and BSA on a crystal coated with TiO, have been
performed. At two-step adsorption studies two different protein solutions are
introduced sequentially at the QCM-D system; these experiments allow studying te
interaction/competition between the two proteins and the different affinity of these
proteins for the studied surface. The studied protein adsorption sequences have been:
BSA/Fn, BSA/Fbg, Fn/BSA and Fbg/BSA.

Protein concentration: Protein concentration was decided taking into
consideration their ratios in human blood plasma [24;29;33]

i. Fn concentration in human blood plasma: 30 mg/100ml
ii. Fbg concentration in human blood plasma: 300 mg/100ml

iii. BSA concentration in human blood plasma: 3,5-5 gZ100ml
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Finally the working concentrations in PBS 1X solutions for the studied systems
were:

a) BSA/Fbg: 500 ng/ml for BSA and 50 ng/ml for Fbg in PBS
b) Fbg/BSA:50 ng/ml for Fn and 500 ng/ml for BSA in PBS
c) BSA/Fn:2 mg/ml for BSA and 20 ng/ml for Fn in PBS
d) Fn/BSA:50 ng/ml for Fn and 5 mg/ml for BSA in PBS

Different values of protein concentration were considered to select the most
appropriate one for BSA/Fn and Fn/BSA systems. This was since a starting
concentration of 5 mg/ml for BSA in PBS when evaluating the BSA/Fn resulted
in a too high BSA concentration that interfered and even masked any Fn effect.

Temperature: Tests were performed at body temperature, i.e., 37 °C.

3.6.2.2. QCM-D tests

For two-step protein experiments, the protocol followed is described below (Figure 3-36):
(0) PBS 1X Baseline: A constant baseline is established with PBS 1X.

(1) First protein solution temperature setting: The first protein solution of study is
introduced from the reservoir to the Temperature-loop where it is maintained at
the desired temperature.

(2) First protein solution introduction to the QCM-D sensor chamber: The solution is
transported to the crystal by opening the sensor chamber. The protein gets in
contact with the crystal surface and then, the device acquires the frequency and
dissipation changes due to protein adsorption.

(3) ?fand ?D stability: The assay will be considered finished when the frequency and
the dissipation shift reach a constant value by time, i.e. plateau, meaning that
proteins are not significantly further adsorbed on the TiO:-surface or that the
dynamic adsorption/desorption process has reached an stabilized rate.

(4) PBS buffer temperature setting: When considered, a certain quantity of PBS 1X is
introduced into the Temperature-loop to be warmed.

(5) PBS buffer introduction to the QCM-D sensor: PBS is introduced to the crystal to
remove the non-permanently adsorbed proteins on the surface.

(6) Second protein solution temperature setting.

(7) Second protein solution introduction to the QCM-D sensor chamber.
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(8) ?fand ?D stability: The assay will be considered finished when the frequency and
the dissipation shift reach a constant value with time after the second protein has
been in contact with the first-protein-coated surface.

(9) Cleaning of non-attached proteins: To detach the non-adsorbed proteins, the
crystal is cleaned with PBS 1X.

OMWE

j G o

(3) (4) (5) (6) (7) ®) 9)

MY EE=s=lh

EhEEEs

EEREEEE

L] a m a L 4 ] L 1] w L1 na m m m "o [ T Hi L1 an
Tirs irarastai

Figure 3-36 Representative two-step protein : (0) PBS 1X baseline; (1) First protein solution temperature
setting; (2) First protein solution introduction to the QCM-D sensor chamber; (3) ?f and ?D stability for
the first protein; (4) PBS buffer temperature setting; (5) PBS buffer introduction to the QCM-D sensor-
chamber; (6) Second protein solution temperature setting; (7) Second protein solution introduction to the
QCM-D sensor chamber; (8) ?f and ?D stability for the second protein; (9) Cleaning of non-attached
proteins with PBS 1X.

A minimum of three assays have been performed for each two-step adsorption protein
solutions at each concentration and temperature conditions.

3.6.3. Results

To perform two-step adsorption studies on Ti surfaces, two different protein solutions
were introduced sequentially in the QCM-D device. The main objective was to find out
the competitive processes of adsorption and interactions between the studied proteins
influenced by the substrate properties. Tests with an alternate order of introduction in
the sensor chamber for each set of two proteins were performed to study the specific
effect of surface/specific first protein interactions in the competitive process of
adsorption.
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3.6.3.1. Interaction between BSA, fibrinogen, and TiO,-crystals

3.6.3.1.1.  First protein BSA-Second protein fibrinogen

Figure 3-37 shows the frequency shift and the dissipation shift vs time during the two-
step protein adsorption process of BSA/Fbg solutions in PBS. BSA adsorption causes a
Df of -12 Hz; then, the addition of Fbg increases the frequency shift of the studied system
to a value of -18 Hz. Considering the dissipation, BSA causes a DD of 0,22x106 and when
the second protein is introduced, Fbg, and dissipation increases up to 0,55x106 and
remains constant with time indicating that the surface is saturated and nearly no more
proteins are attaching on the substrate.
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Figure 3-37 a) Df and b) DD vs. time plots of first, BSA 500 ng/ml and second, Fbg 50 ng/ml in PBS on
TiOz-crystal. Peaks correspond to the PBS 1X cleanings and then, the introduction of the second protein

The first part of the DD vs. Df adsorption plot, Figure 3-38, corresponds to BSA
adsorption and the second one to Fbg adsorption on TiO,-crystals. Initially, the adsorbed
BSA layer shows a similar plot as the one obtained for the one-step protein study, section
3.5.3.3, where three phases are detected. Each of these phases has a higher DD/ Df slope
when DD increases. This indicates that the shear elastic modulus of the adlayer
significantly decreases during the process of BSA adsorption on TiO.-crystals, as shown
in Figure 3-39 c). Secondly, the Fbg adsorbed on the BSA layer has the same behaviour as
adsorbed on bear TiO:-crystals, see 3.5.3.2, where two phases were identified and the
DD/Df slope reaches a value near zero by the end of the experiment. This is reflected in
the calculated results for the viscosity of the adlayer because an increase of their values is
observed at the end of the assay (Figure 3-39 c).

When calculating the thickness using Voigt and Sauerbrey models, Figure 3-39 a), the
calculated curves overlap as occurred for one-step protein studies during the first 40 min
of adsorption time. This effect was independently of the higher working concentration.
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Surface mass density calculated by Voigt at the end of the two-step adsorption study
was 329,9 ng/Zcmz.
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Figure 3-38 ?D vs. ?f plot of first, BSA 500 ng/ml adsorption, and second, Fbg 50 ng/ml adsorption from
PBS 1X solutions on TiOz-crystals
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Figure 3-39 Protein layer parameters obtained after adsorption of first, BSA 500 ng/ml and second, Fbg 50
ny/ml in PBS 1Xsolutions on TiOz-crystals a) protein-adsorbed-layer thickness calculated using Voigt
(red) and Sauerbrey (black) models; b) surface mass density calculated using Voigt model ; and c) viscosity
(black) and shear elastic modulus (green) calculated using Voigt model. All the experiments were performed
at 37 °C. Values were acquired using QTools software from QCM-D experimental data
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3.6.3.1.2.  First protein fibrinogen - Second protein BSA

Figure 3-40 reports the frequency shift and the dissipation shift versus time of sequential
protein adsorption of first, fibrinogen and second, BSA on TiOx-surfaces. As expected,
the adsorption of Fbg on TiO-crystals causes a rapid decrease of the frequency and a
rapid increase of the dissipation shift. The further introduction of the BSA on the sensor
chamber leads to an increase of the Df and a decrease of the DD indicating that some of
the Fbg adsorbed mass has been desorbed.
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Figure 3-40 a) Df and b) DD vs. time plots of first, Fbg 50ng/ml and second, BSA 500 ng/ml adsorption in
PBS solutions on TiOz-crystal. Peaks correspond to the PBS 1X cleanings and then, the introduction of the
second protein

The first part of the DD vs. Df adsorption plot, Figure 3-41, shows the already explained
behaviour of Fbg when monoprotein adsorption studies were reported in see section
3.5.3.2. This behaviour is mainly characterized by a decrease in the DD/Df in the final
part of the adsorption process. During washing a noticeable increase in DD/Df slope is
recorded, which may be related either to a protein rearrangement/desorption process or
to a hydration process of the protein layer. Finally, when BSA solution is put into contact
with the Fbg-coated TiO:-crystals, four different steps in the adsorption process can be
distinguished. But overall no major changes in the DD/ Df slope are produced when BSA
is adsorbed.
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Figure 3-41 DD vs. Df plot of first, Fbg 50 ng/ml adsorption and second, BSA 500 ng/ml adsorption from
PBS 1X solutions on TiOz-crystals

Concerning to protein layer parameters, it is observed a considerable difference between
the Sauerbrey and Voigt calculated thickness parameters. After 5min of adsorption time,
protein layer behaves viscoelastic probably due to the initial Fbg working concentration;
50 ng/ml. An interesting and relevant result is the calculated parameters using the Voigt
model, Figure 3-42 a) (in red), indicates a decrease of thickness, from 5,21 down to 4,49
nm and surface mass density, from 626,10 down to 539,71 ng/cmz. Values were
measured at 40min, after the first protein Fbg is adsorbed and at 140min, after the second
protein BSA is introduced and adsorbed, respectively. Viscosity, Figure 3-42 c), increases
during Fbg adsorption. After that, a significant decrease in frequency shift during the
washings between the two protein solutions was detected. Finally, this parameter
remained stable while BSA is adsorbed. This can indicate that the proteins adsorbed in
the last part of the Fbg adsorption step are weakly adsorbed to the adlayer. Proteins
could be easily removed either with washing or by interaction with the BSA solution. In
the latter case, this is indicative of some desorption process triggered and continuously
induced by the smaller BSA molecules.
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Figure 3-42 Protein layer parameters obtained after adsorption of first, Fbg 50 ng/ml and second, BSA
500ng/ml in PBS 1X solution on TiOz-crystals. a) protein-adsorbed-layer thickness calculated using Voigt
(red) and Sauerbrey (black) models; b) surface mass density calculated using Voigt model ; and c) viscosity
(black) and shear elastic modulus (green) calculated using Voigt model. All the experiments were performed

at 37 °C. Values were acquired using QTools software from QCM-D experimental data

3.6.3.2. Interaction between BSA and fibronectin

3.6.3.2.1.  First protein BSA-Second protein fibronectin

When BSA s first introduced, the frequency decreases rapidly (Figure 3-43 a)). During
PBS 1X cleanings, a certain quantity of BSA is detached as showed by the slight
frequency increase. When Fn is introduced, an almost negligible decrease of 1Hz in
frequency is measured during the total Fn-adsorption time. Dissipation shift vs time,
Figure 3-43 b), shows that once BSA adsorbed, PBS cleanings significantly decreased
dissipation values. Then Fn is introduced, and dissipation values slowly increased again
until they reached values similar to the ones recorded in the final part of the BSA
adsorption process on TiO,-crystals.
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Figure 3-43 a) Df and b) DD vs. time plots of first, BSA 2 mg/ml adsorption and second, Fn 2 Ong/ml
adsorption from PBS solutions on TiO.-crystasl. Peaks correspond to the PBS 1X cleanings and then, the
introduction of the second protein

The first part of the DD vs. Df plot (Figure 3-44) corresponds to the first BSA-adsorption
step. Again the DD/Df slope increases with time as previously reported for monoprotein
experiments. Then, the exposure to the second-protein Fn-solution abruptly increased
the DD/Df slope of the adlayer. This is accompanied with an slight increase of the
thickness of the layer (from 6,58 nm up to 6,65 nm) as well as of the surface mass density
(from 789,75 up to 798,68 ng/cm?) (Figure 3-45 a) and b)). Viscosity of the adlayer
remains almost constant and shear elastic modulus slightly decreases during the time
Fbg is being adsorbed on the BSA-coated TiO-crystals. Consequently, the interaction

and adsorption of Fn after the BSA adsorption does not significantly affect mechanical
properties of the adlayer.

Differences between Sauerbrey and Voigt approximations after 5 min of protein
adsorption are noticeable. At the beginning, BSA protein layer is rigid. After 5 min of
adsorptionthe adlayer acquires viscoelastic properties. Afterwards differences between
the Sauerbrey and Voigt approximations are also observed.
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Figure 3-44 DD vs. Df plot of first, BSA 2mg/ml adsorbed and second, Fn 20ng/ml adsorbed from PBS 1X
solutions on TiOz-crystals

193



Kinetics and two-step competitive protein adsorption characterization on TiO; crystals using QCM-D

a) b)
1x10°4 1200
—
o £ 1000
8x10" o
z BSA Fn J 2 BSA Fn J
- | = 800+ |
0 6x10° J z
g a
c S 600
5 °
2 4x10° @
e
= & 400
. 1S
2x10° @
S 2004
€
>
04 %) 0
—TT—— 7T 77— s S e e LA B e s |
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Time (min) Time (min)

6x10° 7 ~1,2x10°

5x10° 4

6

41,0x10
4x10° 4

3x10° -8,0x10°

Viscosity (kg/ms)

2x10° 4

5

- 6,0x10

(ed) snjnpow 2nse|s reays

1x10° 1

0 4,0x10°

0 20 40 60 8‘0 l(I)O 1éO 140
Time (min)

Figure 3-45 Protein layer parameters obtained after adsorption of first, BSA 2 mg/ml and second, Fn 20
ny/ml solutions in PBS 1X on TiO2-crystals a) protein-adsorbed-layer thickness calculated using Voigt
(red) and Sauerbrey (black) model; b) surface mass density calculated using Voigt model; and c) viscosity
(black) and shear elastic modulus (green) calculated using Voigt model. All the experiments were performed
at 37°C. Values were acquired using QTools software from QCM-D experimental data

3.6.3.2.2.  First protein fibronectin -Second protein BSA

Figure 3-46 corresponds to the Df and DD vs. time two-step adsorption plot of first Fn
and second BSA solutions on TiO.-crystals. The adsorption of BSA after Fn adsorption
caused an increase of 2Hz in the frequency, which is probably an indication of the
desorption of some mass from the Fn-coated surfaces. The dissipation shift continuously
and slightly decreased when BSA was being adsorbed on the Fn-coated surface.

