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Chapter 1

Introduction

This chapter collects the theoretical background of the current dissertation. The chapter is
divided into three sections.

e The first section is devoted to titanium surfaces. Due to their good biocompatibility, titanium
surfaces are widely used as biosurfaces in the implantology field to design dental implants.To
improve the biological response of titanium surfaces, their surface properties and/or chemical
composition are modified. In this sense, this section summarizes the typical methods used
to modify titanium surface properties and to improve their osseointegration to the host.

e The second section of this chapter presents a brief historical review of the impact of surfaces
on science and technology and it introduces the mathematical tools used in this thesis to
characterize surface morphology, such as scaling analysis and Minkowski functionals.

e The third section describes the wetting properties of solid surfaces providing their theoretical
background. This section deals the different wetting behaviors for smooth and rough surfaces,
and chemically homogeneous and heterogeneous surfaces.



2 Chapter 1. Introduction

1.1 Titanium as Biomaterial

From the mathematical point of view, a surface is defined as a two-dimensional topological
manifold. However, from the surface science, this definition must be adapted because a surface or
interface is the space region forming a common boundary among two different phases. Particularly,
a biomaterial surface (natural or man-made) interacts with biological systems.

As biomaterial, unalloyed or alloyed titanium'! has been widely used to construct dental im-
plants because of its good biocompatibility and mechanical properties. Rapid achievement of a
stable osseointegration between implant and bone tissues of the host is the main aim. Because
surface properties play a critical role to achieve successful osseointegration, many efforts have been
addressed to modify titanium surfaces.

Titanium is classified into two types: commercially pure titanium (7%), which is used in chem-
ical process industries, and titanium alloys with additives such as aluminium (Al) and vanadium
(V), which are used for jet aircraft engines, airframes and other components. According to the
content of oxygen, commercially pure titanium is classified into four grades, from grade 4 (0.4%) to
grade 1 (0.18%) [1]. The good biocompatibility of the unalloyed and alloyed titanium surface is due
to the rapid formation of a thin film of Titanium dioxide (7T%O2) in rich oxygen atmospheres. This
thin oxide layer, with a thickness between 2 and 10 nm and which it is spontaneously developed,
provides corrosion resistance to the surface [2-4]. The interaction between the titanium surfaces
and biological fluids is through this stable oxide layer [5,6]. Thickness and chemical composition
of titanium oxide layers play an important role for adsorption of proteins from biological fluids as
precursor stage of cell adhesion. From the formation or controlled deposition of the oxide layer,
unalloyed and alloyed titanium have been widely used as joint replacement parts, bone fixation
materials or dental implants [2-6].

Good osseointegration should be essentially reached at the interface between implant surface
and living bone during healing procedure after implantation surgery [7]. Surface properties of
the implant play a very important role in the immediate reactions on the implant surface after
exposure to tissue. During the past decades, many surface modifications such as coating, abrasion,
blasting, acid etching, oxidation, or combinations of these techniques, were proposed to improve
the biocompatibility of the implant surface by altering surface topography, physical characteristics
and chemical properties of titanium [8].

1.1.1 Surface Treatments in Biomaterial Engineering

In order to improve the bioactivity of commercially pure titanium surfaces, and consequently to
improve the osseointegration capabilities of titanium implants, many methods have been employed.
According to the nature of the process used to modify the biomaterial surface, these methods can
be classified into three categories:

1. Physical techniques, which mostly make changes on surface morphology/topography with-
out alteration of chemical composition of titanium surfaces. Physical modifications of the
titanium surfaces mainly affect the roughness. Machined, sandblasted, and titanium plasma-
sprayed titanium have been already tested in vitro by many authors [9-11]. These methods
have been applied by manufacturers to produce commercial implant systems [12].

ITitanium was discovered some 200 years ago in England, and began to be used practically in 1948 when its
commercial production started in the United States of America. Titanium is a lightweight and strong material with
a tensile strength comparable to carbon steels, and because the Young’s modulus of titanium is only a half of carbon
steel, titanium is soft and improve readily worked.
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2. Chemical treatments, which exclusively affect the surface chemistry rather than the surface
topography. It is well known that the chemical composition of titanium surfaces is important
for protein adsorption from biological fluids and for the following cell response. Any change
on surface chemistry affects to cell behavior (attachment, adhesion, proliferation,...) [13—
16]. Moreover, it has been reported that titanium surfaces are reachly contaminated by
adventitious elements from still air, such as C' and N. Contamination of titanium surfaces
also affects its biocompatibility [17]. The methods more used to modify the surface chemistry
are acid etching (the use of HF', HNO3s, H» SO, as etchant agents is very common.) [11,18,19],
and the formation of hydroxyapatite as surface coatings [20, 21].

3. Combinations of physical and chemical techniques can alter both physical characteristics and
chemical composition of titanium surfaces at the same time, or produce a more intensive
modification than by using only one unique technique. The combinated techniques more
used are sandblasted with large grit and acid etched [22,23] and electropolishing technique
[24].

1.1.2 Cell Response on Titanium Surfaces

Since titanium surfaces are employed to manufacture dental implants, from the implantology
point of view, the target cells are usually the osteoblast-like cells. An osteoblast-like cell is, ac-
cording to Oxford Dictionary of Biochemistry, a mesenchymal cell that secretes the organic matrix
of bone (i.e. osteoid, consisting chiefly of collagen); as the matrix becomes calcified the osteoblast
becomes trapped and at is known as an osteocyte.

The story of osteoblast-like cells gone back to 1853 when Tomes and de Morgen described the
existence of a type of cells intimately associated with newly formed bone [25]. In 1864, the term
“osteoblast” was first used by Gegenbaur to refer to the “granular corpuscles found in all develop-
ing bone as the active agents of osseous growth” [26].

Osteoblasts, which are originated from osteoprogenitor cells and preosteoblasts, play a pivotal
role in bone formation. During differentiation of the osteoblastic cell lineage, the preosteoblast
expresses transforming growth factor, which induces osteoblast cell proliferation [27]. Osteoblasts
settle at the surface of the existing matrix and deposit fresh layers of bone onto it. New bone
matrix is secreted by osteoblasts, and osteoid is formed, which consists chiefly of type I collagen
and the small portion (10 — 20%) of embedded osteoblasts. While osteoid is rapidly converted into
hard bone matrix by the deposition of calcium phosphate crystals, osteoblasts differentiate into
mature bone cells, osteocytes. Although the osteocyte continues to secret new bone matrix around
itself, it cannot further divide. Besides osteocytes, osteoblasts can also differentiate into the other
mature cell type, bone-lining cells. The lining cell is inactive and lacks the ability to secret new
bone matrix. However, investigations from Chow and coworkers have shown that these cells can
be reactivated into bone-producing osteoblasts [28].

The proliferation and differentiation of osteoblastic cells are regulated by systemic agents and
a large number of growth factors and cytokines existing in extracellular matrix, for instance, the
insulin-like growth factors, the transforming growth factors, fibroblast growth factors, bone mor-
phogenetic proteins,. .. Correspondingly, there are many sorts of receptors for these factors on the
cell membrane of osteoblasts, and binding of these factors to their receptors activates signal trans-
duction pathways that finally lead to nuclear responses.

Recently, literature has reported that surface roughness, wettability and chemical compositions
may influence on protein adsorption onto the titanium surface and hence, cell response on sub-
strates [29-33]. However, how these surface properties affect the cell behavior is still unclear. The
cell response can be divided into cytotoxicity, cell attachment/adhesion and spreading, and cell
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proliferation and differentation.

Cytotoxicity: The cytotoxicity is defined as the degree to which an agent has specific de-
structive action on certain cells. Although it is well known that titanium has no cytotoxicity for
human cells and therefore it can be used to be implanted into human bodies, some reports showed
that titanium ions released into the body fluid from titanium implants during application may
cause cellular damages [34,35] due to the dissolution, under spetial conditions, of these ions into
the surrounding tissues. These special conditions mentioned above could be promoted by the sur-
face modification methods due to the changes on the physical and chemical characteristics of the
resultant titanium surface. Also, these physicochemical changes could affect to the dynamic mech-
anisms for titanium ion release or contaminate titanium oxides with some toxic chemical elements
or molecules.

Attachment/adhesion and spreading: Cell attachment can be defined as the binding of a
cell to another cell or to an extracellular matrix component. On the other hand, cell spreading
means the extension of cells on the surface material once the cell is attached. These responses
involve multiple steps: (1) adsorption of proteins to the substrate, mainly integrin, selectin, mucin
family,. .. [36,37]; (2) interaction between special receptors on the cell membrane which combine
with the proteins adsorbed onto the substrate; and (3) spreading of cells on the substrate [38].
Therefore they are considered as crucial indexes of the biocompatibility of materials. Particularly,
for dental implants, these processes are so important because osteoblasts contact the surface of
implanted biomaterials in very short time when biomaterials are implanted into the host. Conse-
quently, since cellular attachment, adhesion and spreading belong to the first phase of cell/material
interactions, the quality of this phase will influence on posterior cell responses, i.e. proliferation
and differentiation, on biomaterials surfaces.

Cell adhesion may be affected by surface characteristics of materials, such as their physical prop-
erties, chemical composition, and topography. In fact, as several works demonstrated, adhesion
and proliferation of osteoblasts in vitro or the extent of bone contact in vivo is positively correlated
with the increasing of roughness [39,40], though these relationships are not clear. So, some authors
found that the correlation between roughness and bone apposition is not a simple relationship, as
it was found that a significantly increased bone apposition to an implant surface was only achieved
inside a specific roughness range, and smoother or rougher surfaces produced lower bone response
[41,42]. On the other hand, the contrary conclusion was also drawn, i.e. that cell attachment to
rougher titanium surfaces was lower than to smoother titanium surfaces [10]. Moreover, surface
roughness needs to be considered not only in term of amplitude but also in terms of texture [43].
Surface roughness was extensively analyzed at scales above cell size (macro-roughness) or below
cell size (micro/nano-roughness), and it was found that when the surface roughness was below
cell scale, human osteoblasts (hOBs) appreciated their isotropic smooth aspect, although when
topography was considered above cell scale, hOBs appreciated their rough isotropic surface [44].
At the molecular level, it has been proven that surface roughness modulates the local regulatory
factors produced by osteoblast-like Mg-63 cells [30], i.e., secretion of prostaglandin E2 (PGE2) and
transforming growth factor 8 — 1 (T'GF — 8 — 1) was increased when cultured on rough surfaces.
Boyan and co-workers have reviewed the mechanism that surface roughness mediates several effects
on osteoblasts [45].

Traditional titanium modification methods can produces irregular surface topography with
valleys or spikes, while special physical or chemical techniques could create regular surface to-
pographies. Jayaraman et al. [46] compared the influence of two different titanium implant sur-
faces on attachment of osteoblast-like cells in vitro, a sandblasted and acid etched surface and an
experimental-engraved surface. It was found that osteoblast-like cells performed better concern-
ing, adhesion and proliferation, on the engraved surfaces than on rough surfaces. In addition, the
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porous geometries of titanium surfaces may also affect osteoblastic cell behavior to materials [47].

Chemical composition of the titanium surfaces should also be carefully investigated. X-ray pho-
toemission spectroscopy (XPS) and Auger electron spectroscopy (AES) have been widely used to
measure the chemical composition of biomaterial surfaces [48-50]. Moreover, although the chem-
ical compositions of c.p. T% grade 1 and 4 are more than 99% similar, a differential response of
human osteoblast-like cells was found towards these two grades of commercially pure titanium (c.p.
Ti). Ahmad et al. found that between 4 and 24 h after seeding cells onto titanium specimens, the
rate of cell attachment to grade 1 Ti was significantly different to grade 4 and glass, which served
as control. Significant differences in expression of vinculin, collagen synthesis and calcium content
were detected as well between grade 1 and grade 4 c.p. T4 [51].

By comparing the initial attachment and subsequent spreading of human osteoblastic cells on
c.p. T, hydroxyapatite and glass, Okumura et al. found that on hydroxyapatite the cells started
extension earlier and more quickly than on titanium. They also suggested that earlier osteogenesis
may occur on hydroxyapatite rather than on other materials [52]. Equally, collagen, which acts as
one of the important component of extracellular matrix, can be covalently linked to the surface of
titanium producing a significant increase of bone growth and bone-to-implant contact [53].

Cell proliferation: Cell proliferation is defined as the increase in cell number by division. Like
to the cell response presented above, osteoblast-like cell proliferation also depends on physicochem-
ical characteristics of biomaterial surface [13]. Degasne et al. [29] found that cell proliferation was
increased on rough titanium surfaces rather than smooth ones. Otherwise, other authors revealed
the opposite results [9, 54, 55].

1.2 Solid Surfaces

The importance of surfaces is known many years ago. The first surface science problem studied
was related to engineering and architectural aspects 5500 years ago when Egyptians built their
monuments with huge stones which had to be transported for large distances. It is amazing that
they already knew that adding lubricants reduced friction during the transportation of these heavy
stones. Fig. 1.1 illustrates the use of sledges to transport statues in Egypt 4000 years ago. In
this figure, it is possible to see how a man, standing on the sledge supporting the statue, pours
a lubricant liquid into the path of motion. So, this man was the first surface engineer of history
[56]. Even Leonardo Da Vinci or Coulomb suspected that surfaces were important in phenomena
as friction, lubrication or wear [57-59).

Actually, surface characterization is becoming more important especially due to miniaturiza-
tion progresses and with the advent of micro and nano mechanics. In this context, the need for
knowledge of surface properties for a special task has been increased. As material surfaces are very
complex objects, all the physical phenomena where surfaces are involved, as wetting, adhesion,
tribology,. . . are also very complicated. Perhaps, this is the reason that led to Wolfgang Pauli to
say his famous claim God made solids, but surfaces were the work of the devil.

The knowledge of surface properties involves its characterization at physical and chemical lev-
els. Appendix A details the operation of several experimental techniques used in this thesis to
characterize the surface chemistry and morphology. For this reason, this section of Chapter 1 is
focused on describing different mathematical tools to characterize surface morphology. In this sci-
entist field, much theoretical effort has been devoted to the study of the influence of roughness on
contact mechanics adhesion, friction, wetting, and sealing [60-62] and, although many questions
remain unanswered, the knowledge on how surface morphology influences these above-mentioned
physical phenomena are continuously increasing.
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Figure 1.1: Egyptians used lubricant in order to reduce friction facilitating the displacement of
colossus. Adapted from Ref. [56].

1.2.1 Rough Surfaces

Everybody knows that the nature is wise. Therefore, as almost all the surfaces found in nature
are rough, we must surrender to the evidence, all real surfaces are rough, but, not under the same
observation scale. So, although a real surface may seem smooth macroscopically, a careful exami-
nation at smaller length-scale reveals a rough, random microscopic topography [63], i.e. if surface
roughness is not observed at a given observation scale, the problem of “smoothness” is related with
the observation scale, because the surface is always rough. Therefore, previously to perform any
experiment with surface, the morphology of such surface should be always characterized. In fact,
this characterization should be done with an observation scale similar to the physical scale where
the physical phenomenon occurs. In convenient remembering that method, scale and experimental
technique used to characterize the surface morphology depends on the application. Therefore, we
will center this study on rough surfaces. Moreover, the use of mathematics involves that surface
roughness characterization might be done regardless of the scale of such roughness.

Surface Topography. Roughness

Real surfaces exhibit details and variations in several scales and sizes. A clarifier example of
this can be human skin which appears as a smooth surface observed from longer distance, but at
closer inspection all the lines, pores and other small details are revealed. This scale variability of
surface defects, both in size/scale, height and shape, makes that the characterization of surface
morphology is extremely complex. Respect to height variation, it is possible to find asperities
or defects in the same surface with amplitudes varying from millimetres to nanometres or less.
Equally, for length variations, the things are not significantly different. Moreover, surfaces tend to
have spacing parameters which can be very different to height ones by several orders of magnitude.
Fig. 1.2 illustrates an individual profile of the surface with the scale-dependent features. Moreover,
in addition to scale problem, surface can reveal a wide range in shape because surface defects can
be patterned or randomly distributed.

Surface morphology characterization is performed through surface topography which can be
roughly defined as the set of all natural or artificial geometrical peculiarities which conform the
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surface. Moreover, as new devices for acquisition of surface topography are developed, the topo-
graphical characterization of a surface has still become more deep and difficult. From a topograph-
ical point of view, rough surfaces can be classified in two main types: deterministic or structured
rough surface (e.g. machined surfaces), and random or stochastic rough surfaces (e.g. fractured
surfaces).

In general, any surface topography shows three different scales of surface defects (see Fig.
1.2), which they can classified in four orders through their typical wavelengths as:

e Underlying Shape: Underlying shape corresponds to the macroscopic shape of the surface.

e Waviness: Waviness is composed by the irregularities which can be periodic or non-periodic
irregularities. It could just be a narrow-band random waveform.

o Roughness: Roughness is usually defined as deviation, quasi-periodic or not, from an ideal,
smooth reference plane.

(@)

(b)

w

(d)

Figure 1.2: The surface topography of any wavy rough surface (a) encloses information of several
wavelength scale which it must be isolated in order to evaluate surface roughness. According to its
wavelength, the surface defects are classified as: roughness (b), waviness (¢) and underlying shape

(d).

As surface topographies enclose surface information of several wavelength scales, experimentally,
surface analysis requires the isolation of the surface defects exposed above according to their wave-
length. Consequently, previously to characterize the roughness of a surface from its topography,
the acquired surface topography requires a numerical pre-processing in order to isolate, exclusively,
the roughness (see Fig. 1.2). Further, topography data depend on the device used to acquire it
and on the observation scale used to study each physical phenomenon.

Roughness Characterization

The numerical pre-processing or filtering of the surface topography commented above is a
complex process composed by different steps driven to remove (except for the surface roughness)
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the surface defects previously classified.

The first step of this filtering process consists to remove the underlying shape. Underlying
shape of a surface can be removed by leveling of surface topography for flat surfaces or by its
fitting to a geometric function for curved ones.

Once the underlying geometry has been removed it is necessary to isolate the roughness of the
waviness. Traditionally, it has be performed using cut-off frequency (or wavelength) filters [64—
66], but these methods involve the distortion of the some roughness peak parameters due to their
intrinsic nature [65,66]. Actually, the filtering processes used to separate waviness and roughness
are derived from Gaussian filters [67]. Gaussian filters are based on passing a Gaussian, weighted
average through the primary topography - resulting in the waviness topography. On the other
hand, the roughness topography is made up of all of the peaks and valleys (residuals) above and
below the waviness one.

Finally, once upon surface roughness is isolated it is possible to characterize it. However, the
grade of characterization of a surface roughness will depend on the physical phenomenon which
it is being studied. So, it is possible that a only parameter may be sufficient to characterize
a surface for some purposes, whereas in other cases the description degree of the same surface
roughness must be greater is required. The descriptors introduced in this section will form the
basis for modelling all the surfaces used throughout this thesis. Moreover, as essential scales for
roughness characterization are application dependent, we can classify into three different classes:
nano-roughness at length scales smaller than 1um, micro-roughness at 1 — 100um, and macro-
roughness at 0.1 — 0.5mm.

1.2.2 Mathematical Tools for Surface Roughness Characterization

Statistical Analysis of Surface Roughness

Statistical methods describe the joint distribution of the measurements height values. Most of
the profile characterization parameters defined in the standard ISO 4287 ([66,67], the so-called R
parameter set) can be regarded as statistical, and also the major part of the S parameter set [67,68]
designed for a real characterization (they are the indeed two-dimensional generalization of the R
parameters) belong to the statistical methods. This text areal parameters were be considered and
noted as R. These parameters are usually divided into amplitude, spacing, hybrid and functional
parameters [67,69, 70].

Although, parameters which make the R set are very numerous?, this section only collects and
defines the statistical parameters actively used on it.

First of all, we suposse that h(x,y) is the topography of a purely rough surface S, where
underlying shape and waviness are been removed by the pre-processing of its surface topography,

with physical dimensions Lx and Ly. Moreover, the pre-process of the surface involves that

1
1 // h(z,y)dxdy = 0, where A, is the surface area of the the topography projected over XY-

z S
plane. Therefore, if the physical dimensions of the topography are Lx and Ly,

1 Lx Ly
h(z,y)dzxdy = 0.
LXLY/O /O (z,y)dzdy

Since these clarifications, statistical parameters can be well defined. So, their mathematical
definitions are:

e Arithmetic surface height average R, (also known as average roughness): The arithmetic av-
erage height parameter is the most universally used roughness parameter for general quality
control. It is defined as the average absolute height deviation of the roughness irregularities

2The mathematical definitions of the R parameters can be consulted in Ref. [66,67)
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(a) (b)

YWY DAL

Figure 1.3: Profiles (a) and (b) show a very different aspect but their R, values are identical.
Therefore, it is clear that R, is not sensitive to small changes in surface topography.

from the mean plane over one sampling areal. This parameter does not give any information
about the wavelength and it is not sensitive to small changes in surface topography (see Fig.
1.3). The mathematical definition and the digital implementation, for a surface topography
with resolution equals to M N pixels?, of this parameter are, respectively, as follows:

1 Lx /Ly 1 M N
= = o 1.1
Ra= 77— /O /O (@, y)ldedy ——— Ra = 300 SN In@ay)l (1)

i=1 j=1

e Root mean square roughness R, (also noted as RM.S): This parameter represents the stan-
dard deviation of the distribution of surface topography heights, so it is an important pa-
rameter to describe the surface roughness by statistical methods. This parameter is more
sensitive than R, to large deviation from the mean plane. The RMS mean plane is the
plane that divides the surface topography so that the sum of the squares of the deviations
of the surface heights from it is equal to zero. The mathematical definition and the digital
implementation, for a surface topography with resolution equals to Mz N pizels?, of this
parameter are, respectively, as follows:

1 Lx pLy ) 1 M N
= — - . )12
Ro =\ TxLy /O /O (h(z,y))" dxdy ———n Ry =y [ 17 Z > [h(ziy))? (12)

i=1 j=1

e Surface skewness Rg;: The skewness of a surface topography is the third central moment of
the distribution of surface topography heights, measured over the assessment area. It is used
to measure the symmetry of the surface topography about the mean plane. This parameter
is sensitive to occasional deep valleys or high peaks. A symmetrical height distribution, i.e.
with as many peaks as valleys, has zero skewness. Surface topographies with peaks removed
or deep scratches have negative skewness. Surface topographies with valleys filled in or
high peaks have positive skewness (see Fig. 1.4). This parameter can be used to distinguish
between two surface topographies having the same R, or R, values but with different shapes.
The mathematical definition and the digital implementation, for a surface topography with
resolution equals to M N pizels?, of this parameter are, respectively, as follows:

| plx gLy , 1 M N ,
Ry, = R_;;’/O /0 (h(z,y))” dedy —— R = WR? ZZ[h(xz,y])] (1.3)

digital
& i=1 j=1
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Negative skewness Kurtosis lower than 3
Positive skewness Kurtosis higher than 3

Figure 1.4: General aspect of surface profiles according to their values of Ry and Ry,

Surface kurtosis Ry, : the kurtosis is the fourth central moment the distribution of surface
topography heights, measured over the assessment area. It describes the sharpness of the
probability density of the surface topography. If Ry, < 3 the distribution curve is said to be
platykurtoic and has relatively few high peaks and low valleys. If Ry, > 3 the distribution
curve is said to be leptokurtoic and has relatively many high peaks and low valleys (see Fig.
1.4). The mathematical definition and the digital implementation, for a surface topography
with resolution equals to M Npixels?, of this parameter are, respectively, as follows:

| pix Ly ) 1 M N .
Ry = R_g /0 /0 (h(z,y))" dedy —— Ry, = WR;‘ Z Z[h(xi,yg‘)] (1.4)

digital
el =1 j—1

Surface area ratio or roughness factor r (it is also noted as Sdr): Surface area ratio r is de-
fined as the cocient between real surface area of the topography A an its geometrical area
Ay, where A, is defined as the area of the projected surface topography over XY-plane, i.e.
Ay = Lx Ly for a topography with physical dimensions Lx and Ly. By its own definition,
r > 1 (r = 1 for perfectly smooth surfaces). This parameter is interesting for fiction and
wetting phenomena. The mathematical definition is the following3:

A 1 Lx rly (8h(z,y))2 (8h(x,y))2
T_A_g_LxLy/O /0 <1+ o X+ o /), dxdy (1.5)

Traditionally, surface roughness has been characterized through the study of height distribu-

tion of the surface topography in a classical statistical sense. For real rough surfaces, statistical

parameters are not always able to provide a complete knowledge of surface roughness. For this

reason, we propose to use other methods to characterize the roughness of real surfaces.

Fractal Geometry and Surface Roughness

Fractals, which were first introduced in 1977 by Mandelbrot [71] and developed further at the
end of 1980’s by Barnsley and Feder [72,73], have been used to describe irregular shapes that do
not lend themselves to description by Euclidean geometry. Fractals have been used in many dif-

ferent scientist fields due to their capability to describe structures that exhibit the highly irregular

3The expression of the digital implementation of this parameter can be consulted in these webpages:

http://www.imagemet.com and http://zeus.plmsc.psu.edu


http://zeus.plmsc.psu.edu/~manias/MatSc597/roughness/definitions.html
http://www.imagemet.com/WebHelp6/Content/RoughnessParameters/Roughness_Parameters.htm
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behaviour commonly found in nature?. Mathematically, a fractal, term coined by Mandelbrot in
1975 and derived from the Latin “fractus” which means ”broken”, is basically defined as an object
with non-integer dimension. Fractals are commonly used to model nature phenomena in many
different scientist fields, but, particularly interesting for this work, are the application of fractals
to the study of rough surfaces [74-79], cell adhesion [80,81] and wetting phenomena [82, 83].
Attempts in adopting the fractal geometry for rough surface characterization have been based
on the computation of the fractal dimension Dy as a basis for characterisation. Dy is the most
popular parameter used to characterize any fractal, particularly a surface, although it is not the
unique parameter which can be used to characterize a fractal surface (Mandelbrot defined the
concepts of lacunarity and connectivity in order to characterize fractal sets with identical Dy but
different aspect [71]. Fig. 1.5 illustrates this fact.). D; analysis measures the complexity of a
surface and it is defined from a power law relationship between a complexity measure and the
applied measurement scale.
Characterization of surface roughness using fractal tools, particularly Dy, has been used in

Figure 1.5: Fractal sets with different aspect but identical fractal dimension (D = 2.5).

this work in order to describe surface roughness of titanium surfaces where osteoblast-like-cells
were afterwards deposited, i.e. an implant. The main reason to use Dy to characterize the to
roughness of an implant surface is that, roughly speaking, Dy is a measure of the “complexity” of
a surface and, in this sense, fractal dimension might be used to quantify the role of the features of
implant topography on the cell growth, proliferation and adhesion. For this reason, fractal analysis
might be more helpful than conventional statistical roughness descriptions in order to elucidate the
complex mechanisms occurring at the implant surface in contact with the surrounding biological
tissues.

A complete review of the different methods and algorithms used to compute fractal dimen-
sion for an image, particularly a surface topography, can be found in reference [84]. But, in this
work, the methods used were the so-called Cube counting method [85,86], which is an algorithm
derived directly from a definition of box-counting fractal dimension, and Power spectral method
[87]. The algorithm steps developed to implement these methods are similar to the implemented

4In Fractals Everywhere, Barnsley wrote the following reader warning “Fractal geometry will make you sees
everything differently. You risk the loss of your childhood vision of clouds, forests, flowers, rocks, mountains,
torrents of water and much else besides. Never again will your interpretation of these things be quite the same”.
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in [88] free-software (Gwyddion® free-software was used to test the Dy values computed with our
own software).

Minkowski Functionals

One of the problems that arise in the investigation of the real surface is its complicated spatial
structure, and it is the principal motivation behind the application of Minkowski functionals (MF)
in the framework of this thesis

The use of Minkowski functionals to characterize the roughness of a surface from its surface

Figure 1.6: A surface and a level set. The cutting plane is indicated by a mesh in the left image.

topography is based on the capabilities which level sets have in order to study the topography
of any surface as it has been proven in many applications [89-91]. A level set is the result of a
thresholding operation on the surface topography at a given height keeping the points where the
cutting plane hits the material as a set. Its complement is the region where the thresholding level
cuts through thin air. Thus, a level set Ag(u) is the set of points in R? at which the height of the
surface S exceeds the height u (see Fig. 1.6 for help). It is clear that if a threshold is chosen above
the highest surface peak yields an empty set; otherwise, choosing a threshold below the deepest
pit yields the full domain.

The simplest features of a level set are the material ratio, which is the ratio between the ma-
terial hit by the threshold level and the area of the sampling window; and its complementary,
the void area, which is defined as the region where the threshold level does not hit the material.
Calculating the material ratio at different thresholds u yields the material ratio curve, also known
as Abbott-Firestone curve, which is an important tool in surface characterization (a large part of
the surface parameters such as Ry, Rs, or Ry, are directly related with it [92]). On the other
hand, void area represents valleys, dales or cavities in the surface. The void area is of interest in
tribology or wetting phenomena because these void zones could affect the wetting properties of the
surface [93,94]. Apart from the area, one can also investigate the contour length and the number
of isolated void/material (cavities/peaks respectively) areas of the level sets. The contour length
obviously contains information on how smooth is a given level set and the ratio between isolated
void/material areas is important in the field of percolation [95] because, percolation is related with
so-called Euler characteristic x. So, if x < 0 then the material is predominantly characterized by
isolated holes, where a liquid can be trapped if y is very low. On the other hand, if x > 0, the
material would consist mainly of isolated objects, where a liquid can flow freely if x is high.

Area, contour length and the Euler characteristic of a 2D set are known in mathematics as

Shttp://www.gwyddion.net
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Minkowski functionals® noted as A, C' and x respectively”. From Hadwiger’s theorem [101] it is
possible to conclude that each level set characteristic can be expressed in terms of the Minkowski
functionals only. This completeness makes the Minkowski functionals a very important tool for
describing sets and, as a consequence, Minkowski functionals have been used to solve problems in
areas ranging from astrophysics [100] to materials science [102,103].

In this work, Minkowski functionals of any surface were computed using a own software devel-
oped taking as reference Gwyddion software (Gwyddion was used in order to validate our software).
Minkowski functionals were used to describe global geometric characteristics of structures of AFM
topographies previously transformed into a series of black-and-white images (so-called level sets)
changing threshold level, where white represents points which its height is greater than threshold
level, and, obviously, black denotes points which its height is lower than threshold level. Each one
of this level sets was characterized by three morphological measures provided by the Minkowski
functionals: the covered area F'(u) and the boundary length U(u) of the white features, as well
as the Euler characteristic x(u), defined as the difference between the number of separated white
(higher) and black (lower) features. The measures (F'(u), U(u), x(u)) were normalized by the total
imaged area to provide easy comparison between the values determined for topographic maps with
different scan ranges. So, the expression used to compute these measures are:

F(u) = NW# (1.6)
NBound
() = CWhite]; CBiack (1.8)

where NV denotes the total number of surface topography pixels, Ny pite denotes the number of
pixels that are above threshold level (white pixels), and, equally, Npjacr denotes the number
of pixels that are below pixels that are below threshold level (black pixels). Npouna denotes
the number of white-black pixel boundaries. Finally, Cyynite and Cpiacr denote the number of
continuous sets of white and black pixels respectively.

Apparently, and regardless of F'(u) which physical interpretation is trivial, these new measures
seem to have a difficult physical interpretation. The boundary length functional U(u) can be used
to describe spatial features. So, for surfaces with smooth slopes, U(u) has a lower amplitude than
for surfaces with short-wavelength structures. The latter will yield level sets with many small or
jagged objects as the surface will cross the threshold very often. Thus, the maximal amplitude can
be related to the spatial aspect of roughness. On the other hand, Euler characteristic x(u), for high
thresholds u, is a good estimate for the number of peaks above this threshold u. The explanation
is that for Gaussian random functions, the Euler characteristic of a level set is the number of local
maxima plus the number of local minima minus the number of saddle points above this threshold.
As there are only a negligible number of minima and saddle points above a high threshold, one
can use the Euler characteristic to count peaks. The same result holds for low thresholds, where
one can count pits. Moreover, the Euler characteristic can also be used to define a percolation
threshold as the height level where the Euler characteristic function has its zero crossing. If is
supposed that the surface data has zero mean, a high percolation threshold suggests better fluid
retention properties.

