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Chapter 1

Introduction
The adsorption of proteins on surfaces plays an important role in biology and
in numerous technical, biochemical, pharmaceutical and food processing applications [1–6]. For these reasons the subject has attracted much attention from
researchers from many fields of the natural sciences, and from the industry.
Proteins usually adsorb strongly when brought into contact with a surface, and
although this phenomena has been known and investigated for many years, see
Refs [4, 6] and references therein, numerous questions remain unanswered. To
properly address and answer the relevant questions concerning protein adsorption, knowledge from several of the natural sciences are important, and must
often be used in concert. Many different routes can be taken in the investigations
of protein adsorption; from atomic scale investigations where the specific chemical details are important, to macroscopic studies, in which the protein layer
is regarded as a thin, homogeneous viscoelastic film. Clearly, many different
complementary experimental techniques are necessary to conduct this variety
of studies.
Besides the many interesting fundamental problems related to protein adsorption, such as relaxation of adsorbed proteins on the surface [7], competitive
adsorption of several proteins [8], and the specific kinetic behavior of an adsorption process [9], the field of research is very important in many practical
applications. Examples are medical implants [10], biosensors [11,12] or food applications [13]. In all these examples the performance of a given device depends
critically on how protein adsorption proceeds. Sometimes the adsorption of proteins is unwanted, e.g. for artificial heart valves, while for other applications it
is crucial that a specific interaction takes place, e.g. in biosensors. Generally,
non-biological materials interacting with a biological system are termed biomaterials, and the biocompatibility of a given material is a measure of its ability to
perform its intended function in the biological environment without provoking
an unwanted response. As a good example, consider the medical implant. While
a dental implant must be able to withstand a certain amount of stress (when the
patient is chewing), it is equally important that the crown fixed in the jawbone
1
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does not induce any inflammatory response, since the latter would typically
result in a bad fixation, and hence bad function. The considerations to take
into account when designing a medical implant are thus of two kinds: First, the
interaction with the biological system into which the implant is inserted must
be problem free, and second the material must have appropriate mechanical
properties (e.g. tensile strength, ductility, etc.). The mechanical characteristics
of a material are to a large extent determined by the bulk properties, and have
typically been studied extensively in traditional materials science. Thus, a large
body of knowledge has been collected throughout the years, available to the
biomaterials researcher. On the other hand, the surface characteristics of the
material are far more critical than the bulk properties when it comes to determining the biological response of the material. A great challenge to the biomaterials researcher is therefore to investigate the surface properties with regards
to biocompatibility. In the crudest, but nevertheless efficient approach, different
materials are directly tested in animals. This approach has yielded impressive
results; throughout the years many types of well-functioning implants have been
developed. However, for further development it may be advantageous to take
another, more academic approach. In this approach one isolates and analyzes
the various processes occurring on the surface when the material is exposed to a
biological environment. This field of research is often termed biological surface
science [3, 14], and in some sense this field plays the same role with respect to
biomaterials as traditional surface science does with regards to catalysis. In
both cases it is the hope that by studying simplified versions of the original
problem, a deeper understanding of the phenomena can be achieved, and in the
end one may gain sufficient knowledge to be able to predict the properties of
a given design or material. The most important biological processes occurring
on the surface of an implant are protein adsorption, cell attachment and the
formation of tissue. Immediately after insertion in the body, biomolecules, e.g.
proteins, start to adsorb, and, on a slightly longer time-scale, attachment of cells
will occur, as shown schematically in Fig. 1.1. Furthermore, communication between cells will eventually lead to the formation of tissue. These observations
means that if surface science is to contribute to the understanding of the biological response of biomaterials in general, and medical implants in particular,
one must study protein adsorption and cell attachment, and especially their
dependence on the surface properties, such as material chemistry and morphology. The studies should be performed under controlled circumstances, with a
minimum of free parameters. For the case of protein adsorption, most of the
knowledge gained over the years from previous protein adsorption experiments
in other contexts still apply. The biggest difference is the choice of surface. It
is obviously crucial to study exactly the type of material one wants to use as
implants, and not to choose a surface only because of experimental convenience.

1.1. Objective
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Figure 1.1: Schematic drawing showing the various processes occurring at the surface of an
implants. Inspired by Kasemo [14].

1.1

Objective

The physical and chemical structure of the implant surface will strongly influence the biocompatibility of it. In the reductionistic surface science approach
to biomaterials, this aspect should be studied by conducting protein adsorption
and cell attachment experiments on surfaces with a well-defined morphology
and chemistry. In the present work we concentrate on the influence of surface
morphology, in particular surface roughness, on the adsorption of proteins. The
idea is to isolate the effect of roughness and focus only on a few physiologically relevant proteins. In a broader scientific perspective protein adsorption on
surfaces with a rough morphology is also interesting, because the introduction
of surface roughness induces complex changes in the interaction between the
surface and the proteins.
Studying the influence of roughness on the adsorption of proteins requires
several steps. First, films with a suitable roughness must be synthesized. This
circumstance means that a way of growing films with different degrees of surface
roughness must be devised. Preferably, this method should be simple and allow
for a production of many samples in a (reasonably) fast manner. The latter demand stems from the fact that future investigations should include experiments
involving cells, and for these experiments a relatively large number of substrates
are needed. Furthermore, after being grown these films must be characterized
in order to ensure that the goal of growing films with different values of surface
roughness was indeed achieved. The actual value of the roughness, typically the

4
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root-mean-square (rms) value, is also important if any quantitative interpretation is wanted. One must also speculate whether the rms roughness provides
a sufficient characterization of the surface morphology, or whether one needs
to study other parameters characterizing the roughness of the surface. This
means that some knowledge of various models for surface growth and roughness is required [15]. Several experimental techniques are capable of finding a
value of the rms roughness, among these the most used are scanning tunneling
microscopy (STM), atomic force microscopy (AFM) and light scattering techniques (e.g. X-ray scattering or interferometry). In this study AFM was used
to characterize the surfaces. Second, protein adsorption experiments must be
performed. For this purpose a multitude of experimental techniques including
electromagnetic techniques, such as ellipsometry and surface plasmon resonance
(SPR), as well as mechanical techniques, the most notable being quartz crystal
microbalance (QCM) exist. Which technique to use depends on what one wants
to measure and on the experimental conditions. Dealing with rough surfaces
can make electromagnetic techniques, where light is scattered from the surface,
problematic because of diffuse scattering, although the subject of light scattering from rough surfaces has been studied extensively [16]. On the other hand, a
mechanical technique such as QCM, will be only weakly affected by additional
surface roughness in the sense of obtaining a useful signal. Note that this is not
to say that roughness does not influence the response of a QCM, it is merely a
statement saying that it is possible to get a useful signal even though the surface
is rough. The QCM technique is furthermore able to extract the viscoelastic
values of the adsorbed layer. An obvious drawback of the QCM technique is the
large sensitivity to the water content of the adsorbed layer. In this study we
combine QCM with ellipsometry, although the ellipsometry measurements were
feasible only for flat substrates.
An intermediate step between growth and characterization of the films and
the actual protein adsorption measurements is the investigation of the effect
of roughness on the QCM oscillations in a liquid. This kind of experiment is
simpler than the adsorption experiments, since only bulk liquid effects play a
role.

1.2

Thesis outline

The thesis is organized as follows:
Chapter 2
An introduction to the experimental techniques is given. Special emphasis is
on the QCM technique, since this technique has been the primary. Other techniques described are AFM and ellipsometry.
Chapter 3
The growth and characterization of the rough thin films are described. The
chapter also provides a general introduction to roughness and surface growth,
including a description of the various mechanisms contributing to the final film

1.2. Thesis outline
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surface structure as well as how to model the growth. Furthermore, results from
contact angle experiments are presented.
Chapter 4
This chapter describes the measurements of the response of a rough QCM crystal oscillating in a liquid. The results are compared to theories of different
complexity.
Chapter 5
A general introduction to proteins, with emphasis on how to model protein adsorption is given. Results from simple QCM and ellipsometry experiments are
also presented. These are interpreted in the framework of the Random Sequential Adsorption Model.
Chapter 6
This chapter contains the results from the QCM experiments on protein adsorption on rough surfaces. These results are discussed in the context of the
various suggestions in the literature concerning roughness and macromolecular
adsorption.
Chapter 7
A summary of the previous chapters is given. Possible directions for future work
are also outlined.
Chapter 8
A summary in Danish is given.

6
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Chapter 2

Introduction to experimental
techniques
The present chapter describes the different experimental techniques used in this
project. Three techniques have been employed, although to different extents.
This is clearly reflected in the chapter; since QCM has by far been the principal
technique, it is described in most detail. Ellipsometry and AFM are only briefly
described.

7
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2.1.1

Chapter 2. Introduction to experimental techniques

Quartz crystal microbalance
General remarks

QCM is a mechanical technique, able to detect minute mass changes on a surface.
It has been used extensively over the years in the vacuum deposition community
as a mass sensor, but applications have been extended to also include liquid
environment [17–19]. The physical basis of the technique is the piezoelectric
effect. When certain crystals are exposed to mechanical strain, they develop a
non-zero dipole moment, and thereby an electric field. This effect is known as
the (reverse) piezoelectric effect. The opposite holds true as well; in response
to electric fields the crystals develop mechanical displacements. The effect is
found in quartz, where it has proven very useful [20–22]. By coating a thin
quartz film with a gold layer on both sides, a system capable of utilizing the
piezoelectric effect is obtained, see Fig. 2.1. The gold film will work as electrodes
thus by having an oscillating voltage across the electrodes, the quartz crystal will
oscillate. Usually the voltage is applied for a short time and is then switched off.
In ’ideal’ cases, the oscillations will persist with constant amplitude, analogous
to an undamped harmonic oscillator, whereas the oscillations will be damped
in most real cases.
Depending on the way the quartz crystal is cut, different oscillation modes
can be excited. For QCM purposes quartz crystals cut at an angle of 35◦ 10’
with respect to the optical axis are normally used.1 Such crystals are called
AT-cut crystals, and this will make the crystal oscillate in a thickness shear
mode [20–22]. The reason for choosing this particular angle is an increased
temperature stability of the resonance frequency.
The displacement field u(r, t) in the crystal, where r is a position vector and
t is time, obeys the wave equation2 :
∂ 2 u(r, t)
µ0 2
=
∇ u(r, t),
2
ρ0
∂t

(2.1)

where µ0 is the shear modulus of quartz, and ρ0 is the mass density of quartz.
The shear modulus of a material is related to shear displacements, for a detailed
treatment see Refs [23, 24]. It is easy to find the resonance frequency by saying
that a number of half wavelengths should equal the plate thickness; h0 = N λ/2.
Using the fact that wavelength, wave speed and frequency are related (v = λf ),
1 The optical axis is defined as follows: In a birefringent material the refractive index
depends on the direction of the polarization of the light. One direction exists, however, the
optical axis, along which the refractive index is independent of the direction of polarization.
2 As always in the wave equation, the wave speed squared is present; here it is given as v =
(µ0 /ρ0 )1/2 for shear waves. This should be compared to the speed for ’normal’ longitudinal
waves v = (B/ρ0 )1/2 , where B is the bulk modulus. Note the notation; physical quantities
relating to the quartz layer will always be denoted by a subscript 0, whereas additional layers
will be numbered 1, 2 etc. If only a single layer is present, no subscript is used.