Figure 3-47 reports the DD vs Df plot. Fn adsorption in the first step showed the same
reponse than that obtained when monoprotein solutions were tested (section 3.5.3.1), i.e.,
a constant DD/ Df slope was recorded during the Fn adsorption. The second step of BSA
adsorption slightly increased the DD/ Df slope.

194



-10 4
-15
-20

-25 4

Frequency shift (Hz)

-30 4

-35 4

-40

a)

Fn

Chapter 3

b)

N
o
1

~
=]
I

=
2
1

En BSA

=
=}
L

BSA

Dissipation shift (10°)
o
¢

o
=]
I

0

20

40

60

T
80

T
100

Time (min)

— 05+—T——T——T—T—T1—

T T T T T T 1
120 140 160 180 0 20 40 60 80 100 120 140 160 180

Time (min)

Figure 3-46 a) Df and b) DD vs. time plots of first, Fn 50 ng/ml adsorption and second, BSA 5 mg/ml
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PBS 1X on Ti crystals

The calculation of the protein layer parameters using the Voigt model Figure 3-48)
confirmed the trend of the structural characteristics of the adlayer suggested by the DD
vs. Df plot. Consequently, a decrease in the thickness of the layer when BSA is adsorbed
was calculated (from 3,87 down to 3,36 nm) as well as in the surface mass density (from
464,80 down to 403,78 ng/cm2). Viscosity, Figure 3-48 c), decreased during Fbg and BSA
adsorption, whereas the calculated shear elastic modulus increased during the adsorbed
protein layer on the TiO-surfaces is formed in the two-steps of the process.
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Figure 3-48 Protein layer parameters obtained after adsorption of first, Fn 50 ng/ml and second, BSA 5
mg/ml solutions in PBS 1X on TiOz-crystals. a) protein-adsorbed-layer thickness calculated using Voigt
(red) and Sauerbrey (black) models; b) surface mass density calculated using Voigt model; and c) viscosity
(black) and shear elastic modulus (green) calculated using Voigt model. All the experiments were performed
at 37°C. Values were acquired using QTools software from QCM-D experimental data

3.6.4. Discussion

Adsorption of plasma proteins to surfaces is one of the first and most important events
before the initiation of key cellular activities such as cell attachment, migration,
proliferation and differentiation. In particular, effects of adsorption time scales,
interfacial competition, and extent of adsorption irreversibility are among some key
issues of interest. The present study focuses on the sequential and competitive
adsorption of fibronectin, fibrinogen and bovine serum albumin on titanium surfaces.

For all the sequential adsorption systems, the adsorption response of the proteins for the
first solution introduced in the system is similar to that reported in previous sections of
this work where one-step studies with a single protein solution was tested on TiO:-
surfaces. Differences were mainly due to the first protein concentration of the two-step
studies compared to protein concentrations of single protein studies. Macromolecules
adsorbed can use several adsorption sites depending on their structure and molecular
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mass. At low concentrations, adsorbed proteins are in an unfolded state with more
located binding sites to adsorption [101]. Protein adsorption such as Fn and HAS
[23;102], are related to structural rearrangements in the molecules that enable them to
overcome the unfavourable conditions offered by an electrostatic repelling surface. At
higher protein concentrations the adsorption layer becomes more compressed and
molecules with different degrees of unfolding will coexist at the interface [103], being
more difficult for some molecules to overcome the unfavourable conditions to
adsorption. This fact can explain the higher rigidity of the protein layer obtained for the
lowest Fn and BSA concentrations since protein molecules are more tightly bound to the
surface. The contrary occurs when working at higher protein concentration, such as
2mg/ml BSA concentration from two-step studies (BSA-Fn), where a more viscoelastic
protein layer compared to BSA 500 ng/ml (BSA-Fbg) and 100 mg/ml concentrations from
single protein studies was obtained.

Of relevant interest in this part of the study is the discussion about the interaction and
competition of the secondly introduced protein with the previously adsorbed protein
layer.

For the BSA-Fbg system, after the initial adsorption of BSA, fibrinogen is put in contact
with TiO2-crystals, Figure 3-37, and the frequency decreases indicating the adsorption of
Fbg. The frequency shift is lower, around -10Hz, compared to the frequency shift
recorded during the previously reported Fbg-adsorption measurements from
monoprotein solutions. BSA has a high affinity for the TiO.-crystal surface and that
certainly can induce adsorption of Fbg either on top of BSA-layer or on the few BSA-free
available spaces on those crystals. This can be responsible for the diminished adsorption
of Fbg on the surface compare to the adsorption directly on top of the TiO,-crystals.
However, the way of Fbg adsorbs and the type of Fbg layer obtained does not be
significantly influenced by the previous BSA adsorbed layer, according to results in
Figure 3-37, Figure 3-38 and Figure 3-39. The Fbg-layer is being added on top of the BSA
layer and the mechanical and structural characteristics of it are comparable to the results
obtained with Fbg solutions during the single-step monoprotein experiments. The fact
that the final adlayer on TiO-crystals when studying the BSA-Fbg system is mainly
composed by BSA molecules, is also confirmed by the Voigt calculated thickness, 2,76
nm, and surface mass density, 329,95 ng/cmz. Those values are noticeably lower than
those calculated for Fbg adsorption from monoprotein solutions, Table 3-8, but similar to
those calculated for BSA adsorption from monoprotein, Table 3-9. Numbers are not
expected to be the same because the protein concentrations used for single and two-step
experiments are not the same. DD-Df plot confirms that a similar effect on the structure of
the adlayer is obtained for both proteins than the one obtained when each individual
protein solution was tested separately.
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Considerably differences are found with the inverted studied system, Fbg-BSA, Figure
3-40, Figure 3-41 and Figure 3-42. The main difference is that frequency increases after
the introduction of BSA solution in the system and its interaction with the already
formed Fbg-layer on TiO:-crystals. This result indicates that BSA is able to displace some
of the Fbg molecules still adsorbed on the crystal surfaces. In fact, some previously
reported works have concluded that some proteins can displace pre-adsorbed molecules
because they have a superior affinity and they are able to bind strongly with the
analyzed surface [104]. In this respect, the small size of BSA can favour this molecule to
reach some of the non-covered surface points as well as to compete with Fbg molecules
for the already occupied positions on the on the crystals. If this is the case, this means
that BSA molecules showed a higher affinity of for TiO. surfaces than Fbg molecules,
which in turn can also be a plausible explanation of the results discussed in the previous
paragraph. This hypothesis was further confirmed by analyzing the calculated thickness
and surface mass density using the Voigt model. Both values decrease when the second-
step of BSA adsorption is on going, and so the displacement/replacement of Fbg
molecules by BSA molecules results in a thinner adlayer. The transition state while some
Fbg molecules detach when performing PBS washing is visualized by the increased
DD/Df slope, which could indicate a less dense Fbg adlayer. This is also a clear
indication of the somehow weak affinity of some of the adsorbed Fbg molecules on the
crystals. After BSA is putted in contact with the Fbg-adsorbed layer, the resulting
adlayer fluctuate its rigidity to finally decrease as the adsorbed protein amount is
increased. Some structural rearrangements occur, as shown in Figure 3-41 but they don’t
affect the viscosity and the shear elastic modulus, Figure 3-42 c). The significant
softening of the adlayer when BSA is in contact with the surface may indicate the
displacement of Fbg by BSA molecules because BSA-layers showed their low-rigidity
properties from the single protein results as well as from the BSA-Fbg system results.

The two-step sequential protein adsorption in the BSA-Fn system shows a rapid decrease
in frequency when BSA is introduced in the system, mainly due to its high concentration
in PBS. Note that the concentration is 4 times the one used for the BSA-Fbg system. Since
the solution has an elevated concentration many protein molecules were attached
immediately on the surface. Ramsden et al., [30] stated that, depending on the protein,
and surface and solution conditions, the area per molecules is inversely proportional to
the rate of arrival of proteins at the surface. Then, probably, the rapid BSA adsorption
caused a nearly non-spreading of the molecules onto the surface. This can also confirmed
because of the significant desorption of BSA molecules when washing with PBS is
performed. This is an occurrence that did not happen when tested the BSA-Fbg system,
either. When Fn solution is put in contact with the BSA-layer adsorbed on TiO,-crystals a
slight decreased in the frequency shift is recorded, i.e., Fn is being adsorbed on top of the
surface but in a small quantity. In fact, an almost negligible 1%-increase in both thickness
and surface mass density of the adlayer was calculated. Again, the BSA adsorption
process is similar to that reported for single-protein adsorption studies; independently of
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the difference in the protein concentration of the solution. The protein layer becomes less
rigid when BSA adsorbs during the experiment. The adsorption of Fn also results in a
less rigid, less viscous layer. This is not what was calculated when Fn adsorbed and
saturated the surface of the TiO-crystals during the single protein one-step experiments.
This can be an indication of the weak interaction of the Fn molecules adsorbed on top of
the BSA adlayer, which would lead to a decrease of the shear modulus of the combined
BSA-Fn layer.

For the Fn-BSA two-step sequential adsorption study, the Fn adsorption follows the
same pattern found at single-step adsorption studies showing one single phase during
the adsorption process. But the introduction of BSA solution in PBS in the system leads
to an increase of frequency, i.e. decrease in mass, and decrease of dissipation shift. Some
of Fn molecules are displaced by BSA reducing the thickness and the surface mass
density of the protein adsorbed layer around a 13%. This is a similar behaviour to the
one obtained with the Fbg-BSA system. BSA is able to displace some of the previously
bigger proteins adsorbed on the TiO»-crystals. However, the structural and mechanical
implications of the BSA adsorption and replacement/displacement of the bigger
molecules is different in the case of Fn compared to Fbg. When BSA is putted in contact
with Fn-adsorbed layer and interact, an increase in shear modulus, a decrease in
viscosity and a decrease in the DD are recorded. All these results confirm that the
resulted adlayer is more rigid after BSA is adsorbed. One possible explanation for this
response may be the introduction and interaction of BSA molecules into the adsorbed
Fn-layer. But the surface mass density calculated values does not support this
hypothesis.

From the obtained results in sections 3.6.3.1.1, 3.6.3.1.2, 3.6.3.2.1 and 3.6.3.2.2, and as
discussed previously, a difference is found when BSA is the first adsorbing molecule or
when it is the second one from the two-step sequential adsorption on TiO»-crystals.

The ‘Vroman effect’ relates to the competition between two or more proteins for the
same adsorbent surface. The generalized Vroman effect, [105], demonstrated that
adsorption from blood plasma involves a complex series of adsorption and displacement
steps in which low molecular weight, MW, proteins arriving first at surface are displaced
by relatively higher MW proteins arriving later. Literature has not consistently support
the Vroman effect theory. Brash and Lyman proposed that in protein mixtures, such as
blood, the proteins would simply adsorb in proportion to their concentrations in solution
[106]. Noh et al. [107] concluded Brash and Lyman’s idea that proteins adsorb in
proportion to solution concentration is basically correct, except that mass balance forces
a discrimination, a Vroman-like effect, leading to the selective adsorption of smaller
proteins from a mixture of smaller and larger proteins on hydrophobic octyl sepharose
adsorbent particles.
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Concerning to our results, the studied Fbg/BSA and Fn/BSA systems show that BSA
displaces larger proteins such as Fn and Fbg. Probably, the adopted conformation by Fbg
and Fn leaves enough free binding sites to BSA to adsorb on the Ti surface. Moreover,
the smaller MW, the higher concentration in proportion to the other working protein and
its high affinity for Ti surfaces, explains the displacement effect founded when BSA is
adsorbed onto a pre-adsorbed Fbg or Fn protein layer on TiO-.

For the BSA/Fn and BSA/Fbg systems, where BSA is the first adsorbed protein, the
Vroman effect and Brash and Lyman theory are in competition. From our results, the
bigger molecules adsorb on the top of the BSA layer, but a significant displacement of
the BSA molecules can not be confirmed. Moreover, BSA is typically used as a blocking
agent for the elimination of non-specific adsorption; then the BSA protein layer enables
most of the fibrinogen and fibronectin adsorption on TiO.. After that, prevalence of the
Brash and Lyman effect on the Vroman effect may explain the protein layer behavior,
since a lower molecular weight and more concentrated protein in solution adsorb
preferentially to Ti surfaces.

3.6.5. Conclusions

<> Fbg/BSA and Fn/BSA systems showed that BSA displaces larger proteins such
as Fn and Fbg since the high affinity of BSA for TiO: surfaces, its low molecular weight
and size compared to the other working proteins and higher proportional concentration
in solution.