Finally, it is possible to relate and compare Minkowski functional values with amplitude and

6For a set G € R%, there are d + 1 Minkowski functionals.
"The mathematical properties and detailed descriptions and exact definitions of Minkowski functionals can be
found in [96-100].
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hybrid parameters values, because all of them find in Abbott-Firestone curve a common point, and
therefore, it is often possible to show that both techniques basically catch the same information
content. It is well-known that [92,104] Ry, Rsi or Ry, can be derived from Abbot-Firestone
curve and therefore, they can be derived from the Minkowsky functionals. Equally, surface area,
i.e. roughness factor r, which is the integral over the surface’s normal vector, is very similar
to the integral over the local gradient, which in turn is the integral over the boundary length.
Therefore, any functionality of the surface which can be related to the surface area can expected
to be expressed also in terms of the boundary length functional. As consequence, for example, it is
possible to study porous imbibition in terms of boundary length functional and Euler characteristic.

General Theory of Dynamic Scaling Laws in Kinetic Roughening

This subsection is a short introduction to kinetic roughening processes and its scaling laws.
In this sense, this section introduces the generic theory of dynamic scaling in kinetic roughening
applied in this thesis 8.

Probably, the most powerful tool to study roughening processes and to characterize them is
scaling. This is due to its power prediction and the facilities which provide in order to connect
measurable statistical quantities and exponents, which are apparently independent, through scal-
ing relationships, which they can be simple or more complicated. The study of the scaling relations
of different statistical quantities with time and system size allows to define universality classes.
Universality classes permit to relate different roughening processes through their scaling behaviors.

Previously to begin the study of the tools which enable the analysis of kinetic roughening, it is
necessary to present the concept of roughening in the statistical sense. So, in many cases, rough
surfaces are generated by a growing interface which advances as new parts are added according to
some dynamical process. If the conditions of the growth are such that the surface is marginally
stable and the fluctuations are relevant, the resulting structure is a rough surface (similar argu-
ments could be applied to describe the origin of rough surface due to erosion).

So, among the great variety of complex and disordered systems, the complexity of surface
roughness is attracting a great deal of scientific interest [107,113-115]. As for many applications,
surface roughness plays a critical role, scientists had looked for new and powerful methods to its
characterization [111,112,116,117].

Studying the growth, formation, and morphologies of interfaces, in general kinetic rough-
ening processes, deals with the fate of surface roughening occurs in nonequilibrium conditions
[107,113,118]. Therefore, an enormous amount of study has been approaches to the study of
the dynamics of growing surfaces [107,111,113,119]. Most popular methods used today for
the characterization of surface roughness are based on the concepts of self-similarity and multi-
affinity, where multifractality has been regarded as the most complete characterization of a surface
73,107,113,114,118].

To monitor completely the roughening process qualitatively, different statistical quantities must
be measured. In the case of this thesis, different quantities which provide information, through
their scaling laws, about the roughness of the surface were studied. These functions were interface
width w(l,t), structure functions G4({,t), where ¢ € N— {0} and, power spectral density or struc-
ture factor PSD(k,1).

Scaling behavior of statistical functions used

8This theory is detailed in references [105-107]. Experimental and numerical studies can be found in [107],
where a general idea of surface growth and roughening phenomena problems is exposed and presents the tools to
characterize them [108-112]
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2)

Interface width

The interface width is formally defined as

w(l,t) = (([h(F +1,1) — h(7, )*),)
where (o) denotes an average over (x,y) in windows of size [, if the window size is equal to the
size of the system this function is called global interface width and if the window size is lower
than the system size it is called local interface width. This function obey a power law in time ¢
and distance [, with two scaling exponents, ag;? ayoc, the roughness exponent (global or local),
and (3, the growth exponent, defined as:

(1.9)

th ifr<<l
w(L,t) {l_?l o1 (1.10)

where tg ~ L%'/# and [ is a window size varying from the smallest length scale to the system
size L. The values of ag; and 3 determine what is the universality class which a growth process
belongs. Examples of such universality clasess are ag + a1/ = 2 for isotropic systems [120-
123], ag /B = 4 in the surface diffusion universality class [119] and ag = S in some pinned
systems [124].

Power spectral density

The mathematical definition of the power spectral density is
PSD(k,t) =< h(k,t)h(—k,t) > (1.11)

where lAz(k, t) symbolizes the Fourier transform of h(7,t) in a system of size L, k is the spatial
frequency in reciprocal space and t is the growth time and the angular brackets denote the
average over different realizations of the system. The PSD(k,t) quantity is a positive real
function of a frequency variable associated with a stochastic or deterministic process. Intuitively,
the PSD(k,t) captures the frequency content of a stochastic process and helps to indentify
periodicities. The PSD(k,t) quantity of the interfacial fluctuations permits to determine the
scaling behavior of the surface. For a 2+1-dimensional system, this scaling law is

PSD(k,t) = k™ 2(@a+D) f(f1/7) (1.12)

but, as it was shown by [111], for an anomalous 2+1-dimensional system, this scaling law
presented changes to
p2 @t i p>>1
fw) o {xQ(%l—O@ if r<<1 (1.13)

Structure functions: multiscaling analysis and intermittency exponents

If we assume the statistical translacional invariance, it is possible to define the so-called struc-
ture functions G4(I,t) which scale as:

Go(l,t) = (< |hF+1,t) — h(F 1)|? >1)" 7 ~ 1% (1.14)

91n literature ag can be found as a.
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where (o) denotes statistical average (for non-overlapping increments of length 1), ¢ is the
order of the momentum (¢ € N —{0}) and « are called intermittency exponent or generalized
local roughness exponents. The intermittency exponents are used to characterize the surface
as monofractal or multifractal. Thus, if the relationship between «, and g is non-linear, the
surface is multifractal, otherwise, the surface is monofractal. So, it is possible to discriminate
if one growth process produces monofractal or multifractal surfaces.

The physical quantities exposed above scale with different functions by monomials with non-integer
exponents. However, this dependence should always be dimensionally homogeneous [125]. This
detail is often implicitly ignore in scaling analysis through the inclusion of different proporcionality
constants which homogenize the physical dimensions of the scaling law. As in some cases it can
confuse the non-specialist readers, Appendix B analyzies this point in detail.

Family-Vicseck scaling laws

A self-affine surface h(7,t) (where h(7,t) is referred to the height of the surface point placed
at 7 at time t) is invariant under an anisotropic scale transformation, in the sense h(7,t) has the
same statistical properties as A~%s h(A7,t), where o is the roughness exponent.

In a typical situation of kinetic roughening, an initially smooth and chemically homogeneous
surface is continuously roughened according to some external forces. These forces, or noises, can
have thermal origin (such as, for instance, fluctuations in the flux of particles in a deposition pro-
cess) or a quenched disorder (such as in the motion of driven interfaces through porous media).
The resulting rough surface may be characterized through the fluctuations of the height around
its mean value. So, it is common the use of the global interface width w(L,t) to characterize the
roughness of the surface through the root mean square fluctuation in the height. Mathematically

—_——— 1/2
w(L,t) is defined as w(L,t) = <[h(F, t) — h]2> where the overline denotes average over all (z,y)

in a system of dimensions L?, h = 1 L | h(7,t) is the mean height of the surface, and the brackets
denote average over different measurements!®. So, rough surfaces correspond to situations in which
the stationary width, w(L,t — o0), grows with the system size. Alternative, one may calculate
other functions related to the correlations over a distance [ as the height-height correlation func-
tion, Ga(l,t) = ((A(F+ 1,8) — h(7, O]?), or the local width, w(l, t) = (([h(7+ 1,t) — h(7, D)%),)"*
where (o), denotes an average over (z,y) in windows of size .

In absence of any characteristic correlation length in the problem, the growth processes are
expected to follow a power-law behavior of the correlation functions in space and time, and the
Family-Vicsek dynamic scaling ansatz ought to hold [107,113,119,126]. The Family-Vicseck dy-
namic scaling ansatz is:

)

l

w(L,t) =%/ f(L/€(1)) (1.15)

Scaling function f(x) which appears in Family-Viseck dynamic scaling ansatz behaves as:

ry <<l
const ifx>>1

5y~ {

(1.16)

where ag; is the roughness exponent and it characterizes the stationary regime, in which the lateral
correlation length £(t) &~ tl/= (z is the so called dynamic exponent) has reached a value larger than
the system size L. The ratio § = ay/z is called growth exponent and characterizes the early time

10(e) and ® will keep their meanings during all the text. Any change on their meanings will be explicitly written
in the text.
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behavior of the surface. As occurs in equilibrium critical phenomena, the corresponding critical ex-
ponent does not depend on the microscopic details of the system. Consequently, growth processes
can be divided into universality classes according to the values of the characteristic exponents
presented above [107,113,126].

Anomalous roughening

Many studies have proved that the above standard scaling based on global width differs sub-
stantially from the scaling behavior of the local interface fluctuations (measured by the local
height-height correlation function). In some growth models the local width scales as in Eq. (1.16),
ie., w(l,t) =3 fa(l/£(t)), but being the anomalous scaling function

e fr<<l
const ifz>>1

fa(z) ~ { (1.17)

where the ay,. is the local roughness exponent. This has been called anomalous roughening, and
has been found to occur in many growth models [108,109,127,128] as well as experiments [110-
112,117]. Moreover, it has been shown [105,129-131] that anomalous scaling can take two different
forms, there are super-rough processes where a > 1 and g, = 1, and intrinsic anomalous rough-
ening ones where oy, < 1 and a > aqo.. Therefore, new universality classes appear associated to
the existence of two different roughness exponent, o and oy, which, in general, are different.

Lopez et al. [105] have constructed a general theory of dynamic scaling. This theory incor-
porates all the different forms for dynamic scaling; Family-Vicseck, super-rough, and intrinsic
anomalous scalings. Their theory predicts the existence of new classes of growth models with novel
scaling properties. They assumed that any growing surface satisfies a generic dynamic scaling when
there exists a correlation length £(¢), i.e., the distance over which the correlations have propagated
up to time ¢, and £(t) = t'/#_ being z the dynamic exponent.

If the roughening process of a surface shows generic dynamic scaling, without assumptions such
as surface self-affinity or implicit bounds for the exponent values, and the scaling behavior of the
surface is studied from its PSD(k,t) (see Eq. 1.11), the scaling law followed is given by Eq. 1.12
where the scaling function f(x) has the following general form:

22t f pec]
f(x)N{zQ(%l*“@ if z>>1 (1.18)

where ag is called as the spectral roughness exponent.
Thus, from the definitions of «, ag and oy, scaling exponents and their values, the generic
theory of Lopez et al. [105] can be summarized as:

as = a = Family-Vicseck
as # o = Intrinsic anomalous
as = a = super-rough
as # a = new class

ifa5<1:alocza5{
(1.19)
ifoz5>1éaloc:1{

1.3 Wetting Phenomena
The wetting of liquids on solid surfaces is a research topic of fundamental interest [132] with a

wide variety of technological implications as micro-fluidics for biotechnology, thin film technology,
lubrication, textiles, self-cleaning and anti-sticking surfaces. Moreover, wetting phenomena are
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Figure 1.7: Dew drops on a spider web early a summer morning in Cantabria, near to Soplao’s
Cave.

common in nature, where it is possible to find out in many different situations as, for example,
rain droplets captured on a spider web (see Fig. 1.7), movement of certain insects on water, the
curvature of rain water drops,.. ..

Before introducing the main thermodynamical equations which describe the wetting phenom-
ena, it is necessary to describe the physical system and to define some basic concepts. When a fluid
is displacing another immiscible fluid on a solid surface, the point at which the three phases!! meet
is known as three phase boundary. Consequently, if a liquid drop comes into contact with a solid
surface, its morphology will be governed by the interfacial properties of liquid/vapor, solid/liquid
and solid /vapor interphases. An interphase is the space transition region, with a thickness of some
molecules, where two different substances meet [133], i.e. an interphase is the space region where
things happen. On the other hand, an interface, also called Gibb’s surface, corresponds with the
ideal mathematical surface where it is possible to define the position of the interphase [134].

Wetting is the part of interphase thermodynamics which studies the interface phenomena which
occur in three-phases themodynamical systems. From an energetic point of view, the existence of
interfaces is not favourable and therefore the system responds decreasing its Gibb’s free energy
(dG = VdP — SdT + i, pidN; + ...), and as themodynamical response, the system decrease
the interface extension/area. This energy is known as interfacial energy or free surface energy or,
simply, surface energy(although really is an energy density given its physical dimensions) [132].

From a mechanical point of view, surface energy, which it is a numerical magnitude, corresponds

1A phase will be defined in our context as each one of the homogenous parts which define a heterogeneous
themodynamical system. In this study, these phases will be always one liquid phase, other one solid and, finally,
one vapor phase.
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to surface tension or interfacial tension, which it is a tensorial magnitude!?. Surface tension is the
response of the system to minimize the interfacial area and, therefore, it can be understood as
a force that opposes to the possible increasing of interfacial area. The term “surface energy” is
used for solid interfaces because, in that cases, interfacial area does not change, whereas “surface
tension” is used where deformable interfaces are involved. In this text, surface energy will be noted
as 7;; where subscripts ¢ and j are referred to phases, involved into the origin of the interface, ¢
and j, respectively.

Microscopically, surface tension is originated due to the attractive cohesive forces acting be-
tween the neighboring molecules (or atoms) of a liquid (interactions between far particles are
negligible because only low-range potentials are considered [135]). In the bulk liquid, one molecule
is isotropically surrounded by other molecules, so that the resultant intermolecular force exerted
by all the neighboring molecules is zero. However, the resultant intermolecular force acting on
a molecule located at the surface of the liquid is non-zero because of the missing neighbors in
the upper half-space. This non-vanishing force points inwards into the liquid. Therefore, work is
required to bring a molecule from the bulk to the surface, and thus to increase the surface area.
This work can be regarded as a surface tension, also described as surface free energy. To reach
thermodynamic equilibrium, a system must minimize its surface, and therefore, its area/volume
ratio (as the sphere is the geometrical object with the smallest surface-to-volume ratio, a drop
in absence of external fields will take on a spherical shape). So, the effect of surface tension on
the geometry of a interface will depend of the physico-chemical state of each component of such
interface. That effect will be greater as more flexible will be the interfaces.

1.3.1 The Young-Laplace Equation

The surface tension described above can be seen as a two-dimensional pressure acting in the
plane of the interface and its mechanical effect on the interface can be explained considering a
single direction curved interface z(z) (see Fig. 1.8 A) with a curfvature radius R. In order to keep
the interface bent, it is necessary a pressure difference AP between inside and outside of the bent
interface, also called Laplace pressure. In equilibrium situation, the forces per unit length verify:

APRda = 2vysin (do/2) = AP = 7—1;9 (1.20)

If the interface z(z,y) is curved in two directions, with curvature radii R; and R, then an

additional pressure difference between both sides of the interface should be applied in order to

compensate this new curvature term. As consequence, in equilibrium situation (see Fig. 1.8 B)
must be verified the following equation:

1 1
AP =y (— + —) = AP =2y,H(z,y) (1.21)
R Rs
1/1 1. . . . .
where H(z,y) = & + o is the mean curvature of the interface, 7,4 is the liquid/fluid surface

tension. If a spherical interface is considered (R; = Rs), Eq. 1.21 is reduced to Eq. 1.20. '3 The
Young-Laplace equation tells us that of a curved liquid/fluid (or liquid/liquid) interface is always
accompanied by a change in pressure proportional to the mean surface curvature H of the interface.

12Both, surface energy and surface tension, are indiscriminately used, although they are referred to different
physical quantities. They are numerically identical for equilibrium situations at the liquid-fluid interphases

13Eq. 1.21 is known as Young-Laplace equation because it was demonstrated, by different ways and simultaneously,
by Thomas Young and Pierre Simon Laplace in 1805 [136,137].
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Figure 1.8: a) Two directions of the principal curvature of a curved liquid-air interface at equi-
librium. b) The two radii of principal curvature R; and Rs which define the mean and Gaussian
surface (H, K).

A higher interfacial curvature results in a higher Laplace pressure. It is noteworthy that a two-
dimensional pressure (surface tension) can generate three-dimensional pressure 4.

From Eq. 1.21, it is clear that the form of any interface is defined by the signs of AP and H,
i.e. interface curvature radii. Since the interface is referred to liquid/fluid interface, one can write
Laplace pressure as AP = P, — P,, where P, and P, are the pressures in the liquid and fluid phases
respectively. In this case, the signs of interface curvature radii will be defined by the direction of
the center of each radius, i.e. positive if the center points into the liquid, and negative if the center
points towards the gas phase. Therefore, a liquid droplet interface will have H > 0, whereas an
air bubble imprisoned in a liquid will have H < 0.

Thermodynamically, Eq. 1.21 can also be derived, for that it is necessary to remember that
minimizing the total surface energy involves minimizing the surface area of the liquid-gas interface.
and that interfacial energy -y, was defined to be the energy necessary to increase by one unit area
the interfacial surface. According to conservation of mass principle, any reduction in interfacial
area is accompanied by a change of pressure in the media enclosed by the interface. Let be an
interface, spanned over two angles day and do; define in perpendicular planes (see Fig. 1.8 a). In
this case, the area of the initial surface element is defined by the two radii of curvature Ry (in the
plane of day) and Ry (in the plane of das) as A(z) = Ridag Radas. If the surface is displaced a

1 To deepen the details of the Young-Laplace equation see the following references [134,138,139].
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distance dz, its new area will be A(z 4+ dz) = (Ry + dz)day (R2 + dz)das, so that in a first order
approximation the increase of the surface will be: dA = (R + Ra)dagdasdz. If it is supposed that
the thermodynamical system is in equilibrium state, then:

Vig (R1 + Rg) dojdosdz = APRi Radodosdz (1.22)

where AP is the existing pressure difference across the surface and which this pressure difference
acts over the area A(z), and therefore

1 1
AP =~ (7R1R2 ) = AP =14 (R_1 + R_g) (1.23)

which is the Young-Laplace equation (Eq. 1.21) again.

1.3.2 Wetting of Ideal Surfaces

An ideal solid surface is defined as a smooth, homogeneous, rigid, non-porous and chemically
inert one. So, when a drop of liquid is placed on a solid surface, the drop can either spread over the
surface, or adopt a ball-like shape. The driving force to reach the final state is the minimization
of the total interfacial energy, i.e. to minimize the solid/gas (sg), solid/liquid (sl), and liquid/gas
(lg) interfacial areas. Thermodynamically, this system will reach the equilibrium state when the
total surface free energy will be minimized, with the additional constraint of mass conservation
for the drop (or volume conservation). For our system, the total surface energy is determined as
follows:

Wtot = Asl’)’sl + Asg’)’sg + Algfylg (124)

where A;; is the surface area of the ¢j-interface. Thermodynamic equilibrium involves dW;o = 0.

Thus: A
_ lg
Ysg = Vsl + Vig A, |V:const (125)

In absence of external fields, the minimization of surface energy leads to a spherical drop shape.
Therefore, as first approximation and in absence of any external field, a liquid drop placed on a
homogenous solid surface should has a shape like a spherical-cap, as shown in Fig. 1.9. Thus, it

QY ..... 7/L V
Vst

Figure 1.9: Young contact angle, 8y, at the three-phase contact line of a sessile drop is defined as
sketched. Depending on the surface wettability, the contact angle lies between 0° and 180°.
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dAy,
dAS |V:const
known as intrinsic contact angle or Young contact angle of the liquid [ on the solid s. The angle
Oy is defined between the plane formed by the interface solid/liquid and a tangential plane to the
liquid/fluid interface at the three-phase contact line (See Fig.1.9).

Introducting the previous results into Eq. 1.25, the Young equation is obtained:

is possible to find out that the differential of Eq. 1.25 is 15

= cos (fy) *° where 0y is

Ysg = Vst + Yig cos (By) (1.26)

It is important to note that Young’s equation (Eq. 1.26) is invariant under gravity and valid
for any geometry of the liquid drop ruled by the Young-Laplace’s equation (Eq. 1.21) [140-142].
Moreover, the Young’s equation is also valid for curved but smooth surfaces because it is a local
equation [143], and therefore, it is valid for each point of the three-phase contact line at equilibrium
situation.

From a mechanical point of view, the Young’s equation (Eq. 1.26) describes the force balance
at the contact line of the three forces resulting from the three interfacial tensions (see Fig. 1.9).

1.3.3 Wetting of Real Surfaces

The Young equation (Eq. 1.26) is only valid for ideal surfaces. But this kind of surfaces does
not exist in reality. Usually, any surface, regardless of the scale at which it is observed, presents
topographical and/or chemical defects. Therefore, it is possible to find rough and chemically
homogeneous surfaces (for a chemically homogeneous but rough surface, the intrinsic contact angle
of each point of the surface is always the same), smooth and chemically heterogeneous surfaces
(each intrinsic contact angle of the surface corresponds to each one of its chemical realities) and
rough and chemically heterogeneous surfaces.

The non-ideality of surfaces has some consequences on the wetting properties:

o The observable contact angle 6,,, (experimentally accesible contact angle) in a non-ideal
surface is not the intrinsic contact angle (see Fig. 1.10). So, for a rough chemically homo-
geneous surface, where the intrinsic contact angle of eahc point of the surface is always the
same, the difference between the observable and intrinsic contact angles is exclusively due to
the “resistance” which topographical defects of the surface offer to the deplacement of the

15The detailed derivation of Eq. 1.25, taking into account geometrical and thermodynamical arguments exclusively,
can be found in Appendix C

app

Figure 1.10: Intrinsic and apparent contact angles for a rough chemically homogeneous surface.
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contact line. On the other hand if a smooth chemically heterogeneous surface is considered,
the three-phase contact line is not affected by surface topography, but its chemically hetero-
geneity means that the intrinsic contact angle is different for each point of the surface (each
instrinsic contact angle of the surface corresponds to each one of the chemical domains of the
surface). As consequence, the value of the observable contact angle is a “mean value” of all
intrinsic contact angle of the surface.

e Non-ideality of any real surface involves the existence of different values of observable contact
angle for each point of the three-phase contact line. This phenomenon is referred to contact
angle multiplicity and it is caused by the corrugation of the three-phase contact angle [144]
due to the presence of chemical patches.

a) 6. =6 0. =0,

jump

Figure 1.11: Advancing and receding contact angles for a moving drop (blue arrow indicates
the direction of movement) on a chemically heterogeneous and smooth surface a) and a chemically
homogeneous but rough surface b). On a chemically heterogeneous and smooth surface, the contact
angle at the boundary can take any value between the contact angle of the more hydrophilic patch
and the contact angle value of the more hydrophobic patch. As a consequence, the contact line
becomes immobilized and its position gets fixed to the line of discontinuity as long as the contact
angle falls into the free range between those two angles. Similarly, on a chemically homogeneous
but rough surface, the advancing and receding contact lines will be pinned at the peaks and valleys.

e The geometry and, therefore, the contact angle, of the drop deposited on any real surface
depends on how it was placed. When a drop came in contact with that surface, its observable
contact angle can take any value within a set of values between a maximum (advancing) 0,4,
and a minimum (receding) 6. contact angle values. Three-phase contact line is advancing
when the line moves towards the solid-gas interface and it is receding when the line moves
towards the solid-liquid interface. This phenomenon is known as contact angle hysteresis,
identically to the magnitude used to measure it, i.e. contact angle hysteresis Af'6. Con-

16Contact angle hysteresis of a real surface is easily observable if we look carefully how a rain drop sliding down
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tact angle hysteresis is defined as the difference between 0,4, and 0,cc, A0 = Ouqy — Orec-
Moreover, contact angle hysteresis is usually accompanied with contact angle multiplicity
phenomena. From an energetic point of view, contact angle hysteresis occurs due to the wide
range of “metastable” states, due to the non-ideality of the surface, which can be observed
as the liquid drop scans the surface of a solid at the solid/liquid/vapor interface. The me-
chanical consequence of these meta-states is the pinning of the three-phase contact line due
to these surface defects. The reduced mobility of the contact line caused by pinning gives
rise to the contact angle hysteresis phenomena (see Fig. 1.11).

Chemically Homogeneous and Rough Surfaces. The Wenzel Equation

If a liquid drop is placed on a rough chemically homogeneous surface, the apparent contact
angle 6,5y, which is the contact angle measured with respect to the average surface, is generally
different from the local contact angle, measured with respect to the tangential plane at one local
point of the three-phase contact line. Wenzel treated to explain this behavior around one century
ago [145-147]. Wenzel’s explanation was based on that the interfacial energy per unit area is
higher on a rough surface than on a smooth surface, because of the solid surface area for a rough
surface is greater than for smooth one. So, a liquid drop placed on a rough surface responses to
this increasing of exposed contact area increasing the solid/liquid and solid/fluid interfacial areas,
i.e. changing its apparent contact angle.

In order to model mathematically their ideas, Wenzel modified the Young equation by the
introduction of a factor which takes into account the rough nature of the surface. The factor
proposed by Wenzel was the surface area ratio or so-called the Wenzel or roughness factor r (see
Eq. 1.5), which is defined as the ratio between the real surface area and the projected surface area
(see Eq. 1.5). So, the Wenzel correction to Eq.1.26 is known as the Wenzel equation:

08 (0qpp) = 7 cos (0y) (1.27)

From this equation, it is possible to understand that surface roughness increases the intrinsic
behavior of the surface.

{ For hydrophilic surfaces 0y < 90° = 04, < Oy
For hydrophobic surfaces 0y > 90° = 04p, > Oy

The Wenzel regime is the wetting regime where the Eq. 1.27 applies and it is based on the
assumption that the liquid of the drop is completely in contact with the surface, filling all their
asperities.

The Wenzel equation is valid when the drop size becomes larger with respect to the typical
size of the topographical asperities, and the observable Wenzel contact angle represents the most
stable observable contact angle corresponding to the global minimum of the system free energy.

Chemically Heterogeneous and Smooth Surfaces. The Cassie Equation

If a liquid droplet is placed on a smooth chemically heterogeneous surface, the observable con-
tact angle 0, is generally different from the local contact angle. In 1948, Cassie [148] proposed a
model which described the observable contact angle ,,, on heterogeneous solid surfaces composed
of two different materials, each one characterized by an intrinsic contact angle. The Cassie’s mod-
ification to Eq.1.26 was similar to the explanation given by Wenzel for chemically homogeneous

from car windscreens. Just when the movement of the three-phase contact line is imminent, the values of the front
(advancing) and rear (receding) contact angles are different (the downhill angle is always smaller than the uphill
one).
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and rough surfaces. So, if the chemical composition of a smooth surface is heterogeneous (e.g.
two different chemical components), the interfacial energy per unit area changes with respect to
the own interfacial energy of a chemically homogeneous and smooth surface composed of each one
of the different chemical components. Thus, when a liquid droplet is placed on a heterogeneous
surfaces, it responses changing its original configuration and, consequently, its observable contact
angle 0,,,. Cassie introduced two new terms (f1 and f2) with respect to the Young’s equation
(Eq. 1.26) in order to take into account the surface heterogeneity (f; = A;/A, i = 1,2 where A;
is the total surface area corresponding to the i-component). So, the Cassie’s equation is expressed
as:

08 (Bapp) = ficos(01) + (1 — f1) cos (62) (1.28)

where 6; is the intrinsic contact angle of the smooth surface made by i-component. This equation
can be generalized for a surface composed of n chemical patches as:

c0s (Qapp) = zn:fl cos (6;); where z”: fi=1 (1.29)

The Cassie equation is valid when the drop size becomes larger with respect to the typical
size of the chemical heterogeneity [149], and similarly to the Wenzel case, the observable Cassie
contact angle represents the most stable observable contact angle corresponding to the global
minimum of the system free energy [149, 150].



Chapter 2

Taking Care to Capture Surface
Morphology

This chapter is divided into two different sections which analize aspects related to the capture
of surface topography and how to obtain from its information about surface roughness, about the
Wenzel’s factor r due to its usefulness in wetting or adhesion studies where the knowledge of sur-
face roughness is crucial.

The first part is focused on the study of the effect of some parameters, such as the triangu-
lar tesselation algorithm used to capture continous topographies, the topography resolution, the
scan-size,. . ., on the measure of r, and how these parameters affect to measures which requiere the
determination of surface roughness through surface area ratio parameter (r), particularly, wetting
studies of rough surfaces.

The second part of this chapter analizes numerically, from a mathematical point of view, the
influence of the directional character (vertical or normal) of the addition between waviness and
roughness on the surface area ratio (roughness factor) of rough wavy surfaces. Different double-
scale surfaces were simulated as perturbations, in both directions, of an analytically-defined wavy
surface using a fractional Brownian noise.

26
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2.1 Factors Affecting the Measurement of Roughness Factor
of Surfaces and its Implications for Wetting Studies

The first part of this chapter ! intends to be an introduction to those aspects which must be
taken into account when a surface topography is acquired regardless of the instrument or device
used to do it. As it is mentioned above, this part emphasizes the effect of experimental and
processing parameters on the measure of the roughness factor. Roughness factor is widely used for
topography characterization of surfaces in wetting phenomena. The measurement of meaningful
values of roughness factor depends on the instrument settings, e.g. spatial resolution and scan-size,
the instrument characteristics (e.g. voxel dimensions), the post-treatment of discrete data array
(tessellation algorithm), and finally the nature of the surface texture (e.g. fractal). It is evident
that if roughness factor is affected by these non-physics parameters, all the indirect quantities
where the roughness factor appears for their estimation, such as wetting phenomena and solid
surface energy, should be also affected by them.

2.1.1 Introduction

Surface metrology is the science which studies the set of procedures to measure local or global
features of surfaces at any scale. Topography data are superposition of surface features found at
different scales. These features can be grouped according to their characteristic horizontal distance
(i.e. the spatial wavelength). In decreasing order of wavelength, these features are the shape,
the waviness, and the roughness. The roughness is related to the surface fluctuations (periodic
or non-periodic) of short wavelengths features, whereas waviness describes surface periodic and
non-periodic features at intermediate wavelengths. In general, in many surface phenomena (e.g.
wetting, and friction), shape is less relevant to the characteristic scale of the phenomenon. For
example, for a given shape, roughness determines the behaviour of a surface in problems related
to wetting and tribology, reflecting the surface-nature of these phenomena [151-154].

Any wavy rough surface z(x,y), which is single-valued, can mathematically be defined as a
superposition of two terms, one associated with the waviness f(z,y) and another to the roughness
n(x,y). The superposition of waviness and roughness will be different depending on the process
which governs the surface evolution. These processes can be grouped as ballistic-wise process [155],
where the roughness is added to the waviness in the vertical direction, and growth/erosion process
[156], where that addition occurs in the normal direction.

However, practical surfaces are not univocally well defined because a topography acquired by
finite-resolution techniques is actually an array of equispatial points (i.e. discrete surface). This
limitation explains the dependence of any topographic descriptor on the surface reconstruction
(tessellation or meshing), the resolution (length of array) and the sample size (scan-size or scan-
length). Hence, depending on the measuring parameters (lateral resolution, scan-size, meshing)
[157-161] and the instrument characteristics (vertical range, pixel size, voxel shape), different values
of topography descriptors for the same surface can be found. Furthermore, since many natural
surfaces are self-affine fractals [160,162,163], an intrinsic scale dependence on geometrical features
is observed regardless of the mentioned discretization and instrument effects.

Roughness descriptors based on the amplitude fluctuations of the roughness of a surface are
widely used in surface engineering. However, statistical parameters, mainly the average height,
R,, and the root mean square height, R, provide no information about the horizontal distances
between the surface features and therefore, the possible surface anisotropy [67].

1P.J. Ramén-Torregrosa, M.A. Rodriguez-Valverde, A. Amirfazli, M.A. Cabrerizo-Vilchez published in Colloids
and Surfaces A: Physicochemical and Engineering Aspects, Volume 323, Issues 1-3, 20 June 2008, Pages 83-93
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In order to describe surface roughness and texture properly, hybrid parameters (based on a
combination of height and spatial wavelength) [67,164], such as the surface slope, are employed
together with the amplitude parameters. In fact, surface area (three-dimensional interpretation of
surface slope) is especially useful in phenomena such as wetting where the liquid-solid interactions
depend on their contact area [165,166].

A special case of dimensionless hybrid parameter relevant to wetting is the surface area ratio or
roughness factor, r. This parameter is defined as the ratio between the area (A) of the topography
determined by any measurement technique, and the nominal or geometrically projected area (A,)
of the topography:

r= a, (2.1)

Since A, is obtained from the projection of the microscopic area, A, onto a reference surface,
it is also known as apparent area. This reference surface is generally a horizontal plane obtained
after a vertical filtering process [167]. As such, A, will be equal to the scan area (product of the
transversal and longitudinal scan-lengths).