2.1. Quartz crystal microbalance
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and that the wave speed is given as v = (µ0 /ρ0 )1/2 , we arrive at
fN =

N
2h0

µ

µ0
ρ0

¶1/2
,

(2.2)

where h0 is the thickness of the quartz plate, and N is the overtone number.
Thus the dimensions of the quartz plate is decisive for the value of the resonance
frequency (since the material properties, mass density and shear modulus, remain constant). The above result is the simplest case, where the quartz plate
is regarded as an infinite plate. Effects due to finite crystal size will complicate
things further, this is discussed in Ref. [25]. We will not take finite size effects
into account in this thesis. Furthermore, only odd overtones can be excited,
because the piezoelectric effect cannot produce a mechanical displacement for
an applied voltage with even symmetry [26]. The resonance frequency is furthermore sensitive to layers adsorbed on the quartz; in fact this is the basis for
the QCM technique. Exactly how the resonance frequency is changed, depends
on the characteristics of the adsorbed layer, whether it is rigid, viscous or viscoelastic, of the properties of the substrate (rough or flat), and on the form of
adsorbate/substrate binding (slip/no slip).

Figure 2.1: The QCM crystal. Note the gold electrodes. For some applications an additional
layer, e.g. titanium or tantalum, is deposited on top of the gold on the front side (shown to the
left in the figure). The fact that virtually any kind of coating is possible is a very attractive
feature of the QCM technique. Figure from Ref. [17].

2.1.2

The Sauerbrey equation

When mass is adsorbed on the QCM crystal, the resonance frequency will change
from fN to fN + ∆fN for the N ’th overtone. Note that ∆fN is negative,
meaning that the new resonance is at a lower frequency. The frequency shift is a
measurable quantity, however, for application as a mass sensor, the interesting
parameter is obviously the mass present on the QCM crystal [17–19]. The
simplest result in QCM theory, and the reason for its widespread use as a mass
sensor is the Sauerbrey equation [27]. This equation relates in a simple way the
adsorbed amount of mass, or more precisely, the mass per unit area (hereafter
termed the surface density) on a quartz crystal to the change in its resonance

10
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frequency. The surface density is denoted Γ 3 .
∆fN = −

2
2fN
2f02
Γ = −N
Γ.
1/2
N (ρ0 µ0 )
(ρ0 µ0 )1/2

(2.3)

The Sauerbrey equation can be be easily derived by a simple argument. If fN
(Eq. (2.2)) is differentiated with respect with h0 , the change in frequency can
be found;
dfN
fN
=− .
(2.4)
dh0
h0
Multiplying this equation by 1/ρ0 , and identifying m = h0 ρ0 ;
dfN = −

fN
dm.
h 0 ρ0

(2.5)

The frequency change is now derived as a function of change in mass (due to
change in thickness) of the quartz crystal. Assuming that the actual changes
are small compared to the resonance, and that the relation Eq. (2.5) is valid
also when the change in mass is due to a small, rigidly coupled layer of adsorbed
molecules (with surface density Γ), we get
∆fN = −

fN
Γ.
h 0 ρ0

(2.6)

Eliminating the thickness by using the resonance condition Eq. (2.2), we arrive
at Eq. (2.3). The constant of proportionality between frequency change and
change in surface density has the value of 17.7 ng/cm2 Hz−1 for a crystal with a 5
MHz fundamental tone. This fact implies that since we can measure frequency
changes as small as 0.5 - 1 Hz we are able to detect surface densities about
10 ng/cm2 . For the Sauerbrey equation to be valid, the adsorbed layer must
be non-dissipative; the adsorbed layer must be rigidly coupled to the surface
and the layer itself must not dissipate energy. Adatoms from a gas fulfil these
requirements, however, in the case of a viscous or viscoelastic overlayer the
latter requirement cannot be met, although the no-slip boundary condition is
mostly believed still to be fulfilled. Experimentally, one can check the validity
of the Sauerbrey equation by measuring how the frequency shift depends on
the overtone number. If the overtone frequency shift is simply the tone number
times the frequency shift of the fundamental tone, the Sauerbrey equation is able
to give a consistent relation between frequency shift and adsorbed mass. This
fact is easily seen if Eq. (2.3) is rewritten in a slightly more suggestive form;
∆fN /N = constant · Γ. Since the surface density is the same for all frequencies,
the right-hand side of the equation must be the same for all frequencies, thus
∆fN /N must be constant as well.
3 In general, the surface density is denoted Γ, however, if confusion between several surface
densities found by different techniques or by different models are possible, a subscript will
denote the technique or model used.
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Sometimes instead of surface density, the thickness of the adsorbed layer is
used. The thickness h is related to the surface density; Γ = ρh, where ρ is
the mass density, meaning that the thickness will depend on the choice of mass
density. While this seems like a severe problem, one must keep in mind that the
surface density will remain constant; choosing a higher mass density results in
a lower thickness and vice versa. The most serious difficulty is if one wants the
geometrical thickness of the adsorbed layer, since this requires the right choice
of mass density.

2.1.3

QCM in liquids

When the QCM is immersed in a liquid, the description becomes more complicated. A proper description requires the coupling of shear waves in the crystal
with a wave propagating in the fluid. In contrast to the former case one must
expect the resonance to broaden as well as to shift. This is intuitively obvious; a
crystal oscillating in a viscous material must experience a certain damping, and
a damping is equivalent to resonance broadening. One can work with the width
of the resonance, the Q-factor of the system or the inverse Q-factor termed the
dissipation factor D. We will use the dissipation factor throughout this thesis,
since this is the quantity we directly obtain from our experimental investigations [28].
The elastic deformations of the quartz crystal are described by the wave
equation, see Eq. (2.1), and for a liquid overlayer, the Navier-Stokes equation
is used to describe the liquid velocities;
ρ

∂v
+ ρ(v · ∇)v = −∇p + η∇2 v,
∂t

(2.7)

where v(r, t) is the liquid velocity at position r at time t, η and ρ liquid viscosity
and mass density, respectively, and p is the pressure [23, 29]. The wave in the
liquid will travel a distance δ before it is attenuated by a factor of e. For the
N ’th overtone δ is given as
µ
δN =

η
πfN ρ

¶1/2
.

(2.8)

Generally, due to the non-linearity (the (v · ∇)v-term), the Navier-Stokes equation is extremely complex to solve. Several simplifying assumptions are usually
employed (e.g. constant pressure ∇ · v = 0, and a sinusoidal time dependence of
the liquid velocities v(r, t) = v(r, ω) exp(iωt), as well as a constant mass density
of the liquid). Solving for the liquid velocities enables us to find the frequency
shift; the result confirmed by several authors [30, 31], known as the Kanazawa
equation, is:
¶1/2
3/2 µ
f
ρη
.
(2.9)
∆fN = − N
N
πρ0 µ0
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For the dissipation:
1/2

∆DN = 2

fN
N

µ

ρη
πρ0 µ0

¶1/2
.

(2.10)

In Ref. [31] the above result emerges as a special case where the interfacial friction is infinite, or equivalently when a non-slip boundary condition is assumed.
The case where the interfacial friction is finite is also treated in this article. It
should be noted that in order for the Navier-Stokes equation to be applicable a
large number of monolayers must be present, otherwise a continuum description
of the liquid would be a poor approximation.
Several things should be noted from Eqs (2.9) and (2.10). First of all, since
the liquid overlayer is assumed to be infinite, no reference to the thickness of
the layer is present in the formulas. Second, the scaling with overtone number is
not linear, as in the case of rigidly bound layers. From Eq. (2.9), it is apparent
that ∆fN ∼ N 1/2 , where N is the overtone number. For the dissipation, the
scaling is ∆DN ∼ N −1/2 . Third, the important parameter is the product of
liquid mass density and viscosity, ρη. Thus a simple method of testing this
’bulk liquid’ behavior is to use a number of liquids where the density-viscosity
products differs.
Generally, a good way to get an idea which model to use is to observe how the
shift of overtones scale with the overtone number, only in the simple adsorption
case (thin, rigid layers), a linear scaling is observed, so conversely, when a linear
scaling of overtones with overtone number (and zero dissipation) is observed,
the Sauerbrey equation provides a valid description. Often other scaling forms
are observed, if a square root scaling is observed, the main effect is due to a
bulk liquid loading of the oscillator (no real adsorption), and one should use
the Kanazawa equation. More complicated forms of scaling can also be present,
this effect may be due to adsorption of more complex molecules/structures or
surface modifications. These problems are dealt with in the next section.

2.1.4

Viscoelastic overlayers

If in addition to the viscosity the viscous layer also has an elasticity, the response of the QCM will change compared to Eqs (2.9) and (2.10). A proper
description of the oscillations requires a complex, frequency-dependent shear
modulus, G∗ (ω) = G0 (ω) + iG00 (ω), where G∗ enters the stress-strain relation
for the material as a proportionality constant [23, 24].
σik = 2G∗ uik .

(2.11)

Here, σik is the stress tensor and uik is the strain tensor. The problem of
finding the shifts in frequency and dissipation factor can be solved generally
in terms of G∗ [32–37]. Often the precise frequency relationship of G∗ (ω) is
specified. One well-studied model is the Voigt model. This model describes
a viscoelastic material when no flow is present; G0 (ω) = µ and G00 (ω) = iωη,
where µ and η are the viscosity and elasticity of the adsorbed layer. Instead of
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solving the Navier-Stokes equation, a wave equation for the displacement field in
the overlayer must be solved and the appropriate boundary conditions applied.
In Ref. [38] the authors arrive at the following result for the frequency shift of
a quartz crystal loaded with a viscoelastic layers characterized respectively by
a mass density, viscosity and elasticity ρ1 , η1 , µ1 immersed in a bulk Newtonian
liquid characterized by ρ2 and η2 :
Ã
!
µ ¶2
2
−1
η2
η2
2h1 η1 ωN
∆fN =
.
(2.12)
+ h1 ρ1 ωN −
2
2πρ0 h0 δ2
δ2
µ1 2 + (ωN η1 )
The expression for the dissipation factor is:
!
Ã
µ ¶2
1
η2
η2
2h1 µ1 ωN
∆DN =
+
.
2
ρ0 h0 ωN δ2
δ2
µ1 2 + (ωN η1 )

(2.13)

Note that the angular frequency ωN = 2πfN is used. In Eq. (2.12), the first
term represents the response from a bulk liquid, while the second term is the
Sauerbrey term. The third term is viscoelastic corrections. In Eq. (2.13) the
first term is again the bulk liquid term, while the second term represents the
viscoelastic corrections. When fitting the measured values of the frequency shift
and the dissipation, the two above formulas for ∆fN and ∆DN are used. Usually, the thickness of the adsorbed layer (h1 ) is the parameter of main interest,
although one, at least in principle, should also be able to extract the viscoelastic
properties of the adsorbed layer. As was mentioned in the discussion about the
Sauerbrey equation, the thickness depends on the choice of mass density. From
Eqs (2.12) and (2.13) it is obvious that the scaling with overtone number is
more complicated than in the previous cases.
If the shift in dissipation factor for the fundamental tone exceeds values of
about 10−6 , the Sauerbrey equation is not valid. This conclusion can be made
if the shift in frequency and dissipation factor are interpreted within the Voigt
model. Combining Eqs (2.12) and (2.13) gives;
µ
¶
1
2 η1
∆fN = −
h 1 ρ1 ω − h 0 ρ0 ω
∆DN .
(2.14)
2πρ0 h0
µ1
From Eq. (2.14) it is evident that if the dissipation becomes to large, the
frequency shift will be affected. If we assume that the term containing the dissipation factor must not exceed about 1 Hz since the frequency and dissipation
start to couple too strongly for the Sauerbrey equation to apply, we find that
the dissipation should be below 10−5 assuming that the elasticity and viscosity
have the values 105 N/m2 and 10−3 Ns/m2 , respectively. These choices are
based on what a fit to the Voigt model results in. Sometimes it proves useful to
study the relaxation time of the layer, τrel , defined as
τrel =