X For the BSA/Fn and BSA/Fbg systems, where BSA is the first adsorbed protein,
the bigger molecules adsorb on the top of the BSA layer. There is prevalence of the Brash
and Lyman effect on the Vroman effect since a lower molecular weight and more
concentrated protein in solution adsorb preferentially to Ti surfaces.
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Chapter 4

4. Development of early
fibronectin matrix and adhesion
of MG63 osteoblasts-like cells on
c.p. rough Ti coated with
different biological pre-coatings

4.1. Introduction

The development of bone-implant interfaces depends on the direct interactions of
osteoblasts and the subsequent deposition of bone matrix. Therefore, proper cell
adhesion and the formation of osteoblast extracellular matrix (ECM) are essential steps
for successful osseointegration of biomaterials [1;2]. Cell adhesion on 2D surfaces
constrains natural interaction with the ECM to a certain extent. It starts with the
adsorption of adhesive matrix proteins from the surrounding medium, followed by
recognition of these proteins by the cells [3;4], which triggers specific cellular responses
[5;6]. Fibronectin (Fn) is one of the earliest proteins to be laid down in the ECM [7] and
its distribution in the areas of skeletogenesis suggests that it is involved in the early
stages of bone formation [8;9]. Fn has also been shown to play a critical role in osteoblast
differentiation and survival [10]. Several studies have suggested that Fn is required for
the recruitment of growth factors [11] and for the assembly of multiple ECM proteins,
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including collagen [12], fibrinogen [13] and thrombospondin [14]. Fn is a soluble matrix
protein that is particularly important for the initial cellular interaction with foreign
materials, as it is uniformly available in most biological fluids [7;15] and readily adsorbs
to the surfaces. Together with other ECM proteins, b is recognized by specific cell
surface receptors from the integrin family [5;16;17], which guide the initial adhesion and
subsequent behaviour of the adhering cells [17]. Bovine serum albumin (BSA) is a
globular protein and the most abundant component of many biofluids serving the
transport of various metabolites and the regulation of the osmotic pressure [18;19].
Fibrinogen (Fbg) is believed to be central to surface-induced thrombus formation by
directly participating in the coagulation cascade [20]. Moreover, Fbg adsorption plays a
very important role in governing inflammatory responses [21] and positively related to
platelet adhesion [22].

Early in vitro studies of osteoblast behaviour focused essentially on the involvement of
materials associated with biologically active molecules, but paid less attention to their
surface characterization [23;24]. It is now well documented that surface properties, such
as wettability [25], charges [3;26] and chemistry and surface topography [27], play a
critical role in the establishment of cell-biomaterial contacts [17;28]. Although Richards
found that surface roughness had no influence on the total area of adhered fibroblasts
[29], the fact that surface topography strongly influences the behaviour of adhering cells
is widely accepted in the literature [23;27;28] particularly for Ti surfaces [26;30]. For
example, fibroblasts that adhered to a ground Ti surface extended their body in the
direction of the surface grooves. These aligned cells attached better than spherical ones
[31]. Osteoblasts were oriented in a similar way on grooved surfaces [32]. On smooth
substrate, they were randomly oriented, whilst on grooved surfaces they lined up in
parallel to the 5mm deep grooves. However, attempts to quantitatively characterize
roughness are rather weak in many of these studies. Indeed, it is now increasingly
admitted that roughness has to be considered in terms of not only the vertical
dimensions of the topographical features, but also their distribution, organization and
frequency on the surfaces under study [17;28;33;34].. All these factors influence
osteoblast behaviour.

The removal of material from dental-implant surfaces by means of grit-blasting, etching
or a combination of both methods is a well-documented example of the beneficial effects
of surface topography modifications on the in vitro and in vivo implant response that is
already used in treatments [35;36]. The vertical dimensions of the randomly-distributed
topographical features range from micrometre to nanometre level, depending on the
applied treatment and conditions. However, the optimal values of the amplitude-
roughness parameters (R., Si,) for these surfaces are still disputed. In fact, beneficial
effects have been correlated between surfaces with Ra in the range 0,5-8,5 nm and in vivo
histomorphometric results [37]. Moreover, surface topography and surface
physicochemical properties are intrinsically intertwined. Consequently, surface
topography is not the only variable controlling the biological response [38]. Among other
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factors, surface energy has recently been studied as a very influential property in the
biological response of these surfaces, specifically in the early events that occur when
proteins adsorb and cells are recruited and adhered to the substrate.

However, the mechanisms that underscore such topographical and physicochemical
responses are still poorly understood and are the focus of the work presented here.

Specifically, another factor that is important for successful cellular interaction is the
ability of adhering cells to remodel adsorbed and secreted matrix proteins, which may be
supported by the material’s surface properties. For example, Fn is significantly
remodelled by the adhering cells, such as fibroblasts [39-42] and endothelial cells [43].
This process is strongly dependent on the material surface properties, such as its
wettability [40] and chemistry [44]. It has further been demonstrated that the
remodelling of both adsorbed (early matrix) and secreted (late matrix) Fn are guided by
the coordinated function of integrins [45], which presumably reflects an attempt by the
cells to develop their own provisional ECM on the biomaterial interface [41].

Although Anselme et al. showed that the organization of provisional ECM by osteoblasts
is better organized on smooth than on rough surfaces [28], the role of topographical
features on the behaviour of Fn adsorption has not been studied.

Consequently, the hypothesis that he organization of the Fh matrix at the material
interface will be strongly influenced by the surface roughness and its parameters, which
in their complexity may resemble the natural organization of ECM to a certain extent is
tested here.
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4.2. Objectives

The main objectives of the present chapter are:
1.

To characterize the observed amount of fluorescent BSA, Fn and Fbg and Fn
distribution onto smooth and rough titanium surfaces.

2. To study the influence of Fn pre-coating and surface parameters, i.e. surface
energy and roughness, on MG63 osteoblasts-cells-like adhesion.

3. To investigate the spatial organization of Fn fibrils within the secreted

extracellular matrix on grit-blasted Ti surfaces that is already known that had led to a
beneficial in vitro and in vivo biological response [46-48].
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4.3. Materials and Methods

43.1. Materials

43.1.1. Surfaces

8 mm in diameter and 2 mm thick disks of c.p. Titanium Grade Il (c.p. Ti) were used for
the experiments. Seven different series of Ti surfaces were obtained by blasting at 0,25
MPa-pressure during the time required for roughness saturation. Depending on the
nature of the blasting parameters the samples were divided as A for ALOs; and S for SiC
particles. Moreover, by the different particles size the following codification was used: 3
for 212-300 nm mean particle size, 6 for 425-600 nm and 9 for 1000-1400 mm. The
obtained surfaces finishes were A3, A6, A9, S3, S6, S9, respectively, and a Smooth surface
was used as control.

Smooth Polished c.p. Ti. The samples were abraded subsequently with 400, 600 and

1200 grit silicon carbide abrasive paper and finally polished with a water
suspension of 1 um alumina powder

A3 c.p. Ti blasted with ALOs-particles of 212-300 pum in size
Ab c.p. Ti blasted with ALOs-particles of 425-600 um in size
A9 c.p. Ti blasted with ALOs-particles of 1000-1400 pum in size
S3 c.p. Ti blasted with SiC-particles of 212-300 um in size

S6 c.p. Ti blasted with SiC-particles of 425-600 um in size

S9 c.p. Ti blasted with SiC-particles of 1000-1400 um in size

After blasting the samples were cleaned by sonication in acetone for 15 min, followed by
sonication in distilled water for 15 min. Finally, all samples were steam-sterilized at 121
°C for 30 min and kept under vacuum. .

43.1.2. BSA, Fnand Fbg

Bovine serum albumin (BSA) (Sigma, Sant Louis, USA) and human fibrinogen (Fbg)
(Sigma, Sant Louis, USA) were diluted in PBS phosphate buffered saline 1X (PBS,
consisting of 140 mM NacCl; 2,7 mM KCI; 8,imM Na;HPO.,¥H:0O; 1,5mM KHPO,) to
obtain a working concentration of 1 mg/ml.

Human plasma Fn was prepared by affinity chromatography on gelatin-Sepharose 4B
/12/ and further purified on heparin-Sepharose 4B. Fn was eluted with 05 M NacCl, 50
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mM Tris pH 7,3. For the experiments, Fn was diluted to concentration of 1mg/ml in PBS
1X and stored at 4 °C for up to 1 week. Working dilutions were also done in PBS 1X.

43.13. Cells

Human osteoblast-like MG63 cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM, Gibco) supplemented with 10% foetal calf serum (FCS), 1%
penicillin/streptomycin, 1% L-glutamine, 1% pyruvate (Sigma) at 37°C in 5%C0./95%
air atmosphere and 100% humidity. MG63 cells were dtained from American Type
Culture Collection (Rockville, MD). Culture medium was changed every two days. For
the experiments, cells were harvested at 70-90% confluence by Tripsin/EDTA,
centrifuged and re-suspended in serum-free medium before plating on the samples. The
cells were incubated for 4h when the initial adhesion was studied, and for 4 days for the
visualization of Fn matrix (see below), at 37 °C.

4.3.2. Methods

4.3.2.1. Protein adsorption

4.3.2.1.1. Fluorescent FITC- BSA, Fn, and Fbg preparation

FITC-labelled BSA (FITC-BSA), Fn (FITC-Fn) and Fbg (FITC-Fbg) were prepared as
described by Faucheux et al. [39]. Briefly, 1ml of each protein solution (Img/ml) was
dissolved in 0,1 M sodium bicarbonate buffer pH 9 and than 10 pl of FITC (fluorescein
isotiocianat, Sigma Chemicals Co) dissolved in DMSO (10mg/ml stock) was added. The
mixture was incubated for 2 hours at room temperature and non-reacted dye was
separated on Sephadex G-25 column (5 ml, flow rate of 2 ml/min) pre-equilibrated with
PBS. The final protein concentration was estimated by measuring the absorbance at
280nm (UV Mini 1240 spectrophotometer, Shimadzu) and after, the labelled protein
solutions stored at 4 °C.

4.3.2.1.2. Quantification of FITC-labelled BSA, Fn and Fbg adsorption

FITC-BSA, FITC-Fn and FITC-Fbg, at working concentrations of 100, 20 and 50 ng/ml
respectively, were adsorbed on the different Ti series for 30 min at 37 °C. The samples
were then rinsed three times with PBS. The adsorbed FITC-labelled protein was eluted

with 500 il of 0,2 N NaOH for 2h.
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The fluorescent intensity of the extracts was measured with a spectrofluorophotometer
RF-1501 (Shimadzu). The excitation and emission wavelengths were set at 488 and 530
nm, respectively. The quantity of the protein was determined by comparison to a
standard curve prepared under identical conditions with 262, 328, 410, 512, 640, 800 and
1000 ng/ml of FITC-labelled protein.

4.3.2.1.3. Visualization of adsorbed FITC-fibronectin

FITC-Fn (20 ng/ml) was adsorbed onto smooth and grit-blasted samples for 30 min at 37
°C. The samples were then fixed with 3% paraformaldehyde, mounted in Moviol and
examined with a fluorescence confocal laser scanning microscope, CLSM (Leica TCS
SP2) using the z-stack mode. 3D images were reconstructed using the original
microscope software. The CLSM settings were kept constant allowing comparative
measurements at several points of the substrata.

4.3.2.2. Initial cell adhesion

Surfaces were pre-coated with 20 ng/ml Fn for 30 min at 37 °C. Then the samples were
washed three times with sterilized PBS 1X and the cells added. In parallel, control series
without pre-coating were prepared.

The washed samples were placed into a 24-well tissue culture plates (TCPS) (Falcon,
Becton Dickenson & Company, New Jersey) then, 3" 104 cells per sample (diluted in 2ml
serum free medium) were added and incubated for 4h in serum free medium. To
observe cell adhesion and the overall morphology of adhering cells, the samples were
stained with fluorescein diacetate (FDA) added directly to the medium to give a final
concentration of 1 ng/ml (from a stock of Img/ml in acetone) for 3 min. The stained
living cells, the only able to convert the die to a fluorescent analogue, were viewed and
photographed with an inverted fluorescent microscope (Nikon, Eclipse E600) using the
green channel.

The microscope settings were kept constant allowing comparative measurements at
several points on the surface. Different parameters were studied by ImageJ software:

i.  Cell mean area (mm?).

ii.  Aspect ratio: The maximum ratio of width and height of a bounding rectangle for
the cell, as a shape parameter.

ili. Maximum diameter (mm): The maximum cell length, as a cell spreading parameter.

iv. Number of cells/cm2: The number of cells for each sample was calculated and
normalized by the image area.
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4.3.2.3. Fibronectin matrix

The ability of cells to secrete and organize Fn into an extracellular matrix was examined
via indirect immunofluorescence. For that purpose 3" 104 cells were incubated in 2ml of
completed medium (with 10% FCS) for 4 and 7 days, in 24-well TC plates containing the
different series of Ti samples. After the incubation, the cultured discs were washed and
fixed with 3% paraformaldehide for 10min, then rinsed again three times with PBS
before saturation with 1% albumin/PBS for 15 min. Fn matrix was stained with rabbit
polyclonal anti-human Fn (1:100) primary antibody (Immunotech SA, France, lot
No0.0326), followed by Goat anti-rabbit Cy2 conjugated (1:500) secondary antibody
(Molecular Probes A-11070). The samples were finally rinsed 3 times with PBS and once
with distilled water, and then mounted on a microscope slide under glass cover slips
and visualized by fluorescence confocal laser scanning microscope (CLSM). The CLSM
reflection mode was used to visualize the substrate in parallel as the ECM was studied.
Ten points on the substrata for each series were checked to obtain statistics results of the
ECM overall thickness and the start and ending point with respect to the sample
roughness.

4.3.2.4. Statistical analysis

ANOVA tables and Fisher’s multiple comparisons tests were performed to assess
statistically significant differences between groups (p<0,05). Each data point represents
mean * standard deviation (SD) of at least five independent experiments. These tests
were carried out with Minitab™ Release 14 (Minitab Inc.,USA).
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4.4. Results

4.4.1. Protein adsorption

The adsorption of the three fluorescent-labelled proteins on the different titanium
surfaces is shown in Figure 5-1. The first row in Figure 4-1 shows the amount of FITC-
BSA, FITC-Fn and FITC-Fbg absorbed per surface real area of smooth, S3, S6, A3 and A6
titanium surfaces. The second and third rows plot the values of protein absorption vs
surface free energy, SFE, and mean surface roughness, R.-parameter, respectively.