The scan-size and sampling interval dependence of statistical, spatial and hybrid parameters
have been studied by several authors [154,166-169]. Scan-size and spatial resolution was studied
using different techniques such as white light confocal microscopy (WLCM) [167], profilometry
[169] and atomic force microscopy (AFM) [154,166,169]. These studies have shown that roughness
descriptors are affected by the resolution and the scan-size. The effect of the scan-size over the
roughness factor from scanning force microscopy (SFM) topographies have also been studied [168].
However, comparative importance of roughness descriptors and their dependence on measurement
parameters is very difficult to understand from above studies as each have looked at a particular
system using a particular instrument. As such, a general understanding is lacking currently.

Furthermore, before applying the definition of roughness factor, r, in any measurement tech-
nique the waviness of a surface should be filtered (by instrument) in order to isolate the information
corresponding to the roughness. The waviness filtering algorithms remove the waviness from topo-
graphical data by fitting functions or using different filters [170-172]. The practical filters used, are
generally based on the minimization of vertical offsets [173]. Therefore, such algorithms can be only
applied to surfaces governed by ballistic-wise processes. For surfaces governed by growth/erosion
processes, a least-squares orthogonal distance fitting technique should be used [174,175]. The effect
of the waviness filtering is not discussed in this section. It will be studied in following part.

In wetting phenomena, Wenzel [145] related the effect of topography of a rough, but chemically
homogeneous surface to contact angle of that of an ideally smooth surface through Eq. 2.2

c0804pp = 1 cOSly (2.2)

where 60,,, is the apparent contact angle (experimentally accessible angle) and 0y is the Young’s
contact angle (the angle related to the solid surface energy observed on a smooth surface). Con-
sequently, the estimation of meaningful values of surface energy for rough surfaces will depend
partially on a correct evaluation of roughness factor. Recently, several authors have studied the
variation of apparent contact angle with roughness factor [166,176] and the scan-size effect on the
determination of roughness factor [168]. The surface roughness also plays an important role in
study of superhydrophobic surfaces and its thermodynamic description [177-179).

The principal aim of this study is to comprehensibly analyze the parameters related to the
measurement of r, i.e. scan-size, lateral resolution and meshing, and that of instrument character-
istics, by using two different instruments. Therefore, one of the aims of this study is to evaluate,
compare and determine the importance of the effects of each of these parameters on r. This is
done by experimenting with synthetic (mathematically constructed) surfaces as well as roughened
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titanium surfaces. Furthermore, the results will be discussed in the context of wetting and contact
angle interpretation, as an example. As such, this will be the first study that has examined the
evaluation of r using a multitude of parameters and two instruments in a single study, and has
analyzed the finding in the context of wetting.

2.1.2 Estimation of Roughness Factor

From differential geometry, the definition of surface area as an integral parameter does not
allow it to be a useful parameter to distinguish surface topographies; because a surface is only
well-defined, if its metric and curvature tensors are known [180,181]. Consequently, two surfaces
with different surface morphology can have identical surface area. As an example, These surfaces

Figure 2.1: Carbon aerogel surfaces topographies acquired by AFM in ContactMode™™ with a res-
olution of 1024x1024 pixels. These topographies exhibit identical area (3545um?) and geometrical
area (50x50um?), although they show different textures.

present identical values of A, and A (consequently r values), but obviously have different topogra-
phies. Consequently, r is not able to characterize univocally a surface.

Lai and Irene [170] concluded that there is no method that yields the true surface area for
microscopically rough surfaces. Therefore, complete description of a surface is not possible due to
limitations of the instrument and the discrete character (due to discrete information collection by
the instrument) of the topography. Therefore, the true roughness value is non-accessible experi-
mentally because it would require the acquisition of infinite number of points (i.e. a continuous
topography) and this is technically impossible at the moment. Consequently, due to the discrete
acquisition and the treatment of the topography some information about the surface is always lost.

Koinkar and Bhushan [154]shown that the sampling interval should be always lower than the
correlation length (average distance between points at some specific elevation). For a given sam-
pling interval, the scan size should be sufficiently large to contain the necessary topographical
information and to provide meaningful values of the topography descriptors.

The scale effect is not only observed in discrete topographies, but also for particular continuum
surfaces, like fractals, where the scale dependence is intrinsic to their topology. Fractals are used to
describe structures that exhibit the highly irregular behavior commonly found in the nature. The
scale dependence of self-affine fractal surfaces has been widely studied [71,182-184]. A self-affine
rough surface exhibits different area depending on the observation scale. This means that the area
of a self-affine surface does not have a unique value, instead it depends on the scale. Hence, rough-
ness factor of self-affine surfaces is a scale-sensitive parameter, regardless the instrument used.



30 Chapter 2. Taking Care to Capture Surface Morphology

In the following two sections, the necessity and fundamentals of the need for study of measuring
parameters affecting r will be discussed in detail.

Area Computation of Discrete Surfaces

Rough surfaces can be reconstructed by triangular facets (different triangular tessellations)
whose vertices are given in a discrete height map. Hence, the surface area can be estimated by the
cumulative area of the triangles embedded in three-dimensional space (Fig. 2.2). Since topography

Figure 2.2: Two possible triangular tessellations of a grid cell of rectangular lattice. The dots
represent the discrete data collected by the instrument. (a) Counter-clockwise: triangle facets
placed in counter-clockwise sense; (b) Clockwise: triangle facets placed in clockwise. Note that
according to the height map, these triangulations cause a concave (CCW) and convex (CW) shape
in the topography.

data are usually acquired on rectangular lattices, the grid cell area is approximated by the sum
of the areas of two triangles (4 vertices, 2 triangles), see Fig. 2.2. However, there are at least
two ways to place triangular patches per grid cell, i.e. clockwise (CW) and counter-clockwise
(CCW) triangulations (these two triangulations will be considered as the basic ones); see Fig.
2.2. More complex tessellations can be applied for irregular grids (e.g. Delaunay triangulations)
[185]. Delaunay triangulation is based on finding the nearest neighbors, and it is on average an
intermediate case of the basic triangulations above.

Since there is no unique tessellation solution for a rough surface, the area, and consequently
the roughness factor could take several values depending on the tessellation algorithm used. To
show the effect of the tessellation algorithms, synthetic surfaces are used in this study.

Measuring Parameters

A greater number of points measured per unit area allows for a refined description of a to-
pography and thus, to increase the accuracy of numerical value of roughness factor. The discrete
character of acquisition methods for the topographies implicitly involves the dependence of rough-
ness factor with the sampling interval; on therefore, with the resolution and the scan-size. The
resolution and scan-size are also strongly related to the characteristic of the instrument employed.
Hence, an unbalance between the vertical and spatial ranges of instrument (not cubic voxels) can
cause artifacts in the surface area estimation, hence 7.
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To study systematically and quantify the effect of the scan-size, resolution and instrument char-
acteristics on the roughness factor value, different experiments must be designed to tackle these
parameters separately. As such, to evaluate the effect of the spatial resolution, the same surface
region was studied but the number of points acquired in the topography was changed (various
resolutions). The effect of the scan-size was measured from the acquisition of topographies with
identical spatial resolution but changing the scan-size for the different topographies. To study the
effect of instrument and to enlarge the scan-size range in this study, two different instruments were
used.

2.1.3 Materials and Methods

Surfaces

The effects of tessellation algorithms, resolution and scan-size have been studied in this paper
using synthetic (mathematically constructed) and acid etched and passivated titanium surfaces.
Moreover, in order to compare the results obtained for the behavior of  with resolution and scan-
size from synthetic surfaces, titanium surface topographies were acquired by AFM and WLCM.

1. Synthetic Surfaces

To study the effect of using different tessellation algorithms on the value of 7, a synthetic
discrete surface (11x11 points) was constructed with a unit geometrical area (A4, = 1), see
Fig. 2.3a. The height map of the rough surface was created using the fractional Brownian
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Figure 2.3: Roughness factor calculated using different triangular tessellations of the same discrete
surface, i.e. a 11x11 points height map shown in (a). (b) Counter-Clockwise triangulation r = 4.98,
(c) Clockwise triangulation r=4.90, (d) Delaunay Triangulation r = 4.91.

motion (fBm) technique [186,187]. Amongst many possibilities to mesh a surface, three dif-
ferent tessellation algorithms (two basic ones and the Delaunay triangulation) were used to
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mesh and compute the respective topographic area (A), and therefore its roughness factor r
of the synthetic surfaces (note A, = 1).

The effect of resolution on the roughness factor value was computed for synthetic surfaces
with different surface roughness patterns (i.e. fractal and non-fractal). All the surfaces were
constructed with unit geometrical area (A, = 1) and all of them were generated at maximum
resolution of 1024x1024 pixels. For surfaces with fractal patterns, fBm technique with a fixed
fractal dimension of Dy = 2.8 was used. Different sinusoidal patterns were generated from
the respective analytical expression for each surface:

z1p(x,y) = 2o cos (27‘(%)

zop(x,y) = 2o COS (277%) cos (277%) (2.3)

Zpacking (T, Y) = 2—20 (cos (27r§) + 1) (cos (Qﬂ%) + 1)

where the spatial period A was varied (0.1, 0.5, 1.0 and 2.0 in arbitrary units (a.u.)), zo was
accordingly varied to fixing the r value in all surfaces and the scan-size range was 2.0 a.u.
Fractal-sinusoidal patterns were simulated as the addition of one sinusoidal family and one
fractal pattern. To study the effect of resolution on the roughness factor, the spatial resolution
was reduced by skipping points in the original synthetic surface (1024x1024 pixels) to achieve
the desirable resolution down to 2x2 pixels, keeping the data as a square array. Moreover,
the roughness factor was always computed using CW tessellation algorithm. This was an
arbitrary choice to exclude the influence of tessellation method on calculation of r. The
roughness factor computed for the 1024x1024 pixels synthetic surface can be considered as
the base line roughness factor of each surface (i.e. sinusoidal, fractal, and fractal-sinusoidal
patterns).

The effect of the scan-size on the roughness factor value was also studied from synthetic
surfaces. The synthetic surfaces used were similar to the ones used for the resolution study.
The scan-size range varied from 0.5 to 2.0 arbitrary units (a.u.). To reduce the scan-size, the
base surface with a scan-size of 2.0 a.u. was cut successively to smaller scan-sizes, i.e. 1.0
and 0.5 a.u. As the resolution was set to 512x512 pixels, for the case where scan-size was 0.5
a.u., it was necessary to perform an interpolation on the available number of points, which
was reduced to 256x256 pixels as result of cutting operation. The interpolation allowed a
final resolution of 512x512 pixels for the surface with scan-sizes of 0.5 a.u. This interpolation
was linear. Finally, the roughness factor was also computed using CW tessellation algorithm.

. Titanium Surfaces

For experiments, commercially pure (grade II) unalloyed titanium disks (Manfredi, S. Sec-
ondo di Pinerolo, Ttaly) were used. These disks were polished, with wetted metallographic
SiC papers at 2400 grits and 0.05 gm alumina powders, and etched, by complete immersion,
using a hydrofluoric acid solution at 10% . The etching time was 420s. After etching, the
surfaces were passivated by immersion in a nitric acid solution at 30% during 20 minutes.

Instruments

The topographies of the titanium surface were acquired using atomic force microscopy (AFM)

and white light confocal microscopy (WLCM), in order to explore several scan-sizes from nanome-
ter to millimeter scale.
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AFM experiments were performed in TappingMopde™ under ambient conditions using a

Nanoscope IV from Digital Instruments, (Santa Barbara, California, USA). Veeco Silicon Nitride
cantilevers for topography measurements (resonance frequency 275 kHz, force constant 37 N/m)
were used for height imaging. WLCM experiments were done with a Ply white light confocal
microscope by Sensofar with three objectives (10x, 20x and 50x). Optical properties and specifi-
cations are described elsewhere in http://www.sensofar.com.

To explore the resolution effect on the roughness factor, the same area was scanned using var-
ious resolutions. For the AFM, the resolution was varied from 2x2 to 1024x1024 pixels at the
following constant scan-sizes: 0.5, 1, 5 and 10 um. For WLCM, the resolution was varied from 2x2
to 512x512 pixels at the following constant scan-sizes: 200, 500 and 1000 pm.

2.1.4 Results and Discussion

Triangular Tessellation Effect

Fig. 2.2 shows application of three different triangulations (CW, CCW and Delaunay) for the
same discrete surface, i.e. height map shown in Fig. 2.2a (each point in Fig. 2.2a represents a
discrete data point typically obtained by an instrument).

The value of roughness factor for each meshing varies slightly, 2%, depending on the trian-
gulation method used (CCW triangulation r = 4.98; CW triangulation r = 4.90; and Delaunay
triangulation r = 4.91). The r values of basic triangulations (CW and CCW) provide the extreme
values of roughness factor, because these triangulations display a predominantly convex or concave
surface [188]; the r value for Delaunay triangulation gives an intermediate value. The difference
between the r values is not very large for the case studied. It seems that this is a general trend as
Russ [188] also found the difference between the area calculated by clockwise (CW) and counter-
clockwise (CCW) tessellations was only about 3.5%. To account for this variation, it is suggested
to use the average value of the roughness factor found using the CW and CCW methods. It is
also a good practice for comparison purposes to indicate the tessellation algorithms used. Note
that to see a difference between the r values obtained through different algorithms and provide an
accurate value of roughness factor, the surfaces have been simulated by assigning a high relative
value to the ratio between the maximum vertical distance (zmqz) in the topography and sampling
interval (f a2 12). Otherwise, for surfaces with large vertical to horizontal scale ratio (high height
fluctuation and small scan-size), the roughness factor obtained by any triangulation algorithm is
underestimated and the accuracy of its value cannot be ascertained as Lai and Irene [170] con-
cluded. Lai and Irene establish that for f > 10, the triangulation algorithms provide an accurate
value for the roughness factor, where f is defined as follows

Zmagz - Tesolution

f= (2.4)

scan-size

Measuring Parameter Effect

The evaluation of the resolution and scan-size effects on roughness factor was studied exper-
imentally using acid-etched/passivated titanium surfaces. Moreover, the effects of the resolution
and the nature (fractal or non-fractal) of the surface roughness on the r value have been studied
from synthetic surfaces.

1. Resolution effect
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To explore how the nature of the surface affects the behavior of the roughness factor value
vs. resolution of the topography, synthetic rough surfaces were used. Note that the true r
value is computed from the synthetic surfaces obtained at maximum resolution (1024x1024
pixels). This maximum resolution corresponds to the mathematically defined resolution for
the synthetic surfaces (see Section 2.1.3). Fig. 2.4 shows that the fractal or non-fractal

—m— fractal random i)!ittern ' o '
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1.6 4 —w—2D-Sinusoidal pattern
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Figure 2.4: Roughness factor vs. resolution for synthetic surfaces with identical scan-size (1 ar-
bitrary units). Different types of surfaces were synthesized in order to explore the effect of the
roughness nature on the behaviour of roughness factor with the resolution. These surfaces can be
grouped as fractal patterns, simulated by fractional Brownian motion (fBm), sinusoidal patterns,
computed from their analytical function, and fractal-sinusoidal patterns, which were designed by
means of the addition of the fractal pattern to the sinusoidal pattern. The lines are to guide the
eyes.

nature of the surface influences the dependence of r on resolution. Thereby, for pure fractal
surfaces, if the topography resolution is lower than 128x128 pixels, the r value is very near
to 1 (perfectly smooth surface), but for resolutions greater than 256x256 pixels, the r value
increases strongly as resolution increases. For sinusoidal patterns, the behavior of the r value
with the resolution is different. In this case, the r value increases gradually for resolution
range from 2x2 to 128x128 pixels, and remains constant afterward. This trend is kept re-
gardless of type of sinusoidal roughness pattern (see Fig. 2.4). Therefore, for non-fractal
patterns, e.g. sinusoidal, the true r value is reached at lower resolution than that of one used
to define the surface; i.e. 1024x1024 pixels. This behavior can be understood if the ratio
between the sampling interval and the spatial period/amplitude of the sinusoidal functions
is taken into account. When the r value for these surfaces reaches a constant value, the
sampling interval is lower than the spatial period of the sinusoidal surface, and therefore
the surface information is completely collected from the topography. Otherwise, when the
resolution decreases, the sampling interval increases, and part of the surface information is
lost and therefore the r value decreases. For fractal-sinusoidal surface roughness patterns,



2.1. Factors Affecting the Measurement of Roughness Factor of Rough Surfaces. 35

the behavior of the r value vs. resolution differs little from that of pure fractal ones. In this
case, from 8x8 to 16x16 pixel resolution, the r values increases slightly, and remains constant
(with a value near to 1.1) till spatial resolution increases to 128x128 pixels (similar to pure
fractal surfaces). Then, for resolutions greater than 256x256 pixels, the r value increases
rapidly as resolution increases to 1024x1024 pixels. This suggests that the fractal nature of
the surface seems to be the dominating parameter in determining the behavior of r value
with changing resolution.

In Fig. 2.5, the dependence of the roughness factor on the resolution is shown for both
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Figure 2.5: Roughness factor vs. resolution for topographies acquired by AFM (solid symbols) and
WLCM (open symbols) for different scan-sizes (0.5, 1, 5 and 10um for AFM measurements; 200,
500 and 1000um for WLCM ones).

AFM and WLCM experiments. Since all topographies were measured over the same region
at the same resolution and scan-size, the error bars are only due to instrumental errors.
These instrumental errors have two different origins: one associated with thermal/electronic
noises and another is due to the characteristic pixel/voxel dimensions (size and shape) asso-
ciated with each device. Assuming that the thermal/electronic noises are random and that
the order of magnitude of the noise is similar for both devices, larger error bars for WLCM
measurements suggest that their pixel/voxel dimensions are larger than that of AFM.

In Fig. 2.5 the roughness factor increases from 1, which represents an ideally smooth surface.
This behavior is expected since as the topography is more finely defined for a fixed scan-size,
the surface area increases. The minimum value of roughness factor (7, = 1) is independent
of the scan-size. Additionally, a rapid rise of the roughness factor is seen for resolutions larger
than 256x256 pixels for any scan-size and for both instruments (AFM and WLCM). Since
greater resolution means smaller sampling interval, there is a critical sampling interval for
which surface features of short wavelengths start to appear in the topography (the fineness of
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the topography has been captured due to the increase of the resolution). As, these features
are the most fluctuating components of a surface, therefore, they contribute significantly to
surface area and hence the observed rapid rise in r value. It is interesting to note that the
rapid rise of the r occurs regardless of the pixel size which is different for each device. This
suggests that the observed increase should be due to the nature of the surface roughness.
This cannot be due to instrumentation as if this was the case one would have expected to
see a dependence of the location where the rise begins on the type of instrument used (note
that the wavelengths captured by each device is different at a given resolution).
Considering Fig. 2.4, one can conclude that the Fig. 2.5 suggests that the titanium surfaces
studied are fractals in nature or have a strong fractal component. Moreover, the r value
which should be considered as the correct one for titanium surfaces is the computed value
from the topography data captured at maximum resolution of the device, regardless of the
scan-size considered.

From the above results, the roughness factor measurements are strongly affected by the spa-
tial resolution of the surface topography. These findings should be general regardless the
surface treatment and material. Accordingly, for a fixed scan-size, the maximum spatial
resolution should be used for the device.

2. Scan-Size Effect

Fig. 2.6 shows the variation of roughness factor with the scan size at a constant resolu-
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Figure 2.6: Roughness factor vs. scan-size for synthetic surfaces. The resolution was constant at
512x512 pixels, but the scan-size was changed from 0.5 to 2 a.u. The lines are to guide the eyes.

tion of 512x512 pixels. The scan-size range varied from 0.5 to 2 a.u. The ratio between
resolution and the range of the scan-size explored was determined in order to satisfy the con-
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dition imposed by Koinkar and Bhushan [154] (see also Section 2.1.2). Hence, for this range,
no significant change in the roughness factor value was observed regardless of the roughness
nature, i.e. the roughness factor remains constant. This is also confirmed experimentally
by examining the data in Fig. 2.5. From Fig. 2.5, it is clear that regardless of scan-size
the roughness factor remains constant for resolutions below 256x256 pixels. For resolutions
higher than 256x256 pixels, e.g. the data enclosed by the ellipse in Fig. 2.5, experiments
suggest that the scan-size for a given resolution does cause a slight difference (see data en-
closed by the ellipse in Fig. 2.5), but this is far less than the effect of resolution. To further
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Figure 2.7: Scale dependence of roughness factor for titanium surface topographies acquired by
AFM and WLCM (512x512 pixels). The dashed line is only a visual aid to distinguish the data
obtained from various instruments.

highlight the findings from experiments, in Fig. 2.7, the dependence of the roughness factor
with the scan-size is presented at constant resolution of 512x512 pixels. The error bars are
due to the statistical sampling over ten different regions. The instrumental errors have been
subtracted from the error bars of Fig. 2.5 to highlight the effect of the scan-size. In Fig. 2.7,
roughness factor slightly decreases when the scan-size (i.e. the sampling interval) increases.
A small drop in r value is observed as instrument to measure the r is changed. This decrease
can be explained from the loss of topography fineness due to the increase of sampling interval
or pixel size between WLCM and AFM. There is an additional cause to explain this drop;
namely, the vertical range (voxel dimensions) of each device, because if the voxel dimensions
for WLCM are larger than that for AFM, the loss of topography information is larger too.
Consequently, the value of the roughness factor is lower when using WLCM. For this reason,
AFM is most suitable to measure nanoscopic vertical features whereas WLCM only allows
detecting microscopic ones. It should be noted that at worst the effect of scan-size on r is
less of 5%, whereas the resolution effect can be as high as 50%.
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As rule of thumb, scan size should be sufficiently large to contain the necessary topographical
information. However, in studies of interacting interfaces, the scan-size should be closer to
the characteristic length of the system.

. The effect of the roughness values on wetting

As shown above, roughness factor does not have a unique value. As an example, the conse-
quences of a non-unique value for roughness factor on wettability of acid etched/passivated
titanium surfaces are presented. It is assumed that the apparent contact angle value does
not depend on the drop volume [189]. From the measured contact angle 6q,, = (54 £ 3)°
[190] and the roughness factors from Fig. 2.7, Young’s contact angle (fy) was calculated
using Eq. 2.2.

As it was presented previously, the effect of the tessellation algorithm used to compute the
r value is between 2 — 3%. This 2 — 3% change in r value translates into a non-significant
difference in the Young’s contact angle value for the system studied; especially considering
the contact angle measurement techniques presents an experimental error on the order of
+1°. Considering that for titanium 6,,, = 54° and r = 1.50 + 0.04 (0.04 represents a 2.5%
change in r), using Eq. 2.2, the Young’s contact angle obtained is (66.9 + 0.5)°. Even con-
sidering the nonlinear nature of the cosine function involved in the Eq. 2.2, the error in the
Young’s contact angle due to the tessellation algorithm used to compute the roughness factor
is always very small.

Fig. 2.8 shows the values of the Young’s contact angle for water found from the Wen-
zel's equation (Eq. 2.2) using 6,,, = 54° and the roughness factor calculated from different
spatial resolution (scan size was constant for each measurement). By definition, Young’s
contact angle is a material property [191] and therefore, it should not be affected by any
measurement parameter for topographies. In fact, the behavior observed in Fig. 2.8 is an
artifact of the resolution-sensitive character of roughness factor. The resolution dependence
of the roughness factor translates into a ~ 15° variation of the Young’s contact angle for
etched /passivated titanium surfaces.

The above variation observed in contact angle due to resolution can have significant effect on
interpretation of contact angle on surface energetics calculations, for example. As an exam-
ple, interpreting the above data using an ”equation of state” approach [192,193] to compute
the solid-vapor interfacial energy (ysy ) value from the 6y, results in the plot shown in Fig.
2.9.

The ”equation of state” used is:

c08(lapp) +1 _ VSV _p(ypy—ysV?) (2.5)
2 YLV

where v is liquid-vapor interfacial tension and 8 = 0.0001247(m?/m.J)? is a constant. Eq.
2.5 may be viewed as controversial. However, the aim of this paper is only to demonstrate
the influence of the resolution for acquiring topographical information that can be used to
find a physical quantity as solid surface energy (yry). The choice of Eq. 2.5 in this paper
has been mainly due to its simplicity for vy calculation. It is not the intent of this study to
provide any absolute value for solid surface energy. The amount of change in gy will likely
be different using different methods, but the trend would remain the same. The liquid was
assumed water at room temperature with vpy = 72.5mJ/m2.

Fig. 2.9 shows that the vy decreases as resolution increases. However, because yry is a
material property, it should not depend on any measuring parameter, like resolution. There-
fore, the behavior observed is an artifact of the dependence of the roughness factor with the
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Figure 2.8: Resolution dependence of the Young’s contact angle (fy) found from the application
of the Wenzel’s equation, Eq. 2.2, for the acid etched/passivated titanium surfaces. Topographies
were acquired by AFM and WLCM, changing the resolution from 2 to 1024 pixels for AFM and
from 2 to 512 pixels for WLCM. The apparent contact angle (8,,,) for water on the titanium
surface was 54°.

resolution. The resolution dependence of the roughness factor translates into ~ 6m.J/m?
variation of solid-vapor interfacial tension for etched/passivated titanium surfaces.

As mentioned above, scan-size influences the r value to much lesser extent than resolution,
and the results below suggest that maybe important only when considering the contact angle
data interpretation for hydrophilic systems (low contact angle). To demonstrate this point
we have considered two additional values of 0,,, at hydrophilic and hydrophobic limits, i.e.
20° and 100° (note that contact angle of di-iodomethane on titanium is about 22°, and 100°
is an arbitrary value to demonstrate the effect for a hydrophobic system). Analyzing the two
values of 20° and 100° for 8,,, also clarities the influence of the cosine function present in
Eq. 2.2.

Fig. 2.10 shows the values of the Young’s contact angle for different scan-sizes of the to-
pography at fixed resolution (512x512 pixels) and assuming that apparent contact angles
(Bapp) of the acid etched/passivated titanium surfaces were 20°, 54° and 100°. The Young’s
contact angle (given by Eq. 2.2) decreases as scan-size increases, regardless of the device
used to acquire the topography, if the apparent contact angle of the surface is lower than
90°, whereas if 0, is greater than 90°, the corresponding Young’s contact angle increases
as scan-size increases.

The effect presented in Fig. 2.10 is an artifact of the scan-size-sensitive character of rough-
ness factor. The effect of the scan-size on the Young’s contact angle is much less than the
effect of the resolution, but could be important if the apparent contact angle was near 0° or
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Figure 2.9: The false dependence of the surface energy for acid etched/passivated titanium surfaces
seen as a result of non-unique value for r. The scan-size considered was 0.5um and the topographies

were acquired by AFM. The apparent contact angle was assumed 54°, and the ygy was calculated
from Eq. 2.5.

180°.

A surface energetic analysis could be done to study the effect of scan-size of topography on
the ygy values, but according to the data presented in Fig. 2.10; this effect is less significant
than that of the resolution, for any apparent contact angle assumed.

2.1.5 Conclusions

Roughness factor depends on the acquisition and the treatment of the surface topography
data. Therefore, the effects of the resolution, the scan-size and the instrument used to acquire the
topography, as well as the tessellation algorithms used to compute the roughness factor value have
been analyzed. Several important conclusions emerge from this study. Therefore, form this part
of the chapter it is possible to extract some conclusions which are summarized as follows:

The value of roughness factor depends slightly, 2%, on the triangulation algorithm employed
to reconstruct the topography. Therefore, the influence of the tessellation triangulation to
interpret the results for finding the Young’s contact angle or solid-vapor interfacial tension
will be negligible. However, in order to provide a better value of the roughness factor, an
average of the values computed from different triangular tessellations should be considered.
Also, the meshing algorithm should be indicated in order to allow comparison of results from
different studies.

The resolution of the topography affects strongly the value of the roughness factor, and
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Figure 2.10: Scale dependence of the Young’s contact angle (fy ) of acid etched /passivated titanium
surfaces assuming that the apparent contact angle (,,,) of those surfaces were 20°, 54°, and 100°
and calculated from Eq. 2.2. The roughness factor for the different surfaces was calculated from
the topographies acquired by AFM and WLCM at resolution of 512x512 pixels.

therefore any other quantity determined from it. From synthetic surfaces, the behavior of
the roughness factor with the resolution has been studied. It was found that the r value will
change differently with the resolution depending on the fractal or non-fractal nature of the
surface roughness. For fractal patterns, the roughness factor increases rapidly from resolution
greater than 256x256 pixels; for non-fractal patterns, the roughness factor increases gradually
from 2x2 to 128x128 pixels and for resolutions greater than 256x256 pixels, its value remains
constant. For titanium surfaces, the roughness factor increases as the resolution increases
regardless of the instrument (AFM or WLCM) used to acquire the topography. From the
observations done for synthetic surfaces, it has been possible to conclude that titanium surface
has a fractal nature.

The effect of the scan-size on r value was evaluated using synthetic and etched/passivated
titanium surfaces and two different devices (WLCM and AFM) in order to study a large scan-
size range (from 0.5 to 1000um). The behavior of the r value with the scan-size observed
for synthetic surfaces predicts that the effect of the scan-size is practically negligible when
the scans-size changes from 0.5 to 2 a.u. Experimentally, for the etched/passivated titanium
surface, the effect of the scan-size on r value was also found to be negligible for resolution
below 256x256 pixels, but for resolution greater than 256x256 pixels, the r value showed some
dependence on scan-size (decreased for the same resolution) regardless of the instrument used.
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The effect of the resolution on the roughness factor value can translate into significant differ-
ences when r value was used to find/interpret other quantities, such as the Young’s contact
angle or solid surface energy. For etched/passivated titanium surfaces with 6,,, = 54°,
the Young’s contact angle values ranged spanned = 15° for resolution range from 2x2 to
1024x1024 pixels. Equally, the solid-vapor interfacial tension (computed from Eq. 2.5)
changed ~ 6m.J/m? for the same resolution range. The scan-size of the topography affected
calculation of the Young’s contact angle and solid-liquid interfacial tension to a lesser degree.

The acquisition of meaningful topographies require, for fixed scan-size, the maximum spatial
resolution allowed by the device. As rule of thumb, scan size should be sufficiently large
to contain the necessary topographical information. In studies of interacting interfaces, the
scan-size should be closer to the characteristic length of the system.

In increasing order of loss of information, the parameters that affect the roughness factor are:
the tessellation algorithms used to mesh the topography, the scan-size employed to acquire
the topography, and the resolution of the topography (number of points collected by the
topography). This order of importance of the parameters studied seems to be regardless of
the instrument used to acquire the topography.

Finally the following recommendations based on this study are provided to guide acquisition

of surface topographies.

e Regardless of the roughness nature (fractal or sinusoidal), the surfaces images have to be

acquired at maximum resolution possible for the equipment used. However, if time or com-
putational reasons are of concern, the minimum resolution which must be used to acquire
any image should be 256x256 pixels to capture necessary and meaningful information about
the topography of the surface.

Given that the scan-size plays a less important role in obtaining topographical information,
there is more freedom to choose this parameter, however, it is prudent to select the scan-size
that is relevant to the scale-size of the phenomenon of interest.

These recommendations are independent of the device used to acquire the surface topography
and of the tessellation algorithm used to compute the surface area.
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2.2 Effect of Waviness Filtering on Surface Area Ratio Mea-
surements by 3D Microscopy: A Numerical Study

The second part of this chapter is focused on the analysis of the effects produced on the surface
morphology aspect due to the presence on it of surface features with different wavelengths, and
how such presence affects to the value of surface area ratio parameter. Surface area ratio is a
surface roughness parameter which directly relates the role of the surface roughness on physical
phenomena as wetting and tribology. Therefore, as in general the topography of a wavy rough
surface is composed of features of different spatial wavelengths, in order to exclusively consider the
role of the surface roughness is necessary to filter the features which correspond to surface motifs
different of roughness ones. This section presents a numerical study which takes into account
the role of the direcctionality of the addition between surface waviness and roughness, which is
controlled by the nature of the process (ballistic-wise or growth/erosion processes) that originates
the surface. To analyze the influence of directional character of the addition between waviness
and roughness on surface area ratio of a wavy rough surface, different synthetic (mathematically
defined) surfaces were designed as composition of an analytically defined wavy surface and a rough
surface, designed using a fractional Brownian motion algorithm.