η
.
µ

(2.15)
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Ellipsometry

Ellipsometry is a sensitive, optical technique capable of finding refractive indices
and thicknesses of thin films [39]. It has been used as a tool for characterization
of semiconductor thin films, but was early recognized as a useful technique for
investigations of biological thin films, such as protein layers [40, 41]. Presently,
it is used extensively for investigating biologically relevant layers [42, 43].
The basis of the technique is reflection of polarized light from a surface.
The p- and s-components of the light will have different complex reflection
coefficients, Rp and Rs 4 . In a measurement the ellipsometric angles Ψ and ∆
are found. These are the modulus and phase of the complex number ρ̂ defined
as;
Rp
|Rp |
ρ̂ =
exp(i(δp − δs )) = tan Ψexp(i∆).
(2.16)
=
Rs
|Rs |
In general, ρ̂ is a complex function of the refractive indices (n∗i ), and the thicknesses (hi ) of the relevant layers, as well as the wavelength (λ) and angle of
incidence (φ0 ) of the light. In order to find refractive indices and thicknesses
a model must be employed. Typically, simple multilayer models, in which all
layers are assumed flat and homogeneous, are utilized. Using such a model will
make the thicknesses (denoted h1 , h2 ,..., hm ) and refractive indices (denoted n∗0 ,
n∗1 ,..., n∗m ) of the layers appear explicitly. n∗m is the complex refractive index of
the m’th layer (n∗m = nm − ikm ). For non-adsorbing layers the refractive index
will be real (km = 0). In a three-layer model, the explicit expression for ρ̂ can
be found;
ρ̂ =

r12p + r01p exp(−2iβ) 1 + r12s r01s exp(−2iβ)
·
,
1 + r12p r01p exp(−2iβ) r12s + r01s exp(−2iβ)

(2.17)

where rijp and rijs are the Fresnel reflection coefficients at the√interface between
layer i and j for p- and s-polarized light, respectively, and i = −1. The Fresnel
coefficients are functions of the angle of incidence and the refractive indices.
Explicit expressions can be found in Ref. [39] p. 286.
For biological applications the thickness is the parameter of main interest.
Since it is the film phase thickness β = 2πh1 n∗1 /λ cos φ1 which appears in the
expression for ρ̂ (φ1 is the angle of the transmitted wave in layer 1), a value
of the refractive index must be chosen in order to find h1 . Assuming a proper
value for the refractive index for a layer of macromolecules can be difficult. First
of all, the macromolecules in solution usually coordinate water, which leads to
a smaller effective refractive index and second, the layer may not be uniform.
These points can be dealt with in the following ways. If hydration is neglected,
the standard value of the refractive index for carbon rich molecules, 1.5, can
be used. Although the thickness obtained in this manner will be lower than
4 p-polarized light is polarized parallel to the plane of incidence, while s-polarized is polarized perpendicular to the plane of incidence, hence the subscript ’s’ for ’senkrecht’ (’perpendicular’ in German).
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the actual geometrical thickness, the optical thickness (the product of refractive
index and thickness) will remain constant. A potential non-uniformity of the
layer can be dealt with by considering an average value of the refractive index
by using an effective medium approximation. Having assumed a value of the
refractive index, the thickness can be found by fitting the data in a (Ψ, ∆)diagram.
For thin organic layers, a quantity of more relevance than the thickness itself
is the surface density, ΓE . It is found from de Feijters formula [41]:
ΓE (t) = h1 (t)

n1 − n2
.
dn/dc

(2.18)

Here h1 (t) is the thickness of the protein layer, n1 and n2 are the real parts of
the refractive indices of the protein and the buffer, respectively (the imaginary
parts are assumed to be zero), and dn/dc is the refractive index increment for a
concentration change. The latter parameter is nearly constant for most protein
solutions, at a value 0.183 cm3 /g [44]. Additional complications are encountered
if a time dependence of the refractive index are also considered.
Ellipsometry provides an accurate value for the protein mass on the surface.
Since it detects bare proteins, it complements the QCM technique nicely and
used together with QCM important insight into the adsorption process can be
obtained. In the simplest set-up, only one wavelength and one angle of incidence are used. More information can be obtained by utilizing spectroscopic
ellipsometry, where several wavelengths are utilized. This requires either a tunable laser or a white-light source with a wavelength selective filter. With regards
to measuring thin organic layers, it is advantageous to have a strong light source
in order to reduce noise, thus a laser is preferable as the light source. On the
other hand the very fine wavelength resolution possible with a white-light source
(e.g. a xenon-lamp) and a filter can also be very useful, e.g. to determine the
dielectric function of the layer. Several angles of incidence are usually applied
in investigations of thin films, when the film does not require any special care
and can lie in air. If the film must be immersed in a liquid, the cell design puts
restrictions on the choice of angles. A more detailed discussion of these subjects
can be found in the review article by Arwin [43].

2.3

Atomic force microscopy

Atomic Force Microscopy (AFM) is a scanning probe technique very suitable
for analyzing surface topography [45]. The basis of the technique is a sharp tip
at the end of a cantilever. Bringing the tip in the vicinity of the surface results
in an appreciable interaction between tip and surface, and by scanning the tip
over the surface, high resolution images can be obtained. In contrast to STM,
no electrically conducting sample is necessary, since bending of the cantilever
relies on the forces on atomic level. This fact makes AFM suitable for studies
of biologically relevant molecules even in liquid environments.
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The most important parts of the technique are the cantilever with the tip, the
piezoelectric scanner, and the feedback electronics. The tip is usually made from
silicon or silicon nitride, and must be sharp to ensure good resolution. Typical
tip radii are in the order of 10 nm. Several forces work between the tip and the
surface, with electrostatic and Van der Waals forces being the most prominent
ones. It is these forces that will bend the cantilever. How much the cantilever
will bend depends on its spring constant k. A force F will result in a deflection
in the z-direction ∆z, given as F = k∆z. The cantilever can be operated in
several modes; the simplest one is contact mode, where the tip is in contact
with the surface during the scan. For contact mode AFM, the microscopic
short-ranged forces arising from overlap of the electron wave functions is also
of importance since operating in contact mode usually means that equilibrium
between short ranged and long ranged forces has been attained. Another mode
is tapping mode. Here, the tip oscillates (e.g. excited by sound), and the image
is recorded by measuring distortions in these oscillations (either frequency or
amplitude). The interaction between tip and surface is much weaker compared
to contact mode, making tapping mode suitable for fragile objects, such as
biomolecules.
It is obviously crucial to have precise control of the movement of the cantilever, or equivalently of the sample, during the scan. To accomplish this, a
piezoelectric element is used. This electrical-to-mechanical transducer enables
ångstrøm-level precision of the tip position over the surface. In order to obtain
an image, a laser beam is deflected from the cantilever and recorded by a position sensitive photodiode. In principle a topographic image could be obtained
directly from the signal from the photodiode. In reality a better way to measure
the topography of the surface is to define a set-point voltage, which determines
the deflection of the cantilever (actually, how hard one wants to push the tip
against the surface, assuming contact mode). This set-point deflection must be
maintained throughout the scan. Whenever the tip encounters a bump on the
surface, the deflection increases, and the feedback loop will then apply a voltage
to the piezoelectric element, which makes the sample retract from the cantilever
(or opposite). Thus the topography will be recorded via the voltage deviations.
AFM can be extended to applications far more complex than measuring
the topography of metal surfaces. Just as in the case of QCM, the extensions
to liquids and viscoelastic layers require more care. Introductions to AFM in
soft matter research and biology are given in Refs [46, 47], where a general
introduction to AFM can be found as well.

Chapter 3

Growth and characterization
of rough metal films
In this chapter the growth and characterization of rough tantalum films are described. Even though the main objective of this project is to study protein adsorption on rough surfaces, growth and characterization of suitable surfaces are
obviously also important. From a fundamental physics perspective the growth
and characterization of rough surfaces are also very interesting. The subject
has received much attention both in the thin film deposition community as well
as within theoretical physics. For these reasons we devote this chapter to a
thorough discussion of the subject. The chapter is organized in the following
manner. First an introduction to surface roughness is given. This includes a
summary of the most important parameters used to characterize a rough surface, a discussion of various mechanisms present in a growth process as well
as theoretical models. Then follows a description of the procedure for growing
and characterizing the films. The results from the AFM measurements are compared to some of the existing models and other experimental studies. The results
from contact angle measurements are also presented and discussed. Finally, a
summary and conclusion are given.
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3.1

Introduction to surface roughness

3.1.1

Rough surfaces

An atomically flat surface is an idealization rarely encountered in nature. Most
surfaces are to some extent rough, making roughness an ubiquitous phenomena.
Furthermore, many processes involving a surface, e.g. adsorption, friction or
electric contact properties, will depend on the surface morphology. The possible complications of roughness are typically ignored. The main reason for the
neglect of roughness in applications is the added complexity. Although surface
roughness had received some attention from the scientists in the vacuum deposition community through many years, the interest in the subject really started
to increase after the discovery of the fractal properties of rough surfaces [48],
making the surfaces interesting in their own right. This discovery spurred a
lot of attention from the theoretical physics community; specifically the proper
way to describe the evolution of roughness by differential equations has had
great impact on other branches of physics, e.g. turbulence [49, 50], due to of
the more or less identical mathematical description. In turn, this implied a lot
of experimental attention in order to test some of the theoretical predictions.
Particularly, the interest in roughness in context of thin film growth changed
from being mostly applied to also include more fundamental questions. Since
many parameters can be changed and controlled in vacuum deposition of thin
films, this area provided an ideal test bench for investigating the theoretical
predictions.
In this thesis we concentrate on the practical implications of roughness.
However, because of the general interest in rough surfaces the established framework for describing roughness, as well as a models for rough surfaces, are described in the next sections. For a more detailed review of surface roughness,
see Refs [15, 49, 51], and the references given therein.

3.1.2

Scaling and correlations

A rough surface can be described by its height above a well-defined reference
plane, the height function h(r, t), which is a function of substrate position coordinate, r, and time, t. The time dependence is relevant only when a growing
surface is considered. Using the height directly is not the most convenient way to
describe the surface, usually the height does not follow any well-known function,
thus an analytical expression is mostly excluded. For experimental and numerical investigations, however, the height function is often used directly. This is
due to the way the roughness of a surface is typically measured or simulated.
When using techniques such as AFM for a surface roughness measurement, the
height is directly measured above some reference plane, and a discrete substrate
is often employed in a simulation. The ’symmetry’ properties of the height
function proves to be useful in the further characterization of the surface. A
self-affine surface is one that retains its statistical properties under a transfor-
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mation r → br, t → bz t and h → bα h, where b is a real, non-zero number. The
two exponents, z and α characterize the surface, and they are related to the
temporal and spatial behavior of the roughness, respectively.
For most purposes, a more useful measure of the roughness is the root-meansquare value (rms value, often called the width in the literature);
w(L, t) = h(h(r, t) − hh(t)i)2 i1/2 .