The protein adsorbed by squared centimeter of smooth and rough Ti samples is
dependant on the protein of study. Blasting with SiC particles, provide conditions for
increased adsorption of FITC-Fn and FITC-BSA protein compared to surfaces blasted
with alumina. And the lower the particle size, the higher the amount of FITC-BSA and
FITC-Fn adsorbed. No statistically significant differences were found in the Fbg
adsorption values on the different surfaces except on A6, which lowered Fbg adsorption.

When adsorption values are plotted vs. the corresponding SFE values for the different
titanium surfaces (Figure 4-1, 2nd row) a positive correlation between adsorbed Fn and
total SFE was determined for the blasted surfaces. A value of 0,85 for the Pearson’s
correlation coefficient was calculated. However, the smooth samples with nanometre
roughness and absence of particles on the surface did not correlated with the values for
the blasted samples. Same trend was obtained for BSA protein adsorption, with a 0,91
Pearson’s coefficient. Again, smooth samples did not correlate with the values for
blasted samples. Interestingly, no correlation was found between Fbg adsorption and
SFE.

None of the proteins tested showed adsorption values that correlated with roughness
values (Figure 4-1, 3 row). An increased roughness, i.e., the use of a higher particle size
for blasting, did not influence the amount of proteins adsorbed per real surface area.
Otherwise, as aforementioned and even better visualized in these plots, Fn and BSA
were adsorbed in highest quantities onto SiC-blasted surfaces than on AlOs-blasted
ones. Again, no influence of the topographical parameter was determined on the values
of Fbg adsorption.

The pattern/distribution of FITC-labelled Fn adsorption on the different rough Ti
surfaces is shown on Figure 4-2. The 3D images were obtained by CLSM and presented
as maximum projections from the Z stacks mode. Thus, all surface-associated Fn is
visible. The main observation from these studies was the irregularity of the adsorbed Fn
pattern on blasted surfaces. Overall, Fn adsorbs preferentially on peaks (arrow) than on
valleys (arrowhead). Conversely, on smooth surfaces Fn was adsorbed with a typical
fully-homogeneous pattern.

217



Development of early fibronectin matrix and adhesién of MG63 osteoblasts-like cells on c¢.p. rough Ti coated
with different biological pre-coatings

FITC-Fbg

FITC-BSA

FITC-Fn

218

=

LAy 0U] 6045114 PATOSPE 10 JUNOWL

L]

2o M I8 3 AW X 1

enengy fmdin "y

=
Al

a3 b=hi]
.

=3

Smaath

LIJ.I‘.'I.ﬂ.I 16q :|.-$.J_| 4 PROISEpE o junoy

= E

-lig.u:),'ﬁu:l ﬂq_{-;'_)lu PEESpE 4 junSwy

a

2 3
Raum]

=
B o
= /-“"-\ .
W =
2 g e <
. o
O E L
= " L .gg
o] " E
Lo = '
- & ™
b
= L]
T i
, L
o
a - L = s
o< 4
o
a
rix
5
\\ -
L =
y ] 5
o
E
| [ ]
\"E L=
T — T T T ] T T
M : L P w I T e
= 2 = a v = o
T

[#43,60) WEE-D 114 PAGISERR |0 LUNGUL

o

- o = " (-3 (=3
(i) wEE-2114 pegiospe jo unawry

3 5 £ F =
By w5 B0 14 penaospe o unm

3

(am]

¥
4
L =
= Z K
B o
=] E B
] T3
-
- E
i Lo a
&
Y T
0 w
- M
a e Fa -
- a
=l
Loy @
-
',\ "
-]
L E
L b
o i o~
e E
i
=
T T (] T T
o = . L = = s
=3 =3

] 1 ® - ] L
[Em:-,ﬁu:l U= PEInSEE [0 UNOlLRY

g B % £ & %
[l g2 ) PRgIsape 0 reLy

(=3 3
(L 3Bu] U4-20 |4 pegeipe o unoly

Ra wn}
adsorption vs surface free energy. Third row: values of protein adsorption vs the mean roughness, Ra-parameter. Points on graphs in second and third row are mean values. Standard
deviation bars are not depicted for a better visualization of the trends of the response
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Smooth

Figure 4-2 Visualization by CLSM Distribution of adsorbed FITC-labelled fibronectin on the different Ti
surfaces. All bars are 75mn

4.4.2. Cell adhesion and overall morphology

Figure 4-3 shows the overall morphology of adhering MG63 cells after 4 hours in culture
on Fn pre-coated and plain surfaces. The higher the surface roughness, the higher the
number of adhered cells is. This effect was most pronounced on samples blasted with
AlOs3 particles (A3, A6, A9), in which cells also tended to aggregate (A6 and A9). Pre-
adsorption with Fn clearly induced cell spreading on smooth Ti surfaces. The
guantification of cell adhesion (Table 4-1) confirmed an increase in the number of cells
per real surface area when the size of blasting particles was increased, i.e. when the
surface roughness was higher. All differences were statistically significant when tested
against results for smooth titanium surfaces (p<0,05).
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Osteoblasts spread less efficiently on rougher Ti surfaces and often showed multiple
projections. Such typical cells are shown in Figure 4-4, right; and compared to the well-
spread cells on smooth samples, Figure 4-4, right. The quantitative data for cell surface
areas shown in Table 4-1 confirmed this fact, as a two-fold or even three-fold reduction
was found, with values of around 500-800nm2 (S9 and A9 samples) compared to approx.
1500mm2 on a smooth Ti surface. That is approximately 3 times more spread, though itis
worth mentioning that high variations of the mean values where calculated as a result of
the heterogeneity in cell sizes.

Figure 4-4 Zoomed CLSM image showing the morphology of adhered MG63 cells on smooth and A9
surfaces pre-coated with Fn. All bars are 15mm

Table 4-1 Different cell adhesion parameters and the number of cells per squared cm were calculated from
CLSM images at low magnification (100X). Each area analysed by ImageJ software was 861,46nmx687,55

mm
Samples Area (mm?2) Aspect ratio @ Max (nm) pzlrl:in(:lt::z/rc?::z
Serum ;i Smooth 514,00 + 215,24 1,44 +£0,36 35,24 £11,17 1257,82 £ 322,34
Fn Smooth 1543,08 £ 494,88 1,81 +£0,55 67,59 £ 14,71 1029,89 + 23,88
S3 574,80 £ 352,03 1,73+£0,47 40,55 + 17,22 1226,86 + 194,22
S6 514,56 + 388,84 1,75+0,50 37,04+17,31 1350,67 + 442,53
S9 539,62 + 331,84 1,65+0,49 36,97 £ 15,56 2235,94 + 155,20
A3 748,93 + 544,62 1,73+£0,46 45,41 + 23,27 1173,40 £ 226,83
A6 869,25 + 462,85 1,58+0,40 48,09 + 16,62 2068,22 + 513,35
A9 504,36 = 274,05 1,65+0,51 35,58 +11,94 3781,89 + 501,41
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4.4.3. Fibronectin matrix formation

After 4 days of incubation the samples were fixed and the newly produced Fn matrix
visualized by immunofluorescence. As shown in Figure 4-5, MG63 osteoblasts deposited
Fn fibrils in a specific “facet-like” pattern following the organization of the cell layer,
which was rather dense and randomly dispersed on the smooth Ti surface. The rough
topography visibly affected the organization of the osteoblast matrix. Fn fibrils became
irregularly dispersed and tended to organize into focal structures that were more
expanded when the roughness increased. Fn matrix was not present in these foci. Its
absence was not due to an out-of-focus device, as the maximum projection mode of at
least 15 z-stacks of CLSM was used to visualize the samples. Figure 4-6 shows 3D
reconstituted images of the Fn network. The Fn was mostly on the peaks of the surface
topographic features. Matrix fibrils were almost absent in the valleys.

AS

Smooth

Figure 4-5 Extracellular fibronectin matrix produced by MG63 cells after 4 days culturing on the different
Ti samples. Fibronectin is visualized via immunofluorescence. All bars are 20mm
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To learn more about the spatial organization of the Fn matrix, the fluorescent images
were reconstituted simultaneously with the topography viewed in the CLSM reflection
mode (Figure 4-7). These samples were cultured with cells for a longer period of 7 days.
Figure 4-7 shows that on rough Ti surfaces, the Fn matrix appeared to be much thicker
and did not follow the unevenness of the underlying topography. Instead, the Fn matrix
seemed to overlie the top of the rough Ti surface, and therefore did not enter the valleys
beneath. Quantitative measures show that the thickness of this Fn-containing matrix
layer significantly increased when the vertical amplitude of the roughness increased
(Table 4-2). However, this layer did not penetrate the topography by more than half of
the maximum peak-to-valley distance, i.e. it only reached the “cross point” depicted on
the graph inserted in Table 4-2.

Smooth

Figure 4-6 3D organization of the extracellular fibronectin matrix formed by MG63 culturing cells after
7days on different Ti samples. Images were obtained by CLSM (Z stack mode) and viewed by the
corresponding software
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Figure 4-7 Confocal Z-stack mode images of Fn organization of the ECM, the fluorescent images were
reconstituted simultaneously with the topography which was viewed at the CLSM reflection mode

Table 4-2 Roughness and distance parameters obtained by confocal microscopy measurements from the
visualization of the ECM at the same time as the substrate by the reflection mode. Ry corresponds to the
distance, ECM is the extracellular matrix thickness, the Cross point is the distance where the ECM starts to
appear and Above ECM is the matrix above of the sample

Samples

Control
Smooth
S3
S6
S9
A3
A6
A9

Ry (mm)

a
15,267 + 2,678
25,691 + 2,336
29,339 + 3,529
48,768 + 6,864
35,436 + 2,011
41,518 + 5,433
50,955 + 7,028

ECM (mm)

11,295 + 0,666
11,255 + 1,367
16,379 £ 2,109
18,397 £2,311
27,503 + 3,233
18,215+ 1,353
23,052 + 4,413
26,206 + 3,529

Cross point
(mm)
]
5,682 £ 1,592
12,194 + 1,405
16,265 + 2,684
24,630 £ 3,769
20,396 + 2,253
19,150 + 1,948
24,953 £ 4,421

Above ECM
(mm)

1]
1,670+ 1,707
2,882 +1,417
5,323 +1,449
3,365 +2,575
3,175+ 1,885
0,684 + 0,920
0,204 £+ 0,645

Graph

parameters

AboeEOM
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4.5. Discussion

The present study describes an in vitro approach to studying the early events of bone
matrix formation that characterizes the initial osteoblasts interaction and the spatial
organization of provisional Fn matrix on different rough Ti surfaces. This model reflects
the relatively early cellular events of confluent osteoblasts cultures when no osteogenic
differentiation factors have been added.

It is generally agreed that topography affects the cellular interaction, which influences
the orientation, migration, growth and differentiation of adhering cells [17;23]. Several in
vivo studies have shown that surface roughness improves the osseointegration of Ti
implants [49;50] but the mechanisms involved in this biological response [25-28;30;31]
are still not thoroughly understood [51]. Therefore, the present work is a continuation of
these earlier investigations. Its aim is to better the understanding and characterization of
the quality of early osteoblast interaction with rough Ti surfaces. More specifically, in
our view this interaction is strongly influenced by the organization of surface-associated
adhesive proteins such as Fn [40;41;43;44;52], which in turn are expected to be dependent
on the roughness, its parameters, and other associated physicochemical properties, such
as wettability, surface energy and surface charge. We anticipate that the third dimension
of topography, which will affect the distribution of Fn, may resemble the natural
organization of ECM to a certain extent, and will thus constrain the biological response.

The Fn, BSA and Fbg protein adsorbed by squared centimeter was calculated by
fluorescence. The objective was to find correlations between the quantity of protein
adsorbed and relevant physical-chemical properties of the tested surfaces, such as the
surface free energy or surface roughness. As concluded in Chapter 2, both grit-blasting
particle size and its chemical nature changed SFE of blasted Ti. In fact, the chemical
nature of the particle was found the most influencing parameter. In this way, grit-
blasting influences surface free energy which in turn influences directly the adsorbed Fn
and BSA protein on rough surfaces. Michiardi et al., [53], also found aloumin adsorption
directly related to the surface energy, on smooth NiTi surfaces, indicating that BSA
adsorption is directly influenced by SFE of the metal. On the contrary, Michiardi et al.
did not assess any correlation between adsorbed Fn and SFE. In the present work; FITC-
Fn was positively correlated to SFE of the titanium surfaces tested, this difference might
be due to the prevalence of surface chemistry. While no correlation between the
adsorbed Fbg and surface parameters was found indicating that adsorption could have
other preferential parameters such as surface charges and/or chemical composition.