2.2.1 Introduction

The behavior of engineered and natural surfaces can be understood from their three-dimensional
topography [194-196]. In the emerging field of micro-/nanostructured surfaces, e.g. superhy-
drophobic surfaces, where the systems contain dual scale structure roughness, a meaningful topo-
graphic characterization is very important. Development of advanced measurement techniques in
surface microscopy relies on the proper definition of surface topography and their reconstruction
methods [171]. Real surfaces contain multicomponent topographic data, which should be properly
processed to isolate the information of interest.

Surface features at different scales may affect differently to the surface functional behavior [197].
Surface area is especially relevant in interfacial phenomena such as wetting, tribology or cell ad-
hesion, where the interactions depends on the contact area between bodies/phases [166,194,198].
The surface area ratio, r, also referred to as relative surface area?, enables a evaluation of the
surface roughness. The surface area ratio is a hybrid roughness descriptor [67] that quantifies the
difference between the actual surface area, A, and the apparent or nominal surface area, Aqypp, as
follows:

(2.6)
app
where A,y is the area of the smooth reference surface.

This reference surface, known as waviness, is the surface with the same figure and dimensions
than the actual surface. If the surface were rough without waviness, A,p, would be the area of
the horizontal plane resulting from the vertical projection of the rough surface. In microscopy, the
area Aqpp is known as geometrical area, Ay, and it is numerically equal to the scan—area (i.e. the
product of the transversal and longitudinal scan—lengths). Some authors prefer to define the sur-
face area ratio as A/A, when the surface deviations are referred to the smoothness (no roughness)
and the plainness (no waviness) indistinctly.

Unfortunately, surface area evaluated by microscopy is very sensitive to the measuring condi-
tions [170,194,199]. Actually, the true value of surface area is experimentally inaccessible because

284, = (r — 1)100



44 Chapter 2. Taking Care to Capture Surface Morphology

it would require the acquisition of infinite points (i.e. a continuous topography) and this is tech-
nically impossible. Instead, the calculation of surface area ratio from contact angle measurements
is widely reported [199-202].

The current microscopes provide surface textures grouping waviness and roughness indistinctly,
i.e. a compounded account of intermediate and short length scales. To assess the frictional or wet-
ting behavior of a surface, since both properties depend on roughness, one needs to filter the
acquired morphology of the surface. But any filtering process of raw topography results in certain
loss of information. A wrong choice of filtering tool can lead to misleading values of the statistical
parameters [167]. Due to this, some authors recommend that filtration should be avoided in the
analysis of surface topography.

Surface roughness is governed by man—made or natural processes, which modified the initial
surface at arbitrary directions. These processes can be roughly classified into ballistic [155], if the
rough profile is created on the previous non-planar (horizontal) surface following the vertical direc-
tion, and growth/erosion [156], where the perturbation of the wavy surface is performed following
its normal direction. Many surfaces evolve by curvature flow [199,203]. For instance, in reactive
systems, the asperities and grooves may act as preferable sites for reaction, diffusion, adsorption,
nucleation, etc... This affects the evolution of the interface leading to its roughening.

By inspection of an experimental topography, generally it is not possible to know a posteri-
ori the precursor roughening process that ruled the evolution of the surface. This uncertainty in
the directionality of the superposition of roughness to waviness can lead to meaningless values of
roughness parameters after the waviness filtering. The directional character of waviness filtering
and its influence on the roughness descriptors are not clearly discussed in the literature [204].

To characterize conveniently surface roughness, special care should be taken for the filtering
of raw topography data. The aim of this study is to analyze numerically the effect of waviness
filtering on the values of surface area ratio of rough and wavy surfaces evolved by ballistic-like or
growth /erosion processes, accordingly.

2.2.2 Methods

Morphology/texture of a rough surface is determined by the type of roughening process [107].
In general, a surface morphology can be considered as the mathematical superposition of the spatial
elevations associated with waviness and roughness. From this hypothesis, regardless of its physical
nature, the generating process of a rough surface can be grouped, at least, into vertical (ballistic
deposition) and normal (growth/erosion), according to the direction upon which was performed
the mentioned superposition of heights. This simplistic classification intends to understand the
generic properties of very different roughening processes. Since an arbitrary space direction can
be discomposed into the vertical and normal directions, a generic process, which evolves the un-
processed surface in an arbitrary direction, might be understood as a combination of ballistic-like
and growth/erosion processes.

An arbitrary surface can be mathematically interpreted as the result of the addition of rough-
ness to the waviness following two directions: the vertical one or the normal one associated to
the wavy surface. Graphically, the vertical and normal additions of roughness to waviness provide
different surface profiles as shown in Figure 2.11. However, instead of topography profiles like
Figure 2.11(d), the standard devices (e.g. stylus profiler, confocal optical microscope, atomic force
microscope) acquire single—valued topographic elevations (without overhangs, voids..) like Figure
2.11(e), arranged in regular grids.

In this study, the following terminology was used to distinguish the surfaces studied. A pure
rough surface is defined as a surface with roughness but without waviness, a pure wavy surface is
a surface with waviness but without roughness, and a rough wavy surface is a surface with both
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Figure 2.11: (a) Addition of a constant to a sinusoidal profile (solid line) in the vertical (dashed
line) and normal (short dashed line) directions. Addition of a random function to the sinusoidal
profile (b) in the vertical (¢) and normal (d) directions. Instead of (d), a stylus profiler will register
the profile (e) without overhangs.

roughness and waviness (see Figure 2.12). The surface area ratio of pure rough surfaces, 7rougn, is
also referred to as roughness factor. It is obvious from the definition (2.6) than the surface area
ratio of a pure wavy surface is the unit. For rough wavy surfaces, depending on the direction
(vertical or normal) of the addition of roughness to the waviness, the surface area ratio will be
denoted as r, for the vertical addition, and as r,, for the normal addition.

Figure 2.12: (a) Pure rough surface (roughness), (b) pure wavy surface (waviness), and the resulting
rough wavy surface (c¢) obtained by the addition of surfaces (a) and (b). The addition can be either
in the vertical or the normal directions with respect to the wavy surface.
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Directional character of the addition of waviness and roughness

To measure the roughness factor, and other quantities, of a rough wavy surface, the waviness
component should be first removed from the topography information. Processing of surface data
requires to establish a reference or nominal surface to identify the waviness from the experimental
data. Ideally, this reference surface should coincide with the surface figure (pure wavy surface),
without roughness (see Figure 2.12(b)). Typically, once the reference surface has been selected
a priori, the waviness is removed. This process is called flattening or levelling. Commonly, the
removal of waviness is performed by subtracting, from the surface morphology, the reference sur-
face with different methods such as: least-squares fittings [205], bicubic-Bezier surface patches
or Gaussian filters [170,171]. The least—squares fitting is typically based on the minimization of
vertical offsets between the surface morphology data and a proposed mathematical model [205].

The waviness removal in normal direction is not commonly achieved because it would produce
stretching /shrinking of the topography data, providing an irregular grid and a non-rectangular sur-
face projection on the horizontal plane (see Figure 2.11(d)). Therefore, after filtering, the distance
between two adjacent points would be different to the original sampling range and thus, the planar
surface would be distorted. Due to these artifacts, which complicate the numerical treatment, the
conventional software of different topometric devices only apply filtering in the vertical direction.

In general, waviness filtering is usually performed in the vertical direction by least—squares
fitting or gaussian filtering [171,174]. All these operations assume the vertical expansion of surface
data. For any rough wavy surface z(z,y), which is a single-valued function, the roughness can be
modeled as a noise function n(z,y) added linearly in the vertical direction to each point of the
wavy surface f(z,y):

Z(‘Tvy) = f(xay) + n(xay) (27)

The vertical superposition is mainly valid for roughening governed by ballistic-like processes [206].
Figure 2.12(c) shows a rough wavy surface, designed by vertical addition of waviness and rough-
ness, whereas the isolated representations of the waviness and the roughness are shown in Figure
2.12(a) and (b), respectively.

Most processes of surface erosion or growth [156] produce perturbations in the local normal
direction (e.g. acid etching, sand-blasting, curved-surface machining..). For these cases, the rough-
ness should be considered as a noise function n(x,y) added following the local normal direction
to the waviness and in consequence, the rough wavy surface z(x,y) would be parameterized in
Cartesian coordinates as:

—~

x=a' +n(,y)E- No(2',y)
y=y +n(@y)i No(@,y) (2:8)
(2,y) = f (@) +n (@ y) 2 No(a',y)

where {x, y} are the coordinates of the final rough wavy surface, {z’, 3’} the coordinates associated
to both pure wavy and rough surfaces, Np is the unit vector normal to the waviness (Eq. (2.16))
and {Z,7,z} is the Cartesian vectorial basis. For relatively smooth topographies where the wavy
surface slope is very small, Eq. (2.8) will be reduced to Eq. (2.7) as expected. Most height
equations in this context rely on a small-slope approximation that allows one to strongly simplify
the analytical formulation. However, this simplification may be at the cost of inaccuracies in the
physical description. For instance, surface diffusion is severely overestimated in regions of high
slopes.
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Figure 2.13: Limit regions for surface overlapping in the normal addition of roughness to waviness.
Note that the radius of both circles is 1/kp.
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Figure 2.14: Relative variation of the surface area ratios of rough wavy surfaces generated numer-
ically by vertical and normal additions in terms of z,,/\ for z,./z, = 0.005. The experimentally
accessible values of the surface area ratio of filtered rough wavy surfaces, 7, are also plotted.

Synthetic surfaces

We used synthetic (mathematically constructed) rough wavy surfaces with stochastic rough-
ness [170]. These surfaces were generated with a fix geometrical area (A, = 4 a.u.) and a grid
of 1024x1024 points. We selected this value of resolution because it is generally the maximum
resolution available in the conventional instruments. The surface area ratio was computed using
the same tessellation algorithm [194,207], to exclude the influence of the tessellation method on

the calculation of r-values [188,194].
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Roughness of the synthetic surfaces was produced with a fractional Brownian noise [208] with
amplitude z, (peak-to-valley distance) and zero mean, (n) = 0. A zero-mean noise assures that
the waviness should be parallel to the average real surface. Different realizations of the pure rough
surface were produced by changing the fractal dimension from 2.1 to 2.9 in steps of 0.1. This
variation in the surface texture was not significant on the values of surface area ratio [170]. We
used a 2D sinusoidal surface as a simplified model of the waviness profile:

f(z,y) = 2z cos (%y) (2.9)

where A is the spatial period and z,, the waviness semi-amplitude. The spatial period was fixed
to 2 a.u. for all wavy surfaces used in this study. We selected a symmetric waviness because in
the limit case n(z,y) =0, r, = 1 as happens with r, (see Egs. (2.20) and (2.28)). Finally, using
the waviness described by Eq. (2.9) together to Egs. (2.7) or (2.8), the rough wavy surfaces were
constructed with stochastic roughness for different values of z,,/\ and z,/z,. To emulate the 3D
microscopy, we also reproduced experimentally-accessible topographies, i.e. without overhangs,
from the original surfaces created by normal addition of roughness. The surface area ratio of these
rough wavy surfaces with waviness filtered in the vertical direction is symbolized as 7 ¢,.

Not all values of z,/\ and z,/z, are allowed for the normal addition. Surface points are
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Figure 2.15: Relative variation of the surface area ratios of rough wavy surfaces generated numer-
ically by vertical and normal additions in terms of z,/X for z./z, = 0.05. The experimentally
accessible values of the surface area ratio of filtered rough wavy surfaces, 7¢,, are also plotted.

overlapped when the roughness is added to the waviness if the following condition is held:

min (|rg; (2,9)], Koz (2,9)]) < In(z,9)],Y (z,y) (2.10)
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where kg1 and koo are the principal curvatures of the waviness. The surface overlapping can be
illustrated in Figure 2.13 when n = 1/kg;. For the sinusoidal waviness described by Eq. (2.9), the
condition (2.10) is reduced to:
A2 Zr
< (2.11)

2T 2w Zw

2.2.3 Results and Discussion
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Figure 2.16: Relative variation of the surface area ratios of rough wavy surfaces generated nu-
merically by vertical and normal additions in terms of z, /A for z,./z, = 0.5. The experimentally
accessible values of the surface area ratio of filtered rough wavy surfaces, 7¢,, are also plotted.

In Figs. 2.14,2.15 and 2.16, we plot the relative variation of the surface area ratios of
rough wavy surfaces generated numerically by vertical and normal additions, in terms of z,,/\ for
different values of z,/z,. Moreover, we plot the values of 7,. Firstly, the surface area ratios r,
and r,, always underestimate the value of roughness factor ryoygn although r, > r, for all cases
and mostly, 7, > r,. As the waviness is less fluctuating or with lower amplitude (small values
of z,/A), both surface area ratios approach to the roughness factor because the waviness slope
is small. Likewise, only when the roughness amplitude is comparable to the waviness amplitude
(large values of z,/z,), there is a good agreement between 7, and r,, regardless of the z, /A value.
Even although the increase of surface area is inherent to the own addition of roughness as it is
illustrated in Figures 2.11(c)-(d), the surface area ratio is indeed a waviness-weighted roughness
factor (Egs. (2.20)-(2.28)). However, the rough wavy surfaces generated in the normal direction
will always have greater surface area ratio than those ones generated following the vertical direction
with identical roughness due to the lateral growth. Therefore, r,, is closer to 7ougn rather than
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ry. In other respects, the vertical filtering of surfaces generated in the normal direction produces
greater underestimation of the 7,4,4n-values than without filtering.

2.2.4 Conclusions

Algorithms based on the flattening of surface topography in the vertical direction should not
be applied indiscriminately to any surface. The waviness removal can be problematic because
commonly we do not know the type of roughening process which created the surface (ballistic or
growth/erosion). The roughness addition to waviness is unknown to be mathematically expressed
and hence filtered. Besides, the waviness filtering algorithms for surfaces generated by normal
growth processes will be very complex and computationally expensive. The solution or alternative
to avoid the effects produced by the waviness removal, or to compare the overall behavior of general
rough surfaces with different waviness, is the waviness-weighted roughness factor. We found than
the surfaces generated in the normal direction will always have greater surface area ratio, without
assumptions on small slopes or absence of overhangs, and closer to the corresponding values of
roughness factor.

2.3 Exact Derivation of Roughness Factor for General Wavy
Rough Surface

Due to the different types of processes which can govern the evolution of a surface (i.e. the
addition of roughness to the unprocessed surface), the waviness filtering has a strong directional
character. This will affect any hybrid estimator of roughness [67]. Thus, an exact derivation of
the surface area ratio for any general rough wavy surface, considering the directional character of
the mentioned addition, is required. Accordingly, in this appendix, roughness, waviness and rough
wavy surfaces will be modeled by univalued continuous functions.

In general, any curved surface S can be described by two generic curvilinear coordinates (g1, ¢2).
This way, from the local position vector 7 (g1, g2), the unit normal vector to S is defined as:

- 1 or or
N =0 — 2.12
(41, 2) ‘ﬁ g1 Bgs (212)
9q1 6112
whereas the area of the surface S will be:
— d d 2.13
(9(]1 q1dgo (2.13)

Since the local position vector can be expressed in terms of the Cartesian unit vectors {Z, 7, z} as:

(a1, 42) = 2(q1,42)% + y(q1,¢2)¥ + 2(q1,q2)Z (2.14)

the cross product in (2.12) can be generally expressed as:

or _ or Ny, 2) ~ Ox,2) . Oy .
—_— X — — +
o1 0g2 5(q1,q2 v ql,qz)y a1, q2)
B ( 3(:E 2) §+5)
qhqz (a1, q2) a(ql,fp)
6,2 A)
2.15
0(q1,¢2) ( o' oy’ (2.15)
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where a coordinate transformation is achieved using Jacobians and their properties. Substituting
the vector (2.15) into (2.12), the unit normal vector can be rewritten in terms of the cartesian map

z (z,y) as:

N(z,y) = (z—Vz) (2.16)

1
V14 |V2

being V the surface gradient operator expressed in cartesian coordinates. Further, if the magnitude
of the vector (2.15) is introduced into (2.13), the area can be expressed as:

A:/ / V1+ Ve dady (2.17)
XJY

where again the transformation property of Jacobians has been applied.

2.3.1 Addition of roughness and waviness: vertical direction

Roughness is considered as a noise function, n(z,y), added locally to a generically shaped
surface Sp, i.e. the waviness, in the vertical direction Z. Let f(x,y) be the explicit function that
defines the waviness. The overall surface S will be described by:

z(z,y) = f(2,y) +n(z,y) (2.18)

Substituting (2.18) into (2.17), the surface area in terms of roughness and waviness is written as:

A:/ / W\/u 1+vn'v(ThLQf)dﬂcdy (2.19)
XJY

1+ |Vsf]?

Hence, the surface area ratio (2.6) is given by:

rv<\/l+w> (2.20)

where the angled brackets stand for the surface averaging:

(o), = Jx Jy V1 +1V] [ dudy (2.21)
Y e Sy V1 VP dedy

The expression (2.20) confirms the dependence of the surface area ratio on the first derivatives
of both roughness and waviness. Note that, as expected, for the case without waviness (i.e.
f(x,y) = const.), r, becomes equal to:

Trough = <\/1 + |V"|2>m (2.22)

Y

where the brackets stand for the following surface average:

_ Ix [y edxdy
Y fX fY dzdy

Further, if there is no roughness (i.e. n(xz,y) = const.), r, is the unit as expected.

() (2.23)



52 Chapter 2. Taking Care to Capture Surface Morphology

2.3.2 Addition of roughness and waviness: normal direction

Roughness is considered as a noise function added locally in the normal direction to a generically
shaped surface Sy. Let 79(q1, ¢2) be the vector that defines this initial topography (waviness) and
n(q1, g2) the noise function (roughness) [207]. If the unit normal vector to each point on the surface

=

So is No(q1, ¢2), the position vector of the overall surface S will be given by:

7 =70(q1,q2) +n(q1,92)No(q1,q2) (2.24)

If (g1, g2) are the curvilinear coordinates referred to the principal directions on each point over the
surface Sy, the formulae of Rodrigues [207] reads:

N, org
. 2.25
3%‘ o 3%‘ ( )

with ¢ = 1,2 and where rq; represents the principal curvature on the i-principal direction [207].
Applying partial derivatives to Eq. (2.24) and taking into account the result (2.25), each partial
derivative of the position vector of the overall surface can be expressed as:

or ary  On—

= (1 — kon) 22
0q; (1= *o n)aqi +a(h’ 0

(2.26)

Further, if the curvilinear coordinates (g1, g2) are orthogonal, the cross product of the derivative
vectors 07/dg; is reduced to:

or  or o 010 01
— X — = (1-— Kol + Ko2)N + Ko1Koen™ ) =— X —
oq 0q2 ( ( ) ) oq 0q2
o7 0 9rg 0
ow | (L= roen) g oy [ga | (1~ Kot 5g; o .27
orh g orh dgo '
oq1 dq2

From the magnitude of the vector (2.27) and the average surface (2.21), the surface area ratio (2.6)
is straightforwardly derived as:

9 ?]\1 -Vn 2 ?]\2 -Vn 2
rn = ( |1 —2Hon + Kon?| 1+< ) +< ) (2.28)
1-— Ro1M 1-— Koa2n
0
where Hy and K| stand for, respectively, the (local) mean and Gaussian curvatures of Sp:
1

Hy = 3 (ko1 + Ko2)
Ko = FKoiko2

and ¢;, the i—coordinate unit vector.

It is worth to note that the surface area ratio (2.28) depends on the local waviness curvatures
(first and second derivatives of the surface). For non-zero constant noise, i.e. when the noisy wavy
surface is mathematically parallel to the wavy surface, the peaks are sharpened/flattened and the
valleys are flattened /sharpened (see Figure 2.11(a)) according to the sign of n (growth or erosion).
Locally, the surface area increases/decreases for the peaks and decreases/increases for the valleys.
This leads to that, unlike 7, (Eq. (2.20)), rn, # 1 when n = const.. As expected, r,, becomes roughn
if there is no waviness (Hy = Ko = 0 or kg1 = ko2 = 0). Otherwise, it becomes zero if n = 1/kq;,
i.e. when the non-overlapping condition (see Figure 2.13) is not fulfilled and the surface area is
ill-defined.



Chapter 3

Morphological Analysis of
Acid-Etched Titanium Surfaces

The work presented in this chapter has been divided into three different sections as the math-
ematical tools used to describe the chemical etching of titanium surfaces.

The first section, FEstimation of percolation threshold of acid-etched titanium surfaces using
Minkowski functionals published in 2010!, is focused on the use of Minkowski functionals as they
had been used to provide morphological and topological information of a rough surface such as
connectivity which it may be of interest in the prediction of biointegration.

The second section is focused on the study of the chemical etching of commercially pure ti-
tanium surfaces by using the scaling behavior of these surcaces. Scaling analysis of the surface
morphologies of titanium surfaces etched for different times, under identical experimental condi-
tions, revealed self-affinity. This is important for implantalogy field due to the intensive use of
titanium surfaces and alloys and because chemical etching of titanium surfaces is a common treat-
ment used to optimize the cell response of osteoblast-like cells on the implant.

The third section of the chapter shows the behavior of the surface area ratio or roughness fac-
tor and advancing/receding contact angles with etching time. Also it is presented a model which
allows for justifing the behavior observed for roughness factor. This model is based on the change
of surface chemistry produced by chemicla etching and on purely geometrical aspects.

Appendix A collects a complete description of all the experimental techniques used to char-
acterize surface roughness and chemistry of acid-etched titanium surfaces and to measure the
advancing/receding contact angles of pure water on them.

IThis work was published as a chapter entitled Estimation of percolation threshold of acid-etched titanium
surfaces using Minkowskt functionals of the book Microscopy: Science, Technology, Applications and Education
(2010 edition) edited by A. Méndez-Vilas and J. Diaz. ISBN: 978-84-614-6191-2.
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3.1 Percolation Threshold of Acid-Etched Titanium Sur-
faces

In order to provide to the reader a general scopus about these statistical tools, first of all, it is
necesary to answer three questions, what are and what are Minkowski functionals useful for? and,
finally, how are Minkowski functionals used in this work?

Minkowski functionals provide morphological and topological information of a rough surface
such as connectivity. In the context of biomaterials, since the Euler characteristic relates to the
possibility of fluid flow on a surface, it may be of interest in the prediction of biointegration. The
Euler characteristic (third Minkowski functional) can be used to define a percolation threshold from
the height level where the Euler characteristic function has its zero crossing. A high percolation
threshold suggests better fluid retention properties. In this work, we studied the evolution of
commercially pure titanium (grade II) subjected to an acid etching process. Each set of samples
was attacked for different times, from 0 to 750 s with hydrofluoridric acid. Topographies of each
sample were achieved by AFM (Nanoscope IV) in Tapping Mode. We present the evolution of the
maximum-density height for the peaks and valleys with etching time and the concerning percolation
thresholds.

3.1.1 Introduction

As in implantology field, cells interact at nanoscale (or submicronscale) with surface features
[209,210] and surface chemistry [211,212], biomaterial surfaces are usually textured and chemically
modified to enhance the cell adhesion and to assure a suitable bio-integration [213]. However, cell
proliferation on rough surfaces can be driven by topography features rather than by available sur-
face area (i.e. roughness degree) [213]. Percolation in disordered surfaces (2-D connected media) of
implants affects the circulation of extracellular material, nutrient diffusion, cell adhesion and the
ingrowth of bone tissue [214]. Thus, a high percolation threshold suggests better fluid retention
properties, as the fluid will not be able to move freely below this threshold due to the formation
of air channels.

Commercially pure titanium (c.p. Ti) fulfils important chemical and mechanical requirements
for use in medical implants as it exhibits a higher specific strength, lower stiffness, and improved
corrosion resistance in biological media as compared with stainless steel. The incorporation of
porosity into titanium implants provides additional advantages over fully dense titanium: mechan-
ical anchoring to bone is facilitated through tissue growth into the pores and stiffness is reduced,
thus mitigating stress shielding.

Interconnectivity plays a determining role in percolation studies (long-range connectivity),
where the path length between pores connected to the surrounding is investigated. However,
interconnectivity has mainly been determined qualitatively. Atomic force microscopy makes pos-
sible to acquire a complete three-dimensional height map of surfaces [194]. 2-D percolation can be
detected in topographies at a given level set. In this chapter, alike the valley fluid retention index
[215], we report a method to estimate the percolation threshold of acid-etched titanium surfaces
using Minkowski functionals [98].

3.1.2 Minkowski Functionals

Characterization of textured surfaces by means of Minkowski Functionals (MFs) allows us to
analyze the spatial distribution of the sites of holes (or valleys), in detail [216]. MFs are an
alternative to structure functions. Further, they are connected to physically useful parameters like
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the threshold of percolation [216].

In order to compute the MFs of an arbitrary topography, a height thresholding should be
applied as in Fig. 1.6. By intersecting the topography data with multiple horizontal planes, this
procedure allows us to transform a height map to a stack of level sets (Fig. 3.1). Choosing a height
above the highest surface peak yields an empty set; choosing a height below the deepest pit yields
the full domain. Thus, MFs yield 3D characterizing functions from 2D sets.

At each level h of the level sets of a topography, Ng and Ny, are referred to black and white
-

- .
S

Figure 3.1: Transformation of the topography displayed in Fig. 1.6 a) to a stack of level sets. The
height h decreases from left (hy,ipn) to right (hmae.). White areas represent material, blue represents
void areas.

g

pixels, NBounded to the bounded pixels, np and ny, to isolated regions or islets. A black pixel
represents a material point (bulk or surface) whereas a white pixel represents a void point (air).
The first MF, F, is the covered surface area at the level h and it is defined as:

Np

Fh)= ————
(h) Np + Nw

(3.1)
The normalization by the total analyzed area is necessary to provide easy comparison of the
functionals determined for images with different scan ranges. The first functional measures the
relative matter amount existing underneath the level h. Indeed, the plot of the first functional in
terms of level h is the bearing area curve or Abbott-Firestone curve, which is used for calculating
the functional roughness parameters.

The second MF, U, is the length of contours:

NBounded
Uh)= ——— 3.2
() = 2ot (32
This functional describes the shape of the surface features, i.e. the microstructure. The second
functional of a level set with multiple or spiky isolated regions is greater than a set with few or
smooth regions.
Finally, the third MF, x, is the so-called Euler characteristic:

np —nw
x(h) = 2R (33)

The Euler characteristic describes the connectivity of spatial patterns. A negative Euler char-
acteristic indicates that the surface is predominantly characterized by isolated holes (i.e. porous
structure). Instead, a positive Euler characteristic points out that the surface mainly consists of
isolated regions (i.e. punctiform structure). Further, the maximum value of x is equal to the
maximum density of peaks and the minimum y, the maximum density of valleys.

The Euler characteristic has an important interpretation in the context of percolation. For a
level set with a very low Euler characteristic, a fluid can be expected to be trapped in the holes.
Instead, the fluid could flow freely in the case of a high Euler characteristic (see Fig. 3.2). By
increasing the ”sea” level from a side of the relief (rough surface), we can firstly cause flooding
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of the valleys close to this side. Next, two or more near lakes will be connected. Percolation will
occur when there is a net transport of liquid from the side up to the opposite side of the surface.
The Euler characteristic Eq. 3.3 can be used to define a percolation threshold as the height

x<0 x~0 x>0

Figure 3.2: Three 2-D level sets where the Euler characteristic varies from a negative value up to
a positive value. A fluid begins to percolate through a rough surface when the Euler characteristic
is slightly positive (see the red path).

level where the Euler characteristic function has its zero crossing (Fig. 3.3 a)). The value of the
first MF Eq. 3.1 at that height level will be equal to 1 — p. where p. is the percolation threshold
(Fig. 3.3 b).

The ramified nature of percolation islets suggests to fractal behavior. For fractal-like surfaces,
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Figure 3.3: a) Zero crossing of the Euler characteristic and b) estimation of the percolation thresh-
old from the first MF (matter amount).

due to the well-known perimeter-area relation [98], the second functional or perimeter Eq. 3.2
scales linearly with the first functional or area Eq. 3.1 as follows:

Dy —1

logU(h) ~ logF(h) (3.4)
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3.1.3 Materials and Methods

Since acid etching of titanium surfaces provides better results of cell culture [213], unalloyed
c.p.Ti surfaces (grade II, Manfredi) were attacked with hydrofluoric acid (HF'). All samples were
prepared with similar weight and size: disks of approximately 12mm in diameter and 2mm in
thickness. The disks were polished with wetted metallographic 2400 grit SiC' sandpaper and
0.05um alumina powder in order to ensure identical initial surface conditions. Surfaces were etched
by complete immersion in a similar volume of a HF solution at 10% (v/v) for different etching
times. Etching was performed under gently stirring (magnetic stirrer at 100 rpm) to control the
bulk mass transport.

Topographies of the textured titanium surfaces were imaged with an Atomic Force Microscope
Nanoscope IV MultiMode in air (Digital Instruments, Santa Barbara, Ca, USA). The microscope
was operated in tapping mode with a Siz Ny V-shape cantilever (stiffness, k = 63 +£ 8N/m) and a
scan-size of 5z5um?. The topography data were acquired in a grid of 512x512pizel?. All images
were fitted to a plane and filtered by a Gaussian mask with a cutoff of 2.5um in order to capture
surface features below the average cell size (~ 10um). Three disks were used per group and three
topographies were acquired per each disk.

Morphology of each sample was evaluated with a Scanning Electron Microscope Leo Gemini
1530 (Carl Zeiss, Oberkochen, Germany). Images were acquired at 220000 magnification with a
resolution of 3072x2304 pixel?.

The MFs were computed following the algorithms described elsewhere [216,217].

Figure 3.4: AFM topographies of titanium surfaces: (a) polished and etched for (b) 120s, (c) 180
s and (d) 300 s.
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Figure 3.5: SEM pictures of titanium surfaces etched for (a) 120s and (b) 180 s. Acid etching
initially produced stepped morphologies due to the crystalline grain detachment, but after 180 s,
a spiky aspect was found.
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Figure 3.6: a) Evolution of the maximum-density height for the peaks and valleys, and b) perco-
lation threshold in function of etching time.

3.1.4 Results

From Fig. 3.4, the morphology of the etched samples was angular and stepped due to the
crystalline grain detachment from the amorphous structure of titanium. Moreover, at dimensions
smaller than the grain structure of titanium, a secondary texture was visualized. This double-scale
roughness is visualized in Fig. 3.5.

During the etching process, preferential surface sites (grain boundaries) are attacked. The local
etching rate depends on grain orientation. This anisotropy affects the properties of the surface. In
oxygen-rich ambients, ¢.p.T'i surfaces are covered by a thin film of TiO2 (2 — 10nm of thickness),
which improves the corrosion resistance of titanium. Thus, the etching kinetics is ruled by the
interplay between the acid etching produced by the HF on T% and T%O2 and the own oxidation
of Ti in aqueous solution.

The maximum densities of peaks and valleys are found at 50nm and —70nm, respectively (Fig.
3.6 a) for an etching time of 180 s. Further, the percolation threshold is maximum at 180s (Fig.
3.6 b). This optimal time should be taken into account in clinical applications. The controlling
parameters on the evolution of acid-etched titanium surfaces will become the initial state of surface
(oxidation, roughness), the acid concentration and the type of acid. These parameters might shift
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the critical etching time.

Chemically etched surfaces have long been recognized as fractal at least over a range of di-
mensions smaller than the grain structure of the material [213]. However, the log-log plot in Fig.
3.7 presents two slopes, one for large areas and the other for small areas [110]. The structure
at ever smaller length scales and the structure at ever larger length scales, are controlled by two
separate dimensions: Dg (local) and Dy (global) The fractal reaction dimension Dp is basically
the effective fractal dimension of the surface towards the etching. When Dr > Dy , the etched
surface undergoes roughening and if Dr < Dy , smoothing.

Anomalous surface roughness is indentified by distinct scaling relations for the local and the
global surface fluctuations. This behavior can explain why osteoblast-like cells are more sensitive
to the submicron-scale features of acid-etched titanium surfaces [213].
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Figure 3.7: Log-log plot of the second MF in function of the first MF for etching time 570 s.