(3.1)

The angular brackets denote average over the substrate coordinates, hh(t)i is
the mean height, and L is the linear size of the substrate. Often a coordinate
system in which hh(t)i equals zero is chosen. The rms value of the roughness
gives the mean deviation from the mean height, and is the most commonly used
measure for the roughness. A self-affine interface exhibits scaling of the rms
roughness [15, 52];
(
tβ if L À Lc ,
w(L, t) ∼
(3.2)
Lα if L ¿ Lc .
L is the system size and Lc denotes a cross-over length scale separating the scaling regime from the saturated regime. The cross-over length scale is related to
the spatial correlations along the surface, and will depend on time as Lc ∼ t1/z .
The set of exponents α, β and z are known as critical exponents1 (the same ones
as above concerning the symmetry of h). α is the static growth exponent, while
z is known as the dynamic growth exponent. These three exponents are related
as z = α/β, and their values depend on what kind of physical mechanisms
are present in the growth process. A given set of exponents constitutes what
is known in statistical physics as a universality class [23]. Classifying growth
processes according to the value of these exponents has been a subject of major
interest in the statistical physics community during the past two decades [49,51].
The rms roughness, w, does not give any information about the spatial
correlations along the substrate. To take spatial correlations into account, the
equal time height-difference correlation function is convenient:
G(r, t) = h(h(r0 + r, t) − h(r0 , t))2 i.

(3.3)

This function measures the mean square value of the height difference between
two points on the surface separated by a distance |r| in the substrate plane at
the same instant of time. The height difference correlation function will also
exhibit scaling behavior. For an isotropic surface this scaling reads;
(
2w2 if r À ξ,
G(r, t) = G(|r|, t) ∼
(3.4)
r2α if r ¿ ξ.
1 The

name critical exponents has its roots in the theory for phase transitions, where it
was observed that at the critical point, several physical quantities diverge as power laws. At
the critical point the system exhibits scale invariance, and, since the growing interfaces also
exhibits scale invariance, the name was chosen. The exponent β should not be confused with
the film phase thickness mentioned earlier in connection with ellipsometry.
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Note that the cross-over length scale in this case is denoted ξ, and that this
coincides with the spatial correlation length, representing the wavelength of a
typical fluctuation. It is important to note that Lc and ξ are not identical.
For theoretical purposes, where the main concern is the scaling behavior, this
point is of minor concern, since the temporal scaling is identical for these two
quantities (Lc ∼ ξ ∼ t1/z ). However, if comparison with experimental data
is desired, it can be of large significance to use the proper correlation length
(ξ) instead of the cross-over length for the rms roughness (Lc ). The two are
roughly related as Lc ' 4ξ [53]. Often the height-difference correlation function
is rewritten;
G(r, t) = 2(w2 − C(r, t)),

(3.5)

where the height-height correlation function C is defined as
C(r, t) = hh(r0 + r, t)h(r0 , t)i.

(3.6)

Angular brackets denote spatial average, and the reference plane is placed so the
spatial average of h vanishes, i.e. hhi = 0. Note that C(0) = w2 . An analytical
expression for the correlation function is rarely available. In studies requiring
an explicit form of the correlation function, e.g. studies of scattering of waves
from rough surfaces [16, 54] or fundamental QCM studies [55], simplifications
are necessary. An often used form is:
µ
¶
|r|2α
C(r) = C(0) exp − 2α .
ξ

(3.7)

The exponent α is the growth exponent. Note that if α = 1, a Gaussian correlated surface is obtained, while for α = 1/2 the correlations are exponential. In
the studies presented later in this thesis (in Chapter 4), the form Eq. (3.7) will
be used.
The final quantity to be mentioned in this section is the so-called roughness
factor, R, giving the additional surface area for a rough film compared to a flat
one. It is defined as;
R=1+

w2
2

Z

dk
g(k)|k|2 .
(2π)2

(3.8)

In the above equation, g(k) is the Fourier component of the height-height correlation function, see e.g. Ref. [56];
g(k) =

1
w2

Z
dr exp(−ik · r)C(r).

(3.9)

For a Gaussian height-height correlation function it is easy to find the roughness
factor. It is given as R = 1 + 2w2 /ξ 2 .
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Mechanisms in surface growth

Different physical mechanisms contribute to the morphology of a surface grown
by deposition of atoms. Some of the most important will be briefly outlined
below.
Obviously, in order for the film to grow, a flux of particles towards the surface
must be present. The strength and distribution of the flux have great significance in shaping the surface, and noise in the flux also contributes strongly to
the morphology. Generally, the surface will become more rough when exposed
to a given flux for a longer time. Another important mechanism is adatom
surface diffusion. This process is thermally activated, that is, the adatom jump
rate is proportional to exp(−E0 /kB T ), where E0 is the activation energy for
diffusion, kB is Boltzmanns constant and T is temperature. By plotting the
logarithm to the jump rate as a function of 1/kB T (an Arrhenius plot), the activation energy for diffusion can be found. This parameter is a material specific
one, but since it enters in ratio with the thermal energy, one can achieve the
same jump rate either by changing material or by changing the temperature.
Desorption of particles, which is also a thermally activated process, must often
also be considered. Both diffusion and desorption are local processes since only
bonds to the nearest neighbors will determine whether the process (diffusion or
desorption) will occur.

Figure 3.1: Schematic illustration of a rough surface. The opening angle (θ) is illustrated.
A given position on the substrate will receive a flux proportional to this angle. Also indicated
are the rms roughness (w) and the correlation length (ξ).

In many experimental situations particles cannot be expected to arrive at
the surface from one single direction only. The surface will receive particles from
a lot of different directions, e.g. due to scattering with a background gas. If the
surface already has some degree of roughness, e.g. due to noise in the deposition
flux, this kind of random incidence gives rise to an important phenomena known
as shadowing, or shadow instability. Not all substrate positions will receive the
same flux, and a given position can be shadowed from the flux by sites far
from it, making the shadowing mechanism highly non-local. Furthermore, the
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peaks of the surface will receive more flux than the valleys, which makes the
roughness increase (and this is the reason for the name ’shadow instability’). A
given position will receive a flux proportional to the so-called opening angle, as
illustrated in Fig. 3.1.
The effect of shadowing can be deliberately used by depositing particles at
an oblique angle of incidence. Growing a film this way will create a rough
surface, often with a columnar structure. Experimentally, it has been shown
that the columns in oblique angle deposition will grow at an angle different
from the deposition angle, as shown schematically in Fig. 3.2. It is important
to note that the surface morphology in cases where either random or oblique
angle of incidence play a role will be the result of an interplay between the
shadowing mechanism and other mechanisms, typically diffusion. The formation
of a columnar structure and the orientation of the columns as well as the relation
to adatom mobility were studied in Ref. [57]. Intuitively, one would argue that
diffusion would smear out the structure, however, studies predict the opposite
trend as well [58, 59]. Basically, a columnar structure will develop at most
temperatures, but it will have a different character at different temperatures.
At low temperatures, the low mobility of the particles will make the column
size dictated by how pronounced the shadowing effect is. The columns will
typically be narrow. At higher temperatures diffusion will make the particles
relax locally, that is within a diffusion length or less, but effects like Schwoebel
barriers will still enable columnar growth [60].

Figure 3.2: Schematic illustration of a rough surface grown at an oblique angle of incidence.
The columns will grow at an angle different from the deposition angle.
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Modeling surface growth

Having outlined some of the most important mechanisms in surface growth,
it is useful to turn to a model description of the growth. Models for surface
growth and roughening can be divided in two types: Discrete and continuous.
The models are very useful and despite their apparent simplicity, they often
capture essential physics, making it interesting to compare experimental data
to them. Furthermore, simple models makes it easy to include or exclude a
certain physical mechanism to achieve a better understand of the effect of this
particular mechanism in the resulting film structure.
Discrete models
Ballistic deposition is a simple deposition model, which forms an interesting
surface structure. Originally, the model was invented to describe aggregation
of colloidal particles [61, 62], and has subsequently been studied extensively
numerically by several authors [63–66] because it has relevance in thin film
growth at low temperatures, and in its own right as a generic model for surface
growth. Particles are deposited in the following way: A particle will travel
ballistically towards a definite position on the substrate. This particular position
is chosen at random, mimicking noise in the particle flux. The particle will
stick at first contact with the surface, introducing a lateral growth, since the
relevant positions for the incoming particle will be determined after the following
rule; h(x, t + 1) = max(h(x, t) + 1, h(x − 1, t), h(x + 1, t)), in a one-dimensional
model. The resulting structure has a porous, non-fractal bulk, and a self-affine
surface. To find the critical exponents, simulations have been carried out, see
e.g. Refs [63, 64]. The value of the exponents are approximately α = 0.33
and β = 0.24 in 2+1 dimensions (a two-dimensional substrate). In Ref. [66]
ballistic deposition with shadowing was studied. Since the deposition was only
studied in one substrate dimension, the result cannot be directly applied in our
case, since it is well-known that the critical exponents change with the spatial
dimension. However, an important conclusion from the work was the fact that
the values of the exponents change when the angle of incidence is changed
(this probably applies in higher dimensions as well). Another simple model is
the restricted-solid-on-solid model, often referred to as the RSOS model in the
literature. It has been studied in various forms, the simplest being described in
Ref. [67]. The deposition rule is as follows: A substrate position is chosen at
random (again mimicking the noise in the deposition flux), and a particle travels
ballistically towards that position. The particle will be deposited provided the
height difference between neighboring sites will not exceed a specified value,
typically one. If this condition is not fulfilled, a new attempt is made at another
site. Physically, the RSOS model describes an adsorption/desorption dynamics.
Simulations have revealed a self-affine surface, with exponents identical to the
ones for ballistic deposition, although the bulk structures differ substantially. In
contrast to ballistic deposition, the RSOS model exhibits a dense bulk structure.
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Continuum models
Instead of an algorithm for the deposition process, a differential equation governing the temporal evolution of the height function can be used. The description
is mesoscopic since microscopic details are neglected. The general form of the
equation is
∂h
= F[∇h] + F + η,
(3.10)
∂t
where F[∇h] is a functional of the spatial derivatives of the height function. The
precise form of F is determined by which physical mechanisms are included in
the model. A flux term, F (independent of h) is also included, and often noise in
this flux, η, is considered as well. Other mechanisms of importance are the ones
mentioned before; desorption, diffusion and shadowing. The simplest equations
are the Edwards-Wilkinson [68] equation and the Mullins-Wolf-Villain equation
[69]. The first describes a growth process with gravitational relaxation (e.g.
sedimentation), or an adsorption/desorption dynamics. In this case F[∇h] =
ν∇2 h, where ν represents a surface tension, leading to a smoother surface. The
critical exponents are easily found by invoking the self-affinity [15], and they
have the values α = 0, β = 0, and z = 2 in 2+1 dimensions. The second case
describes a growth where diffusion to highly coordinated surface sites constitutes
the relaxation mechanism. Here, F[∇h] = −K∇4 h, where the constant K is
related to the diffusion and expected to vary like exp(−E0 /kB T ), where E0 is the
activation energy for diffusion. Again, the critical exponents are easily found.
In 2+1 dimensions they are α = 1, β = 1/4, and z = 4. The latter model could
in principle be useful in the case of thin film deposition since diffusion often
is a relevant relaxation mechanism. However, since it was furthermore realized
that growth typically proceeds along the local normal, nonlinearities, that is,
terms proportional to (∇h)2 as well as higher powers, contribute significantly
to the surface morphology. A consistent theoretical description of a growing
surface thus required a modification. The famous Kardar-Parisi-Zhang (KPZ)
[70] equation has the form;
∂h
λ
= ν∇2 h + (∇h)2 + F + η,
∂t
2