Fn is one of the key proteins involved in cell-biomaterial interaction [6;15], and has also
been shown to play a distinct role in early bone development [7-9] and osteoblast
differentiation [10]. In this study, we demonstrate that Fn adsorbs irregularly on a rough
Ti surface in a quantity that is relatively independent of the roughness values. Instead,
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Fn adsorption correlates better with the increase in wettability and its associated SFE.
Conversely, cellular interaction seems to be more dependent on the roughness
parameters. The observation that Fn accumulated on peaks rather than on valleys of
microrough Ti surfaces was an unexpected phenomenon that was revealed by 3D
reconstruction of CLSM images. This phenomenon was confirmed when the patterns of
both FITC-Fn and topography were reconstituted simultaneously (Figure 4-7). The
differences in morphology between peaks and valleys may explain the heterogeneous
distribution of this protein on the studied surfaces. As Fn adsorption is mainly guided
by the energetic and wettable properties on blasted microrough surfaces, a difference in
the density of the polar/charged groups on the titanium surface, which depends on the
concavity/convexity of the topographical feature, could lead to this different affinity for
Fn binding. Therefore, concave valleys on a titanium surface will accumulate a higher
density of hydroxil (negative/Zhighly polar) groups than convex peaks [54;55]. The
possibility of air pockets at the bottom of the topography in the early stages of contact
with the protein solution, due to dynamic effects during wetting, is also a possible
explanation for the preferential accumulation of the protein on the top of the
topographical features. Consequently, the SFE values must be put into perspective and
considered only for comparative purposes between surfaces with similar topographical
characteristics, i.e. those that are grit-blasted. Additionally, some of the blasting particles
remain adhered to the surface after the mechanical treatment, as demonstrated and
calculated in a previous study [56]. Their composition was confirmed with the EDS-
spectra by the existence of high alumina and silicon peaks. These remaining particles
influence SFE but they were not heterogeneously distributed along the surfaces, so they
probably did not influence Fn distribution on the blasted surfaces. However, they may
have affected the total amount of protein adsorbed through their influence on the
wettability and SFE. A similar pattern of adsorption was observed for other proteins,
such as albumin and fibrinogen, i.e., one globular and one fibrillar protein, in a limited
set of surfaces. This means that the heterogeneity of adsorption has nothing to do with
the protein structure. Moreover, there was no correlation between the blasting particle
size, i.e. the surface roughness, and the corresponding changes in SFE. All these factors
lead to the conclusion that the observed heterogeneity in protein adsorption must be
attributed to a property or feature of the blasted Ti surface, regardless of the protein
structure or the way the roughness is formed. The detailed mechanism of this effect is
still not clear and is currently under investigation. However, it indicates that prevalent
Fn adsorption on the tips will probably accumulate more osteoblasts, which may
provoke their homotypic association, as seen on some blasted samples. Consequently,
the increased adhesion on the roughest Ti surfaces may be explained in part by
facilitated cell aggregation. Indeed, such aggregates can be easily distinguished,
particularly on surfaces blasted with higher particle size.

Consistent with the considerable body of work [23;25-28;30;31;47], our data suggest that
a certain degree of roughness improves in vitro osteoblast interaction. A long-term in
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vitro experiment showed that the roughness of Ti positively influenced adhesion and
expression of adhesive molecules, such as Fn, type | collagen and osteopontin [28], but
had no effect on the initial osteoblast adhesion. Our system evaluated the specific cell-to-
Fn interaction (as serum free conditions and single protein adsorption were used), which
to our knowledge has not been studied until now. The results showed that Fn adsorption
on rough Ti increased the initial osteoblast adhesion, also confirmed by the increased cell
area and maximum diameter of smooth and Fn pre-coated samples compared to smooth
and non-coated ones after 4h of incubation (Table 4-1). This effect did not depend on the
increase of substratum wettability and energetic properties or on the amount of Fn
adsorbed. Instead, it depended mostly on the roughness parameters. From a
morphological point of view, it is interesting to note that on rough Ti surfaces the cells
represented multiple projections resembling stellate morphology, as noted by Anselme
et al. [28]. However, such morphology is typical for cells residing in a 3D environment
[57]. The different cell adhesion parameters, Table 4-1, are affected by the 3D cell
structure of cells on rough surfaces since a lower values of cell area, aspect ratio and
maximum diameter are found for all the rough series compared to smooth both of them
Fn pre-coated. Therefore, we speculate that when adhering on rough Ti substrata the
osteoblasts recognize their 3¢ dimension, and sense the organization of adsorbed Fn
within the pattern of topography. In this respect, the intriguing observations of Anselme
et al. [58] are of particular relevance. These authors found that the cellular adhesive
response depends not only on the amplitude but also on the organization of underlying
topography of a rough Ti surface. How the topography affects the organization of
substratum-associated Fn has not been systematically studied so far.

The stepwise assembly of Fn proceeds from the initiation, through the elongation, to the
stabilization of Fn fibrils [59], and each step involves multiple Fn interactions with cells
(e.g. integrin receptors) and with other Fn molecules. Therefore, the initial binding of Fn
to the substratum could play a significant role in the development of matrix [40;41;52].
Indeed, the newly synthesized Fn was not observed in the depth of the micro-
topography. The existing dark zones on rough Ti surfaces may only be interpreted as an
absence of Fn matrix on the bottom of the valleys, presumably because Fn adsorbs less
there, Thus, the newly synthesized Fn fibrils followed the initial affinity for Fn
adsorption. However, secreted Fn tended to organize into a distinct focal pattern,
following the organization of adhering cells. As these structures expand in size on
rougher surfaces, the surface might work as a template for the future organization of
bony matrix, which appears in vitro through the formation of distinct alveolar structures
[60]. Thus, the observed micro-compartmentalization of the adjacent living stroma could
be an explanation for the improved osseointegration of rough Ti implants [25-
28;30;31;47]..

The formation of newly Fn produced by cells as an ECM was studied a higher periods of
time, 7 days of incubation. To learn more about the overall organization of the Fn matrix,
the 3D immunofluorescence images were viewed on CLSM and further reconstructed for
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quantitative analyses. The main observation from this study was that on rough Ti
surfaces the Fn matrix appears thicker and does not follow the unevenness of the Ti
surface topography. Indeed, the 3D images of the Fn layer reconstituted with the
underlying surface topography show that it overlies only the upper part of the rough Ti
surface. Quantitative measurements revealed that this Fn-containing matrix did not
penetrate by more than half of the maximum peak-to-valley distance, which indicates
that cells interact with only part of the available rough surface and ignore the rest of it.

Systematic studies by Boyan’s group [25-28;30] have shown that cells cultured on
microrough Ti exhibited reduced proliferation and enhanced differentiation when
compared with smooth Ti substrates. This was also confirmed in our previous study
[47]. Further studies are underway to evaluate the strength of Fn matrix interaction with
rough Ti interfaces and how it relates to the functional performance of osteoblasts, which
will be a direct link to their osseointegration.
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4.6. Conclusions

.0

X Fn and BSA adsorbed on blasted micro-rough surfaces was positively correlated
with the surface energy of the blasted-rough titanium surfaces. No correlation was found
between the size of the grit particles, i.e. the surface roughness and the adsorbed BSA or
Fn per surface area.

X Blasting treatment did not influence the amount of Fbg adsorbed on titanium
surfaces.
X The adsorption of fibronectin from solution on shot-blasted rough titanium

surfaces results in an irregular pattern of adsorption with a higher amount of protein
adsorbed on peaks than on valleys of the topography.

<> Fn adsorption on rough Ti increases the initial osteoblast adhesion. Cells sensed
the 3D topography by adhering at the surface with morphologically multiple projections
resembling stellate morphology.

X Osteoblast-like cells deposit Fn- fibrils in a specific facet-like pattern that is
organized within the secreted total matrix, which appears as a film overlying the top of
the different rough titanium surfaces. The thickness of this layer increases with the
roughness of the underlying topography, but no more than half of the total maximum
peak-to-alley distance is covered.
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Chapter 5

5. Effect of blasting-treatment
and Fn pre-coating on MG63
adhesion and differentiation on
c.p. TI. A gene expression study
using gRT-PCR

5.1. Introduction

The biological processes that play a role when cells come in contact with a material
surface involve initial focal adhesion formation, cell adhesion, and extracellular matrix
formation and reorganisation. The quality of the cell-material interaction will influence
the cell’s capacity to proliferate and differentiate [1]. Cells bind to surfaces indirectly by
binding to attachment proteins [2], such as fibronectin and vitronectin among others [3],
through cytoskeletal associated transmembrane receptors of which integrins are the most
important [4;5]. Biomaterial surface properties, via alterations in adsorbed protein
structure, and the presence of specific functional groups, may influence integrin binding
specificity, thus modulating signalling and expression of differentiated phenotypes [6-
10].

The use of human cells lines such as MG63 is providing a useful tool both to investigate
the effects of biomaterials and to understand the mechanisms of cell response. To
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understand the mechanisms of bone formation at the implant surface, the effects of the
material on the surrounding cells must be understood. In vitro studies support the
hypothesis that implant surface may have direct effects on osteoblast migration,
attachment, proliferation, and differentiation by showing that increased surface
roughness stimulates osteogenesis [11-13]. In addition to cellular characteristics
associated with osteogenic differentiation, surface roughness has also been
demonstrated to alter integrin and growth factor expression [14]. In sum, it could be
shown that phenotypic expression of the osteoblasts is sensitive to the topography and
topology of titanium surfaces [15]. MG63 osteoblast-like osteosarcoma cells cultured on
Ti roughness have shown different osteoblastic differentiation expression depending on
the roughness level. While the R. values of the micro-rough implant surfaces ranging
from 3-5 mm, the MG63 cells are favoured in in vitro and in vivo experiments [12;15;16].
Cells cultured on Ti discs with an average roughness >6 mm present a lower cell
differentiation compared to smooth (<0,1 mm) surfaces. Since the increase of real surface
area implies a lower cell confluence at the measured time, resulting in reduced ALP
activity [17]. Furthermore, the effect of surface roughness on cells can be the result of the
surface roughness itself or the result of the protein layer adsorbed, also dependant of
surface characteristics, which occurs as the material surface is conditioned by the media
and serum. This initial interaction produces a layer of macromolecules that modify the
behaviour of the cells.

Fibronectin is an adhesive protein which mediates cell adhesion and the only protein
that activates ash: integrins [2;18]. as is an integrin subunit specific for fibronectin
protein [18]. Many studies demonstrated that on titanium and Ti alloys surfaces,
osteoblasts have shown to express as integrin subunits among others [18;19]. The effect
of Fn pre-coating has been added as a variable of this study since human fibronectin is a
glycoprotein that promotes attachment of cells [20] to the biomaterial surface through its
central-binding domain arginine-glycine-aspartic acid, RGD, sequence. Also, in Chapter
4, differences on the adsorbed fibronectin on rough surfaces due to the substrates
properties were found. Thus the study of the effect of Fn pre-adsorption on biomaterials
is of research relevance.

In previous works, an optimized shot-blasted titanium (c.p. Ti) dental implant was
developed [21]. The optimal roughness and the appropriate abrasive particles for a better
in vitro response and an earlier in vivo osseointegration were determined [11]. However,
the first biological events that lead to this successful response and how the surface
properties influence are still poorly understood. As a first step, a thorough topographical
and surface free energy characterization of these optimized surfaces was carried out (see
Chapter 2 and [22]), and it was correlated with the protein adsorption behaviour
(amount, Kinetics, and competition) on them (see Chapters 3 and 4). Studies of
fibronectin adsorption on the different roughened surfaces revealed differences on the
adsorbed fibronectin due to the substrates properties. Then, as a further step, as integrin
expression involved in adhesion processes has been studied in this work, using the real
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time or quantitative reverse transcription-polymerase chain reaction (gRT-PCR)
technique, which allows a reliable gene expression study. Finally the cellular response,
adhesion and differentiation steps, without and with Fn pre-coatings, have also been
investigated.

5.1.1. Cell adhesion

Cell adhesion to the extracellular matrix involves integrins, which are transmembrane
receptors that bind to specific extracellular matrix components and the cytoskeleton.
Through these interactions, integrins can regulate many cellular functions, like cell
adhesion, notility, shape, growth, and differentiation. Integrins do not bind non-
specifically to extracellular matrix (ECM) proteins, but to specific binding sites, within
the ECM protein. The most common binding site is RGD. This sequence is present in
most of the ECM proteins, like fibronectin and vitronectin. The fact that many integrins
recognize this RGD sequence is probably the explanation for the overlap in specificity
[18].

Cell adhesion can be divided into two phases: the attachment phase and the adhesion
phase. Cellular attachment takes place rapidly with short-term events, like
physicochemical linkages between the cell and the material. The adhesion phase occurs
in a longer term, involving three types of proteins: ECM proteins, cell membrane
proteins, and cytoskeletal proteins [1]. As explained before, integrins are the primary
family of cell membrane proteins that mediate the adhesion of cells to substrates; they
provide tissue structure and integrity. After the binding of a ligand, the integrins will
cluster together into focal contacts. After clustering, cytoskeletal and signalling
molecules will be rcruited and activated. The signalling pathway inside the cell is
complex, and involves the accumulation of several proteins. Besides the recruitment of
signalling molecules and signalling, integrin activation also results in changes in the
organization of the cytoskeleton, subsequently affecting cell adhesion and motility
[23;24].

Several characteristics of the substrate have been shown to influence protein adsorption
and integrin expression [1;18]. Evidently, differences in protein adsorption will result in
differences in the interaction with integrins, and subsequently trigger different signals,
influencing the regulation of cell survival, proliferation, and differentiation [8;24].

5.1.2. Osteogenic cell differentiation markers

The formation of bone that is required for biomaterials osseointegration relies on the
presence of undifferentiated mesenchymal cells with the ability to proliferate and
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differentiate along an osteogenic pathway. Mesenchymal tissues such as bone, cartilage
and muscle are thought to be derived from a common precursor cell that proliferates and
commits to specific lineages under the guidance of environmental influences and
molecular signals which initiate a cascade of gene activities [25]. Ultimately, a non-
dividing mature cell, osteoblast for bone, is produced, and will be responsible for the
generation of a specific tissue.