3.1.5 Conclusions

The approach of integral geometry characterization improves the quantitative analysis of topog-
raphy data. Since surface characterization of biomaterials is crucial to understand the concerning
biological events, the use of complementary topography analysis, like Minkowski Functionals anal-
ysis, are highly recommended. As reported Dotto and Kleinke [110], chemical etching processes
produce percolation networks. This study reveals the etching time as an optimizing parameter on
the evolution of acid-etched titanium surface. A roughening transition in the fractal behavior of
the acid-etched surfaces verifies the double-scale roughness found with AFM and SEM. Further,
cell proliferation was mediated by this specific morphology.
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3.2 Kinetic Roughening of Acid-Etched Titanium Surfaces

This section studies and evaluates the kinetic roughening of hydrofluoric acid etched surfaces
of commercially pure titanium for dental implants. This work was based on the scaling analysis of
the titanium surface morphologies achieved at different etching times under identical experimental
conditions. The surfaces were imaged with AFM (see Appendix A). All etched titanium surfaces
exhibited intrinsic anomalous scaling and multiscaling. During the etching process, the oxide
film found on the titanium surfaces evolved from the native thin film (in-air oxidation) towards
a varying-thickness heterogeneous film created by wet oxidation. Due to the doping of the acid-
etched surfaces with titanium hydrides, the roughening dynamics changed over time being observed
a crossover for etching times close to 3 min due to the poisoning of the acid-etched surface. Scaling
analysis of biomaterial surfaces could provide a powerful tool to examine the effect of nanoscale
features of implant topography on cell growth and proliferation.

3.2.1 Introduction

Kinetic roughening phenomena correspond to processes which occur when material is added to
or removed from a surface far from the equilibrium conditions. Surface roughening problem has
been theoretically and experimentally studied for many different systems [107,119], however less
work has been devoted to the study of roughness dynamics when material is removed from the
surface.

Anomalous kinetic roughening, which is related to a nontrivial dynamics of the local surface
slope, has been reported in many numerical [108,130] and experimental studies, such as reac-
tive sputtering deposition [111], fracture of surfaces [131], rough fluorocarbon materials[218] and
chemical etching [110,219]. Chemical etching generally depends on etchant type, concentration,
temperature, pretreatment of the surface... Dotto and Kleinke [110] reported that, for identical
experimental conditions (acid concentration, solvent...), the experimental design (geometrical char-
acteristics, stirring rate...) plays a fundamental role in the surface growth dynamics, determining
the scaling framework of the etched surfaces.

Acid etching is a common surface roughening treatment of titanium for implant applications
[220]. Osteoblast-like cell proliferation on acid-etched titanium surfaces is driven by topography
features rather than by available surface area [213]. Understanding why cells are more sensitive to
the submicron-scale features of acid-etched titanium surfaces requires to examine with detail the
surfaces at the smallest scale possible [198,215].

This work was focused on the study of the roughening dynamics of commercially pure (c.p.)
titanium (7'7) surfaces subjected to hydrofluoric acid (HF') etching, commonly used in surface
engineering of biomaterials [213]. We demonstrated that the HF' etching of c.p. T4i surfaces
obeyed anomalous scaling laws. Concretely, the global and local exponents found suggested that
the experiments should be described in the framework of intrinsic anomalous scaling.

3.2.2 Theory

A generic dynamic scaling theory in kinetic roughening was analytically developed by Ramasco

1/2
et al. [105], based on the scaling behavior of the interface width, w(l,t) = <{[h(F, t) — <h>l]2}z> / ,

and the structure factor or power spectral density, PSD(k,t) = <ﬁ(k,t)f1(—k:,t)>, where {e},
denotes the average over 7(x,y) using a [-sized window, with [ < L being L the system size. If
l = L, we refer to the global interface width and when [ <« L, to the local interface width. In these
expressions, (h), denotes the average height of the surface in the l-sized window ((h), = h), h(k,t)
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symbolizes the Fourier transform of h(7,t), k is the spatial frequency in the reciprocal space, t
is the growth time and the angular brackets denote the average over different realizations of the
system.

For a (2+41)-dimensional system w(l,t) and PSD(k,t) behave as:

w(l,t) =17 fa (1/t1/7) (3.5)

PSD(k,t) = k=2t f (kt'/%) (3.6)

u*d u << 1
const. u>1

fa(u) ~ {

xQ(aglJrl);x <1
f(l') ~ { x2(a91—a5);x > 1
where [ is the so-called global growth exponent, the subindex j = gi, loc refers to g (also sym-
bolized as «) and e, which are the so-called global (computed for window size I = L) and local
roughness exponents respectively, z = % is the dynamic exponent, and ag is known as the spectral
roughness exponent [105,129]. The lateral correlation length, £, is defined at the transition between
the linear and the plateau regions of the log-log plot w(l,t) vs I (see Eq. (3.5)). From the values
of a, ayoe and ag, four different scaling behaviors were described [105]. These scalings have been
observed experimentally in different systems [106,112].

When the local and global functions scale differently (o # «yoc), roughening is known as anoma-
lous, making explicit the complex interplay between the global dynamics and the anisotropy effects.
To describe the degree of anomaly of the system, the local growth exponent * is calculated as
o= § [291),

Nonlocal and/or disorder effects are responsible for the anomalous roughening, and concretely
for the intrinsic anomalous roughening (as = ajor < 1 and aqo. # @) in different systems [130].
In acid etching problems, such effects have been usually related to the presence of surface species
and the orientation of crystal planes with different affinity to the etchant agent, i.e. with different
etch rate. This surface anisotropy dictates different corrosion rules limiting the kinetics of surface
evolution [108,222,223].

As a consequence of anomalous roughening, the PSD(k, t) curves obtained at different times do
not overlap for large k values, but rather the curves are vertically shifted as the growth/erosion time
changes. Anomalous scaling properties are also connected to multiscaling, which can be identified

- 1
analyzing the scaling behavior of the structure functions, G4 (I, t) = <<|h(F+ l,t) — h(7, t)|‘1> L) e
[*¢ (g € N—{0}), where «, is the generalized local roughness exponent [111].

3.2.3 DMaterials and Methods

This study was performed for the same surfaces used to evaluate the evolution of percolation
threshold with etching time (see Section 3.1). Therefore, the complete description of the method
used to etch titanium surfaces with HF' solutions and to acquire their surface topographies with
AFM and SEM can be found in Section 3.1.3.

Also, semi-quantitative chemical analysis was assessed by energy dispersive X-ray (EDX) mi-
croanalysis on the titanium samples etched at different times. The experiments were performed
with a microanalysis system (Oxford Instruments INCA-200) coupled to a SEM (Zeiss LEO GEM-
INT 1530).
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Figure 3.8: Log-log plot of the relative mass loss against the etching time. The relative mass
loss rate for etching times under 3 min was m_ = 1.44 + 0.11 and for times above 3 min, my =
0.88 4+ 0.09.

3.2.4 Results and Discussion

The HF etching rate of c.p. T surfaces, estimated from the mass loss of the etched surfaces
at different times, decreased after 3 min (see Fig. 3.8). This behavior suggests that the etching
dynamics changed significantly after this time. The mass loss of the acid-etched surfaces is just an
extensive property such as area surface, it does not provide information about surface topology.

Roughness of the acid-etched c.p. T surfaces was characterized from the interface width
w(l,t), the lateral correlation length £(¢) (In Fig. 3.9 shows the interface width functions vs length
scale for different etching times) and the structure factor PSD(k,t). The values of global interface
width (o t#) and lateral correlation length (o t'/#) in terms of the etching time, under and over 3
min, are shown in Fig. 3.10 (a) and (b), respectively. From these graphs, the values of the growth
exponent 3% and the coarsening exponent 1/z% were found, where the superscript refers to etching
times under (—) and over (4) 3 min.

Fig. 3.11 (a) and (b) show the PSD(k,t) data for etching times under and over 3 min, respec-
tively. These curves suggest the existence of spatial correlations of the surface roughness for small
and large length scales (large and small k-values, respectively). The vertical shift of PSD(k,t)
curves shown in Fig. 3.11 (a) and (b) are clear indications that the system presented anomalous
scaling. Furthermore, the slope values (m = —2(ag + 1)) obtained from Fig. 3.11 (a) and (b)
suggest that the scaling behaviors have different ag-values under and over 3 min.

The * values, obtained straightforwardly from the expression which relates f* with ajoc,
B and z, were corroborated from the scaling of the average surface gradient, which scales as
((Vh)2) ~ 2/ The values obtained for o, oo, 8, 8* and 1/z are summarized in Table 3.1, where
the anomalous scaling commented above is proved from the direct comparison of the exponent
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Figure 3.9: Log-log plots of the interface width against the length scale after 120 and 300 s. The
values of lateral correlation length £ for each etching time are indicated in the graph. The error
bars correspond to the statistical error and the straight lines are a guide.

values.

In order to further verify that the scaling behaviors of the system correspond to intrinsic anoma-
lous scaling, the PSD(k,t) functions obtained at different etching times were rescaled (see Fig.
3.12). From Eq. (3.6), it follows that the curves PSD(k, t)k***2 vs kt'/# collapse into two different
ones, one for etching times under 3 min and another for times above 3 min. The existence of these
master curves [129] suggests the possibility that the etching process produced intrinsic anomalous
roughening on 7T¢ surfaces. However, the existence of two master curves, for etching times under
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Figure 3.10: Log-log plots of the interface width and the lateral correlation length vs etching times
under (a) and over (b) 3 min. The values of 3% and 1/z* are indicated in each graph, where the
superscript is associated to etching times under (—) and over (+) 3 min.
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Figure 3.11: Log-log plots of the structure factor measured over regions of size | = 1/k vs etching
times under (a) and over (b) 3 min. The dashed straight lines are a guide to the eye, being m the
slope of the linear section of PSD(k,t).

and over 3 min, points out that the kinetic roughening changed at etching times close to 3 min. It
is worth mentioning that since my > mg, then ag < 1, and since mg # 0, then ag # a.

A quantitative analysis of Fig. 3.12 permits to state that acid etching really produced intrinsic
anomalous roughening from the confirmation that ag ~ o [105]. Fig. 3.12 shows the collapse
of the PSD(k,t)k?**2 curves for etching times under 3 min (open symbols). The slope for small
kt'/%-values is m; = 4.96 + 0.19 and for large kt'/*-values, my = 1.58 + 0.14. From these slopes,
it is possible to obtain the spectral and global roughness exponents, respectively. This results in
ag = 0.69+0.13 and o~ = 1.48 £ 0.10 for etching times under 3 min. Also, Fig. 3.12 shows the
collapse of the curves for etching times over 3 min (close symbols), where the slopes for small and
large kt'/#-values are m; = 4.37 + 0.23 and mo = 1.44 + 0.21, respectively. These values result
in onSr = 0.4740.13 and ot = 1.19 4+ 0.12. The a*-values are in good agreement, within the
error bars, with the values presented in Table 3.1, and the ag-values are approximately equal to
yoc ones. Consequently, the etched surfaces presented intrinsic anomalous roughening. An
unresolved issue is whether the system also presents multiscaling. As an illustrative example, Fig.
3.13 shows G4(I,t) vs I, corresponding to the surface etched during 5 min, for different g-values
(¢ =2,3,...,8). It is clear that o, depends on the g-value because the value of «, decreases as
q increases. This behavior observed in the surfaces etched before and after 3 min confirms the
existence of multiscaling.

In reducing environments, c.p. T surfaces are covered by a thin film of TiO3 (3-6 nm of thick-
ness), which improves the corrosion resistance of titanium [220]. Despite the excellent corrosion
resistance of T9O5 in many diluted acid media, it spontaneously dissolves in HF according to the

Table 3.1: Numerical values of «, 8, e, 5% and 1/z for acid-etched c.p. titanium surfaces during
an etching time (¢). The values of ajoe, 8 and 1/z were experimentally obtained. Otherwise, «
and §* values were determined from the scaling relations between all these exponents.

t(min) a B Qloc B* 1/z
t<3 | 1.44+£0.18 | 0.62+£0.17 | 0.73£0.15 | 0.32+0.19 | 0.43 £0.07
t>3 | 1.31+0.11 | 0.46£0.11 | 0.50£0.11 | 0.254+0.15 | 0.35+0.09
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Figure 3.12: PSD(k,t)k?**2 vs kt'/# in log-log scale for etching times under 3 min (open symbols)
and over 3 min (close symbols). Both sets of data collapse in master curves. The dashed lines
indicate the slopes of the master curves for small and large kt'/*-values: m; = 2(a + 1) and
mg = 2(ar — ag), respectively.

following chemical reaction:
TiO2(s) + 4HF(aq) — TiFy(aq) + 2H50 (3.7)

As T'iO4 is attacked by HF', metallic T4 appears just below the etched site and it instantaneously
undergoes wet oxidation or complexation to form soluble titanium fluorides, accordingly:

2Ti(s) + 6H F(aq) — 2TiFs(aq) + 3Ha(g) (3.8)

Etching can also lead to the hydrogen incorporation in the surface region below the oxide and in
consequence, the formation of titanium hydrides [224]:

Ti(s) 4+ Ha(g) — TiHz(s) (3.9)

Hence, HF acid etching also modified the surface chemistry of titanium [225, 226].

Once etching began, a heterogeneous film with varying thickness was developed on the titanium
surfaces where Ti0O5 and metallic T coexisted. Since the corrosion resistance of 7% and TiOs to
HF action was different, the etching rate of sites occupied by T and 17905 was different as well.
Measurements of EDX analysis (Fig. 3.14) confirmed the variation of the film thickness as etching
time. Several authors have reported, numerically [108] and experimentally [227-229], that the
etch rate anisotropy affects the properties of the surface, which turns out to be rough with an
apparently non-universal roughness exponent. Under different etch rates on the surface, kinetic
roughening can draw to different scaling laws for short and large scale lengths, i.e. to anomalous
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Figure 3.13: Multiscaling analysis through the computation of g-order structure functions of a
titanium surface etched for 5 min.
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Figure 3.14: Atomic signal of titanium measured in the EDX spectra of acid-etched titanium
surfaces as etching time. This signal is closely related to the thickness of oxide layer.
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Figure 3.15: SEM pictures of titanium surfaces etched for (a) 2 min, (b) 3 min and (c) 5 min. The
angular stepped morphology of shortly-etched surfaces (a) reveals the grain-structured titanium
whereas the spiky aspect of long time-etched surfaces (b-c) reveals the needle-like structures of
titanium hydride.

scaling and further to intrinsic anomalous scaling. Shadowing effects of the etchant flux can also
enhance the anomalous behavior [127].

The difference between the two anomalous scaling behaviors described in Fig. 3.11 (a) and
(b), and therefore the existence of two master curves (Fig. 3.12) seems to be produced by the
TiH, formed in the sub-surface of titanium [224]. Aardo Reis [109,128] described a continuous
dynamic transition for etching processes due to the deposition on the surface of poisoning species.
These species prevented the acid etching on determined regions of the surface, such as ”etch-stop”
material. We suspect that the titanium surfaces were significantly doped after a long H F' etching
(> 3 min).

The initial period of HF etching (< 3 min), in which the mass loss of titanium was small (<
10%), represents the time required to dissolve the native oxide film and to expose the microstructure
of the bulk material, with clearly visible grains and grain boundaries (Fig. 3.15(a)). This process
was ruled by the interplay between the H F' etching produced on 7902 and Tt and the wet oxidation
of T'i. Once the surface doping was significant (> 3 min), the surface morphology looked spiky (Fig.
3.15(b)) with needle-like structures, typical ones of titanium hydride [224], the grain boundaries
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acted as preferential sites for etching and the roughness began to decrease (Fig. 3.15(c)). In this
regime, the titanium surface mostly lost the mass (up to 70%) although at lower rate and the
oxide film stabilized with a constant thickness (Fig. 3.14). The transition time between scaling
behaviors could depend on the ratio between the etching rates of the 7% and T'tO5 species and the
thickness of the native oxide film [127].

3.2.5 Conclusions

Kinetic roughening of HF' acid-etched c.p. titanium surfaces, as growth process driven by
anisotropic rules, obeyed the anomalous scaling ansatz Eqs. (3.5-3.6). Moreover, the titanium
surfaces presented multiscaling and intrinsic anomalous scaling for all etching times. The evolving
surface chemistry and the corrosion resistance of titanium were modulated by the competition
between wet oxidation and complexation of the metallic 7% present on the surface. A dynamic
transition between anomalous scalings was produced by doping of the etched titanium surfaces,
due to the T'iH, formed in the sub-surface of titanium.

Scaling analysis is helpful to understand the impact of nanoscale features of the implant
topography on the cell growth and, to elucidate the complex mechanisms occurring at the implant
surface in contact with the surrounding biological tissues. Further work should be addressed to
apply scaling analysis and other tools of statistical physics in biomaterials surface engineering.
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3.3 Roughness Factor of Acid-Etched Titanium Surfaces

As it will be shown in Chapter 4, surface roughness affects the response of osteoblast-like cells
(protein adsorption, cellular differentiation, proliferation, shape, orientation and local growth of
osteoblasts) [230]. Several studies have demonstrated that roughness of titanium surfaces increases
the amount of adsorbed fibronectin, which acts as a promoter of cell adhesion, but decreases the
amount of adsorbed albumin compared to less rough surfaces [231]. These results suggest the
existence of an optimal roughness level where protein adsorption and cell adhesion could be maxi-
mized. The achievement of this optimal roughness level is an aim for implantologists and, this way,
different methods have been developed [232-234]. It has been reported that acid etching of tita-
nium surfaces estimulate earlier osseous contact than plasma-treated titanium surfaces [234,235].
Perrin et al. showed that the above mentioned methods generate two different roughness scales on
the treated surface: macro-roughness produced by sandblasting is associated to large wavelength
defects and micro-roughness due to acid-etching is associated to short wavelength defects. This
double scale for roughness on titanium implant surfaces may be responsible for the good osteocon-
ductive response [236].
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Figure 3.16: Behaviour of roughness factor (a) and advancing/receding contact angles (b) of acid-
etched titanium surfaces for different etching times. Roughness factor values were obtained from
the analysis of topographical data acquired by AFM. Rouhgness factor increases for etching times
below 3 min and, for etching times above 3 min, roughness factor decreases. Otherwise, low-
rate dynamic contact angle experiment was designed to determine advancing/reciding contact
angles. Advancing/reciding contact angles were obtained from sessile drops and captive bubbles
respectively.

From Sections 3.1 and 3.2, acid etching enables to produce different rough surfaces identified
with different values of parameters of integral geometry and stochastic analysis. In this section,
we will use the roughness factor to describe the acid-etched titanium surfaces.

The roughness factor of the acid-etched titanium surfaces was computed by using Eq. 1.5 with
the topography data acquired by AFM?2. The results are plotted in Fig. 3.16 a). This figure shows
how the roughness factor changes with etching time. Firstly, for etching times below 3 min, the
roughness factor increases but from this point it decreases. This suggests that the etching process
on titanium undergoes a “crossover” at etching times close to 3 min validated by the stochastic
analysis of the acid-etched titanium surfaces (see Section 3.2).

2For details about topographical acquisition and the acid etching of titanium surfaces see Sections 3.1.3 and
3.2.3.
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Fig. 3.16 b) shows how the advancing and receding contact angles (V = 50u! maximum volume
of drop/bubble) change with etching time.For etching times below 3 min, advancing contact angle
increases but from this point it decreases. However, the receding contact angle oscillates within
the range 10 — 20°. Fig. 3.16 b) reproduces the behavior observed for roughness factor. However,
the high contact angle hysteresis of the acid-etched surfaces present cannot be just explained by
roughness changes. This fact points out to a further change of surface chemistry [237]. Similar
behavior with etching time was observed in the adhesion of osteoblast-like cells on acid-etched
titanium surfaces conducted by O. Garcia-Martinez and C. Ruiz® (unpublished results).

Similar behavior of the roughness factor and contact angle with etching time was also observed
on acid-etched glass surfaces as shown in Fig. 3.17. The acid etching of glass surfaces was also
performed with HF' solutions under similar conditions than the used for etching of titanium sur-
faces. Topographies of glass surfaces were also acquired by AFM under similar conditions but the
contact angles were obtained with static contact angle experiments. The existence of a critical
time for the roughening kinetics of acid-etched surfaces seems to be universal.

Since this thesis is focused on acid-etched titanium surfaces, a study of the etching process of
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Figure 3.17: Behaviour of roughness factor r (a) and static contact angle (c) of acid-etched glass
surfaces for different etching times and different acid solution concentrations. These quantities
shows an increase of their values for etching times lower than a critical one and a decrease for
etching time greater than it. The general trends with etching time observed for these quantities
on acid-etched glass surfaces are similar to the observed on acid-etched titanium surfaces.

titanium surfaces has been performed. As it was pointed out in Section 3.2, the local etching rate
depends on how topographical motifs of the surface are orientated to the etchant agent (HF') and
how TiO3 and T exhibit a different etching kinetics for HF' [238,239] (see chemical reactions 3.7
and 3.8). As it was explained in Section 3.2.4, kinetic roughening of acid-etched titanium surfaces
is mediated by the surface poisoning produced by the formation of chemical species which prevent
the acid etching and produce a continuous dynamic transition in the roughnening of the surfaces,
as Aardo Reis described [109,128]. Thus, this poisoning process joined with the morphological
evolution of the surface due to etching process [240], can explain the depedence of the roughness
factor with etching time. Hence, dynamics of etching may be ruled by the different corrosion
resistance to HF of surface T'i and TiO5 and by the competitive process between oxidation and
complexation of T'.

For real surfaces, it is necessary to differ between homogeneous and heterogeneous etching. In
a homogeneous roughening all surface point exhibits identical behavior towards the etchant agent.

3Department of Nursing, School of Health Sciences, Biomedical Research Group (BIO277), University of Granada,
Granada, Spain.
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Figure 3.18: Initial profile (continuous line) and final profile (dashed line) produced by homoge-
neous (uniform) normal-directed erosion. The roughening process depends on the local curvatures.
The peaks are sharpened and the valleys are flattened. Locally, the surface area increases for the
peaks and decreases for the valleys.

Otherwise, in a heterogeneous roughening the surface points behave different. Consequently, as
Fig. 3.18 illustrates, the sucessive surfaces generated by a homogeneous normal-directed roughen-
ing are allways “parallel”?, from a geometrical point of view, to the primitive surface. However,
the surfaces originated with a heterogeneous roughening® are not ‘parallel” because their evolution
is different point-to-point.

It is possible to describe the successive parallel surfaces generated by a homogeneous normal-
directed etching in purely geometrical terms. Thus, if S; is the “parallel” surface obtained when an
amount of material m (m is much lower than the surface material) is removed from its primitive
surface S;_1, then

Hi(t) Hi_1(t) 1 1
— —m= = X ) == - - _ 1
Kz(t) Kifl(t) m ) (Rz,l Rl72) 5 (Rl 1,1 Rl 1,2) m (3 0)

where H; and K; are the mean and Gaussian curvature of the “parallel” surface S; and R;; and
R; 2 are its principal radii of curvature.

From Eq. 3.10, we can conclude that the behavior of the surface which is suffering the erosion
process depends on the geometrical properties of the primitive surface. Thus, etching (m < 0)
of a valley-dominated primitive surface® (R;—11, R;—12 > 0) involves that (R; 1 + R;2) increases
and, therefore, the surface should be flattened as etching time increases. Otherwise, for a peak-
dominated primitive surface (R;—1,1, Ri—1,2 < 0), (Rn,1 + Ry2) decreases with etching time and,
consequently, the surface will be more spiky than its primitive one.

Steiner formulae [180,181] permit the traslation of the variation of mean and gaussian curvature
values to surface area variation. These formulas, under the supposition that m is much lower than
the total amount of material, the surface area variation (AA) can be written as follows:

Ai — Ai—l = AAZ = [2Hi_1m - Ki_1m2] Ai—l (311)

By iteration, Eq. 3.11 relates the surface area Ag of the original surface Sy with the surface area
A of the resulting surface after the etching process through

A — AO = AA = [QHOm — Komﬂ AO (312)

Note that Eq. 3.12 is an extension of Steiner’s theorem from integral geometry to nonconvex bod-
ies, which is valid as long as the distance m between the two surfaces is smaller than the smallest

4Similar conclusion is also valid for a homogeneous vertical-directed roughening applied to any wavy rough
surface.

5Tt is not relevant the attack direction in a heterogeneous etching.

6 A valley/peak-dominated surface is that one where surface area associated to valleys/peaks is greater than the
area due to peaks/valleys.
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radius of curvature of the surface (otherwise the surface will self-intersect)[241]. Moreover, for sur-
faces produced by homogeneous normal-directed roughening, surface area ratio (waviness-weighted
roughness factor) strongly depends on the principal curvatures of the underlying waviness.

Therefore, from Eq. 3.12 and under the supposition that m is much lower than the total amount
of material, for any erosion process (m < 0) is possible to conclude that if the primitive surface is
a valley-dominated one then the erosion leads to surfaces where roughness factor, defined by Eq.
2.28 and which it can be simplify to r; = 1+ 2|m|H;_1 > 1, decreases (r; < r;—1 > 1) regardless
of the etching time considered. Otherwise, if the primitive surface is peak-dominated one, then
roughness factor always increases (r; > 7;_1).

Erosion of chemically heterogeneous surfaces produces structures with different height, i.e. priv-
ileged area (peal and valleys). These privileged areas are also susceptible to be attacked through
its normal direction. In purely geometrical terms, a heterogeneous erosion implies that the surface
evolves with morphology due to the surface heterogeneities and the local “homogeneous” normal
erosion. As consequence, if the peaks dominate the surface curvature increases and also the sur-

face area (roughness factor). Fig. 3.19 illustrates the transition between heterogeneous erosion,
Smooth surface  Spiky surface Rough surface Smooth surface
Heterogeneous roughening Homogeneous roughening
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Figure 3.19: Surface etching of a smooth and chemically heterogeneous surface (the different arrows
make reference to the behavior of each surface point). Our model assumes that a heterogeneous
roughening changes to a homogeneous normal-directed roughening. Consequently, the roughness
factor increases for times lower than a critical one and, for times greater, the roughness factor
decreases. As figure shows, any homogeneous normal-directed roughening can lead to a perfectly
smooth surface.

where the different affinity to the roughening agent has been represented through arrows of differ-
ent length, to homogeneous normal-directed erosion.

According to the ideas presented in this section about the resulting geometries of the sur-
faces under etching processes and the dynamic transition presented in Section 3.2, acid etching
of commercially pure titanium surfaces must be considered as a stochastic” erosion process of a
heterogeneous surface which evolves towards a spiky surface for times lower than a critical one®,
and a valley-dominated surface for times greater than the critical time. The proposed model allow
us to explain the behavior of the roughness factor with etching time (Fig. 3.16).

Fig. 3.16 a) shows a crossover between both roughening regimes. The results of Sections 3.1
and 3.2 shown that this transition between roughening regimes must be lead by surface chemistry
change, i.e. by surface poisoning. Therefore, the dynamic transition between these two types of
etching regimes might be modulated by both the oxidation state of the surface and the formation
of etch-stop species just below it. The poisoning of the surface due to the presence of T%H is one of
the responsible of the transition between roughening regimes and, consequently, of the roughness
factor maximum shown in Fig. 3.16 a). Besides the presence of poisoning species on the surface,
the acid concentration, the etching rate (produced by laminar or turbulent flow) the initial rough-
ness of the surface, and the grain orientation on the untreated titanium surface, will also regulate

"The amplitude of the stochastic function represents to the amount m of surface material removed from the
primitive surface.
8This critical time should be determined for each type of surface and etching process.
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at some extent the time for which the roughness factor of acid-etched surfaces is maximized.

The results exposed above permit us to conclude that chemical etching can be simply repre-
sented by a constant erosion rate along the local normal direction to the surface and, which etching
rate is affected by local curvature and by fluctuations in the chemical composition of the surface.



Chapter 4

Cell Adhesion

This chapter collects the results of MG-63 osteoblast-cell culture (adhesion, proliferation and
morphology) on silicon! and titanium? surfaces. Silicon surfaces, with different physical and chem-
ical properties, were obtained by changing the surface roughness and hydrophobicity through the
chemical etching NaOH solution and the deposition of a thin film of dimethyldichlorosilane and
trichloroethylene, respectively. Each group of these surfaces was characterized in terms of surface
roughness and wettability.

Since titanium is commonly used in implantology field, commercially pure titanium surfaces
(epTi) were modified to reproduce different surface properties. We followed different treatments:
chemical etching using HF solution (eTi), blastering with different SiC' metallographic papers
(bT%) and the combination of both treatments (ebT%). Previously to the cell culture, these sur-
faces were characterized in terms of surface roughness, wettability and surface chemistry.

Appendix A collects a complete description of all the experimental techniques and devices used
to characterize the surface roughness/chemistry and advancing/receding contact angles of water.

Miguel Padial-Molina, Pablo Galindo-Moreno, Juan Emilio Fernidndez-Barbero, Francisco O’Valle, Ana Belén
Jédar-Reyes, Juan Luis Ortega-Vinuesa, Pedro J Ramoén-Torregrosa, Role of wettability and nanoroughness on
interactions between osteoblast and modified silicon surfaces in Acta Biomaterialia, 7, 771-778, 2011.

2J. 1. Rosales-Leal, M. A. Rodriguez-Valverde, G. Mazzaglia, P. J. Ramén-Torregrosa, L. Diaz-Rodriguez, O.
Garcia-Martinez, M. Vallecillo-Capilla, C. Ruiz, M. A. Cabrerizo-Vilchez, Effect of roughness, wettability and mor-
phology of engineered titanium surfaces on osteoblast-like cell adhesion in Colloids and Surfaces A: Physicochemical
and Engineering Aspects, 365, 222-229, 2009.
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4.1 Introduction

The success of a dental implant is based on its osseointegration which is defined as the di-
rect contact between the bone tissue and the implant surface, without fibrous tissue growing on
the interface [242,243]. The major challenge in Implantology is to combine current knowledge
in material science, tissue engineering and biology to design and develope ideal implant surfaces,
i.e. optimal biomaterial surfaces which enhance bone-cell response to the presence of these sys-
tems improving bone healing and osseointegration of the implants. In this sense, it is well-known
that surface properties of a material, such as wettability, roughness, surface charge and energy
or chemical functionalities, determine the amount and quality of cell adherence, proliferation and
differentation [237,244-247].

The development of biomaterials and biomedical devices for dental and orthopedics applica-
tions have to take into account the role played by physical and chemical properties of the surfaces
on cell adhesion and spreading of osteoblast-like cells, as well as on subsequent processes as cell
morphology, proliferation and diferentation. In this sense, it is known that surface chemistry, wet-
tability and surface energy, govern the adhesion and spreading of osteoblast-like cells [237,248]
and, therefore, for a determined material, the quality of the implant can be improved through
the modification of surface roughness and/or surface chemistry [249,250]. In addition, the initial
cell atachment to a biomaterial surface determines subsequent processes such as cell spreading,
morphology, migration, proliferation and differentation [251]. Even, surface roughness also plays
a key role on osteoblast response in terms of adhesion, spreading, differentation and differentation
[252,253], as well as on the local porduction of growth factors and cytokines [248,254-256]. How-
ever, there is an incomplete knowledge about the potential influence of surface nanoroughness on
cell behavior [257]. Furthermore, changes in surface roughness also affect to surface wettability
and, consequently, to osteoblast-like cell response [258].

For implantalogy field, it would be important to determine how each one of surface properties
affects on cell response. But, however, this is a nontrivial task because biomaterial surfaces, as
real surfaces, usually present a high degree of heterogeneity, including type and density of func-
tional groups, hydrophilic or hydrophobic areas irregularly distributed on them, surface texture
and roughness. Consequently, these non-idealities complicate the study of the effect caused by a
given parameter or property.

The topography of a surface affects the macroscopic behavior of a material [253] and, for this
reason, it is matter of investigation in every material science field even implantology and tissue en-
genieering [249,250,259-261]. At cellular level, biological responses, such as cell migration, cellular
production of cytoskeletal arrangements or osteoblast-like cell attachements, are directly influenced
by surface topography [254,262]. Even more, there are evidences that a suitable surface roughness,
at nano and microscale, can lead to a successful osseointegration of dental implants [164,249,263].
Moreover, as it was mentioned above, different studies have concluded that osteoblast differenta-
tion, proliferation an matrix production [255], as well as the production of local growth factors [256]
or cell adhesion and integration in biomaterial system, are also affected by surface roughness [263].
As consecuence of all this, different studies have concluded that cell adhesion can be enhanced by
texturing of the surface at appropiate degree [249,250,263].