(3.11)

where λ is the local growth velocity. This equation is the simplest generic
equation describing a growing surface, thus it is, at least in principle, a good
starting point if one wants to understand growing surfaces and roughness. The
equation includes surface relaxation (as in the Edwards-Wilkinson equation),
described by the Laplacian term. In 1+1 dimensions, the critical exponents
can be found analytically, but for 2+1 dimensions very few analytical results
exist. The fact that the KPZ equation is the simplest non-linear differential
equation has resulted in a lot of activity in the theoretical physics community,
however, no definite solution above one dimension exists. Since we are interested
in 2+1 dimensions, we only quote one result for the exponents in this dimension;
α = 0.38, β = 0.24, and z = 1.58 [15]. Note the good agreement between these
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values and those obtained from simulations of the RSOS and ballistic deposition
models.
None of the above-mentioned equations incorporates non-local effects such
as shadowing. Obviously, inclusion of non-local effects will complicate a model
description further. Nevertheless, several analytical and numerical attempts to
describe the bulk and surface structure resulting from a growth process in which
shadowing effects play a role have been made [71–77]. The case of random incidence was first treated in Karunasiri [71]. Here, a continuum equation for the
growth was proposed and subsequently numerically integrated. This equation
has the form of a Mullins-Wolf-Villain equation modified with a term proportional to the opening angle, see Fig. 3.1. The non-locality becomes evident in
the following way. The opening angle at a given location on the surface is dependent on the rest of the surface. Also, a peak will have a much larger opening
angle than a valley, thus growth is enhanced at the peaks and depressed in the
valleys. The fact that the Mullins-Wolf-Villain equation is used as a starting
point means that surface diffusion constitutes the relaxation mechanism. From
the numerical integration it was concluded that while surface diffusion certainly
plays a significant role in shaping the surface, diffusion will never be able to
completely smear out the columnar structure. Roland and Guo [72] studied the
problem numerically using a solid-on-solid model with an adsorption/desorption
dynamics. If random incidence were neglected, the corresponding continuum
equation to their simulation would be the KPZ equation. A columnar structure was obtained, and it was furthermore found that the characteristic column
width, λc scales as λc ∼ tp , where t is time and p is called coarsening exponent.
More detailed modifications were given by Bales and Zangwill [73, 74]. They
studied a continuum equation taking lateral growth into account. The local
growth velocity is composed of two terms, one accounting for the shadowing
instability and one describing diffusion. Non-local models for growth and etching were proposed in [75, 76] and were further extended in [77]. In general the
critical exponent α found from these studies is larger than the KPZ value, typically close to one. No studies exist concerning continuum equations describing
growth with oblique angle of incidence.

3.1.5

Experimental considerations

From an experimental point of view there are plenty of ways to enhance the
roughness of a thin film. Simply increasing the film thickness will increase the
roughness. Temperature will have an important effect as well, since many of
the mechanisms, e.g. diffusion or desorption, are thermally activated. The
choice of deposition technique will also have a profound effect on the surface
morphology. Sputtering and evaporation techniques are the two most commonly
employed techniques. Films grown by sputtering and evaporation typically have
a polycrystalline or amorphous structure. Apart from the deposition techniques,
electrochemical techniques have proved useful to create a rough surface, see Ref
[78] for a review of the latter process. Differences in surface roughness between
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sputtered and evaporated films, as well as the dependence on background gas
pressure in the case of sputtering was investigated in Ref. [79]. A lower value of
the rms roughness was found for sputtered films compared to evaporated films,
and furthermore increasing the background gas pressure results in a increase
in rms roughness. Higher pressure in a sputtering process equals lower particle
energy due to more collisions, thus the explanation for the increase in surface
roughness is most likely lower adatom mobility at lower energies. Moreover, this
conclusion is in accord with the observation that a higher roughness is found for
films created by evaporation, since the particles in such a process typically have
lower energies than in a sputtering process. Finally, the shadow instability can
be deliberately used for creating large value of roughness by using evaporation
with oblique incidence [58, 79–84]. In general many different film structures
have been obtained, depending on the precise conditions under which the films
were deposited. Deposition angle, substrate rotation, temperature, deposition
rate etc. all influence the final film structure. Besides their investigation of
differences in films grown by sputtering and evaporation, Mayr and Samwer [79]
also carried out deposition studies with and without substrate rotation and at
different deposition angles. It was found that substrate rotation has a profound
impact on the roughness. Especially near grazing incidence the roughness will
be smaller when the substrate is rotated during deposition. The anisotropy
in the film will also decrease when substrate rotation is utilized. In Ref. [58]
a quasi-periodic structure was developed in oblique angle sputter growth of
tungsten. Otherwise, much attention is devoted to understanding the character
of the columns formed during growth, especially the way their width grows as
a function of height. Several studies report a power law scaling [81, 82, 84]. In
Ref. [81] Karabacak et. al. presents a clever argument for the value of the
scaling exponent based on the KPZ equation. Finally, the role of film thickness
variation with incidence angle was studied by Buzea and Robbie [83].

3.2

Growth of rough tantalum films

To grow tantalum films with appreciable surface roughness, we have used evaporation with oblique angle of incidence without substrate rotation. The films
were grown by e-gun evaporation in a vacuum of about 10−5 Pa. The deposition
rate was kept at 1 nm/s, and the thickness of the tantalum films were approximately 50 nm. We used gold-coated quartz crystals (standard QCM crystals
from Q-Sense AB, Gothenburg, Sweden), as substrates. The rms roughness of
these substrates is around 1-2 nm. All depositions were done at room temperature, and the distance between the evaporation source and the substrate was
25 cm. A series of films were grown at different angles of incidence θ between
the substrate surface and the direction of the vapor flux. Tantalum was chosen
because of its relevance in the protein adsorption studies. On all films a natural
oxide of 2-5 nm will form.
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q

Ta flux

Figure 3.3: Schematic illustration of the deposition process. The deposition angle θ is shown.
Note that this definition of the deposition angle is different from many other studies.

3.3
3.3.1

Characterization of rough tantalum films
AFM measurements

After the thin films were grown, their surface morphology, in particular their
surface roughness, were investigated using AFM. Images were taken in contact
mode with a Digital Instrument Nanoscope IIIA. The tip radius of the cantilever
was below 10 nm. The images were quadratic with linear dimensions of 500 nm,
1 µm, 4 µm, 6 µm, 10 µm and 14 µm, with a linear resolution of 512 pixels.
Typical AFM images are shown in Figs 3.4a-b. From these images it is readily
obvious that the roughness changes when the deposition angle is changed. It is
even more obvious from the corresponding linescans shown in Fig. 3.4c. The
AFM images only revealed a small anisotropy.

3.3.2

Roughness analysis

The AFM images were subsequently analyzed using a home-written extension
to the Scanning Probe Image Processor (SPIP) image analysis software package
in order to extract the value of the rms roughness as a function of length scale.
Each image was subdivided into smaller images, down to 2 by 2 pixels. For
every subdivided image, the rms roughness was calculated using Eq. (3.1) (in a
discrete version). The main results are summarized in Fig. 3.4d, where the rms
roughness as a function of length scale is shown. The rms roughness exhibits
two regimes; for small length scales a power law scaling is found, while for
large length scales the rms roughness saturates. We observe that the scaling of
rms roughness depends on the deposition angle; the exponent α characterizing
the spatial scaling is found to vary between 0.75 and 0.93. Low values for
the deposition angle give the largest exponents. For length scales larger than
the cross-over length, Lc , the rms roughness saturates at a value wsat . The
saturation value is found to depend on the deposition angle; a small angle θ
results in a large rms roughness. The value of the scaling exponent is found

28

Chapter 3. Growth and characterization of rough metal films

75

(a)

(c)

h [nm]

50

5

25
35

250 nm
0
-0.5

0

0.5

0

200

400

600

800 1000

x [nm]
100
(b)

(d)

5

w [nm]

10

12
35

1

0.1
250 nm
-0.5

0.01
0

0.5

0

1

10

2

10

3

10

4

10

5

10

L [nm]

Figure 3.4: Two images and their respective linescans are shown. Both images are taken over
an area of 1 µm2 . The above image and line scan are for a crystal grown at a 5◦ deposition
angle, whereas the lower image is for a crystal grown at a 35◦ deposition angle. From the
linescans, it is obvious that the crystal grown at 5◦ exhibits larger variations in the height than
do the one grown at 35◦ . In the lower right corner the root-mean-square roughness is shown
as a function of the length scale for three deposition angles. Note how the root-mean-square
roughness grows as a power law up to a certain value after which it saturates.

by fitting the data points below the cross-over length (L ¿ Lc ) with a power
law, while the saturation value of the rms roughness is found by fitting the
data in the regime above the cross-over length (L À Lc ) with a constant. The
cross-over length is found from the intersection of the two lines, and it varies
from 40 nm to 250 nm, corresponding to films grown at a deposition angle of
40◦ and 5◦ , respectively. The correlation length, ξ, is expected to be about a
factor of four smaller than the cross-over length scale for the rms roughness [53],
thus roughly in the range 10 to 75 nm. To obtain more precise estimates of
the correlation length, the standard routine in SPIP for calculating the heightheight correlation function was used. We note that there is roughly a factor
of four in difference between these two quantities. In Table 3.1 the exponent
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Figure 3.5: Saturation roughness versus deposition angle. Data are fitted by a power law;
wsat (θ) = Aθχ + B. The parameters have the values: A = 2631 nm, B = 1.89 nm and χ =
-2.69.