Bone Sialoprotein
Collagen {}stmhiﬂsﬁn
Alkaline Phosphatase /

*a\"“’ﬁ

GSthc}Ite CEtiste ORI
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Figure 5-1 Schematics of bone formation on implant surfaces. The temporal expression of bone-matrix
proteins is shown in context with osteogenic differentiation and the formation of mineralized tissue matrix
on the surface of an implant. Early expression of osteopontin associated with the initial deposition of a
cement layer on the implant surface. The collagenous matrix, which is laid down on the cement layer, is
mineralized in the presence of alkaline phosphatase and bone sialoprotein. Osteocalcin and osteopontin are
expressed following the initial formation of mineral, the osteopontin being a prominent component of the
organic matrix formed on the bone surface beneath the lining cells and surrounding the osteocytes [25]

Bone-matrix proteins have proven to be particularly useful osteogenic markers,
especially for the later stages of differentiation. These proteins are present in the
mineralized matrix of bone; their expression is regulated in an apparently defined
temporal-spatial manner as osteogenic differentiation takes place (Figure 5-1). Alkaline
phosphatase, ALP, and collagen Type I, COL I, expression are characteristic of the
osteogenic lineage [25]. The emergence of osteoblasts is first indicated by the induced
expression of bone sialoprotein, BSP, which correlates with the initiation of
mineralization in vitro and in vivo. Osteocalcin, OC, expression is increased following
BSP expression. In comparison, the expression of ostepontin, OP, fluctuates throughout
osteogenic differentiation. OC and OP are expressed at high levels after mineralization
has been initiated, with high levels being maintained as osteoblasts differentiate further
into osteocytes and lining cells [26].
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5.1.3. Cell line

An enormous number of studies investigated variations in titanium surface topographies
but there are still open questions about their behaviour in a biological environment. Cell
culture studies provide a useful tool for investigations because cell and matrix
interactions with material surfaces can be evaluated in detail. Processes, such as cell
attachment, motility, proliferation, differentiation, and protein adsorption and
conformation can be evaluated. Human osteoblast-like MG63 cell line (American Type
Culture Collection (ATCC), Rockville, MD, USA) has often been used to evaluate the
effects of different implant surface topographies. This well-characterized cell line was
originally isolated from a human osteosarcoma. MG63 exhibit many osteoblastic traits
which are characteristic for bone forming cells, they are believed to be relatively
immature osteoblasts. However they can exhibit a number of osteoblast-like phenotypic
markers such as ALP and OC.

MG63 osteoblast- like cells are widely used and studied for in vitro tests [12;15;17;27;28],
in part because they are an excellent model to study the influence of the morphology of
the surface of a substrate on the cell adhesion, proliferation and differentiation.
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5.2. Objectives

The main objectives of the present chapter are:

4. To evaluate the influence of surface properties, i.e., surface energy and
roughness, and Fn pre-coating of c.p Ti. on the gene expression of as integrin subunit
during human osteoblasts adhesion.

5. To evaluate the influence of surface properties, i.e., surface energy and
roughness, and Fn pre-coating of c.p Ti. on human osteoblasts differentiation by
analysing the osteocalcin and alkaline phosphatase gene expression as well as the
corresponding protein synthesis.
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5.3. Materials

5.3.1.  Surfaces

The studied surfaces were disks of cp. Titanium Grade Il (c.p. Ti) roughened using the
grit-blasting method described in detail in Chapter 2 and 4. Seven different series of Ti
surfaces were obtained by blasting at 0,25 MPa-pressure during the time required for
roughness saturation. Depending on the nature of the blasting parameters the samples
were divided as A for Al:Oz and S for SiC particles. Moreover, by the different particles
size the following codification was used: 3 for 212-300nm mean particle size, 6 for 425-
600mm and 9 for 1000-1400mm. The obtained surfaces finishes were A3, A6, A9, S3, S6, S9,
respectively, and a polished Smooth surface was used as control.

For gRT-PCR experiments only Smooth, A6 and S6 surfaces finishes were tested. Tissue
culture polystyrene (TCPS) was studied as a control.

After blasting the samples were cleaned by sonication in acetone for 15min, followed by
sonication in distilled water for 15min. Finally, all samples were steam-sterilized at
121°C for 30min and kept under vacuum.

5.3.2. Fn pre-coating

Two series of the different surface finishes were performed in parallel for all the studies:
a) fibronectin (Fn) pre-coated surfaces; or b) non-coated/plain surfaces. The former were
pre-coated with Fn, 20ng/ml during 30min at 37°C; and the later were not coated
previously to the invitro cell assays.

5.3.3. Cells

Human osteoblast-like MG63 cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM, Gibco) supplemented with 10% foetal calf serum (FCS), 1%
penicillin/streptomycin, 1% L-glutamine, 1% pyruvate (Sigma) at 37°C in 5%C0,/95%
air atmosphere and 100% humidity. MG63 cells were obtained from American Type
Culture Collection (Rockville, MD). Culture medium was changed every two days. For
the experiments, cells were harvested at 70-90% confluence by Tripsin/EDTA,
centrifuged and re-suspended in serum-free medium before plating 2x104 MG63 cells
per sample.
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For the differentiation studies, after 7 days of incubation, the time course of
mineralization was accelerated by the change to an osteogenic media which consists of a
completed medium supplemented with 10-8M dexamethasone, 100nM acide ascorbique
2-phosphate, 10mM b-glycerolphosphate.
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5.4. Methods

54.1. Real time gRT-PCR technique

The polymerase chain reaction (PCR) is a technique widely used in molecular biology for
amplifying the amount of DNA present in a sample. Consequently, PCR is the technique
used when comparison and assessment of the most abundant of two samples of DNA is
pursued.

Initially RNA is extracted after cell lysis; then, RNA strand will be reverse transcribed
(RT) into its DNA complement and finally amplified with PCR technique. That’s why the
overall process is called, reverse transcription polymerase chain reaction, RT-PCR,
technique.

Quantitative gRT-PCR is identical to a simple RT-PCR except that the progress of the
reaction is recorded in real-time. RT-PCR quantifies DNA because of the amplification of
the target DNA sequence which allows a greater sensitivity of detection. In an optimized
reaction, the target quantity will approximately double during each amplification cycle.
The amount of amplified product is linked to fluorescence intensity using a fluorescent
reporter molecule, SYBR green. The point at which the fluorescent signal is measured in
order to calculate the initial template quantity can either be at the end of the reaction
(endpoint RT-PCR) or while the amplification is still progressing (real-time quantitative
gRT-PCR).

In the endpoint RT-PCR, fluorescence data are collected after the amplification reaction
has been completed, moment at which the reaction efficiency can decrease as reagents
are consumed. When identical samples are being amplified the amplification plots, after
the reaction is completed, are generally non uniform (Figure 5-2, endpoint detection). At
the endpoint detection, PCR are no longer exponential at the plateau stage, which means
that the association of a two-fold increase in quantity from one cycle number to the next
has come to an end. Then, in the endpoint technique the data measured following the
amplification are not reproducible enough to be useful for the precise measurements
required for gene expression analysis.

The real time technique is the more sensitive and reproducible method, where the
fluorescence at each cycle as the amplification progresses is measured. The fluorescence
intensity increases proportionally with each amplification cycle. Then, the first cycle at
which the instrument can distinguish the amplification generated fluorescence as being
above the ambient background signal is called the threshold cycle Figure 5-2). The
greater the amount of initial DNA template in the sample, the earlier the threshold value
for that sample. This value can be directly correlated to the starting target concentration
for the sample.
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Figure 5-2 SYBR Green real time RT-PCR amplification plot (Adapted from Cultek)

In gRT-PCR experiments, especially those based in comparative quantification, it is
important to include a normalizer, reference or control gene. It is essential to quantify the
normalizer gene side by side with the gene of interest. The normalizing gene is typically
a housekeeping gene whose expression should be constant under the experimental
conditions of the assay. This constant level must be verified experimentally. The most
common housekeeping genes used are GAPDH, b-actin and b-nglobulin. Because the
expression level of the normalizer is constant, any variation in the C; (threshold) of the
normalizer can be attributed to other sources of variation, such as efficiency of the
reverse transcription reactions or yield of the RNA purification. These sources of
variation will affect the normalizer and the gene of interest equally, so differences in the
C: of the normalizer from sample to sample can be used to correct for any variation in
the C. of the gene of interest that is not due to changes in the expression level.

Moreover negative controls are also performed during the PCR process. “No template
controls” (NTC), and “No reverse transcription controls” (No RT) provide a mechanism
to control for external contamination or other factors that can result in a non-specific
increase in the fluorescence signal.

In this study, the following protocol was performed: (1) mRNA extraction; (2)
Spectrophotometric quantification of RNA,; (3) Reverse transcription, RT; and (4)
Polymerase chain reaction, PCR.
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To extract the mMRNA from the cell pellets a kit (RNeasy Minikit, QIAGEN, Germany)
was used and quantification was accomplished by measuring the absorbance with the
NanoDrop Spectrophotometer ND-100 (Thermo Scientific, USA) using the ND-1000 V
3.5.2 software (Thermo Scientific, USA). The NanoDrop® ND-1000 is a full-spectrum
(220-750nm) spectrophotometer that measures 1ml samples with high accuracy and
reproducibility. During the reverse transcription, the enzyme reverse transcriptase is
used to make a double-stranded cDNA copy of the mMRNA molecules (QuantiTect
Reverse Transcription kit, QIAGEN, Germany). The resulting cDNA is then amplified
using a SYBR Green method. This requires a double-stranded DNA dye in the PCR
reaction which binds to newly synthesized double-stranded DNA and gives fluorescence
(QuantiTect SYBR Green kit, QIAGEN, Germany).

It should be noted that the real-time qRT-PCR assay requires expensive, special
equipment and additional reagents compared with conventional RT-PCR. Consequently,
only a reduced set with the most significant and representative surfaces have been tested
(TCPS, Smooth, S6 and A6 series).

54.1.1. Gene expression of integrin subunit as, ALP and OC protocol

Integrin gene expression of subunit as (@s MRNA), alkaline phospatase (ALP mRNA) and
osteocalcin (OC mRNA) were obtained using qRT-PCR. Cell culture was completed after
30min and 4h incubation as adhesion time for as mMRNA integrin studies (QT00080871,
QIAGEN, Germany). For cell differentiation studies, cell cultured was prolonged up to 7
and 14 days of incubation for ALP mRNA (QT00012957, QIAGEN, Germany) and OC
MRNA studies (QT00232771, QIAGEN, Germany). by-nglobuline (QT00088935,
QIAGEN, Germany) was used as normalizer. Negative controls, NTC and No RT have
been included with each real time assay. For each series and controls, three samples were
tested.

The primers used were those corresponding to as integrin subunit, ALP, OC and b.-
nglobuline (QIAGEN, Germany). Then, repeated heating-cooling cycles up to 94°C to
separate the DNA strands, and down to around 55 °C to allow the oligonucleotide
primers to specifically bind were performed. This was followed by incubation at 72°C,
which activated the DNA polymerase to copy the DNA. Up to 35 cycles were carried out
to amplify the signal.
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5.4.2. Cell differentiation markers

Cell differentiation was also monitored by measuring the ALP activity and OC
production by cells after 14 and 21 days of cell culture for Fn-coated and non-coated
series. Measurements after 3 days for non-coated series were performed as a control.

Both ALP and OC activity were normalised with the total protein concentration readings
explained below.

5.4.2.1. Total Protein Concentration

The total protein concentration was measured with a BCA Protein Assay kit (Pierce).
This method combines the reduction of Cu2+ to Cut+ by protein in an alkaline medium
with the selective colorimetric detection of the cuprous cation using a reagent containing
bicinchoninic acid (BCA). The reaction product of the assay, formed by the chelation of
two molecules of BCA with one cuprous ion, is purple-coloured and can be read at 562
nm.

The samples were rinsed twice in phosphate buffered saline (PBS 1X), and soaked in 500
pl of Mammalian Protein Extraction Reagent (MPER), in order to detach the cells from
the studied surfaces. The test was performed by adding 25 pl of the MPER supernatant
to 200l of the kit’s Working Reagent. The working reagent was composed of 50 parts of
Reagent A (sodium carbonate, sodium bicarbonate, bicinchoninic acid and sodium
tartrate in 0,1M sodium hydroxide) with 1 part of Reagent B (4% cupric sulphate). The
mixture was incubated for 30 minutes at 37 °C and read at 562 nm. The calibration curve
proposed by the assay kit was used to calibrate the absorbance corresponding to bovine
serum albumin concentrations ranging between 0-2,000 pg/ml. The total protein
concentration was measured at days 3 (only for non-coated series surfaces), 14 and 21 of
culture in triplicate.

5.4.2.2. Alkaline phosphatase activity

ALP activity was measured with a Phosphatase, Alkaline Acid, Prostatic Acid assay kit
(SIGMA Diagnostics). The measurements with this kit depend on the hydrolysis of p-
nitrophenyl phosphate by the alkaline phosphatase enzyme obtaining p-nitrophenol. As
the name suggests, alkaline phosphatases are most effective in an alkaline environment
and then, p-nitrophenol (pNPP) is converted to a yellow complex which can be read at
400-420 nm. The intensity of the colour formed is proportional to the phosphatase
activity.
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ALP was measured at days 3 (only for non-coated series surfaces), 14 and 21 of culture in
triplicate. Ti samples were rinsed twice in PBS 1X, soaked in 500 pl of MPER. The MPER
is meant to detach the cells from the surfaces and lysate them because ALP is hosted on
the cell membrane. The assay was performed by mixing 100 pl of the MPER supernatant
with 50 pl of substrate solution (p-nitrophenyl phosphate, disodium) and 50 ul of
alkaline buffer solution (2-Amino-2- methyl-1-propanol). The MPER supernatant was
centrifuged prior to the mixture in order to eliminate debris which could hamper
spectrophotometric readings. The mixture was then incubated at 37°C. The reaction was
stopped after 30 minutes with 100 pl of 0,01 N NaOH solution and read at 405 nm on a
PowerWaveX Bio-Tek Instruments Spectrophotometer. The results were normalised to
the total protein concentration as given by the BCA readings.