In addition to surface roughness and, as it was previously mentioned, surface chemistry plays
a critical role on aspects related to cell adhesion and proliferation [251,252, 264, 265] and on the
interaction between implant surface and the surronding medium [266]. Surface chemistry can also
be modified by the atachment of determined chemical groups to the surface to reach an optimal
cell response. However, the variety of chemical groups (—-COOH, —NHs, —PEG,...) bound to
the modified surface makes it difficult to establish a clear correlation between wettability, which it
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has been demonstrated as a useful quantity to correlate surface chemistry with biological response
[267] and, cell adhesion [268-270]. For instance, hydrophobic surface (i.e. surface with low water
wettability) presumably decelerate primary interactions with aqueous biosystems, but biomaterial
surfaces with moderate hydrophilicity improve cell growth and biocompatibility [271]. However,
cell adhesion can decrease as the implant wettability is further decreases, pointing out the existence
of a range of optimal surface wettability [272,273].

It is possible conclude that the modifications of physico and physico-chemical properties of a
surface can improve its interaction with cells. For example, several texturing surface treatments
have been applied on titanium surfaces to optimize bone-implant contact through of developing
of a roughness degree which enhaces protein adsorption on surfaces and therefore cell adhesion
[274,275]. Even more, as silicon derivatives have been introduced as bone substitutes [276] and
as biomimetic agents to coats implant surfaces [277], with reported good clinical success rates
and promotion of new bone tissue around these materials [278], a new application field has been
opened because of silicon surfaces are alterated in terms of their physico-chemical properties by
simple chemical treatments [279,280].

Since there is a plethora of variables that can affect cell behavior, this chapter is just fo-
cused on the analysis of the role played by surface wettability and surface topography on cell
responses. Silicon and titanium surfaces were used as model and biomaterial surfaces respectively
and osteoblast-like cells were used as adherent cells due to their relevance for implants in bone
tissues. The aims of this chapter are; to analyze the correlation between the independently con-
trolled roughness and wettability and the proliferation and morphology of osteoblast-like cells for
silicon surfaces and, to evaluate the effect of surface roughness on the adhesion and growth of
osteoblast-like cells on different rough titanium surfaces obtained by distinct texturing techniques.

4.2 Materials and Methods

This section presents surface treatments used to change physical and chemical properties of silica
and titanium surfaces, as surface used in dental implantology [274-278] and, also, experimental
techniques employed to study how cell response was affected by these physico-chemical changes for
each kind of surface.

Moreover, cell culture techniques, used for each kind of surfaces, have also been detailed in this
section.

4.2.1 Surface Modification

Silicon and commercially-pure titanium surfaces were modified as follows:

e Silicon Surfaces: Single-side polished silicon wafers (100mm diameter, P-type, Bor <100>
orientation, 1-30Q2em resistivity, 525um thickness; Si-Mat®), Landsberg, Germany) were cut
into 1xlcm squares using a special wafer saw. These pieces were cleaned by immersion for
5 min in a boiling basic peroxide solution [HyO:H202 (30% v/v):NH,OH (25% v/v), ra-
tio 5:1:1], rinsed in MilliQ water, immersed for 5min in a boiling acidic peroxide solution
[H20:H2042 (30% v/v):HCI (37% v/v), ratio 6:1:1] and, rinsed in deionized water. This pro-
cess creates a thin, hydrated silicon dioxide layer that is highly hydrophilic [281].

Surface Chemistry Alteration: Some pieces were rinsed twice in ethanol and once in trichloroethy-
lene (TCE) (Fluka, Schnelldorf, Germany). Then, they were incubated at room temperature
for 10min in TCE organic solutions of dimethyldichlorosilane (DDS) (Fluka, Schnelldorf,
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Germany) added at 0.003%, 0.006%, 0.012% and 0.062% concentrations in order to pro-
duce degrees of different methylation. Finally, these methylated silicon wafers were rinsed in
ethanol, TCE, ethanol again and, finally deionized water. This group of samples was named
H (due to changes in Hydrophobicity). In fact, they were named HI, H2, H3 and, Hj for
the corresponding increase in DDS concentrations mentioned above.

Surface Roughness Alteration: Another group of clean oxidized silicon pieces was subjected
to caustic etching in aqueous sodium hydroxide solutions ([NaOH]=0.1M) at room temper-
ature for 0, 22, 60 or 165 min. The specimens were then rinsed with water to remove the
excess alkali and, rinsed in deionized water. This group of samples was named R (due to
changes in Roughness). Likewise, they were named R1, R2, R3 and R/ for increasing etching
time (0, 22, 60 and 165min, respectively).

In order to avoid any possible bacterial contamination, all surfaces were stored in a sodium
azide solution (1mg/ml), that was enough to inhibit bacterial growing [282] and did not alter
the surface properties, as we had checked in another group of samples by characterizing the
surface before and after immersion in sodium azide.

e Titanium Surfaces: Commercially-pure ASTM grade II titanium (c¢pTi) surfaces were
modified by three different methods used in the implantology in order to evaluate the effect
of texture on the adhesion and growth of osteoblast-like cells. So, ¢pTi cylinders (Manfredi,
S. Secondo di Pinerolo, Italy) were suitably cut into small disks of approximately 12 mm in
diameter and 2 mm in thickness. The cpTi disks, previously cleaned with distilled water,
were engineered as follows:

Group 1 (control): Polished titanium (pT%). ¢pTi surfaces were metallographically polished
using silicon carbide (SiC) papers successively from grade 240, 320, 500, 800, 1200, 2000 to
4000 grits. Next, an ultra-polishing was achieved using the sequence 1-0.3-0.05pm alumina
slurries and gauze. The polished disks were cleaned in distilled water by immersion in ultra-
sonic bath (Selecta, Barcelona, Spain).

Group 2: Etched titanium (eT%). pTi surfaces were etched with a solution of 10% (v/v)
hydrofluoric (HF) acid (Panreac, Barcelona, Spain) by complete immersion upon gently ag-
itation for 5 min.

Group 3: Blasted titanium b7T%. pTi surfaces were blasted by alumina (99,78% Al>O3) parti-
cles of 110um diameter projected at an incidence angle of 60° and 0.25MPa pressure for 3 min.

Group 4: Blasted + etched titanium (beTi). pTi surfaces were blasted as in the group 3
but using alumina particles of 250-500um. Next, these blasted surfaces were etched as de-
scribed for group 2.

After treatments, pT4%, eT%, bTi and beTi samples were degreased with a solution of 70%
(v/v) acetone (Panreac, Barcelona, Spain) by immersion in ultrasonic bath for 20 min and
afterwards, the samples were ultrasonicated in distilled water for 30min. eT% and beTi sam-
ples were passivated with 30% (v/v) nitric (HNOg) acid (Panreac, Barcelona, Spain) for 3
min and then again ultrasonicated in diluted acetone for 20 min and distilled water for 30
min. All disks were autoclaved at 121°C' and 1 atm for 30 min after preparation.
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4.2.2 Experimental Techniques

Experimental techniques used in this section can be grouped into three different categories
according to the type of information which they extract from surfaces, i.e. surface roughness,
wettability and cell culture.

e Surface Roughness Characterization: A detailed description of each experimental device
used to roughness characterization and imaging of the surfaces can be found in Appendix
A. In this section only appears the technical details employed to take the topographies and
images of silica and titanium surfaces described above and, roughness parameters used to
quantify roughness information provided by adquired topographies.

AFM: Surface roughness for silica and textured titanim surfaces was characterized by a quan-
titative analysis using an Atomic Force Microscope (AFM) (Nanoscope IV MultiMode®),
Digital Instruments, Santa Barbara, CA, USA), operating in air and working in tapping
mode with a SisN, V-shape cantilever (stiffness, k¥ = 63 = 8 N/m). The topography data
were sampled in a grid of 2562256pizels? and all images were fitted to a plane and filtered
by a Gaussian mask with a cutoff of 2.5um in order to capture surface features below the
average cell size (~ 10um). Three samples per group, each one of the groups of silicon and
titanium surfaces, were used and three different and independent analyses were performed
per each sample, analyzing areas of 2.522.5um.

FESEM: For titanium surfaces FESEM images were also acquired. So, three titanium disks
per each one of the groups previosuly presented were observed under a Scanning Electron
Microscope Leo Gemini 1530 (Carl Zeiss, Oberkochen, Germany). In order to improve the
electrical conductivity of titanium, carbon thin films were produced by sputtering on each
sample.

Morphology of each sample was evaluated from 307222304pizel? images acquired at 22000
magnification. Further porosity analysis was accomplished on the eT% and beT% samples.
Moreover, as roughness is often associated with changes in surface chemistry (e.g. plasma
deposition or acid etching), the unexpected modifications in surface chemical composition
of textured titanium surfaces were analyzed using Energy Dispersive X-ray (EDX) spectra
of several places of each titanium sample up to a depth of 1um. This analytical technique
serves to detect the chemical elements located at the surface and thus, potential surface con-
tamination [283].

All the processes described in previous paragraphs were performed in Scientific Instrumen-
tation Center of the University of Granada.

Roughness Paramenters: Surface roughness of silicon and texturized titanium surfaces were

characterizated using different parameters®. Obviously and, due to their massive use on im-
plantology field, amplitude statistical parameters, i.e. arithmetic average roughness (R, ) and
root mean square roughness (Ry), were employed to describe surface roughness. Moreover,
surface area ratio (r), which quantifies topography variations with respect to the planar coor-
dinates, and fractal dimension (D), which reveals information about structural complexity
and is related to the compactness degree of the space-filling structure, were also computed
for every texturized surface.

3The mathematical definition of each one of these parameters and, also their physical interpretation, can be
found in Chapter 1
4Dy was calculated by the box-counting method [86]
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Moreover, the characterization of surface roughness of texturized titanium surfaces was also
completed using the following amplitude statistical parameters: peak and valley roughness
parameters (R, and R,, respectively), skewness (Rsx) and kurtosis (Rk,,) in order to describe
the height distribution of the titanium surface obtained by different texturizing techniques
described above.

Statistical parameters were computed from the AFM topography data using the software of
the own instrument. Surface area ratio of the surfaces was computed by a ad-hoc designed
software.

e Wettability Characterization: Since physiological fluids are indeed aqueous saline so-

lutions, pure water is the reference probe liquid used for measuring surface wettability of
biomaterials, as titanium. For this reason, water was also used to determine the surface wet-
tability of silicon surfaces. Surface wettability of silicon and titanium surface were measured
using MilliQ) sessile water drops dispensed on the surfacse with a micropipette (Eppendorf,
Hamburg, Germany). Each surface was rinsed with deionized water and dried in Ny gas be-
fore measuring the static contact angle. Surface-wettability of silicon surfaces were measured
using sessile water drops (5ul volume) on three samples per surface alteration (see subsection
4.2.1). Six different and independent experiments were performed per sample. For titanium
surfaces, surface wettability was measured through the contact angle of spreading sessile
drops (2.5ul of volume). Three titanium surfaces were analyzed per group (see subsection
4.2.1) and three drops were deposited on each one.
The contact-angle values were determined by an axisymmetric drop-shape analysis (ADSA)
[284,285]. Images for the analyses were took by means of a CCD monochrome camera (Sony
SSC-M370CE) coupled to a microscope (Apozoom, Leica Microsystems, Wetzlar, Germany ),
horizontally oriented in a thermostatically controlled room (20°C'). Droplet images were pro-
cessed in a PC by a frame grabber (DT 3155, Data Translation GmbH, Bietigheim-Bissingen,
Germany). Contact angles were directly computed by ad-hoc designed software.

e Cell Culture: The cell culture studies on silicon and titanium surfaces were performed with
human osteoblast-like cells MG-63, but the protocol used to add them to each material was
different. The reason for this difference is that standard protocols for each kind of surfaces
has been stablished a long time ago and these protocols are the ones that were used for each
different kind of surface.

Silicon Surfaces: Human MG-63 osteoblast-like cells (supplied by the Scientific Instrumenta-
tion Center of the University of Granada, Spain) were added at the same density to three sili-
con wafers per group distributed face-up in 24 well-culture plates. 0.1ml of a 5000 — cells/ml
suspension was used in order to cover the entire wafer surface with a thin layer of cells guar-
anteeing that the cell culture would not be saturated in advance. Dulbecco’s modified Eagle
medium (DMEM, Sigma, St Louis, MO, USA), supplemented with 10% fetal bovine serum
(FBS, Sigma) and 1% penicillin/streptomycin, was then added up to 2ml. Culture plates
were maintained at 37°C' in a humidified 5%C03/95% air atmosphere. Culture medium was
exchanged every 48 hours until 21 days after plating. The experiment was repeated three
times both for proliferation study, ultrastructural analysis as immunophenotype characteri-
zation.

The proliferation studies were performed as follows; Twenty-one days after plating, adherent
cells were released from the surface by two sequential incubations in a non-enzymatic cell
dissociation solution 0.05% trypsin and 0.02% ethylene diamine tetra-acetic acid (EDTA),
Sigma, St. Louis, MO, USA] for 5 min at 37°C. The number of adhering cells was deter-
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mined by counting in a Neubauer chamber. Four counts were made for each cell suspension
released from each sample. The mean number of cells was quantified per ml.

Field Emission Scanning Electron microscopy (FESEM) (LEO 1530 Gemini, Zeiss/LEO,
Oberkochen, Germany) with a 5Kv intensity was used for ultrastructural analyses in order
to evaluate the cell morphology. For these studies, after cells were cultured on the sili-
con wafers, another group of cell cultures were fixed in a 4% sodium cacodylate-buffered
formaldehyde-glutaraldehyde fixative for 24 hours at room temperature after removing the
culture media, post-fixed in 20% osmium tetroxide for 2 hours and dehydrated by serial
transfers in ascending concentrations of acetone (50 — 100%). Then, they were infiltrated
with liquid carbon dioxide below the critical drying point and made electrically conductive
by mounting them on aluminum slabs with a silver point. Finally, samples were coated by
sputter with gold/palladium to a thickness of approximately 250 A

Moreover, cell immunophenotype was characterized. For these studies, basal cultures of
MG-63 were characterized by flow cytometric analysis [286]. Briefly, cells were transferred to
universal screw-cap tubes containing sterile PBS and, cell suspensions were washed and cen-
trifuged at 225¢ for 5 minutes, discarding the supernatant. The washing and centrifugation
steps were then repeated twice. Cells were incubated for 20 minutes at room temperature with
5ul of antibody per 20ul of cell suspension. Tubes were then filled with PBS and 0.5 ml of ly-
sine. FACScan®)(Becton Dickinson, Mountain View, CA, USA) analysis was then performed
using the CellQuest@®)Software (Becton Dickinson). HLA-ABC (Major Histocompatibility
Complex class I expressed by most normal nucleated cells [287]) and vimentin (intermediate
filaments present in all mesenquimal cells [288]) were used as positive controls; CD14 (trans-
membrane protein in macrophages for the detection of bacterial lipopolysaccharide [289])
and CD45 (leukocyte common antigen; signaling molecule on all nucleated hematopoietic
cells [290]) as negative controls; CD10, CD56, actin, caldesmon, osteocalcin and Ki67 were
detected for basal immunophenotype characterization. CD10 (Common Acute Lymphocytic
Leukemia Antigen, CALLA) is a cell-surface enzyme expressed in cells sensitive to various
hormones, exercising its function by degrading these hormones [291]. CD56 (NCAM) is a
cell-surface glycoprotein implicated in cell-cell adhesion [292]. Actin is a globular protein
that participates in cell motility, division and cytokinesis, accompanied by caldesmon and
the establishment and maintenance of cell junctions and cell shape [293]. Osteocalcin is se-
creted by osteoblast playing a role in late bone mineralization and calcium ion homeostasis
[294]. Finally, the Ki-67 protein is a cellular marker strictly associated with cell proliferation
[295]. All antibodies were purchased from Master Diagnostica, Granada, Spain.

After cell cultures on modified silicon wafers, cells were characterized and the proliferation in-
dex calculated by immunocytochemically analyzing the expression of the markers mentioned
above. For this, cells were released from silicon pieces by two sequential incubations in a non-
enzymatic cell-dissociation solution (0.05% trypsin and 0.02% EDTA, Sigma) for 5 minutes
at 37°C. After cytocentrifugation, the cell button was embedded in paraffin and sectioned at
3um, dewaxed, hydrated and heat-treated in 1 mM EDTA buffer for antigenic unmasking.
Sections were incubated for 60 minutes at room temperature with prediluted antibodies. The
immunocytochemical study was performed on an automatic immunostainer (Autostainer 480,
Lab Vision, Fremont, CA, USA) using the polymer-peroxidase-based method, followed by
development with diaminobenzidine (Master Diagnostica). A millimeter grid in the eyepiece
of a BH2 microscope (Olympus) with a 402 objective was used to count the positive number

of cells per mm?.

Titanium Surfaces: The cell attachment and spreading studies were performed with human
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osteoblast-like cell MG-63 [255,274] which was purchased from American Type Cultures Col-
lection (ATCC, Manassas, VA) and maintained as in Dulbecco’s modified Eagle medium
(Invitrogen, Gibco Cell Culture Products, Carlsbad, CA, USA) with 100/U/ml penicillin
(Roger, Barcelona, Spain), 50ug/ml gentamicin (Braum Medical, Jaén, Spain), 2.5ug/ml
anfotericin B (Sigma, St Louis, MO, USA), 1% Glutamine (Sigma, St Louis, MO, USA),
2% HEPES (Sigma, St Louis, MO, USA) and supplemented with 10% fetal bovine serum
(FCS) (Gibco, Paisley, UK). MG-63 osteoblast-like cells were seeded on the textured titanium
groups. Cultures were kept at 37°C in a humidified atmosphere of 95% air and 5% COs.
The cells were detached from the culture flask with a solution of 0.05% trypsin (Sigma, St
Louis, MO, USA) and 0.02% ethylene diamine tetra-acetic acid (EDTA) (Sigma, St Louis,
MO, USA), and were washed and suspended in complete culture medium with 10% FCS.
The cells obtained were inoculated for tests onto samples at 2x105cell/ml in a 24 — well
plate (Falcon, Becton Dickinson Labware, NJ, USA) in the ratio of 2ml/well, in which were
deposited previously titanium disks. The plates were incubated to 370 C in CO2 (5%) atmo-
sphere. Assay tests were performed at 180 minutes, 24, 48 and 72 hours for each surface. Cell
cultures were repeated four times for each surface and time period. At the end of the culture
time, disks were recovered and cleaned with medium solution. Then, cells were detached
from the disks with a solution of 0.05% trypsin (Sigma, St Louis, MO, USA) and 0.02%
ethylene diamine tetra-acetic acid (EDTA) (Sigma, St Louis, MO, USA) and were washed
and suspended in complete culture medium with 10% FCS. The number of adhered cells was
determined with a counter cytometer (Ortho Diagnostic System, Raritan, II, USA). Number
of cells was quantified per ml. One additional sample per surface treatment and time was
prepared, following the protocol mentioned above for titanium surfaces, in order to evalu-
ate the cell morphology. After the incubation period, media were removed and specimens
were fixed with 4% glutaraldehyde in PBS (ph 7.2) for 20 minutes. After dehydration in
graded alcohols, samples were inmersed in hexametildisilazane for 10 minutes, air dried then
sputtered-coated with gold palladium. Finally, ther surface of the specimens was examinated
by SEM.

Statistical Analysis of Cell Culture Studies: Statistical analysis of the data obtained from
the cell culture was performed using one-way analysis of variance (ANOVA). The factor of
analyisis was the surface treatment and the dependent variables were roughness parameters,
wetting or cell adhesion and proliferation. Tukey’s test was used to check the significance
of differences between pairs of means. All statistical tests were run at 5% significance level
(p < 0.05). The tests were applied to data of those parameters determining for the discussion.

4.3 Results and Discussion

This section of the chapter is divided in two different parts, i.e. one part describes the results
obtained from the study of the silicon surfaces and the other one collects the results and discussion
derived from the analysis of titanium surfaces.

4.3.1 Results for Modified Silicon Surfaces

Surface Characterization

Surface parameters are compiled in Table 4.1. It is important to note that all H-surfaces were
R1 because no roughness alterations were made on them. Moreover, R1 was also considered HO
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Table 4.1: Surface topographic values, water contact angles and cellular proliferation data after 21
days for each surface.

R1-HO R2 R3 R4 H1 H2 H3 H4
minimum(nm) | —2.60 | —10.07 | —27.96 | —72.60 | —2.60 | —2.60 -2.6 —2.60
maximum(nm) | 8.32 17.69 29.92 84.80 8.32 8.32 8.32 8.32

R, (nm) 0.33 2.04 5.70 16.60 0.33 0.33 0.33 0.33

R,(nm) 0.61 2.58 7.13 20.70 0.61 0.61 0.33 0.33
r 1.0024 | 1.0271 | 1.1340 | 1.3906 | 1.0024 | 1.0024 | 1.0024 | 1.0024

Dy 2.22 2.33 2.48 2.53 2.22 2.22 2.22 2.22
Oapp(°) 22° 15° 10° 7° 16°+£2 | 21°£2 | 76°£2 | 95° £ 2

Meancells/ml 2000 6000 10000 10500 4500 10000 22000 27000

Note that all topographic values for H1-H4 are the same to that for R1 since surface modification
in H1-H4 do not include topographic changes. R,: arithmetic average roughness; IZ4: root mean
squared roughness; r: roughness surface ratio; : static water contact angle.

since R1 was not methylated.

From the observation of the AFM topographies captured for rough silica surfaces obtained
by different etching time, as Fig. 4.1 shows, it is possible to conclude that NaOH solutions are
able to change surface topography for silica surfaces. Even more, these topographies suggests that
surface roughness increases with etching time.

The values of the roughness parameters obtained from the analysis of the surface topographies

A

18 nm

-10 nm

0.08 um

-0.07 pm

Figure 4.1: AFM images of topography variations. A: R1, etching time=0 min. B: R2, etching
time=22 min. C: R3, etching time=60 min. D: R4, etching time=165 min.

of rough silicon surfaces support the increasing of surface roughness with etching time. So, the
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values of R, (ranging from 0.33 to 16.6 nm) and R, (0.61 to 20.70nm) increased with etching time,
confirming that the NaOH solution was able to alter the silicon surface topography. The values
for r (from 1.00 to 1.39) and fractal dimension (from 2.22 to 2.53) also increased with etching
time. For etching times greater than 60 min, all values tended to stabilize, especially r and fractal
dimension (Fig. 4.2).

With regard to contact angles, a change from 7 to 95° was observed. For R-surfaces, greater
surface nanoroughness corresponded to lower water-contact angles. This behavior is in concordance
with Wenzel equation (Eq. 1.27), but similar results, about the effect of nanoroughness on contact
angle measurements of hydrophilic surfaces, have been recently reported by different experimental
and theoretical studies [296-298]. For H surfaces, water-contact angles increased as the DDS
concentration in the methylation solution increased, in an ascending sigmoidal curve (Fig. 4.3),
confirming that the surface methylation took place and exerted an effect on surface wettability.

Cell Proliferation

The arithmetic mean from the proliferation study for all surfaces are shown in Table 4.1.
Osteoblast-like cell proliferation on silicon surfaces with different wettability (water-contact angles
ranging from < 7° to 95°) showed an increasing trend both for methylated and topographically
altered surfaces.

A sigmoidal relationship was observed between cells released from methylated surfaces and the
methylation agent (DDS) concentration (Fig. 4.3). The same type of correlation was found for
the dependency of the surface water contact angle on the DDS concentration. The high similarity
between the two curves suggests a strong correlation between the number of adhering cells and
the water-contact angle. In fact, a linear relation was found when plotting cells versus 6, giving a
linear correlation coefficient very close to unity (R=0.98775).

An analysis of the correlation between surface roughness at a nanometer scale (R,) and cell
proliferation indicates that the number of cells rises with R, especially between 0 and 6 nm (Fig.
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Figure 4.2: Relationship between roughness parameters vs etching time. R,: squares; Ry: circles;
r: triangles; Dy: diamonds.
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Figure 4.3: Water contact angle of methylated surfaces (squares) and number of cells released from
the samples (circles) as a function of the DDS concentration in the TCE solution.

4.4). Similarly, R, and r give a saturation value with regard to cell proliferation. However, the
structural complexity, characterized by the fractal dimension, behaves in a different way (Fig.
4.5). There is no plateau in this curve, showing that cell proliferation increases with the fractal
dimension. Initially, this increase was strong, but the cell proliferation appears to have restrained
its growth above a certain fractal dimension value.

Cell Ultrastructural

Cultures on surfaces of low methylation presented a clear trend towards cell aggregation and coag-
gregation: the higher the surface hydrophilicity, the greater the surface cell concentration, including
some layers of overlapped cells (Fig. 4.6 A). By contrast, the surface methylation promoted higher
spreading and random distribution as well as the formation of cytoplasmatic prolongations, which
increased in number and also in complexity as the water-contact angle increased. The primary
prolongations usually branched into numerous secondary filaments, which often showed thicker
zones resembling knots. In addition, the number of secretal-like vesicles on the cell membrane sig-
nificantly augmented with the surface methylation (Fig. 4.6 B). On the other hand, cultures on
rougher surfaces showed broad spreading, random distribution and dispersion, and a more cubed
shape with dendritic extensions (Fig. 4.7 A). Cells seemed to grow in a confluent way, showing
a flat shape with a clear trend to form groups on smoother surfaces. In addition, a great num-
ber of long and small-diameter cytoplasmatic prolongations appeared as roughness and structural
complexity of the surface augment (Fig. 4.7 B).

Immunophenotype Characterization
Flow cytometric analysis confirmed immunophenotype of basal MG-63 cultures. Marker-expression
analysis showed strong positivity for HLA-ABC (Fig. 4.8 A) and vimentin, as positive controls.
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Figure 4.4: Relationship between the amount of cells released from the samples and surface rough-
ness described by statistical roughness parameters: R, (squares) and R, (circles).

Expression of CD14 and CD45 were negative (Fig. 4.8 B). CD10 and CD56 were strongly expressed
(Fig. 4.8 C), while actin was negatively expressed and caldesmon, osteocalcin and Ki67 were weakly
expressed.

After culturing on modified surfaces, HLA-ABC and vimentin expression were strong, while
CD14 and CD45 were negatively expressed in all cells cultures. CD10 and CD56 were less expressed
on highly methylated or rougher surfaces than on less methylated or smoother ones. Actin was
more expressed in cells cultured on methylated surfaces, while caldesmon was weakly expressed
in all cell cultures. Osteocalcin expression was positive for all samples but higher on methylated
ones. Expression of Ki-67 was higher on hydrophobic surfaces, registering a cell-proliferation index
of 35%.

Immunophenotype characterization of MG-63 basal culture and after culturing on modified
silicon surfaces is shown in Table 4.2.

4.3.2 Discussion for Modified Silicon Surfaces

Although the main purpose of this chapter is studying the relationship between cell behavior
and physico-chemical surface properties, i.e. roughness and wettability, on modified silica surfaces,
it is worth paying attention to the relationship between nanoroughness and wettability. The fact is
that nanoroughness affects wettability of etched silica surface decreasing contact angle as etching
time, i.e. nanoroughness, also increases (see Fig. 4.2 and Fig. 4.3). This behavior corresponds to
the clasical one and it can be explained through the classical Young, Wenzel and Cassie-Baxter
equations (see Chapter 1) which were described in previous chapters. These equations, which
describe the contact angle exhibited (6,p,) by any solid surface when is wetted by any liquid in
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Table 4.2: Immunophenotype characterization of MG-63 basal culture compared with immunocy-
tochemical study 21 days after culturing on modified silicon dioxide surfaces (the staining intensity

was estimated as follows: — negative; +/— weak; +: moderate; ++: strong).
Markers Basal Level Expression | H4 | R1-HO | R4
HLA - ABC ++ ++ ++ ++
Vimentin ++ ++ ++ ++
CD14/CD45 — — — —
CD10 ++ - + +/-
CD56 ++ — + —
Actin — + — —
Caldesmon + + + +
Osteocalcin + ++ + +
Ki67 + ++ | +/- +

terms of the surface tensions (vi,, Vsv, Vsi), surface area ratio (r) and the proportion of surface
area effectively wetted (f), are not depedent of the drop size and shape because surface tensions

Df
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Figure 4.5: Relationship between the amount of cells released from the samples and surface rough-
ness described by non-statistical roughness parameters: r (triangles) and Dy (diamonds).
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Figure 4.6: A: Culture on lower methylated silicon wafers (hydrophilic) showing a clear ten-
dency to cellular aggregation and coaggregation (SEM 2,870X). B: Secretal-like vesicles on the cell
membrane as well as numerous cytoplasmatic prolongations in highly methylated silicon surface
(hydrophobic) (SEM 4,270X).

Figure 4.7: A: Osteoblast culture on a highly rough surface (R, = 16.6nm) showing a high
spreading, random distribution and dispersion (SEM 1,440X). B: Great number of long and low
diameters cytoplasmatic prolongations observed in rougher surface with high structural complexity
(Dy =2.53) (SEM 9,530X).
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Figure 4.8: Antigenic expression of MG-63 determined by flow cytometry. A: Positive expression
of HLA-ABC. B: Negative expression of CD14 and CD45. C: Positive expression of CD10 and
CDb56.
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vi; as well as r and f do not depend of them. This fact involves that these equations predict
that for hydrophobic homogeneous surfaces (6 > 90°) 0,,, increases as roughness increases and it
decreases if the solid surface is hydrophilic (6 < 90°).

However, the supposition of that 6, is independent of the size and shape of the drop is not
always valid. As Gao and McCarthy shown [299], the contact angle behavior is determined by in-
teractions of the liquid and the solid at the three-phase contact line alone and that the interfacial
area within the contact perimeter is irrelevant. Similar results have been observed on the contact
angle of microdrops and nanodrops deposited on smooth surfaces (hydrophobic or hydrophilic)
[297,298]. As Gao and McCarthy ensured [299], Wenzel and Cassie-Baxter equations are valid
only if the structure of the contact area reflects the ground state energies of contact lines and
the transition states between them. So, the wetting behavior of a nanostructured surface is far
from being completely understood because of the complex morphology and interactions that lead
to variations of surface energy that could affect to surface wettability and, as some researchers
have shown, to many biological aspects important to cell response such as fibronectin adsorption
[300,301].

Topographical features on material surfaces are important for cell and tissue response to bio-
materials [252]. Micro-rough surfaces may stimulate high bone contact to material by promoting
the production of local osteogenic factors as well as the expression of differentiation markers [248].
However, the role played by nanoroughness on cell response has not been unambiguously defined yet
[257]. Our results in terms of R,, R4 and r clearly demonstrate that nanoroughness played a major
role in the cell proliferation on silicon surfaces for etching times lower than 60 min (R, : 0.33—5.70;
R, :0.61—7.13; r : 1.0024—1.134); however, for etching times greater than 60 min, cell proliferation
appeared to be more controlled by the fractal dimension (structural complexity). The observed
plateau in the proliferation study was similar to that reported by other studies [302]. Therefore,
when nanoroughness reaches a high value, fractal dimension affects cell proliferation more than
R, Ry or r values. In our study, Ki67 expression levels confirmed these observations. In contrast,
Cai et al. [303] described no significant effects on cell proliferation over different nanoroughnesses.

Similarly, our study demonstrates that the fractal dimension determines cell spreading, mor-
phology and dispersion on the surface for etching times greater than 60 min. In general, morphology
on rougher silicon surfaces was similar to that observed on other rough surfaces achieved by other
techniques [252]. In this sense, the expression of CD56 was higher on smoother surfaces, as in
basal cultures. The higher expression on smoother surfaces may imply that cells needed to develop
complex intercellular connections in order to maintain overall stability of the culture. In rougher
surfaces, cells might be able to attach directly to the surface, without having to develop these
intercellular networks. Additionally, the discrete increase in the expression of osteocalcin together
lower expression of CD10, as discussed below, and higher Ki67 reflected a discrete immunopheno-
type improvement when increasing roughness. Our results in terms of immunophenotype variations
confirmed previous observations by other authors both at the nano- [304] and micrometer scale
[305].