α, the saturated rms roughness, the correlation length and cross-over length
are listed along with the deposition angle. The values for the exponent α are
in good agreement with those reported in previous experiments, some utilizing
oblique angle of incidence deposition and some do not. Scanning tunneling
microscopy studies of gold deposition [85] yielded α = 0.96±0.02, whereas in
AFM studies of the electrochemical deposition of copper, α was found to be
0.87±0.05 [86]. AFM studies of the electrodissolution of copper obtained the
value of α = 0.73±0.05 [87]. In Ref. [80] where deposition of chromium was
performed at a deposition angle about 1◦ (using our definition), α ' 1 was
obtained in good agreement with our results for small angles. In Ref. [79] 100 nm
thick Zr65 Al7.5 Cu27.5 films were grown either by evaporation or by sputtering,
the latter with different values of the background gas (argon) pressure, the
roughness were found to be dependent on technique as well as pressure (in the
case of sputtering). The exponents α was more or less constant at a value about
0.8. For the cases of evaporation with different angles of incidence, no values of
α are given. It is noteworthy that none of these studies have a value of α close
to what the KPZ equations, or equivalently, ballistic deposition or the RSOS
model, gives. In the experiment where the shadowing effect plays a key role,
e.g. when oblique angle of incidence is used, this lack of agreement between
experiment and theory is not surprising. However the disagreement persists
also when experiments in which the shadowing effect plays only a minor role
is considered. In fact, the experimental confirmations of the KPZ results are
very few. The value of α found from e.g. Ref. [77] (α ' 1) is closer to the
experimental findings. It should be noted that the Mullins-Wolf-Villain model,
which includes only diffusion, also has α = 1. However, since we study the
films at a particular instant of time it is impossible to obtain the other critical
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exponents, β and z, thus a full comparison with the models cannot be carried
out.
Turning to the actual value of the surface roughness, we observe that the rms
roughness at length scales above the cross-over length is in the range 2 nm to 33
nm. In Fig. 3.5 the resulting rms roughness in the saturation regime is plotted
as a function of the deposition angle. We observe a correlation between these two
parameters; a smaller angle θ always corresponds to a larger saturated surface
roughness. Data are fitted by a simple, empirical power law, wsat (θ) = Aθχ +B.
It is found that above a deposition angle about 20◦ , the roughness varies only
very little with the deposition angle, and furthermore the rms roughness is very
small in this regime. It is interesting to note that this kind of behavior was
also reported elsewhere [79], although the authors do not comment on this fact.
Even more interesting is the observation that the points from Ref. [79] follow the
same curve as our points, which could be a clue that some kind of universality
is present in the growth process due to the shadowing effect. At this point no
theoretical explanation for the power law relation between wsat and θ exists.
θ
◦

5
7◦
10◦
12◦
20◦
35◦
40◦

α
0.92±0.05
0.93±0.09
0.85±0.06
0.93±0.04
0.81±0.07
0.84±0.07
0.75±0.09

wsat (nm)
32.9±1.8
20±3
6.2±0.6
5.21±0.13
2.94±0.19
2.08±0.07
2.0±0.2

ξ (nm)

Lc (nm)

72.7
45.9
50.4
34.6
22.3
17.9
18.1

251.0
142.7
143.5
89.5
43.1
78.5
41.5

Table 3.1: A sum-up of the most important findings concerning the tantalum films.

3.4

Wetting characteristics

Not only is it crucial to have well-characterized films with respect to the values
of the surface roughness, e.g. the rms roughness, the wetting characteristics
are also important. The wetting properties are usually characterized using the
contact angle [88]. Our main motivation for measuring the contact angles was
to investigate whether films with different surface roughness exhibit different
hydrophilicity. Since the films seem to wet completely after UV/ozone treatment, we did not expect any significant difference between the films. On the
other hand, it is well known that roughness influences the wetting characteristics [88–92], therefore a study of the properties of the contact angle on rough
films is important.
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Contact angle and surface tension

The contact angle θC is a macroscopic quantity, and it is useful in the characterization of the wetting properties of a surface, even though the latter is actually
determined by the microscopic properties of the material. The contact angle is
schematically illustrated in Fig. 3.6. It can be shown that the contact angle,
θC , is related to the surface tensions pertaining to the relevant interfaces, γij ,
where ij can be sv (solid-vapor), sl (solid-liquid), and lv (liquid-vapor) in the
following way:
γsv − γsl
cos θC =
.
(3.12)
γlv
This is known as the Young-Dupré relation [89]. Basically, it can be derived
simply by balancing the three forces on the solid plane, see Fig. 3.6. The surface
tension should be understood in the following way. Creating a surface requires
the breaking of a bulk material. This process results in the breaking of bonds,
which in turn demands a certain energy. The energy required for breaking a
unit area of surface in vacuum is the surface tension (energy/area). From Eq.
(3.12) it is evident that several cases are possible. If γsv − γsl /γlv is close to one,
the contact angle approaches zero meaning that the liquid wets the substrate
completely. In the opposite case the angle tends to 180◦ , corresponding to the
situation where the droplet sits as a marble on the surface.

v

lv
l

C
sv

sl

s

Figure 3.6: Schematic illustration of the contact angle. A rough distinction is to say that
for an angle larger than 90◦ the surface is considered hydrophobic, while for angle less than
90◦ the surface is hydrophilic. The surface tensions belonging to the three interfaces are also
shown. A spherical droplet has a circular contact line with the surface.

3.4.2

Roughness and contact angles

It is a well-established fact that surface roughness influences the wetting properties [88–92]. As a consequence of this it is not enough merely to measure the
contact angle for a flat tantalum surface and assume that this contact angle is
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valid for all values of the roughness. The most familiar change due to roughness
is embodied in the Wenzel relation stating that the contact angle on the rough
0
surface, θC
, is given as follows, see e.g. Ref. [89]:
0
cos θC
= R cos θC .

(3.13)

R is the roughness factor given in Eq. (3.8). Since R > 1 roughness will enhance
hydrophilicity as well as hydrophobicity. Furthermore, the contact angle on a
rough surface will typically exhibit hysteresis. This observation means that two
A
contact angles exist; a maximum, known as the advancing contact angle, θC
,
relating to an expanding drop, and a minimum, called the receding contact angle
R
, related to a retracting drop. The physical reason for this is the pinning of
θC
the contact line by defects due to roughness (in principle this pinning could
also be due to chemical heterogeneity). In the review articles by de Gennes [90]
and Quéré [89], this phenomena is described in greater detail. Two parameters
derived from the advancing and receding contact angle are especially important.
The average contact angle is defined as
0
cos θC
=

A
R
cos θC
+ cos θC
,
2

(3.14)

A
and the hysteresis parameter H is proportional to the difference H ∝ cos θC
−
R
cos θC . The behavior of the hysteresis on a rough surface is nontrivial, this
behavior is also discussed in detail in Refs [89, 90].

3.4.3

Contact angle measurements

We did a series of measurements of the contact angle for several of the tantalum films with different roughness using a Krüss contact angle measurement
equipment at the Danish Technological Institute in Aarhus.
The sessile drop method was used. The tantalum film were placed on a
holder, in air, and a drop of MilliQ water was put on the film using a microsyringe. The contact line of the drop was advanced by adding small volumes of
water to the drop, and the maximum angle found in this manner was the advancing contact angle. By withdrawing small volumes of water, the receding
contact angle was found. For each surface five measurements were carried out
with the drop located at different places at the surface.

3.4.4

Results

Table 3.2 sums up the findings. The advancing, receding and average contact
angles are shown as well as the rms surface roughness and the roughness factor.
A difference between the advancing and receding angle is clearly seen. This
observation is attributed to the surface roughness.
From the values plotted in Fig. 3.7, we observe a difference between the
advancing contact angles on the various roughnesses. The average contact angle
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is nearly constant for all values of roughness at a value about 47◦ . The hysteresis
did not exhibit any special behavior, the values were nearly equal for all values
of roughness.

cos(
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Figure 3.7: The advancing, receding and average contact angles for four values of roughness
based on five independent measurements. The average value is nearly constant for all values
of roughness. ¥: Advancing contact angle. •: Receding contact angle. N: Average contact
angle.

w (nm)

R

A
θC

R
θC

0
θC

H

32.9±1.8
6.2±0.6
2.94±0.19
2.0±0.2

1.224±0.053
1.052±0.012
1.010±0.001
1.026±0.009

71.8±8.2
59.1±2.5
72.2±3.0
68.3±3.4

11±4.0
7.1±1.1
8.5±4.6
11±4.7

49.7±5.1
41.1±1.6
49.7±1.9
47.5±2.2

0.33
0.24
0.34
0.31

Table 3.2: The rms roughness, the roughness factor along with the advancing, receding and
average contact angles as well as the hysteresis.

3.5

Summary and conclusion

In summary, this chapter has described the growth and characterization of thin,
rough tantalum films. The main motivation for growing these films was to study
protein adsorption as a function of roughness. However, the study of surface
roughness of thin films is in itself an interesting subject, and therefore this
chapter has been devoted to a detailed, independent description of the surface
morphology of the thin films.
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It was demonstrated that we were able to create a rough surface by using
evaporation with oblique angle of incidence. Furthermore, different values of
roughness could be obtained by changing the angle of incidence. The deposition
angle has thus been used to control the surface roughness.
The rms roughness were quantified by AFM, and the value as a function of
length scale was found to consist of two regimes. Below a certain length scale,
the rms roughness increases as a power law, while above this length scale, the
roughness saturates a a value which depends on the deposition angle. The static
growth exponent α was found to be in the range 0.75 to 0.93, in good agreement
with other studies using oblique angle evaporation as well as other deposition
techniques. The other exponents, β and z cannot be found from our data since
we have studied all our films at a particular instant of time in the deposition
process, and consequently we cannot make a full comparison with the models
outlined. However, a value of α close to one is in relatively good agreement
with many theoretical studies. The value of the rms roughness in the saturated
regime was found to be in the range 2 nm to 33 nm. It turns out that the rms
roughness as a function of deposition angle is reasonably well-described by a
power-law function, although this is only an empirical relationship at present.
From the images the cross-over length scale for the rms roughness as well as the
correlation length were also found. The values for the cross-over length were in
the range 40 to 250 nm for the least and most rough films, respectively, whereas
the correlation length assumed values from 18 to 73 nm.
Finally, the wetting characteristics were investigated by measuring the advancing and receding contact angles. This was done for some of the films, those
to be subsequently used for adsorption studies. Differences were observed, although the average contact angle is nearly constant at 47◦ . The fact that the
films wet even better after UV/ozone treatment is ascribed to the removal of a
thin film of contaminants.

Chapter 4

Roughness and quartz crystal
microbalance
Roughness will affect the oscillations of a quartz crystal in several ways depending on the size of the roughness. If the roughness is very large, the resonance
frequency of the unloaded crystal itself can change. However for more modest values of roughness, only the shift in frequency and dissipation factor will
change compared to a flat film (assuming the same mass load). In this thesis
we concentrate on the latter situation. This chapter describes the investigations
of the response of rough QCM films when exposed to liquids of varying viscosity and mass density. Specifically, we use the films described in the previous
chapter and solutions of water and sucrose of varying concentrations. The aim
of the chapter is to study effects of roughness without the additional complication of adsorption. The chapter is organized as follows; first an introduction
to the physics of roughness effects in QCM experiments is given. Then follows
a description of the experiments and the results. The latter are compared to
the various models. Finally we discuss the impact of these measurements on
adsorption experiments.
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Chapter 4. Roughness and quartz crystal microbalance

Introduction to QCM and roughness
A simple model

Roughness will change the shift in resonance frequency and dissipation factor
of a quartz oscillator because of several physical effects. The simplest is an
inertial effect due to liquid trapped in the pores and grooves of a rough crystal.
Basically, the liquid will behave as a rigidly coupled mass, thus this affects only
the position of the resonance. To a first approximation the total frequency shift,
with roughness corrections, can be written as the sum of a bulk liquid shift with
a Sauerbrey term added;
1/2

∆fN = −

(ρηπfN )
2πρ0 h0

− fN

ρw
.
ρ0 h 0

(4.1)

The dissipation will remain as determined from Eq. (2.10). At this stage it is
2
more convenient to study ∆fN /(fN
ρ) as a function of velocity decay length,
δN . Equation (4.1) becomes
∆fN
δN
2w
−
.
2ρ =−
fN
N (ρ0 µ0 )1/2
(ρ0 µ0 )1/2

(4.2)

In the following, these variables will be used. The additivity of terms contributing to the frequency shift was studied by several authors [31,93–95]. In Ref. [93]
it was used to determine liquid mass density and viscosity, by exploiting the
fact that only liquid mass density is present in the term related to the roughness. In Ref. [95], McHale and Newton gave a first-principles derivation of the
additivity model on the basis of a wave equation for the quartz crystal and a
linear Navier-Stokes equation for the liquid. Mathematically, a slip boundary
condition was used, meaning that the crystal and liquid velocities are matched,
not at the liquid-crystal interface but at a certain distance, denoted |b|, either at
the liquid or at the crystal side. From an expansion of the acoustic impedance1 ,
it is seen that the to first order only the imaginary part of the impedance (giving
the frequency shift) is affected. To obtain Eq. (4.2) one should identify |b| with
the rms roughness. It should be noted that pressure gradients were neglected
altogether in this work. An important assumption in the above considerations
is the perfect wetting of the surface. Effects of partial wetting of a QCM were
studied in Ref. [96].