5.4.2.3. Osteocalcin production

Osteocalcin, OC, concentration was measured by means of a Metra® Osteocalcin kit
(Roche). This assay is a competitive immunoassay. It uses OC coated multiwell strips, a
mouse anti-osteocalcin antibody, an anti-mouse 1gG- alkaline phosphatase conjugate and
pPNPP substrate to quantify osteocalcin concentration. The cell culture supernatant
(which contains the OC released by the cells) is added to the coated multiwells and
incubated with the antibody. After incubation, the wells are thoroughly washed and the
conjugate is added. The conjugate will attach to the antibodies which have not latched
on to the OC on multiwells. Next, the pNPP substrate is added which reacts with the
ALP conjugate creating the colouring which can be read on a spectrophotometer.

OC was measured at days 3 (only for non-coated series surfaces), 14 and 21 of culture in
triplicate. 1ml of supernatant from the samples culture wells was centrifuged to avoid
debris. The supernatant was then analysed as described above. The results were
normalised to the total protein concentration as given by the BCA readings.

5.4.3.  Statistical analysis

ANOVA tables and Fisher’s or Tukey’s multiple comparisons tests were performed to
assess statistically significant differences between average values for different samples.
Tukey's test was used, instead of that of Fisher, for the comparison of several groups of
samples when samples had different sizes. A p-value=0,05 was chosen to determine
significance. These tests were carried out using Minitab™ Release 14 software (Minitab
Inc.,USA).
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5.5. Results

5.5.1. Cell adhesion

5.5.1.1. as integrin subunit gene expression

as integrin subunit (as MRNA) gene expression of cells increased with time on all
surfaces except on the smooth ones (Figure 5-3). After 30min in culture, cells on smooth
Ti surfaces showed the higher levels of as mMRNA expression. However, after 4h of cell
culture, cells on rough Ti surfaces expressed higher levels of as mMRNA than on smooth
Ti samples.

Osteoblastic cells on Fn pre-coated surfaces show a lower level of as mMRNA expression
compared to non-coated surfaces. This effect is more noticeable for the expression of this
gene when cells were on TCPS series, whereas the gene expression by cells cultured on
smooth surfaces was the least sensitive to the presence of the Fn coating. Fn delayed the
expression of as mMRNA of cells on all the studied surfaces after 4h in culture, except for
those on smooth surfaces.
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Figure 5-3 Gene expression of as integrin-subunit of cells on Ti surfaces with (Fn) or without (0) Fn pre-
coating by qRT-PCR after 30min and 4h of cell culture. Ratios of target genes relative to housekeeping gene
-microglobulin- were expressed as a percentage relative to non-coated smooth surfaces after 30min of cell
culture. Bars with same symbols (*,#) indicate that differences are not statistically significant between them
when compared in the same group of surface finishing
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55.2.1. Alkaline phosphatase gene expression

ALP mRNA gene expression of MG63 osteoblast-like cells increased with time on all the

studied surfaces.

Rough and non-coated samples expressed higher levels of ALP mRNA expression
compared to smooth and TCPS surfaces.

After 7 days of cell culture Fn-coatings had a non prevalent effect on the ALP expression.
Whereas after 14 days in culture, cells on Fn-coated surfaces expressed lower levels of
ALP mRNA compared to those on non-coated surfaces in all cases. That result indicated
a delay in the ALP mRNA expression due to the presence of the Fn-coating (Figure 5-4).
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Figure 5-4 ALP gene expression of MG63 osteoblast-like cells on Ti surfaces with (Fn) or without (0) Fn
pre-coating by qRT-PCR after 7 and 14days of cell culture. Ratios of target genes relative to housekeeping
gene -microglobulin- were expressed asa percentage relative to non-coated smooth surfaces after 7days of
cell culture. Bars with same symbols (*,#) indicate that differences are not statistically significant between
them when compared in the same group of surface finishing

5.5.2.2.  Alkaline phosphatase activity

The ALP results were normalised to the BCA readings. Figure 5-5 shows the results of
the ALP/total protein ratio for cells on all smooth and rough Ti series. ALP activity of
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cells increased with time on all studied surfaces. Differences were statistically significant
when comparing results after 3 days.

Roughness did not influence ALP activity of cells after 14days in culture. On the
contrary, the effect of roughness was detected on ALP activity after 21 days of cell
culture, which was generally higher than on smooth surfaces (Figure 5-6). This trend was
more noticeable for non-coated surfaces compared to the Fn-coated ones.

After 14 days of cell culture, Fn did not have a significant influence on ALP activity,
whereas after 21 days in culture cells showed lower levels of ALP activity on Fn pre-
coated series compared to on non-coated ones (Figure 5-5).
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Figure 5-5 ALP activity of MG63 cells after 3, 14 and 21 days in culture on different rough Ti surfaces,
with (Fn) and without (0) Fn pre-coating. Bars with same symbols (*#) indicate that differences are not
statistically significant between them when compared in the same group of surface finishing
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Figure 5-6 ALP activity of MG63 cells after 14 and 21 days in culture on different rough Ti surfaces. The
depicted values are the same depicted in Figure 5-5, but non-coated (left) and Fn-coated (right) series are
separated and ALP activity after 3 days non included
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5.5.2.3.  Osteocalcin gene expression

MG63 osteoblasts-like cells increased their OC mRNA expression with time for all the
studied surfaces (Figure 5-7), but not in the case of those cultured on alumina-blasted
non-coated Ti surfaces.

The effects of roughness and Fn-coating on OC mRNA gene expression were unclear.
However, blasting particles had a noteworthy influence on it. OC mRNA expression on
alumina-blasted surfaces was higher than on SiC-blasted surfaces.
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Figure 5-7 Gene expression of OC of MG63 cells after 7 and 14days in culture on blasted Ti surfaces with
(Fn) or without (0) Fn pre-coating by qRT-PCR. Ratios of target genes relative to housekeeping gene -
microglobulin- were expressed as a percentage relative to non-coated smooth surfaces after 7days in culture.
Bars with same symbols (*,#) indicate that differences are not statistically significant between them when
compared in the same group of surface finishing

OC relative amount

5.5.2.4.  Osteocalcin production

Figure 5-8 shows the results of OC production of osteoblast-like cells cultured on all the
studied surfaces.

Cells on non-coated surfaces showed a decrease of the level of OC production with time
(Figure 5-9, left graph). Whereas cells on Fn-coated samples expressed a slightly increase
of OC production with time (Figure 5-9, right graph).

Cells on rough surfaces showed a higher OC production compared to those on smooth
surfaces. That effect was more pronounced in non-coated samples than in Fn-coated.
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Concerning to the chemical composition of the blasting particles used to rough the
surfaces, cells on Al,Os-blasted surfaces increased OC production compared to on SiC-
blasted surfaces after the same time in culture.

No correlation was found between OC production and the nature of the blasting
particles for cells on Fn-coated surfaces.

On non-coated series, alumina blasted surfaces induced cells to produce higher levels of
OC with increasing roughness. However, cells on SiC-blasted surfaces peaked OC
production on S6-surfaces (Figure 5-9, left graph). Interestingly, Fn pre-coating reversed
those trends.
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Figure 5-8 Osteocalcin production of MG63 cells after 3, 14 and 21 days in culture on different rough Ti
surfaces, with (Fn) and without (0) Fn pre-coating. . Bars with same symbols (*,#) indicate that differences
are not statistically significant between them when compared in the same group of surface finishing
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Figure 5-9 OC production of MG 63 cells after 14 and 21 days in culture on different rough Ti surfaces.
The depicted values are the same depicted in Figure 5-8 but non-coated (left) and Fn-coated (right) series
are separated and OC production after 3 days non included
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5.6. Discussion

The influence of surface properties and fibronectin coatings on smooth and rough Ti
samples on MG63 osteoblasts-like cell adhesion and differentiation has been studied.
This will allow gaining knowledge on their possible effect on cell osteogenic processes.
as MRNA integrin subunit expression has been investigated since its specificity to
fibronectin makes it a good indicator of the quality of cell adhesion for these
experiments. Cell differentiation has been studied not only by analysing differentiation
markers -alkaline phosphatase activity and osteocalcin production- using traditional
techniques, but also by investigating the alkaline phosphatase and osteocalcin mRNA
gene expression using the more reliable gRT-PCR technique.

5.6.1. Cell adhesion

as MRNA expression was considered a good indicator of the adhesion response for
osteoblastic cells because of the previous knowledge on the selectivity of integrin
receptor asb; for fibronectin. asb: binding to fibronectin has been shown to be necessary
for bone-like nodule formation in vitro when osteoprogenitor cells are grown on tissue
culture plastic and other synthetic biomaterials [29].

The quantitative results of as mMRNA gene expression indicated that the values of as
MRNA expression increased with time of cell culture, except for cells cultured on smooth
Ti surfaces (Figure 5-3). After 30 min in culture, cells on smooth Ti surfaces significantly
increased the expression of the gene compared to all the rest of the series. Conversely,
after 4h in culture, cells on smooth Ti surfaces showed the lowest values of gene
expression, whereas cells on all the rest of the samples maximized the gene expression
differences between them. From all those results, it can be concluded that 30min of
culture is a short time for cells to develop the appropriate biological mechanisms to
adhere onto surfaces, especially on those where they will be eventually better adhered.
Based on that, it is not recommended to discriminate effects of the relevant surface
treatments on osteoblasts adhesion response at 30min of cell culture.

Osteoblasts interact with the substrate through integrin receptors. The type of substrate
determines which integrins and ECM proteins are expressed. After 4h of cell culture,

cells on rough blasted Ti surfaces expressed higher levels of as mMRNA than on smooth
samples (Figure 5-3). Others have reported similar results on MG63 cultured on titanium

that increased the expression of integrin subunits a,, as, as, b1, and bs on rougher
surfaces compared to polished ones [30].
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Although cells on SiC-blasted Ti surfaces expressed higher amounts of the as mRNA
gene than on ALOzs-blasted Ti surfaces, the differences were not statistically significant.
Those differences, which are also found after 30 min of cell culture, may be caused by the
higher amount of Fn that is absorbed on SiC-blasted surfaces, as determined previously
in this work. The higher amount of adsorbed Fn, which is led by the higher surface free
energy of the SiC-blasted surfaces, could provide the surface with a higher number of
specific binding sites for cells. This, is turn, would resulted in an increased as mMRNA
gene expression.

Differences detected in as mMRNA gene expression of osteoblasts between the different
substrates of interest were statistically significant only after 4h of cell culture. This
includes one of the most interesting results obtained; that is, cells on Fn-coated Ti
surfaces showed lower as mMRNA gene expression than on the same type but uncoated
surfaces. This happened no matter the type of surface analysed. This is an unexpected
result. One could have speculated with an increased expression of the gene on Fn-coated
surfaces due to the aforementioned specificity of the asb: integrin —and so the associated
as-expression- to bind to fibronectin.

The as integrin subunit binds to b; forming the integrin asbi, and it is via ash: that cells
initiate the attachment to fibronectin [29;31]. One reason for cells to express less as
MRNA on Fn-coated surfaces could be the fact that cells express other integrins instead
to ashy. The by integrin subunit can bind to different integrins subunits, such as as, a2, as,
as, as, as, arz, av [32]. Consequently, the presence of Fn pre-coatings on titanium surfaces
could induce that cells down-regulated the production of asb; integrins because they up-
regulated the production of other types of integrins, such as azb: or avbs. The fact that Fn
pre-coating could provide the surface with a higher number of specific binding sites for
cells to adhere could be the reason for cells to express other integrins. In this respect,
cells tend to provide the necessary integrins to perform their biological activities by up-
or down-regulating the demanded subunits and integrins.

Those speculations agree with Raz et al. [33] results. They found a higher b: integrin
subunit expression along with a lower as subunit expression on Ti surfaces with rough
microtopographies than on smooth-ones when MG63 cells were cultured up to
confluence. So, a preferential a.b: integrin expression by cells on rough surfaces was
assessed. However, it is worth noting that a:b: is known to be preferentially expressed
when cells reach confluence and undergo to osteoblastic differentiation [34], as in the
case of Raz et al. work [33]. In fact, Anselme et al. [35] did not find any a.b: expression
when human osteoblasts were cultured on titanium alloy surfaces for 24 h, 7 days or 14
days.

From our data an up-regulation of a:b; cannot be expected since the tests were
performed at shorter adhesion times, when cells are far from reaching confluence.

However, one could speculate with the possibility of a down-regulation of as mMRNA on
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Fn pre-coated surfaces because of an up-regulation of other types of integrins that have
been related to cell attachment on fibronectin, such as avbs [36].

Knowing that both asb: and a.bs integrins bind to the RGD site of Fn [32;36]; it is
important to note that integrin binding specificity -asb: vs avbs- have been related in the
literature by the group of A. Garcia to the regulation of osteoblastic differentiation [37]
and the enhancement of in vivo bone healing and implant functional osseointegration
[38]. In the present study, cells were grown on rough titanium substrates, which also
stimulate osteoblastic differentiation compared to smooth surfaces. This suggests that
the expression of abs is probably increased by cells on rough Fn pre-coated Ti surfaces
because on smooth Ti and plastic surfaces asb: was underexpressed. Improved bone
tissue formation and functional osseointegration may be attributed to asb:-specific
titanium implants because it increases recruitment of osteoprogenitor cells and
differentiation into osteoblasts at the tissue-implant interface. Moreover ash: integrin is
the central fibronectin receptor, and its expression has been associated with increased
mineralization of osteosarcoma and calvarial osteoblast cells [38]. But the adsorption of
RGD containing proteins such as fibronectin or vitronectin in a non-specifically way,
may support avbs-mediated adhesion due to the conformation of the adsorbed protein.
In fact the group of A. Garcia [38] grafted a specific sequence of fibronectin -9th type
repeat- on titanium, which in the correct structural context exhibits high selectivity for
the integrin ashb;. They also grafted on Ti a linear RGD oligopeptide (GRGDSPC)
demonstrating that primarily supports a.bs-mediated adhesion. Keselowsky [37] and
Cheng et al. [39] showed that avbs mediated adhesion to surface, suppresses osteoblastic
differentiation. This would agree with our results since Fn pre-coated surfaces show a
low expression of as mMRNA integrin; and cell differentiation with a low expression of
ALP mRNA and ALP activity compared to uncoated surfaces. Since avbs also binds to
osteopontin and bone sialoprotein [1;31], an enhancement of cell adhesion and
differentiation on hypothetic osteopontin and/or bone sialoprotein pre-coated Ti
surfaces may be predicted. This is an hypothesis that can be confirmed in further studies.