Ours results also suggest that the fractal dimension of the surface plays a main role in cell mor-
phology, both in terms of irregularity and complexity of the cell shape, as in density and length of
filopodial extensions, which agrees with previous observations [306]. Fractal dimension translates
directly to a larger surface area and, therefore, an increase in possible anchorage points. To clarify
the importance of the fractal dimension, we should mention that conventional roughness parame-
ters are scale dependent [307], while the fractal dimension provides a scale-independent statistical
measure of the structural complexity of a surface [82]. Therefore, it is more precise when describing
surface topography. As we have noted, fractal dimension might be more helpful than conventional
roughness parameters for explaining the mechanisms that take place at the biomaterial surface
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in contact with the surrounding biological tissues. Additionally, etched surfaces have long been
recognized as fractals that enhance osseointegration [308]. Moreover, NaOH treatment catalyzes
the production of nanostructures outward from the surface and creates a gel-like layer over the ma-
terial, allowing hydroxyapatite deposition [309]. Mendonza et al. [310] confirmed that the kinetics
of HA formation is significantly accelerated by the presence of the nanostructure associated with
the NaOH treatment. This behavior has also been reported with other metals such as zirconium,
aluminum and titanium [311, 312].

Among the importance of nanoroughness in the cell-surface interaction, our study clearly shows
a positive correlation between hydrophobicity and osteoblast-like behavior in terms of prolifera-
tion, ultrastructural morphology and immunophenotype, unlike other reports [313]. To explain
this behavior it is advisable to remind the dependency existing between protein adsorption and
wettability [314]. According to our results, an initial deposition of diverse proteins dissolved in the
incubation medium takes place, being this deposition enhanced when the hydrophobicity of the sur-
face increases. This is fully plausible, since protein adsorption is generally favored by hydrophobic
interactions, defined as a spontaneous dehydration and subsequent approximation and contact of
non-polar components in an aqueous environment, between the surface and these macromolecules.
In fact, the hydrophobic interaction is one of the most important contributions that controls pro-
tein adsorption [315]. It should be noted that electrostatic interactions among the charges existing
in the protein molecule and the sorbent surface also participate in the adsorption process [245].
However, if surfaces are not hydrophilic and the ionic strength is moderate or high (as that ex-
isting in our culture media), the electrostatic interactions (although they participate) are not as
relevant as the attractive hydrophobic interactions. Hydrophobic interaction is characterized by a
large entropy increase and a relatively small enthalpy effect. In protein adsorption, this entropic
increase is also (partly) related to changes in the structure of the protein molecule. This is why
the hydrophobic interaction is usually higher for soft and big proteins and it is lower for small a
rigid ones [315]. For example, fibrinogen (MW = 340kD) interacts with a hydrophobic surface
stronger that albumin (MW = 66kD) [280]. Moreover, albumin is, by far, the major protein com-
ponent of the serum and, thus, it is more than likely that covered most of our modified surfaces
at the beginning of the cell incubation. However, since it does not promote cell adhesion [264],
its displacement by other adhesive proteins is needed for adhering cells to the surface material,
as has been reported [280]. Therefore, in our experiments and, taking into account the results
shown in Fig. 4.3, the albumin adsorbed during the early phase of osteoblast incubation has had
to be significantly displaced by cell adhesive serum proteins that appear to show a higher affinity
for absorbing onto hydrophobic materials due to their bigger sizes. By contrast, Arima and Iwata
[264] found a decreasing number of adherent cells when the contact angle of different surfaces
increased. In very short incubation times, like in the Arima and Iwata study, the displacement
described above cannot effectively appear. However, in longer incubation times, the cell adhe-
sion also augments with the hydrophobicity of the surface, as shown experimentally in this paper.
Nevertheless, it should be noted that this clear correlation might disappear when working with
extremely hydrophobic surfaces, where attractive hydrophobic interactions between the albumin
and the surface may be highly intense and, consequently, the displacement may hardly occur [265].
Thus, our correlation between hydrophobicity and cell behavior could be explained based on the
role played by the hydrophobic forces in the adsorption and displacement of serum proteins. Other
studies on biomaterials are consistent with these arguments [316].

Moreover, modifying wettability and surface charge, closely related between them, protein ad-
sorption and osteoblast proliferation and differentiation could be modulated [317]. Among that,
changes in electrostatic surface charge do not modify the surface volume, like in the NaOH etching
process, nor terminal chemical groups, like in the methylation process. Additionally, it has been
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demonstrated a significant influence of surface charge on the acceleration and deceleration of bone
like crystal growth [245].

In our study, enhanced cell activity was clearly manifested by the MG-63 adhering to highly
methylated silicon surfaces. Therefore, our results may indicate that the methylation of oxidized
silicon surfaces is a simple chemical treatment that promotes osteoblast-like behavior. Addition-
ally, cell differentiation have been demonstrated by our observations of secretal-like vesicles, that
agrees previous studies [310]. Moreover, immunophenotype analysis confirmed this hypothesis.
Thus, there was increased actin expression in H4, considering either R1-HO or basal MG-63 cul-
tures as controls. This observation demonstrates better cytoskeletal organization despite the non-
correspondence in caldesmon expression. It is important to mention the observed variations in
CD10 expression. The lower expression of CD10 on highly methylated surfaces may indicate that
cells cultured on these surfaces have a greater likelihood of cell modulation from the action of
various protein mediators [318]. In this context, it follows that, in order to achieve and maintain
a higher degree of differentiation in MG-63 cells, a greater hormonal regulation would be required.
In addition, the higher osteocalcin expression in H4 supports osteoblast immunophenotype differ-
entiation. As on rougher surfaces, CD56 expression was negative on highly methylated surfaces.

Finally, it should be mentioned that wetting of a surface by a liquid is significantly affected by
its surface roughness [258]. In our study, the water contact angle was increasing when increased
the surface nanoroughness. This could be due to the formation of HSi(OH)s clusters and Si — H
bonds on the surface and vigorous hydrogen bubbles during the etching process that act block-
ing the surface etching process on determined areas, producing local changes on the three-phase
contact line and pinning defects (Fig. 4.1) [319,320]. Recently, different studies have shown that
the pinning of three-phase contact line can be responsible of wetting transition from hydrophilic
to lower hydrophilic and even hydrophobic behavior on rough hydrophilic surfaces, since each de-
fect pins the contact line individually [321], as we have observed. Furthermore, some air bubbles
can be trapped in the surface. So, the wetting regime which governs this wetting phenomena is
not Wenzel’s regime, where liquid is directly in contact with the solid rough surface [191], but an
air-water contact angle hybrid, where air bubbles and oxidized silicon regions are found. Despite
the above, in the present study, more significant changes have been detected in osteoblast behav-
ior, regarding proliferation, ultrastructural and immunophenotype analyses, when contact angles
changed by altering external functional layer than increasing nanoroughness.

4.3.3 Results for Modified Titanium Surfaces
Topography
Roughness

In Fig. 4.9, AFM pictures of titanium disks belonging to the four groups (see Section 4.2.1)
are displayed keeping the same scale and scan size. The roughness parameters of the textured
titanium surfaces are compiled in Table 4.3. According to the amplitude parameters (R,, R,, Rq
and Ryq), the coarsest surfaces were the blasted ones with the largest particles (beT%), although
they were etched later (see Fig. 4.9 (d)). In decreasing order of any amplitude parameter, the
beTi surfaces were followed by bTi, eTi and pTi (see Fig. 4.9 (a)). Otherwise, from the statistical
parameters, the positive biased kurtosis (Rj,~0) and the negative skewness (Rs; < 0) found on
the eTi samples predict a fluctuating morphology (see Fig. 4.9 (b)) with high density of valleys
(i.e. microporosity), whereas sandblasting seems to produce spiky and coarse morphologies with
negative biased kurtosis and positive skewness (see Fig. 4.9 (c) and (d)). This is also illustrated
in Fig. 4.10 with the topography profiles of each sample. The surface area ratio (see Table 4.4)
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Figure 4.9: AFM pictures (256x256 points) of the textured titanium surfaces: pTi (a); eT% (b);
bTi (c); beTi (d). The scansize area was fixed to 50250um.

just softened the trend of amplitude parameters since surface area is a differential parameter which
takes into account variations in planar and perpendicular directions.

As expected, the greatest values of available surface area were found in the beT% samples and
the lowest ones in the pTi samples. However, eTi and b7 surfaces exhibited similar values of
surface area. The highly fluctuating morphologies induced by etching (Fig. 4.10) compensated the
coarse morphologies blasted with the smallest particles (bT%).

Fractal dimension

The values of fractal dimension computed by box-counting method are presented in Table
4.3. All samples were recognized as fractal surfaces because the expression N(d) = ad~Pr was
fulfilled up to a limit box size, where fractal behaviour disappeared. No significant differences
between pTi, bTi and beTi groups were found, although this did not mean similar morphologies.
However, eT% surfaces obtained the highest fractal dimension due to their highly fluctuant mor-
phology (space-filling ability). In spite of common belief, a fractal surface may be less rough and
have more space-filling irregularities, i.e. it occupies only certain regions of the embedding space
but more compactly.

Morphology

Fig. 4.11 compiles the SEM micrographs of the four groups. These images qualitatively con-
firmed the results obtained from AFM topographies. The reference surface (pT%) showed a smooth
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Figure 4.10: AFM profiles of the textured titanium surfaces: pTi, eT4, bTi and beTi. The profiles
are intentionally shifted just for illustrative purposes. Sandblasting produced spiky and coarse
morphologies, where the coarsest surfaces were the blasted ones with the largest particles (beT%)
although they were etched later. However, the highly fluctuating morphologies (space-filling ability)
of eTi surfaces explain that eT% and b7 surfaces exhibited similar values of surface area.

morphology without characteristic features (see Fig. 4.11 (a)). Instead, acid etching produced
angular stepped morphologies with micropores from 1.5 to 2.5um (see Fig. 4.11 (b)). This random
structure manifested certain hierarchy with double scale roughness, i.e. a nano-rough texture. This
indeed revealed the grain-structured titanium. Otherwise, blasting generated very irregular and
coarse morphologies (see Fig. 4.11 (¢)) with wide cavities (10 — 50um in diameter), as the size of
shot alumina particles. Even it was observed the presence of alumina particles incrusted in the
titanium surface, as reported [322]. These surface alterations might significantly hinder the cell
adhesion. Finally, the beT% surfaces exhibited a coarse morphology although less chaotic than the
bTi samples and with micropores like the eT% samples (see Fig. 4.11 (d)).

Surface Chemical Composition

The EDX spectra of all samples (not shown) pointed out that surface chemistry of the textured
surfaces was mostly based on titanium dioxide with a constant percentage of metallic titanium
behind the protective oxide film (see the ratios of surface chemical species in Table 4.4). Silicon
traces appeared on the pTi samples due to polishing with SiC papers; just as well the bT% samples
contained aluminium traces due to the alumina particles trapped into them (as pointed out in the
part of the results relative to the morphology). Indeed, the carbon from SiC was overshadowed in
the spectra by the residual carbon originating from the reflecting film for SEM experiments. Unlike
bTi samples, beTi surfaces showed smaller aluminium amounts because the alumina particles were
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Table 4.3: These two tables collect the value of the different roughness parameters, i.e. R,, R,
and Ry,qq (first table) and R, Rq, Rsk, Riu, © and Dy, for the epTi surfaces obtained after they
were submitted to the four different treatments, i.e. pT%, eTi, bTi and beTi. The different values
for the parameters appear in this table as value + standard deviation.

Surface  R,(um) R, (um) Rz (om)

pTi 0.47+£021 —-0.60+0.19 2.35=£0.17
eTi 1.15£0.23 —-1.60+£0.25 3.12£0.19

bTi 3.0+0.9 —1.84+0.7 5.7+0.3
beTi 5.1+1.6 -3.3+£0.9 8.2+0.5
Surface  Rg(nm) R,(nm) Ry Ry r Dy

pTi 140+17  149+42 —-0.07+0.23 1.4£0.7 1.02+0.04 2.33£0.09e
eTi 209+£19 268+43 —-0.36*£0.12 0.71£0.19 1.10£0.11 2.56+0.11
bTi 861+30 1022+45 0.40+£0.19 —-0.75+0.25 1.15£0.16 2.26=+0.13e
be T’ 1370 £78 1639+£58 0.38+0.11 —0.31+0.21 1.334+0.14 2.24+0.12e

From the point of view of fractal surfaces, taking into account D¢ mean values, pT% bT% and peT?
surfaces were determined as statistically similar (p > 0.05) according to one-way ANOVA and
Tukey’s tests and, for this reason, they have been noted with (e) symbols.

mostly etched. Likewise, no SiC trace was found on e7T% samples due to etching. Hence, whereas
acid etching just recovered the original surface chemical composition of ¢pT%, blasting and polishing
produced undesired surface doping.

Wettability

For rough surfaces, Wenzel equation predicts the wettability behavior of a surface according
to it roughness evaluated through surface area ratio. This equation relates surface area ratio, i.e.
roughness, with Young contact angle, i.e. wettability, by the following mathematica expression:

cos ) = rcos by (4.1)

where 6 is the apparent contact angle, r is the surface area ratio which quatifies the roughness
of the surface, and 6y which is Young contact angle exhibited by a specific liquid, in the case
pure water, on that surface, considered as an ideal one, in thermodinamical equilibrium situation.

The apparent contact angles of water drops on the textured titanium surfaces are compiled in
Table 4.4. These values, measured once drop spreading was finished (1-2 seconds), corresponded to
system metastates very close to advancing mode because the receding angles reported in literature
are practically zero [164]. As expected for hydrophilic surfaces (see Eq. 4.1), greater surface area
ratio corresponds to higher wettability (lower apparent contact angle). Hence, pTi surfaces showed
the lowest wettability followed by eT4, bTi and beT% surfaces. It is worth to highlight that this
result can be misleading because the effect of roughness overshadows the influence of interfacial
energetics. The influence of roughness on contact angle of homogeneous surfaces is a twofold issue.
Phenomenologically, advancing contact angles often increase linearly with the concerning surface
texture parameter [323], and just the opposite trend is observed for the receding angles. However,
in addition to this effect, a drop (meniscus) in contact with a rough and chemically homogeneous
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Figure 4.11: SEM images of evaluated surfaces: (a) pTi, (b) eT%, (¢) bTi and (d) beTi (original
magnification x2000).

surface undergoes the second-order effect [166] predicted by the Wenzel law (Eq. 4.1). Although
both effects can appear at once, latter effect typically dominates from intermediate values of contact
angle hysteresis.

Table 4.4 collects the values of Young contact angle computed from Eq. 4.1 and the concerning
values of surface area ratio (see Table 4.3) for each surface treatment. The use of Eq. 4.1 was
justified by the larger drop volume (2.5ul) as regards the maximum roughness amplitude (see Table
4.3). The Young contact angles were statistically similar, except for pT%i and bTi surfaces. The bT%
samples exhibited the lowest value of Young contact angle due to the hydrophilic alumina content
whereas the pTi samples were anomalously less hydrophilic due to the carbon excess originating
from the SiC traces.

Cell Culture

Fig. 4.12 shows cell culture results. Fig. 4.13 (a) and (b) show representative cell morphologies.
As expected for biocompatible surfaces, the cell adhesion rate increased on all treated titanium
surfaces, although specific morphologies developed by each texturing affected differently the main
events of cell adhesion. After 180 min and 24 hours, cell contact and attachment were more
marked on b7 and beTi surfaces than pTi and eT% surfaces. However, after 48 and 72 hours, cell
spreading and proliferation were enhanced on eTi surfaces, followed by beT4i, bTi and pTi surfaces
as decreasing surface area. MG63 osteoblastic-like cells showed high adhesion on eT% surfaces,
thanks to an enhanced filopodial anchorage at the nanoasperities and micropores. Otherwise, on
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Table 4.4: In this table appears the Young’s contact angle (fy) and r and 6,,, values which appear
in Table 4.4 and the surface chemical species ratios obtained from the analysis of the EDX data
for the different surface of the study, i.e. pTi, eTi, bTi and beTi. The values for the quantities
considered appear in this table as value £+ standarddeviation.

Surface 0(°) Ti/TiO4 Al/TiO4 Si/TiO4
pTi (63+6)°Y  0.14+0.03 0.16+0.03 0.34+0.05
eTi (57 +8)° 0.13+0.03 0.00+£0.00 0.00=£0.00

b1 (50+10)°v  0.14+£0.03 0.284+0.04 0.00=+0.00
beTi (55 +7)° 0.14+0.03 0.16+0.03 0.00=£0.00

From the point of view of wettability measured from Young contact angle, pT% and bT% surfaces
were statistically dissimilar (p < 0.05) according to one-way ANOVA and Tukey’s tests. In this
sense, these kind of surface appeared marked with ¥ symbols.

the bTi samples, the cells were adherent but not confluent.

4.3.4 Discussion for Modified Titanium Surfaces

In culturing cells on biomaterial surfaces, surface free energy is an important parameter that
guides the first events occurring at the biomaterial /biological interface, such as interaction of water
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Figure 4.12: Cell adhesion and proliferation on engineered titanium surfaces as a function of time.
Cell cultures were repeated four tiems for each kind of surface and time period.
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Figure 4.13: SEM micrographs of osteablast-like cells adhered to an acid-etched titanium surface
(a) and to a polished titanium surface (b) after 72 h.

and proteins with biomaterial, and these events guide further response [256,323]. Nevertheless,
surface energy estimation from contact angle measurements is a hard task because biomaterial
surfaces are always rough and/or heterogeneous. If surface roughness is the primary cause of hys-
teresis, i.e. R, > 0.1um [324], the advancing contact angle is influenced more by the microscopic
relief than by interfacial energetics. However, surface energy estimation just requires thermody-
namically significant angles. Hence, for rough titanium-based surfaces, the Young contact angles
computed by Eq. 4.1 from advancing contact angles can serve to detect relatively gross changes in
surface energy.

The good cell response at long times on eTi samples, as regards the rest of textured groups,
was explained by their particular morphology (the greatest fractal dimension and negative skew-
ness) and surface chemical homogeneity (no traces). Chemically-etched surfaces have long been
recognized as fractal, due to the stochastic character of wet etching. Particularly, the morpholo-
gies of eTi samples were angular and stepped due to the crystalline grain detachment from the
amorphous structure of titanium. Moreover, at dimensions smaller than the grain structure of tita-
nium, a secondary texture was visualized. Hence, eT% samples, even being less rough than 7% and
beTi groups, exhibited micro-porous and nano-rough texture. It is worth to mention that surface
roughness in the range from 10nm to 10pm may influence the interface biology, since it is of the
same order in size as cells and large biomolecules. Microporous surfaces enhance osteointegration
of titanium implants, indicated by mechanical pull-out tests and histomorphometric analysis [325]
or osteoblast spreading tests [308].

As far as biomaterial interactions with proteins are concerned, surface features on the nanome-
ter scale are important. Changes in surface chemistry or roughness, of the same dimension as a
protein will affect its adsorption characteristics. Instead, if the rough surface is treated as chemi-
cally homogeneous and the size of asperities is larger than the protein dimension, then roughness
will simply add available surface area for adsorbing protein. This explains that beTi and bTi
samples were more bioadhesive at early stages of cell attachment [164,269,326]. At late stages, the
presence of alumina particles and the coarsely-blasted morphology, self-affine but uncomfortable
for cell spreading, impaired the cell proliferation as expected [43]. Furthermore, sandblasting can
also affect the corrosion resistance of titanium due to the residual surface stresses induced [322].

Fractal dimension arises as a more appropriate index of surface disorder [43,327] rather than
the amplitude roughness parameters. However, a single exponent is not enough for the complete
description of fractal surfaces. Moreover, the partial information provided by fractal dimension
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was refined by the values of kurtosis and skewness and confirmed by SEM pictures. Alternatively,
lacunarity becomes a counterpart to the fractal dimension because it just describes the texture of
a fractal surface [71]. Fractal surfaces having same fractal dimensions can look widely different be-
cause of having different lacunarity. This parameter is related to the prefactor a of the expression
N(d) = ad=Ps.

HF acid etching is recommended for titanium-based dental implants rather than sandblasting
based in the results of this study. As suggested in the literature, the HF' treatment creates a
micro- and nano-level topography that enhances adherent cells [328,329]. Moreover, since surface
characterization of biomaterials is crucial to understand the concerning biological events, the use
of complementary topography analysis, like fractal analysis, in addition to statistical roughness de-
scription are highly recommended. Also, theories and experimental approaches related to wetting
phenomena should be carefully employed.

4.4 Conclusions

4.4.1 Modified Silicon Surfaces

From the analysis of the results and dicussion obtained for modified silicon surfaces is possible
to extract the following conclusions:

e Model silicon surfaces modified by simple chemical treatments enabled separate evaluations
of the influence of surface physical parameters as roughness and wettability on cell-substrate
interactions.

e Cell morphology, proliferation and differentiation clearly depend on these physical factors. All
these properties are more affected by changes in surface chemistry than surfaces roughness,
although surface nanoroughness also improves the MG-63 behavior.

e The surface nanoroughness also improves the MG-63 behavior, the fractal dimension being
more precise for predicting it. This highlights the importance of using complementary surface-
topography analyses in addition to a classical roughness description.

4.4.2 Modified Titanium Surfaces

In the same way, from the analysis of the results and discussion exposed for titanium surfaces,
it is possible to conclude that:

e The presence of traces of silicon carbide and alumina found in the polished and blasted
surfaces modified their surface energy, respectively. This effect seems to be determining on
the failure of cell proliferation, rather than the morphology and roughness of each surface.

e Cell adhesion and proliferation on the textured titanium surfaces with similar surface chem-
istry (acid-etched and blasted-etched surfaces) were driven by topography features.

e Cell adhesion (< 24h) depended on the available surface area (more roughness, more cell
adhesion).

e Cell proliferation (> 48h) was mediated by specific morphologies: highly fluctuating surfaces
(greater fractal dimension) and punching surfaces (negative skewness). Unlike, for surfaces
with similar fractal dimension and positive skewness, the cell growth basically depended on
their surface area.
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e Acid etching yielded angular stepped morphologies due to the crystalline grain detachment,
with horizontal length scale close to the cell size (~ 10um).

e Blasting treatment generated pit-like surface features with high aspect ratios and chaotic
morphologies. These physical surface modifications, aside from the small alumina doping,
hindered the cell growth.

4.4.3 General Conclusions

Moreover, we conclude from the results of both types of modified surfaces, i.e. silicon and
titanium surfaces, that:

e Both physical and chemical properties of a surface play a critical role on the cell response.

e The nanoroughness produced by surface etching has been revealed as a critical factor for the
MG-63 behavior.

e The roughness characterization of surfaces employed in implantology field should be more
precise and to considerer these surfaces as fractal ones. So, in this sense, the use of fractal
parameters, such as fractal dimension, is recommended.

All these general findings may be useful for optimizing biomaterials



Summary and Conclusions

This thesis was mainly focused on the analysis of the role played by the surface roughness of
structured biomaterial surfaces, from micro- to nano-scale topography, through a complete set of
mathematical tools, from classic statistical to advanced ones. Acid etching of titanium surfaces
was studied in detail because of its wide use in the field of implantology. Finally, osteoblast-like
cells response was studied on modified silicon and engineered titanium surfaces in collaboration
with odontological and medical research groups.

The main questions that this work addressed are: how should surface roughness be character-
ized and what mathematical tools should be used for it in the case of surfaces with biomedical
applications? how is acid etching of titanium surfaces described through Minkowski functionals
and scaling analysis? and, finally, how does surface roughness affect the osteoblast-like cell adhe-
sion on modified silicon and engineered titanium surfaces?

This dissertation involves different aspects of surface physics related to the surface character-
ization, particularly the roughness characterization for the optimization of textured surfaces in
biomaterial engineering. Thus, beyond the known statistical roughness, we have conducted a more
complete characterization of the roughness of real surfaces.

First of all, we studied how the roughness factor (surface area ratio) measurement is altered by
the topography acquisition and, particularly the role played by scan-size, topography resolution
or triangular tessellation algorithms. Furthermore, from the analysis of a wide set of numerical
surfaces simulated with a fractional Brownian noise, we studied how the roughness factor values
are affected by waviness filtering due to the directionality effect on the addition of waviness and
roughness in real surfaces. Thus, the main conclusions of this part of the thesis can be summarized
as follows:

e In increasing order of loss of information, the parameters that affect the roughness factor are:
the tessellation algorithms used to mesh the topography, the scan-size employed to acquire
the topography, and the resolution of the topography (number of points collected by the
topography). This order of importance of the parameters studied seems to be regardless of
the instrument used to acquire the topography.

e Filtering processes used to isolate different surface features of a topography according to
their wavelengths, specifically roughness and waviness, involve the loss of part of the surface
topography information. This loss could lead to under/overestimate roughness parameters
according to the direction followed to add the roughness to the waviness in the (pre-filtered)
morphology. For any wavy rough surface, it is not possible to know in detail what roughening
process governed its origin and evolution. Therefore, the superposition (addition) of waviness
and roughness in the real surface could have happened in any direction. So, the experimental
roughness factor disagrees to the actual, but experimentally inaccessible, value of roughness
factor. Nevertheless, it is possible to find an estimate. This thesis proposes an alternative
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based on the weighting of the surface area ratio for the raw topography data (considering
waviness and roughness) by the surface associated to the waviness. Thereby, if we do not
know the process that determined the surface morphology, our method reduces the error
associated to the estimation of surface roughness by using the surface area ratio.

Secondly, we analyzed the morphology produced by HF acid etching on commercially pure
titanium surfaces using integral geometry and stochastic analysis. Minkowski functionals (integral
geometry tools) revealed information about the percolation threshold on acid-etched titanium
surfaces and its change with etching time. On the other hand, stochastic analysis suggested that
acid-etched surfaces of commercially pure titanium exhibit both intrinsic anomalous scaling and
multiscaling regardless of etching time. Moreover, a crossover was also observed for etching times
close to 3 min due to the “poisoning” of the acid-etched surface by titanium hydrides (T%H). This
crossover was also found in the roughness factor for acid-etched titanium surfaces. These results
points out to that a deeper characterization of surface roughness is suitable for those applications
where nanoscale features play a crucial role in growth and proliferation of cells on implant surfaces.
The main conclusions of this part of the thesis can be summarized as follows:

e From the integral geometry analysis we conclude that the use of Minkowski functionals is
highly recommended. This set of mathematical tools allowed to classify the acid-etched of
commercially pure titanium surfaces in terms of percolation networks. The etching time
could be an optimizing parameter on the evolution of acid-etched titanium surfaces and,
therefore, for the quality of these implant surfaces. The percolation threshold for acid-etched
surfaces shown a maximum for etching times close to 3 min. Therefore, as a high percolation
threshold points out to better fluid retention properties, biological fluids should penetrate
better the rough exposed surface and consequently, the osteoblast-like cells response should
be enhanced for acid-etched titanium when etching time is close to 3 min.

e Kinetic roughening of H F' acid-etched commercially pure titanium surfaces, as growth process
driven by anisotropic rules, obeyed rules of anomalous scaling. Surface evolution is mediated
by surface chemistry and corrosion resistance of the surface due to the existence of a varying-
thickness thin film of T90,. Also, regardless of etching time, acid-etched titanium surfaces
exhibited both multiscaling and intrinsic anomalous scaling. Moreover, for etching times
close to 3 min, the behavior of the surface changes drastically due to its poisoning. Scaling
analysis might be helpful to explain the effect of surface features of implant topography on
the cell growth and, to elucidate the complex mechanisms occurring at the implant surface in
contact with the surrounding biological tissues. Thus, scaling analysis could serve as a link
between biomaterial engineering and statistical physics. As a general recommendation, for
acid etching of real surfaces, it is necessary to consider the time elapsed from the beginning of
etching for identifying the roughening regime and if there is any transition between regimes.

e The maximum value of roughness factor of acid-etched titanium in terms of etching time
may reveal a dynamic transition due to the competition between heterogeneous erosion and
homogeneous normal-directed erosion. The transition between these two types of roughening
processes might be modulated by both the oxidation state of the surface and the formation
of etch-stop species just below it; poisoning due to the presence of 7905 and T'iH on the sur-
face. The acid concentration, the etching rate (produced by laminar or turbulent flow), the
initial roughness and the grain orientation of the untreated titanium surface will also regulate
at some extent the time for which the surface area of acid-etched surfaces is maximized. In
terms of erosion and surface curvature, the roughness factor maximum is also interpreted as
the crossover between two regimes: an initial regime where the surface is mainly composed
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of peaks and the (normal-directed) etching promotes the sharpening of peaks (increasing
surface area), although with decreasing heights each time, until a second regimen where the
valleys dominate (further by grain detachment) whereas they are flattened by normal etching
(decreasing surface area).

e This transition between roughening regimes is also observed with advancing/receding contact
angle measurements and preliminary experiments of osteoblast-like cell adhesion on acid-
etched titanium surfaces. Moreover, a similar behavior was also observed on acid-etched
glass surfaces.

Finally, we conducted MG-63 osteoblast-cell cultures (adhesion, proliferation and morphology)
on silicon (with different physical and chemical properties) and titanium surfaces (modified with
different surface treatments). For silicon surfaces, the correlation between the wettability produced
by methylation (on smooth surfaces) and nanoroughness (on unmethylated surfaces) produced by
NaOH basic etching and the response of osteoblast-like cells was analyzed. It was possible to
conclude that an increase of nanoroughness or water contact angle enhanced osteoblast behav-
ior in terms of cell morphology, proliferation and immunophenotype. The effect caused by the
methylation is more significant than the effect caused by the nanoroughness. For titanium sur-
faces, the effect of different texturization methods (blastering, acid etching and the combination
of both) on cell adhesion and proliferation was studied. The different physicochemical treatments
used to modify the surface properties of commercially pure titanium surfaces point out to that
both surface chemistry and roughness affect the osteoblast-like cell response but, for surfaces with
similar surface chemistry, cell adhesion and proliferation are mainly driven by roughness. From the
characterization of the surface topographies in terms of fractal dimension, it was possible to assure
that the surface structure generated by acid etching enhances cell adhesion and proliferation.

As nanoroughness induced by acid etching on titanium surfaces improves the cell adhesion
and proliferation, surface roughness should be precisely characterized by using parameters such as
fractal dimension and other tools described in this thesis.
approaches.



Resumen y Conclusiones

Esta tesis se ha centrado, principalmente, en el analisis del papel jugado por la rugosidad su-
perficial de superficies texturizas de biomateriales, desde escala micro- a nanoscépica, mediante
el uso de una extensa bateria de herramientas matematicas, desde las herramientas estadisiticas
clasicas hasta las més avanzadas. Ademads, dado su amplio uso en el campo de la implantologia, el
grabado 4cido de las superficies de titanio fue estudiado en detalle. Finalmente, en colaboracién
con grupos de investigaciéon en medicina y odontologia, se realizaron estudios sobre la respuesta
celular de células osteobldsticas sobre superficies modificadas de silicio y titanio.

Las principales cuestiones que este trabajo respondié fueron: jcémo debe ser caracterizada la
rugosidad superficial y qué herramientas matematicas debemos emplear para ello en el caso de su-
perficies con aplicaciones biomédicas? ;cémo describen los funcionales de Minkowski y el andlisis
de escalado el grabado acido de las superficies de titanio? y, por ultimo, ;cémo afecta la rugosidad
superficial a la adhesion celular de osteoblastos sobre superficies modificadas de silicio y titanio.

Esta tesis aborda diferentes aspectos de la fisica de superficies relacionados con la caracter-
izacién superficial, particularmente, la caracterizacion de la rugosidad para la optimizacion de
superficies texturizadas en ingenieria de materiales. Asi, hemos realizado una caracterizaciéon com-
pleta de la rugosidad de superficies reales, mas alla de la mera caracterizacién estadistica.

En primer lugar, se estudié en qué modo se ven afectadas las medidas del factor de rugosidad
(fraccién de drea superficial) por el método de adquisicién de la topografia superficial y, en partic-
ular, el papel que juega el tamafio de la regién escaneada, la resolucion y el algoritmo de teselacion
triangular en la medida del factor de rugosidad. Ademds, a partir del andlisis de un vasto conjunto
de superficies simuladas numéricamente, mediante un algoritmo de movimiento Browniano frac-
cional, se estudié en qué modo se ven afectados los valores del factor de rugosidad por los procesos
de filtrado de la ondulacién superficial debido al efecto direccional de la adicién de la ondulacién y
la rugosidad en superficies reales. Asi, las principales conclusiones de esta parte de la tesis pueden
resumirse del siguiente modo:

e En orden creciente de pérdida de informacién, los pardmetros que afectan a la medida del fac-
tor de rugosidad son: el algoritmo de teselacion utilizado par mallar la topografia, el tamano
de la regién escaneada y la resolucién de la topografia (el nimero de puntos recogidos en la
topografia). El orden de importancia de los pardmetros estudiados parece ser independiente
del instrumento utilizado para adquirir la topografia.

e Los procesos de filtrado utilizados para aislar los rasgos caracteristicos de la topografia de
acuerdo con sus logitudes de onda, especialmente la rugosidad y la ondulacion, implican
la pérdida de parte de la informacién topogréfica. Esta pérdida podria conducir la subes-
timacién/sobrestimacién de los pardmetros de rugosidad dependiendo de cual haya sido la
direccién seguida al anadir la rugosidad a la ondulacién en la morfologia prefiltrada. Dado
que para cualquier superficie rugosa y ondulada, es imposible conocer en detalle qué proceso
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de arrugado goberné su origen y evolucién, la superposicién (adicién) de la ondulacién y la
rugosidad en una superficie real podria suceder en cualquier direccién. Por tanto, el factor
de rugosidad experimental difiere del valor real, pero experimentalmente innaccesible, del
factor de rugosidad. Sin embargo, es posible encontrar un valor estimado. Esta tesis pro-
pone una alternativa basada en el promediado de los datos topograficos en bruto (incluyendo
ondulacién y rugosidad) por la fraccién de area superficial asociada a la ondulacién. De este
modo, si desconocemos el proceso que determiné la morfologia superficial, nuestro método
reduce el error asociado a la estimaciéon de la rugosidad superficial mediante el uso de la
fraccién de area superficial.