4.1.2

Slight roughness: A perturbation expansion

Other physical effects besides the trapping of liquid by pores and grooves will
influence the resonance as well. One effect is the generation of non-laminar
1 The acoustic impedance is often used in QCM literature. It is defined as the ratio of
the surface stress to particle velocity at the interface. The shift in frequency and dissipation
factor are given as imaginary and real part of the impedance, respectively.

4.1. Introduction to QCM and roughness

37

flow. When a flat surface oscillates in a liquid, a plane-parallel laminar flow is
generated. In contrast, a rough surface will generate non-laminar liquid motion,
which increases the energy dissipation into the fluid, thus influencing both the
resonance position and width. This effect of roughness on the oscillations has
been accounted for in a series of papers by Daikhin and Urbakh [55, 56, 97, 98].
The following paragraph will briefly review these contributions.
The authors define two regimes of roughness, slight and strong, depending
on the absolute value of slope of the surface undulations (|∇h|), and the rms
roughness compared to the decay length of fluid velocities, δN , see Eq. (2.8).
If |∇h|, and w/δ are both much less than one, we are in the regime of slight
roughness. The conditions ensure that the undulations of the surface are not too
large, and that the oscillation amplitude can be regarded as constant throughout
the rough layer. Since |∇h| and w/δ are small, it is possible to use perturbation
theory to find the resulting shifts in frequency and dissipation factor. The results
obtained in Ref. [55] are based on a perturbative solution of the linearized
Navier-Stokes equation including a non-slip boundary condition. In contrast
to Ref. [95] pressure gradients are included. The formula for the corrected
frequency shift is:
µ
¶
∆fN
δN
w2
=
−
1
+
F
(ξ/δ
)
.
(4.3)
N
2ρ
fN
ξ2
N (ρ0 µ0 )1/2
The function F is a scaling function taking the roughness into account. The
shift in dissipation factor is given as
¶
µ
∆DN
δN
w2
=
(4.4)
1 + 2 Λ(ξ/δN ) ,
fN ρ
ξ
N (ρ0 µ0 )1/2
where Λ is also a scaling function. In Ref. [55] the above result was not derived
for the dissipation, but instead for the width of the resonance curve, Γ. Which
of these one chooses to work with depends on what experimental equipment
one is using, i.e. what one obtains from experiments. Since they are related as
DN = ΓN /(πfN ), it is simple to convert from one to another. When roughness
can be neglected, the scaling functions F and Λ are zero and the results Eqs
(2.9) and (2.10) are retrieved. Note how the important scaling parameter is the
ratio ξ/δ, and recall that the rms roughness w, in the case of slight roughness,
is always assumed smaller than both ξ and δ. In order to find explicit formulas
for the shifts in frequency and dissipation, the scaling functions must be considered in more detail. The important point is that the height-height correlation
function of the roughness, Eq. (3.6), appears in the definition of the scaling
function (for frequency shift as well as dissipation shift), see Refs [55,98]. Thus,
the explicit form of the frequency shift and the dissipation shift will depend on
the form of the roughness. This circumstance obviously poses some difficulty in
the further progress, because an analytical expression for the height-height correlation function is rarely available. From STM and AFM measurements it is of
course possible to obtain detailed information about the surface, however, this
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will not yield an analytical expression for the correlation function. From a purely
theoretical point of view the problem persists; resorting to continuum theories
of rough surfaces will not necessarily provide any useful information, only in
the simplest cases can the height-height correlation function be found [15]. To
proceed further from Eqs (4.3) and (4.4), approximations must be applied. Two
approximations are particularly useful; one is the case of a periodically structured surface, another is a Gaussian correlated roughness. In both cases explicit
expressions for the shift in resonance frequency and dissipation factor can be
found [55]. As we focus on randomly rough structures in this thesis, only this
result will be quoted below.
µ
¶
2
∆fN
1
1/2 w
=
−
π
+
Rδ
if ξ/δN À 1.
(4.5)
N
2ρ
fN
ξ
N (ρ0 µ0 )1/2
µ
¶
2
∆fN
1
w2
1/2 w
δN + 3π
−2
if ξ/δN ¿ 1.
(4.6)
2ρ =−
fN
ξ
δN
N (ρ0 µ0 )1/2
For the shift in dissipation the results are:
∆DN
1
RδN
if ξ/δN À 1.
=
fN ρ
N (ρ0 µ0 )1/2
µ
¶
∆DN
w2
1
δ
+
2
=
if ξ/δN ¿ 1.
N
fN ρ
δN
N (ρ0 µ0 )1/2

(4.7)
(4.8)

R is the roughness factor, given as R = 1 + 2w2 /ξ 2 for Gaussian correlated
roughness, see Eq. (3.8). Several things should be noted from the above equations. First of all, when roughness is not present, i.e. w = 0, the equations
reduce to the results for a flat, viscously loaded QCM crystal. Second, the corrections are more complicated for the frequency shift than for the dissipation.
For the frequency shift, a viscosity independent term exists in both approximations. This term reflects a non-uniform pressure distribution, thus it is a
consequence of the inclusion of pressure gradients in the model.

4.1.3

Strong roughness: Brinkman’s equation

The case where the surface roughness has large values of the slope, |∇h| À 1,
other methods than perturbation theory must be applied in order to find the
QCM response. This kind of roughness is termed strong roughness. Surfaces
with deep grooves or pores or with large bumps fall into this category, but in
reality many experimentally grown surfaces will have regions belonging to the
strong roughness category. In Ref. [99] the authors present simple scaling arguments for the response of the QCM when the surface of the QCM crystal
has strong roughness. A more thorough investigation of the problem was given
in Ref. [97]. Here, the authors consider the so-called Brinkman’s equation describing fluid flow in porous media. Basically, this equation is a variant of the
Navier-Stokes with the pressure gradient determined from Darcy’s law [100,101].

4.2. Experimental procedure

39

Brinkman’s equation represents an effective medium approximation. This approach is in fact very general, and the results can in principle also be applied
to situations such as fluid flow in polymer solutions. However, the high degree
of generality in this work makes it hard to compare the formulas directly to
experimental results. An example is the use of a porosity. In the case of our
rough tantalum films, it is difficult to assign a definite value of a porosity to a
given film. The most important conclusion found in Ref. [97] is the result that
in the case of thin rough layer the frequency response is given as in Eq. (4.1).

4.2

Experimental procedure

In the QCM experiments, standard Q-Sense chambers (model D300 from QSense, AB Sweden) were used. All experiments were carried out at 20◦ C. A
measurement proceeded in the following way: To remove possible organic contamination, the tantalum coated quartz crystal were UV/ozone treated, thoroughly rinsed in MilliQ water, and blow-dried with N2 before putting it into
the QCM chamber. Then water was injected into the chamber. Subsequently, a
series of water-sucrose solutions were injected, starting from the lowest sucrose
concentration. Concentrations of 2, 4, 7, 10, 12, 15, 18, 20, 24, 26, 30, 32, 34,
38 and 40%(weight/weight) sucrose was used.

4.3

Results and discussion

A typical response of the frequency shift of the fifth overtone for a film with
an rms roughness about 33 nm is shown in Fig. 4.1. It is noteworthy that
the signal regenerates exactly to its original value for pure water when rinsing
with MilliQ water. Tables 4.1 and 4.2 show the values of the frequency shift
and the shift in dissipation factor when going from air to water for the different
values of roughness. These should be compared to the theoretical values for the
frequency shift and shift in dissipation factor when the film is flat; 712 Hz and
288·10−6 , respectively. In Fig. 4.2, the mass density scaled frequency shift for
the fifth overtone (∆f5 /(f52 ρ)) versus the velocity decay length (δ5 ) is shown for
three values of rms roughness (w). A difference between the measured data from
films with different roughness is observed. As expected, the film with the largest
roughness exhibits the largest values of frequency shifts for all values of δ5 . In
Fig. 4.4, the mass density scaled dissipation for the fifth overtone (∆D5 /(f5 ρ))
is plotted versus the velocity decay length for the same values of roughness.
In this case no appreciable difference between the data points belonging to
different values of the roughness is observed, though some scatter in the data is
present. The fact that the shift in dissipation factor is much less affected than
the frequency, leads to the hypothesis that the effect of roughness can mainly
be ascribed to rigidly trapped liquid. In order to investigate this hypothesis,
we now compare the data to the models previously described.
For an rms
roughness about 3 nm, the data for the frequency shift follows the theoretical
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Figure 4.1: The frequency shift as a function of different water-sucrose solutions for a tantalum film with an rms roughness about 33 nm. The relevant percentage of sucrose is indicated
for some values. Note the perfect regeneration of the signal to the pure water value.

w (nm)

√
−∆f3 / 3 (Hz)

√
−∆f5 / 5 (Hz)

√
−∆f7 / 7 (Hz)

32.9
6.2
2.9

804.2
724.1
695.4

837.6
727.5
693.3

845.8
726.7
686.5

Table 4.1: The values of the frequency shift when going from air to water. Note how the
square-root scaling applies in case of the least rough films, and how the absolute value of
frequency shift increases when roughness is increased. This result should be compared to the
expected value of about 712 Hz. It is peculiar to observe that our results for low roughness is
below the expected result for water.

w (nm)

√
∆D3 3 (10−6 )

√
∆D5 5 (10−6 )

√
∆D7 7 (10−6 )

32.9
6.2
2.9

295.5
288.4
287.7

301.9
294.3
292.5

298.4
288.1
287.9

Table 4.2: The values of the shift in dissipation when going from air to water. Note how
the inverse square-root scaling applies reasonably well to all the films, and how the shift in
dissipation is slightly larger for the most rough film. The values should be compared to the
expected value about 288·10−6 for the air-water shift on a perfectly flat surface.

result for a flat film oscillating in a bulk liquid, Eq. (2.9). Increasing the rms
roughness to about 6 nm results in a small deviation from ideal behavior. For a
further increase in rms roughness to about 33 nm, a significant departure from
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Figure 4.2: The mass density scaled frequency shift of the fifth overtone as a function of
δ for tantalum films with rms roughness wsat = 2.9 nm, 6.2 nm, and 33 nm. The relevant
roughness belonging to a given measurement is indicated. Also indicated are the bulk liquid
response for a flat substrate (solid line) and the bulk liquid response when only rigidly trapped
mass is included, Eq. (4.2) (dashed line for wsat = 2.9 nm, dotted line for wsat = 6.2 nm, and
dash-dotted for wsat = 33 nm).