While these results show substrate-dependent differences in integrin subunits expression
levels, the influence of surface topography on integrin functions, such as binding activity
and downstream biological responses, are still unknown. Therefore, further analyses
have been addressed to identify the mediation of as mMRNA integrin subunit expression
in osteoblast differentiation in relation to surface-dependent differences.

5.6.2. Cell differentiation

In the present study, it has been shown that Fn pre-coating influenced on as mMRNA gene
expression and so, on cell adhesion. Therefore, it seems reasonable to assume that Fn
pre-coating may shift the time course of differentiation. In all types of surfaces tested, the
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ALP mRNA expression (Figure 5-4) as well as the ALP activity (Figure 5-5) was lower
(some of them with statistically significant differences) on Fn pre-coated samples than on
non-coated surfaces after 14 and 21 days of cell culture. None of those differences
between Fn-coated and non-coated series were statistically significant for ALP activity
after 14 days of cell culture, though. Consequently, the decrease of MG63 as mMRNA
expression at cell adhesion times may be related to Fn pre-coating influence on the
differentiation pathway of the osteoblasts.

As expected, the increase of roughness led to an increase of ALP activity. This response
was more significant for non pre-coated surfaces after 21 days of cell culture (Figure 5-4).
Same trend was assessed for ALP mRNA levels after 14 days of cell culture (Figure 5-5).
After shorter cell culture times, when cell differentiation is in earlier stages, no
statistically significant differences were found for ALP mRNA expression (7 days) or
ALP activity (14days).

Gene expression occurs at earlier times than the production and activity of the proteins
tested as makers for cell differentiation. This fact explains that gRT-PCR assays for ALP
MRNA and OC mRNA were performed at shorter periods than the tests for the
differentiation markers. The period of cell culture at which differentiation markers
should be measured is difficult to assess since many parameters can influence the results
obtained, such as the cell line or the cell number seeded.

It is generally established that smooth surfaces promote early differentiation marker,
ALP activity, [13;16;28], whereas rougher surfaces promote later steps in maturation of
cells, such as mineralization of the ECM [13;16;17;40]. The influence of rough surfaces on
ALP activity has been extensively studied. Schwartz et al, [41], concluded that rougher
surfaces increased alkaline phosphatase activity and osteocalcin production by cells
compared to smooth surfaces. Also reported by Martin et al. [17] where human
osteoblast-like MG63 cells and normal human osteoblasts exhibited a more differentiated
phenotype when grown on substrates with micro-rough surface Orsini et al [42]
observed in their study that sandblasting and acid-etching can improve cellular adhesion
and proliferation of osteoblast-like MG63 cells. It is possible that some of the differences
in cellular response to surface roughness may have been due to variations in the degree
of cell confluence that was obtained or the studied cell line.

Differences in ALP mRNA expression and ALP activity depending on the nature of the
grit-blasting particle have been found in this study. After 14 days, cells on non-coated
alumina-blasted surfaces expressed higher levels of ALP mRNA gene than on non-
coated SiC-blasted surfaces (Figure 5-4). And after 21 days of cell culture, ALP activity
was higher for A3 and A6 compare to S3 and S6 respectively (Figure 5-6 left). The fact
that SiC surfaces show a higher Fn adsorption due to its higher SFE compared to ALOs
surfaces (Chapter 4), could involve a higher abs expression and then a lower cell
differentiation as explained in the previous section. However, this blasting-particle effect
was not shown by cells on Fn pre-coated surfaces (Figure 5-6 right).
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Osteocalcin gene has been shown to be differently involved in the process of bone
mineralization. OC, which is an osteoblastic-specific protein, has been demonstrated to
stimulate bone mineral maturation [43]. In the present study, the expression of OC
MRNA gene increased with time of cell culture (Figure 5-7). It is worth to remind that
OC mRNA gene expression usually occurs as a previous event to OC production. After
that, one oould expect an increase of OC production with time. But this sequence of
events might not occur since the gene expression of OC by cells is not directly related to
the final cell protein synthesis. Different factors such as changes in the dynamic protein
layer adsorbed on biomaterials surface, could lead to a change in protein synthesis by
cells. In fact, no relevant differences in OC production (Figure 5-8) after 14 and 21 days
of cell culture were obtained, but fluctuating results. On non-coated surfaces the OC
MRNA gene expression increased with time while OC production was decreased with
time. In spite of the fact that OC gene expression increased between 7 and 14 days of
incubation, it might occur that after that time a significant downregulation of OC mRNA
gene expression occurred, which eventually was detected as a decrease of OC
production after the longest cell culture periods.

A possible explanation for those results might be the differences in the protein layer
adsorbed on titanium surfaces, which would change the integrin expression. In relation
to results for ALP activity, the speculated upregulation of avbs expression could also
decrease cell differentiation, i.e., decrease OC activity with time.

Cell maturation stage may also explain OC production decrease after 21 days of cell
culture. Depending on cell confluence state and cell line, the detection periods of cell
differentiation markers can change [44]. Further, the use of total protein concentration to
normalize values of cell differentiation markers could not be the most appropriate. Total
protein concentration is dependant on the total number of lysed cells. This number may
be shielded by the extracellular matrix. Zinger et al. [45] suggested to use number of cells
to normalize ALP and OC results. Cell number is obtained by trypsinization of the
culture cells and then, the counting of cells is performed with a cytometer. Other
methodologies such as Lactate Dehydrogenase, LDH, are not recommended since they
also rely on cell lysis.

It has been shown that roughness influences cell adhesion and differentiation. In general,
cells cultured on rougher surfaces tend to exhibit attributes of more differentiated
osteoblasts with higher OC production, than those cells cultured on smoother surfaces
for comparable periods. But Fn pre-coating affected the OC production and OC mRNA
expression by cells. In the case os Fn-coated surfaces, both OC gene expression and OC
production by cells increased with time during the whole experiment. This indicates that
cells on those surfaces are still in a previous stage of maturation than cells on the non Fn-
coated surfaces, i.e., they have not reached the mineralization stage yet.

General relationships between ALP and OC were described by Owen et al. [46], in an
study of differentiation associated genes, ALP and OC, by mRNA levels expressed by
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calvarial-derived osteoblasts. A model of the relationship between proliferation and
differentiation was established. One of the main conclusions was that as the cultures
progressed into the mineralization stage, cellular levels of alkaline phosphatase declined.
Osteocalcin exhibited the opposite pattern of expression. In general, initially, there is a
period of active proliferation during which cell growth and related genes are actively
expressed. Then, the down-regulation of proliferation leads to a period of matrix
maturation. Finally, when the alkaline phosphatase gene is maximally expressed, the
extracellular matrix is competent for mineralization. In our study the results show that
ALP activity by cells is either still under the maximum values or near this maximum at
21 days of culture. Consequently, OC mRNa expression and the associated OC
production was measured when cells are still in an immature stage, at which their values
may fluctuate.
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5.7. Conclusions

/7

X 30min of culture is a short time for cells to develop the appropriate biological
mechanisms to adhere onto surfaces, especially on those where they will be eventually
better adhered.

R/

<> The higher amount of adsorbed Fn, which is led by the higher surface free energy
of the SiC-blasted surfaces, provide the surface with a higher number of specific binding
sites for cells and so, cells on SiC-blasted Ti surfaces expressed higher amounts of the as
MRNA gene than on ALOs-blasted Ti surfaces.

R/

X Fn-coating on Ti surfaces decreased as MRNA gene expression by cells, probably
because other adhesion related integrins are favored against asb:.

/7

X The changes on as mMRNA expression induced by the presence on Fn pre-
coatings can also influence on the differentiation pathway of the osteoblasts, as Fn pre-
coatings on Ti surfaces also decreased cell ALP mRNA expression as well as ALP
activity after 14 and 21 days of cell culture.

J

7

X The increase of roughness as well as the presence of alumina particles on blasted
surfaces increased ALP activity and ALP mRNA gene expression by cells at the longest
periods of cell culture.

X4 No relevant differences in OC production by cells after 14 and 21 days in culture
were found for all tested surfaces.
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Chapter 6

6. Conclusions

The research developed in this PhD dissertation was designed to increase knowledge on
the interactions taking place at the bio/non-bio interface between different biological
components —water, proteins, cells- and a material of clinical relevance, i.e. rough
titanium.

Biomaterials with well-determined and long track of clinical success do not provide with
ideal aubstrates for isolating and studying one surface property from the others. Thus
the intertwined effects of the different properties of the synthetic surfaces appear as a
challenge to unravel the ultimate causes that determine the fate of cells on synthetic
biomaterials.

Additionally, there are many parameters involved in cell processes; such as, protein
adsorption, integrin expression, cell adhesion, proliferation and differentiation, which
make of specific difficulty the understanding of the overall biological response.

Nevertheless, the results displayed and analysed in the previous chapters, which are
summarized and highlighted in the following conclusions, expanded our comprehension
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Conclusions

of the field that could lead to a more rationalized modification and design of
biomaterials and implants for bone repair and regeneration.

X On the chemical composition of the grit-blasting particles

Chemical composition of the grit-blasting particles was the main factor influencing on
wettability and surface free energy (SFE) of titanium blasted rough surfaces. Grit-
blasting with SiC-particles provided with a higher SFE and wettability to commercially
pure Ti (c.p. Ti) surfaces than grit-blasting with Al,Os-particles. Different blasted-rough
surfaces showed similar electrokinetic curves and isoelectric points, which indicate that
the remaining blasting particles on the titanium surfaces did not significantly alter their
electrical charge. The adsorption of fibronectin (Fn) and bovine serum albumin (BSA) on
blasted micro-rough surfaces was positively correlated with the SFE and wettability of
the blasted-rough titanium surfaces. The higher amount of adsorbed Fn, which was led
by the higher SFE of the SiC-blasted surfaces, provided the surface with a higher number
of specific binding sites for cells and so, cells on SiC-blasted Ti surfaces expressed higher
amounts of as MRNA gene than on Al:Os-blasted Ti surfaces. The presence on alumina
particles on blasted surfaces increased ALP activity and ALP mRNA gene expression by
cells after 14 and 21 days of cell culture

<> On the roughness of grit-blasted titanium surfaces

Grit-blasting increases roughness of Ti surface samples to the micro-level. Differences in
the final surface roughness were found depending on the particle size and, also, the
particle nature. The bigger the particles used, the rougher the Ti surface and the higher
its real surface area. The effect of roughness on wettability depends on the dimensions of
the topographical features, i.e. if evaluating nanorough or microrough surfaces. The later
induced an increase in hydrophobicity of titanium surfaces. No correlation was found
between the size of the grit particles, i.e. the surface roughness, and the adsorbed BSA or
Fn per surface area. The adsorption of fibronectin from solution on shot-blasted rough
titanium surfaces results in an irregular pattern of adsorption with a higher amount of
protein adsorbed on peaks than on valleys of the topography. This behaviour influenced
the osteoblast-like cells deposition of Fn- fibrils. The Fn-fibrils were deposited in a
specific facet-like pattern that was organized within the secreted total matrix, which
appeared as a film overlying the top of the different rough titanium surfaces. The
thickness of this layer increased with the roughness of the underlying topography, but
most interestingly no more than half of the total maximum peak-to-alley distance was
covered. The blasted-rough surfaces induced cell to increase ALP activity and ALP
MRNA gene expression after 14 and 21 days of culture.
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- On the fibronectin pre-coatings

Ti surfaces pre-coated with fibronectin decreased as mRNA gene expression by cells,
probably because the formation of other adhesion-related integrins was favoured against
asb:. The changes on as MRNA expression induced by the presence on Fn pre-coatings
could also influence on the differentiation pathway of the osteoblasts, as Fn pre-coatings
on Ti surfaces also decreased cell ALP mRNA expression as well as ALP activity after 14
and 21 days of cell culture.

X2 On protein adsorption on TiO: surfaces

Fn in the adlayer did not change its structure once adsorbed on TiO. surfaces, whereas
Fbg presented two different structures/conformations during the time of analysis. The
second step of adsorption was characterized by a significant increase in the rigidity of
the adlayer. BSA adsorbed on TiOzcrystals showed three different
structures/conformations. Most probably, a relevant amount of water was trapped in
the adlayer that contributed to a significant decrease in its rigidity during the time of
analysis. When proteins were in competition during adsorption, and BSA was
introduced the second in the system, BSA displaced larger proteins, such as Fn and Fb.
This was a consequence of a) BSA’s high affinity for TiO. surfaces, b) BSA lower
molecular weight than Fn and Fbg, and/or c¢) BSA higher concentration in solution. On
the contrary, when BSA was introduced before other proteins, bigger Fn or Fbg proteins
adsorbed forming a layer on the top of the BSA layer. Consequently, the Brash and
Lyman effect is more prevalent in these systems than the Vroman effect since a lower
molecular weight and more concentrated protein in solution adsorbed preferentially to
the TiO. surfaces.
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