En segundo lugar, analizamos la morfologia producida por el grabado con acido fluorhidrico de
superficies comercialmente puras de titanio usando geometria integral y analisis estocastico. Los
funcionales de Minkowski (herramientas de geometria integral) revelaron informacién acerca del
umbral de percolacién para superficies de titanio grabadas con dcido y su dependencia con el tiempo
de grabado. Por otro lado, el andlisis estocdstico sugirié que las superficies de titanio comercial-
mente puro grabadas con acido presentan tanto escalado anémalo intrinseco como multiescalado
independientemente del tiempo de grabado. Ademds, se observé un “crossover” para tiempos de
grabado cercanos a los tres minutos debido al “envenenamiento” por hidruro de titanio de estas
superficies. Este “crossover” también fue encontrado en el comportamiento del factor de rugosidad
medido sobre superficies de titanio grabadas con acido. Estos resultados apuntan a que es nece-
sario un caracterizacién mas profunda de la rugosidad superficial en aquellas aplicaciones para las
que los rasgos superficiales de escala nanométrica jueguen un papel crucial, como es el caso del
crecimiento y proliferacion celular en las superficies de implantes. Las principales conclusiones de
esta parte de la tesis pueden resumirse en:

e A partir del analisis mediante geometria integral concluimos que el uso de los funcionales de
Minkowski es altamente recomendable. Este conjunto de herramientas matematicas permitié
clasificar el grabado dcido de superficies comercialmente puras de titanio en término de redes
de percolacién. El tiempo de grabado podria ser un pardmetro valido para optimizar la
evolucién de las superficies de titanio grabadas con acido y, por tanto, la calidad de implantes
de este tipo de superficies. El umbral de percolacion de las superficies grabadas con acido
muestra un maximo para un tiempo de grabado préximo a tres minutos. Por tanto, dado
que valores altos del umbral de percolaciéon suponen unas mejores propiedades en cuanto a la
retencion de fluidos, los fluidos biolégicos podran penetrar mejor en este tipo de superficies
rugosas y, por consiguiente, la respuesta celular de osteoblastos deberia mejorar para titanio
grabado con acido cuando el tiempo de grabado sea proximo a esos tres minutos.

e El arrugado cinético de superficies de titanio comercialmente puras mediante acido flu-
orhidrico, como proceso de crecimiento dirigido por reglas anisétropas, sigue las leyes del
escalado anémalo. La evolucién superficial estd regulada por la quimica superficial y la re-
sistencia a la corrosion de la superficie debido a la existencia de una capa de espesor variable
de diéxido de titanio. También, independientemente del tiempo de grabado, las superfi-
cies de titanio grabadas con acido mostraron arrugado anémalo intrinseco y multiescalado.
Ademsds, para tiempos de grabado cercanos a los tres minutos, el comportamiento de la su-
perficie cambié drasticamente debido a su envenenamiento. El andlisis de escalado podria
ser de ayuda cara a explicar el efecto que tienen los rasgos superficiales de un implante en
el crecimiento celular y para esclarecer el complejo mecanismo que sucede en la superficie
de un implante en contacto con tejidos bioldgicos circundantes. Asi, el andlisis de escalado
podria servir como nexo entre la ingenieria de materiales y la fisica estadistica. Como re-
comendacién general, en caso de grabado dcido de superficies reales, es necesario considerar
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el tiempo transcurrido desde el inicio del grabado para identificar el regimen de arrugado y
si existe cualquier tipo de transicién entre regimenes.

e El maximo del factor de rugosidad para superficies de titanio grabadas con acido en funcién
del tiempo de grabado puede revelar una transicién dindmica y competitiva entre un proceso
erosivo heterogéneo y uno homogéneo segun la direcciéon normal a la superficie. La transicién
entre estos dos tipos de arrugado puede ser modulada tanto por el estado de oxidacion
de la superficie como por la formacién de especies pasivantes en ella; “envenenamiento”
de la superficie debido a la presencia de hidruros de titanio y diéxido de titanio sobre la
superficie. La concentracién de dcido, la velocidad de grabado (producido por flujo laminar
o turbulento), la rugosidad inicial y la orientacién de los granos para la superficie de titanio
sin grabar también regulardn el tiempo de grabado necesario para que el drea supercial de
la superficies grabadas con acido alcance un maximo. En términos de erosiéon y curvatura
superficial, el maximo del factor de rugosidad también se interpreta como una transicion entre
dos regimenes de grabado: un regimen inicial donde la superficie estd formada principalmente
por picos y en el que el grabado (segiin la direccién normal) promueve el afilado y la pérdida de
altura de esos picos (aumento del drea superficial), y un segundo régimen en el que dominan
los valles (puede que por el despendimiento de algiin grano) a la vez que son aplanados por
el grabado 4cido en la direcién normal (disminuye el drea superficial).

e Esta transicién entre regimenes de grabado también fue observada en las medidas de los
angulos de contacto de avance y retroceso y en estudios preliminares de adhesién de os-
teoblastos en superficies de titanio grabadas con dcido. Ademds, un comportamiento similar
al aqui descrito también fue observado en superficies de vidrio grabadas con acido.

Por tltimo, se llevaron a cabo cultivos celulares de osteoblastos del tipo MG63 (adhesién, prolif-
eracién y morfologia) sobre superficies de silicio (con diferentes propiedades fisicas y quimicas) y
titanio (modificadas mediante diferentes tratamientos superficiales). Para la superficies de silicio,
se analizd la respuesta celular de los osteoblastos a los cambios de mojabilidad de la superficie (pro-
ducidos por metilacién), y a la nanorugosidad producida por el grabado bésico de las superficies
mediante hidréxido sédico. Se llegd a la conclusién de que un aumento tanto en la nanorugosi-
dad superficial como en el dngulo de contacto que dicha superficie exhibe ante el agua mejora
el comportamiento celular en términos de morfologia, proliferacién e inmunofenotipo. Los efec-
tos causados por la metilacién son més significativos que los producidos por la nanorugosidad.
Para la superficies de titanio, se estudio el efecto de diferentes métodos de texturizacién (“blas-
tering”, grabado dcido y la combinacién de ambos) sobre la adhesién y la proliferacién celular.
Los diferentes tratamientos fisicoquimicos usados para modificar las propiedades superficiales de
las superficies de titanio comercialmente puro sugieren que tanto la quimica como la rugosidad
superficial afectan a la respuesta celular aunque, para superficies con similar quimica superficial,
la adhesién y proliferacién celular dependen, pricipalmente, de la rugosidad de la superficie. La
caracterizacién, mediante el calculo de la dimensién fractal, de las superficies generadas por cada
método permitié asegurar que las estructuras superficiales generadas por grabado 4cido mejoran
tanto la adhesiéon como la proliferacion celular.

Dado que la nanorugosidad generada por el grabado acido de las superficies de titanio mejora
la adhesién y proliferacion celular, es necesario que su caracterizacién se haga de un modo mas
preciso mediante pardmetros tales como la dimension fractal u otros descritos en esta tesis.

Todas estos hallazgos generales relacionados con el cultivo celular pueden ser de gran utilidad
para optimizar tanto el disenio de biomateriales como el de las superficies de implantes. Nuestros
resultados enfatizan la importancia de los estudios encaminados a esclarecer las relaciones entre el
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comportamiento celular y las propieddades fisicoquimicas interfaciales y, también, con la necesi-
dad de mejorar la caracterizacién de la rugosidad superficial més alld del uso de las magnitudes
estadisiticas clésicas generalmente empleadas en implantologia.



Appendix A

Experimental Techniques

In colloid and interface science, many reactions and events occur onto or close to the surface
of materials. Hence, surface properties such as texture or surface chemistry become controlling
rather than bulk properties. This way, for scientists, it is very necessary to characterize surfaces
finely and also the way in which fabrication and use modify them. Imaging and chemical analysis
techniques play important roles in capturing surface information. The aim of this appendix is to
introduce to the experimental techniques used in this thesis.

A.1 Surface Origins

Surfaces are produced in a wide variety of processes, some tightly controlled and other uncon-
trolled. Maybe, the oldest technique with which mankind has produced intentional surfaces is the
removal of material in the same way as a sculpture is extracted from a crude stone. However,
modern fabrication of parts involves different stages: machining, grinding, polishing. These stages
are applied to achieve a surface with specific macroscopic dimensions and also micro-nanoscopic
features. Therefore, the mechanisms used to obtain the surface determines its texture.

Common methods to design a surface are not valid in nanotechnology because the scale of the
features is too big. Hence, new methods were developed in last years in order to fabricate surfaces
on a finer scale. There are a wide variety of methods, ranging from chemical etching, deposition
and aggregation of particles, to plasma etching.

An important point to consider when we handle surfaces is the chemical heterogeneity. Indeed,
chemical modification of surfaces is referred to as contamination, oxidation or corrosion. Surface
properties such as wettability, electrical and optical properties, adhesion . .. can be greatly modified
by undesired thin layers or local regions with different chemical composition.

Moreover, surface texture is very critical in properties such as wettability, tribology or wear.
Usually, texture is characterized from the surface information obtained directly by imaging meth-
ods. Even when the surface data are acquired by other ways, visualizing the surfaces allows to
capture important qualitative information.

The typical measurement methods used to characterize surfaces are based on either some kind
of microscope that provides magnified images of the surface, or scattering of radiation or particles
from the surface. These methods inform about the morphology and/or chemical composition of
the surface. In this work, the techniques used to acquire the texture of the surfaces were: atomic
force microscopy, white light confocal microscopy and scanning electron microscopy! in order to

1In the text, these techniques have been abbreviated as AFM, WLCM and SEM respectively
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cover a wide range of scan-sizes or scan-areas 2. These tools are briefly described in the following
sections.

A.2 Imaging Surfaces

A.2.1 Atomic Force Microscope (AFM)

The AFM belongs to the family of surface force apparatus (SFA). SFA family devices were
developed at the beginning of the 20*" century to study tribology of modern machinery. They
gained more and more precision as the industry and the computer sciences evolved, and, currently,
they are used to “observe” the surface morphology even at atomic resolution and to measure forces
down to the nanoNewton. In fact, the AFM is strongly related to the invention in 1981 of the
first scanning tunneling microscope (STM), by Binnig, Quate and Gerber, capable of imaging a
solid surface with real atomic resolution in three dimensions [330-332]. Few years later, in 1985,
Binnig, Quate and Gerber developed and atomic force microscope [331] based on the same design
as their STM [332]. This new device was able to measure on any kind of surface and could be used
in different environments from the ultra high vacuum to liquids [333].

The working principle of an AFM is simple. It essentially consists of three systems working
together: a force-sensing system, a detection system and a positioning system, the whole managed
by control electronics and feedback systems, which are controlled by a computer [331,333]. A
scheme-up of the AFM setup is shown in fig. A.1.

The force-sensing system

The force-sensing system is the part of AFM in direct contact with the sample surface. Usually,
a flexible leaf spring, called cantilever®, and ended by a small sharp tip located and its free end,
which it can have different geometry attending to the application to do, and which it is used as
sensor. The coating, geometry and material of the cantilever are also important factors in AFM
studies and they are conditionated by the measurements which are performed and by the measuring
system. The AFM tip is the component in contact or in near contact with the surface. Forces
acting between the AFM tip and the sample surface are transformed in deflections, torsions and/or
bendings, of the cantilever.

The detection system

The tip-sample interaction is detected by monitoring the deflection of a laser-beam incident
on the cantilever, just on the back of the tip. This laser-beam is reflected by the back side of
the cantilever, which is coated with high reflectance coatings in order to facilitate this point,
and it comes at a four-quadrant position-sensitive photodiode (PSPD). Bendings and torsions of
the cantilever are translated into different position of the reflected laser-beam on the PSPD and
thus, in changes in the output voltage of the photodiode. Small variations in the positions of the
cantilever results in large displacements of the laser spot. By this way, tip displacements smaller
than 1 nm are easily detectable [333,334]. The detection system is able to record the deflection
of the cantilever in three dimensions separately and simultaneously, giving the topography of the

2Scan-size is defined as the side length of the image, therefore, the scan-area is the product of both scan-sizes,
on the X-axis and on the Y-axis.

3Cantiler is characterized by their dimensions, tipical dimensions are: hundreds of micrometers of length, 0.5 to 5
micrometers of thickness and around tenth micrometers of width, and their torsional and/or lateral spring constant.
Also its geometry is different for different working modes and experimental situations.
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Figure A.1: Scheme of the working principle of the AFM. A laser beam is reflected on the back
side of the cantilever, just on back of the tip, and then on a mirror, to finally incides on a position-
sensitive photodiode (PSPD). The movement of the tip on the surface is translated on laser spot
displacements on PSPD and on variations in the output voltage of the PSPD. These results, via
feedback loop, in an extension or contraction of piezoelectric scanner which moves the sample.

surface. As the cantilever is a flexible leaf spring and supposing that the Hooke’s law for small
displacements (the interaction force between the tip and the surface is directly proportional to
the cantilever deflection) is verified, it is possible to determine the interaction force between the
surface and the tip, instead, from the surface topography.

Positioning system

The positioning and the fine displacement of the AFM tip relatively to the surface are done via
piezoelectric scanners, whereas coarse displacement use stepper motors when available. Piezoelec-
tric materials are ceramics that change dimensions in response to an applied electric field (voltage).
Conversely, a mechanical strain of the piezoelectric material causes an electric potential, the rela-
tive position of the tip over the sample is thus controlled by the application of voltage to the piezo,
resulting in extension, squeezing or bending of the piezoelectric material in order to keep the tip
on the surface or to keep the distance between the tip and the surface constant*. Piezoelectric
scanners can be designed to move in the three dimensions by expanding in some directions and
contracting in others.

4Depending of the working mode of the AFM
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How works a AFM?

The AFM may work in different modes depending on what kinds of measurements are expected
or simply depending on the surface you are analyzing. Now we are going to present the main AFM
modes that are commonly used and which have been used in this work.

1. Contact Mode

As indicated by its name, the contact mode corresponds to the case where the AFM tips
is always held in real contact with the surface. A feedback loop allows two basic contact
modes: constant force mode and constant height mode. In the constant force mode, the
piezoelectric scanner operates in order to keep the force between the tip and the surface
constant controlling the vertical position of the sample relatively to the tip. Thus, the scanner
responds instantaneously to the topography changes by keeping the cantilever deflection
constant. For the constant height mode, the measured data are the cantilever deflection,
whereas the relative distance between the tip and the surface is kept constant via the feedback
loop. This mode is restricted to flat surfaces to avoid tip crashes on the surface.

2. Non-Contact Mode and Tapping Mode

In these modes the cantilever is oscillated sufficiently close to the surface to interact with
it via long-range forces (attractive or repulsive). Generally, a stiff cantilever is attached to
the small piezoceramic system vibrating perpendicularly to the surface at a frequency close
to the cantilever free-space resonance frequency. The tip is then scanned over the surface
and each surface pixel corresponds to an average of hundreds of oscillations. The distance
between the sample and the AFM tip is controlled by tracking the changes in the oscillating
frequency, amplitude or phase. The resonance frequency or the oscillating amplitude is
kept constant by a feedback loop, which controls the cantilever displacement normal to the
surface. The difference between the Non-Contact Mode (NC-AFM) and Tapping Mode (TM-
AFM) is that for NC-AFM the oscillation frequency is chosen close to, but greater than the
free-space resonance frequency (the vibrating amplitude decreases significantly), whereas for
TM-AFM the frequency is also close to, but smaller than the cantilever resonance frequency
(the vibrating amplitude increases allowing intermittent contact).

A.2.2 White Light Confocal Microscopy (WLCM)

In 1957 Marvin Minsky ”discovered” the confocal principle [335,336]. The invention of Minsky
remained largely unnoticed, probably due to the absence of strong light sources and computers
to handle the large amounts of data. After the patent had expired the confocal microscope was
reinvented and, finally, Brakenhoff applied the confocal principle in 1979 in a light microscope
building the first practical confocal microscope [337,338].

Brakenhoff just wanted to develop a better version of the light microscope which would also
be able to do three-dimensional imaging. And, obviously, he did it. So, confocal scanning opti-
cal microscopy has emerged as a significant new technique which exhibits several advantages in
comparison with conventional systems based on classical microscopy. The most important of these
advantages stem from the fact that out-of-focus blur is essentially absent from confocal images,
giving the capability for direct non-invasive serial optical sectioning of intact and even living spec-
imens [339-341]. This leads to the possibility of generating three-dimensional (3D) images of thick
transparent objects such as biological cells and tissues. Also, it allows profiling of the surfaces of
3D objects again by a non-contact and non-destructive method.
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How works a WLCM?

In reflection mode, for a confocal microscopy, the light emitted from a point light source is
imaged into the object focal plane of a microscope objective, but a confocal microscope differs
from a ”classical” optical microscope [339] in the fact that every moment there is formed an image
of one object point while a whole image is assembled by scanning (moving a specimen or readjusting
an optical system). In order to register light from only one point, a pinhole aperture is situated
behind the objective lenses so that the light emitted by the studied point passes through the
aperture and is detected while light from the other points is at most excluded. The second feature
is that the illuminator produces not the uniform lighting of the field of view but focuses light into
the studied point. This can be done by placing a second focusing system behind a sample; in
this case, however, the sample should be transparent. Moreover, the objective lenses are usually
expensive enough, so utilization of a second focusing system for illumination is of little preference.
An alternative is the use of a beam splitter for the purpose of incident and reflected light could be
focused by the same objective. Besides, such arrangement facilitates system adjustment.

It is clear that the application of the confocal scheme, which appears in fig. A.2, should

Objective Collector
Image Plane N A Object Plane
/ \ .

Optic Axis

“\/“ Confocal Aperture

Figure A.2: Scheme of the working principle of the Confocal microscope. Light originating from
within the focal plane (black) is imaged at the image plane, as in conventional microscope. Light
originating outwith the focal plane (red) is not brought to a focus at the image plane, and appears
as blur in a conventional microscope. A confocal aperture in the image plane ensures only a thin
optical section is imaged, so that this detrimental effect is eliminated by the confocal microscope.

increase the image contrast because ”stray” light from points adjacent to the studied one does not
enter the detector. Note that the contrast increase is achieved at the expense of complicated scan
by specimen or by light beam systems utilization [341,342]. It is possible to find a lot of kinds
of confocal microscopes in market, but all of them work with the same working optical principle,
which has been described above. Thus, the principal difference between the most popular confocal
microscopes (laser confocal microscope and white light microscope) is basically the illumination
source used to illuminate the sample surface.’

A.2.3 Scanning Electron Microscopy (SEM)

Unlike scanning probe microscopy (SPM) where physical probes interact with the surface, other
techniques use beam methods based on the interactions of photons, electrons, neutrons, or positrons

5The essential details of the confocal microscope are clearly explained for the general scientist in the
http://www.physics.emory.edu/faculty /weeks/confocal/. For more detail, see [343,344].
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with the surface. Scanning electron microscopy (SEM) is briefly explained because it was used to
image surfaces. Its basic principle is the same than optical microscopes although instead of using
light to image the surface, it uses electrons.

Electron-surface interactions

The response of the surface to an incident electron beam is composed of different particles and
interactions as schematically represented in fig. A.3.
When an incident electron passes near an atom, it can impart some of its energy to a lower
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Figure A.3: Interaction of an incident electron beam with a surface resulting in diverse particles
depending on the intensity of the incident beam and its range of penetration.

energy electron belonging to an atom of the studied specimen. It results in an ionization of the
low energy electron. Then, this electron, called secondary electron (SE), leaves the atom with a
small kinetic energy (0-30 eV) and is picked up by a detector. Due to their low energy, just SE
near the surface are measured, and thus, they are principally related to the surface topography.

The holes due to SE exits let some vacancies in the shell of the atoms which will be occupied
by electrons of higher energies, belonging to the atom, in order to decrease the total atom energy.
This process goes with the emission of X-rays to balance the total energy of the atom which can
be used to determine the surface chemistry of the surface because the X-rays are strongly related
to the element from which they originated. Another possibility instead of the X-ray emission is
that an electron of the outer shell leaves the atom. This electron is called an Auger electron. They
are used for surface analysis and are generally not detected in SEM. Other electrons are scattered
backward after colliding with an atom of the specimen. They are called backscattered electrons
(BSE). The production of BSE is related to the material of the specimen and more precisely to
the atomic number of its elements. Finally, some electrons of the incident beam are also absorbed
in the material.
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How works a SEM?

A SEM works similarly to a classical television (not a LCD, TFT or Plasma television) where
what you see is what the detector sees. It consists on an electron gun which produces a coherent
monochromatic electron beam that is accelerated by a cathode with help of field emission or
thermionic sources. This electron beam is focused on the surface by magnetic or electrostatic
lenses. After the impact between the beam and surface, the signals have to pass through a detector,
which is placed in a vacuum chamber, since the thickness of the sample avoids any transmission of
the information and only particles emitted close to the surface are caught.

The SEM is basically dedicated to topography studies, but may also be related to surface
chemistry analysis. However, the disadvantage of this technique respect to the AFM and WLCM
ones is the time allotted to the preparation of the samples to be imaged, due, for example, to the
vacuum chamber which obeys to cover the surface by a conductive coating in order to avoid charge
effects. Therefore, SEM cannot realize in vivo measurements.

A.3 Surface Chemistry Microanalysis (EDX)

fricked-out ..
electron o e

Figure A.4: In this figure it is possible to observe an EDX spectrum for commercially pure titanium
(grade II). K and L peaks show the X-ray emission from the concerning atom shell (left part of
the figure). Right part of the figure represents a scheme of the EDX working principle.

Energy-dispersive X-ray (EDX) spectrometry is one of the most common procedure for
performing elemental analysis in electron microscopy [345]. This technique was used in conjunction
with SEM. When an electron beam strikes the surface of a conducting sample, this interaction can
be either elastic or inelastic. The inelastic strikes of a fast electron with the surface can lead to
excitation of an atom within the sample (promoting an inner shell electron). Such an excited atom
eventually returns back to the energy ground state. This return can be due to different processes as
radiative transition or Auger process. For the radiative transition, the atom returns to the ground
state emitting a photon (X-ray) which energy is intrinsically associated to the atom and to the
energy level of the electron promoted in this process. Therefore, the analysis of the photons coming
out of the sample can yield information about chemical composition of the sample. Information
obtainable from such characteristic X-rays provides basis for energy dispersive X-ray microanalysis
(EDX) and wavelength-dispersive X-ray microanalysis (WDX). A scheme of the EDX working
principle can be observed in fig. A.4 which appears below.

This technique it is not purely a surface science technique because the X-rays are generated
in a region about 2um in depth. By moving the electron beam across the material an image of
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each element in the sample can be acquired. Due to the low X-ray intensity, images usually take
a number of hours to acquire. Elements of low atomic number are difficult to detect by EDX.
For this reason, the detector used for EDX microanalysis is based on electron-hole pair generation
in a semiconductor diode by the photon emitted from the sample. The number of electron-hole
pairs created by a photon in such detector is proportional to the energy of the photon, resulting
in current pulses in a suitable circuit.

Position of a peak in such spectra provides information on the type of atoms in the sample.
The peak intensity (number of counts of given “size”) provides information on number of photons
of given energy. The number of counts of given energy is proportional to areal density of given
type of atoms.

A.4 Low-rate dynamic contact angle revisited

Each solid-liquid—vapor system is characterized by a range of observable contact angles referred
to as the contact angle hysteresis range. This range is defined by the advancing contact angle and
the receding contact angle, which are further the most meaningful angles because they are related
to the shear and tensile adhesion forces. In this thesis, the measurement of advancing and receding
contact angle was performed by low-rate dynamic contact angle procedure which it is based on
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Figure A.5: A typical low-rate dynamic contact angle experiment of distilled water on a rough
polytetrafluoroethylene surface: (a) volume, (b) three-phase contact radius, and (c) contact angle



114 Chapter A. Ezperimental Techniques

()

<—\\:\0“dv —> 3—>’ e l, <
I

Figure A.6: Low-rate dynamic contact angle technique.

forced wetting [346]. The advancing and receding contact angle measurements are performed,
respectively, by an increase or decrease in the drop volume (inversely for captive bubbles). The
role of the volume variation is just to force the system to pass from one local energy minimum to
the next, until it reaches the advancing/receding configuration. Thus, for a sessile drop deposited
on a surface with the contact line initially pinned, if the volume is increased then the contact
angle also increases. When the advancing contact angle is reached the contact line starts to move.
The inverse procedure is employed to determine the receding contact angle, i.e. the contact line
is initially pinned and as the volume is decreased the contact angle decreases. When the receding
contact angle is reached then the contact line moves. Fig. A.5 shows the results of a typical
low-rate dynamic contact angle experiment. This technique allows to measure observable contact
angles of growing/shrinking sessile drops or captive bubbles [347].

In order to avoid drop vibrations and for measuring true advancing contact angles without
disturbing the drop profile, Oliver et al. [348] proposed that the volume variation was performed
through a small hole (0.5-1 mm diameter) drilled in the substrate and a tube is connected to this
hole beneath the substrate (see Fig. A.6). Oliver et al. procedure begins with a small drop (~ 5ul)
placed on this hole and then the volume of the drop is varied by means of the tube connected to
a motorized micrometer syringe. Commonly, low-rate dynamic contact angle measurements are
achieved with a continuous linear variation of drop volume. The experimental set-up used for
the contact angle measurements is showed in Fig. A.7. To minimize the possible vibrations,

Micro-injector

Hamilton

Plane- Sessile Drop e
e E —
source # —I_
1 XYZ Stage

—
JEh

Figure A.7: Experimental device used for the low-rate dynamic contact angle measurements.
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the device is mounted on a vibration-isolated optical table. Because of the drop dimensions, a
microscope (Leica© Apo-Zoom) is coupled to a SONY® CCD (Charge Couple Device) camera.
The interface is light-contrast illuminated by using a plane and homogeneous light source (Dolan
Jenner QVABL). The video image signal is digitalized with a frame grabber connected (Data
Translation DT3155) to a PC. Once the image is digitalized, the detection process provides a set
of points that represents the drop profile. Next, to convert from digital to physical dimensions, a
calibration process is necessary. A square grid of known side allows the conversion of pixel units
to physical length units. To correct the deviations of the camera with respect to the vertical
direction, a plumb line is used. In order to correct the effect of refraction index in the captive
bubble experiments, the grid is immersed in the liquid. We used a software suite (Dinaten© and
Contacto©) to acquire, process and calculate images. Both applications were ad-hoc developed
by Dr. Juan Antonio Holgado Terriza [284]. Drop profiles were analyzed with the Axisymmetric
Drop Shape Analysis-Profile (ADSA-P) technique [349,350]. With this approach, all the drop
parameters such as contact angle, contact radius, area, volume and surface tension are extracted.
The liquid/air is injected /suctioned with a microinjector Hamilton© ML500 at 1ul/s. A 250pul-
Hamilton© syringe was used. The experiments were performed at (21-24+1)°C and 40-55% RH.



Appendix B

Scaling Laws and Dimensional
Analysis

'In physics, it is common to find scaling laws that lead to universal behavior described by
master curves. In most cases, these laws include units with non-integer exponents. A physical
quantity can scale with one another by monomials with non-integer exponents, but this dependence
should always be dimensionally homogeneous [125]. This detail is often implicitly ignore in scaling
analysis through the inclusion of different proporcionality constants which homogenize the physical
dimensions of the scaling law. However, in some cases it can confuse the non-specialist reader.

This is what happens, for example, with the statistical width w of a rough surface (i.e. the
root-mean-square deviation of heights, h, on all the achievements of the system) which evolves
with time. This quantity depends on the window size L where the height of the surface is averaged
and time ¢. If the surface is self-affine and stochastic [107], the instantaneous and local height will
verified the following property in a statistical sense:

h(r,t) = Ah(Ar, \*t) (B.1)

where A € R*, and « and z are exponents which inform about the roughness and growth dynamics,
respectively.
Obviously, by its own definition, statistical width w verifies the property expressed by Eq.B.1:

w(L,t) = A~ %w(AL, \*t) (B.2)

therefore, if A = Lo/L (where Ly = const.), the statistical width of a rough surface must verify the
following dependence:
wo

w(L,t) —Lo‘f(

_ t
_Lg

to(L)
where wyq is a constant value of length, ¢, is also a constant value of time, and the f is a dimensionless

function. t¢ is known as a transtion time and it represents the time from which the surface width
saturates due to size effects so the function f scales as [107]:

)i tew= o (B.3)

y:  ify<<l
1) {1 if y>>1 (B-4)

IThis work has been written by M. A. Rodriguez-Valverde and P. J. Ramén-Torregrosa and appears published
in Revista espanola de fisica, Volumen 24, Numero 1, 2010, Pagina 75
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However, it is common to find in the literature devoted to surface growth phenomena [107],
that the dependence expressed by Eq.B.3 is simplified to:

w(L,t) x L f (Li) (B.5)

This Eq. B.5 can mistakenly induce to identify the linear region of w for ¢ << L*!ll as it was noted
by Paul Meakin [113].



Appendix C

Derivation of the Young’s
Equation

This derivation assumes no gravitational effects and, consequently, the drop can be modeled by
surfaces with constant mean curvature, particularly as a spherical cap [132,351]. So, let be a
spherical-cap! drop (the spherical cap is the region of the sphere that lies above or below a given
plane) with radius R, height h, and the base radius r (See Figure C.1).

Figure C.1: Spherical-cap drop

Applying Pytagorean theorem to Figure C.1:
r2 = R* — (h— R)?> = 2Rh — h? (C.1)

The contact angle 0 is defined as the angle between a normal to the base and the unit normal
to the sphere through the base perimeter. The relation between R, h and 6 is given by:

h=R(1— cosb) (C.2)

1A complete recopliation of mathematical expressions about the geometrical relationships of a spherical cap can
be found http://mathworld.wolfram.com/SphericalCap.html.
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The volume of the spherical cap is determined by the following integral:

TR3

BTN (8 — 9cosh + cos (30)) (C.3)

]
V= 7TR3/ sin30do =
0
using basic trigonometric concepts, previous expression can be rewritten as:
T
V=2 (2R* — (2R* 4+ r?) Rcost) (C.4)

and, finally, the following expression can be obtained

Th? 1% h
V=-—"-BR-h)=R=—+ = C5
53 ( ) 2 7T3 (C.5)
The lateral area Ajq: of the spherical cap, i.e. A;, for wetting phenomena, is given by the
integral:
6 2
2V 27mh
At = 27TR2/ sin(0)df = Ajgr = — + T
0 h 3
The area of the base of the spherical cap, Apgse, i.6. Ag for wetting phenomena, is given by
the area the circle of radius r. So, Apese can be expressed as:

(C.6)

Apgse = — — —— (C.1)

As equilibrium condition for an ideal solid surface wetting phenomena is dW;,; = 0, conse-
quently 0 = 0g4, and therefore

dAy,

Ysg = Vsl + Vig - dA., (C.8)
st |V =const
we can derived that:
dAg R—~h dA;
=——= g, = —2 = 0 C.9
dASl V=const o b dASl V=const o b ( )

Then , considering this last two expressions, Eq. (C.8) and Eq. (C.9), Young’s equation is
obtained
Vsg = Vsl T ’YlgCOS(gEq (010)
Finally, i would like to comment that, in this appendix, Young’s equation has been derived taking
into account geometrical and thermodynamical arguments exclusively.
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