this behavior is observed. As discussed earlier, several mechanisms contribute
to this deviation. If the principal mechanism is trapping of liquid in pores
and grooves of the rough surface, the frequency response should be given by
Eq. (4.2); that is the frequency shift should be linear in δ5 , but with an offset
proportional to the average thickness of the layer of trapped liquid. In Fig. 4.2
we have plotted Eq. (4.2) for wsat equal to 0 nm, 2.9 nm, 6.2 nm, and 33 nm. For
wsat = 2.9 nm and wsat = 6.2 nm a reasonable agreement between data and Eq.
(4.2) is observed, while for wsat = 33 nm a large discrepancy is seen, although
Eq. (4.2) seems to follow the data for large values of δ5 . However, since the data
has a significant deviation from a straight line in the latter case, we resort to the
more complex models. Considering the fact that the rms roughness is 33 nm and
the correlation length is about 73 nm, we are in the regime of slight roughness.
It was also found that the static growth exponent α was in the range 0.75 to
0.92 for the films used in this study, see Table 3.1. For the sake of simplicity we
use α = 1 in the further studies; thereby reducing the height-height correlation
function to a Gaussian function (Eq. (3.7)). This approximation allows for
the use of the theory derived in [55]. However, it is clear that a more detailed
analysis would require a calculation based on Eq. (3.7) without any assumptions
about α (and note that even this is an approximation). In Fig. 4.3 the frequency
shift data are compared to Eq. (4.3) in the limit ξ ¿ δ for Gaussian correlated
roughness, that is Eq. (4.6). We concentrate on the film with the largest value
of rms roughness (33 nm) in the following. Using the values of rms roughness
and correlation length, wsat = 33 nm and ξ = 73 nm, found from the AFM
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Figure 4.3: The mass density scaled frequency shift of the fifth overtone as a function of δ
for a tantalum films with rms roughness wsat = 2.9 nm, 6.2 nm, and 33 nm. The relevant
roughness belonging to a given measurement is indicated. Also indicated are the responses
as calculated from the model from [55]. The solid lines are based on Eq. (4.6) with the
parameters wsat = 33 nm and ξ= 73 nm, and wsat = 73 nm and ξ= 250 nm. Note how the
latter values gives a much better agreement with the measured data. Note that for clarity,
only the theoretical curves pertaining to the case with the largest roughness (33 nm) is shown.

studies, a relatively poor agreement between theory and experimental data is
observed. As seen from the figures, the more advanced theory from Ref. [55]
does not provide a much better description of the data than does the simple
theory (Eq. (4.2)), though it is important to note that the deviation from a
straight line in no way can be explained by simple theory, whereas the theory
from Ref. [55] can explain this in principle. One could speculate whether the
parameters found from AFM measurements are the relevant ones in context of
QCM. Due to tip effects, the value for the rms roughness as obtained from AFM
might be lower than the actual one. A liquid would be able to feel the surface
structure in a much more detailed manner. Thus one could anticipate that the
proper rms roughness to use in the formulas relating to QCM would be larger
than the one found from AFM. If the value of the rms roughness is increased
up to 73 nm and the correlation length to 250 nm, a very good agreement
between data points and theory is observed. Presently, we have no justification
for increasing the correlation length.
Turning to the dissipation shift, we observe no appreciable deviation from
the behavior of a flat film. This observation is surprising since theoretically it
is expected that roughness will also increase energy dissipation, even though
the broadening effect is always smaller than the change in frequency shift [98].
Here, we must conclude that the effect of roughness on the shift in dissipation
is negligible. However, it is still important to compare the measured dissipation
shift to the theoretical result to investigate whether the above conclusions for the
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Figure 4.4: The mass density scaled dissipation shift for the fifth overtone as a function of
δ for a tantalum films with rms roughness wsat = 2.9 nm, 6.2 nm, and 33 nm. The relevant
roughness belonging to a given measurement is indicated. Also shown are the theoretical
curves (Eq. (4.8)) in the case of wsat = 33 nm and ξ = 73 nm, and in the case of wsat = 73
nm and ξ = 250 nm. The ideal behavior is shown as a thin, solid line.

frequency shift can be supported. First of all, the fact that no additional shift in
dissipation is observed for increased roughness means that the simple additivity
relation (Eq. (4.2)) can be supported. Secondly, plotting the expected shift
in dissipation using Eq. (4.8) and the parameters for the roughness as found
from AFM, no significant deviation between the measured data and Eq. (2.10)
is observed. On the other hand, if the dissipation shift is compared to Eq.
(4.8) with an rms roughness of 73 nm, a very poor agreement is observed. The
nice agreement between experiment and theory observed for the frequency shift
when the rms roughness and correlation length are increased must be regarded
as coincidental.

4.4

Summary and conclusion

In conclusion we have studied the frequency and dissipation response from QCM
crystals with different values of surface roughness when these oscillate in liquids
with various densities and viscosities. The data show how the increase in the
rms roughness increases the absolute value of the frequency shift. The shift
in dissipation shows no deviation from ideal behavior. We compare the results
to various theoretical models found in the literature. For small values of the
rms roughness, the simple additivity model provides a good description of the
data. But already for a surface roughness about 6 nm, a deviation from a
straight line can be seen. Increasing the roughness even further to about 33
nm, this tendency is even more pronounced. Thus, the simple additivity theory
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fails to describe the case of films for a rms roughness larger than 6-8 nm, even
though this is significantly lower than the velocity decay length, and despite
the theoretical result in Ref. [95], stating that for small values of |b|/δN , the
additivity model should be valid. Probably, this is a consequence of the fact
that no pressure gradients were taken into account in the latter study.
Despite the lack of agreement between the theory from Ref. [55] and our
experimental data, the importance of considering more complicated models than
the simple additivity model should be stressed taking into account the fact that
this model cannot explain the behavior of the data for small values of δ for a
surface roughness more than 6 nm. In general it is probably impossible to predict
the frequency response for a given, rough film oscillating in a liquid if only the
values of the rms roughness and the correlation length are considered, in every
case it is necessary to perform experiments like these in order to understand the
response.
In the context of adsorption, roughness will have important consequences
for a proper interpretation of QCM data. First of all, roughness will change the
adsorption process itself, leading to an altered amount of adsorbed molecules
compared to a flat surface of the same chemical composition. This subject is
dealt with in Chapter 6 in this thesis. Second, the adsorption is able to change
the roughness of the interface between the liquid and the adsorbed molecules. As
this chapter has shown, even changes in the order of 5 nm in the rms roughness
will result in clearly detectable changes in the frequency shift. One typical
scenario is that roughness is decreased by adsorption since the molecules tend
to bind in valleys and grooves of the surface [102]2 . Thus during the adsorption
process, the rms roughness will decrease from its original value to some lower
value dictated by the size of the bound molecules and the precise way these will
bind (monolayers/multilayers). Furthermore, the relevant interface is no longer
the one between the liquid and the surface of the QCM crystal, but the one
between the liquid and the adsorbed film. The lowering of the roughness will
lead to a smaller absolute value of the frequency shift. This conclusion is to
be understood in the following way; when a rough QCM film is loaded with a
liquid, it will exhibit a larger absolute value of the frequency shift compared
to a flat film. But usually the shift in frequency and dissipation is measured
relative to the resonance when loaded with a liquid. If only a lowering of the
roughness took place (no adsorption), the frequency shift would be positive.
However, since the lowering of roughness is accompanied by an adsorption, the
latter giving a negative frequency shift, the total effect of roughness decrease by
adsorption is difficult to detect. Of course, if adsorption is mainly on bumps,
the effect will be reverse.

2 At least this is typically the case for smaller molecules. Large molecules cannot always
be assumed to follow this behavior. We discuss these differences in Chapter 6

Chapter 5

Protein adsorption on metal
surfaces
The present chapter describes the work concerning protein adsorption on substrates, where surface roughness plays an insignificant role. The aim of the
chapter is to study several aspects of protein adsorption without the extra complications of roughness. The chapter starts with an introduction to proteins and
adsorption in general, and then describes some of the useful models for interpretation of measured data with special emphasis on the Random Sequential
Adsorption model. Several case studies of protein adsorption conducted using
QCM and ellipsometry on titanium oxide and tantalum oxide surfaces will then
be discussed. Specifically, attention is paid to the form of the adsorption kinetics and the choice of experimental technique as well as to the properties of the
protein layer, e.g. mass density, refractive index and elastic properties.
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Introduction
General remarks

Biological polymers, such as polysaccharides, lipids or proteins often exhibit a
much larger degree of structural complexity than their non-biological counterparts. This circumstance stems from the fact that the monomers composing
the polymers are more complex in case of biological polymers. In this section
some of the important properties of proteins are reviewed. A more detailed
description of the structure and function of proteins are given in Refs [103,104].
Proteins are heteropolymers composed by a number of amino acids. Due to
the great variety of physical and chemical properties among the amino acids,
including charge, hydrophobicity, and acid/base character, proteins obviously
also exhibit great variation in physical and chemical characteristics. Amino
acids consist of three parts; an amino group (-NH2 ), a carboxyl acid group
(-COOH), and a side group (-R). A large variety of side groups exist, and the
characteristics of an amino acid depend to a large extent on the side group.
Furthermore, the environment in which the amino acid is present plays a key
role. In particular the pH is an important parameter. For low values of the
pH, that is high concentrations of H+ ions, the amino group will acquire an
extra H+ ion, resulting in an -NH+
3 group. On the other hand, at high values of
pH the -COOH group will loose an H+ ion becoming -COO− . At intermediate
pH values1 , the amino acid will typically undergo both of the above-mentioned
processes, making the molecule zwitterionic. It should be noted that this process is in fact counterproductive when it comes to binding a number of amino
acids together and form a protein. To accomplish the latter, a C-O and a N-H
bond must be broken, resulting in water as a by-product of the polymerisation, since an -OH group will leave the C-atom from the carboxyl group and an
H-atom the amino group, see Fig. 5.1. It turns out that to hold the protein
together, the π-bond between the carbon atom and the last oxygen atom will
be shared by the oxygen atom and the nitrogen atom from the amino group.
This bond is known as an amide bond. An important consequence is the fact
that the carbon, oxygen and nitrogen atoms must lie in the same plane (the
amide plane), imposing a rather severe restriction on the spatial arrangement
of the amino acids with respect to one another, see Fig. 5.1. A protein can
be characterized at various levels of complexity. First, the particular sequence
of amino acids determines the primary structure of the protein. Second, even
though the rotational freedom is reduced due to the constraint mentioned above,
the bonds between the nitrogen and its other carbon neighbor as well as the
bond between this and the next carbon are σ-bonds permitting a large degree
of rotational freedom. The structure determined by this flexibility in the chain
is called the secondary structure. Two famous secondary structures are the αhelix and the β-sheet. These are held together by hydrogen bonds. Another
important secondary structure is the random coil. Third, the three-dimensional
1 Note

that what is meant by ’intermediate’ is very dependent on the amino acid in question.
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Figure 5.1: Details of the protein structure. To the left is shown the polymerization of amino
acids into a polypeptide, which ultimately leads to a protein. To the right is shown the spatial
arrangement of the amino acids. From Ref. [104].

arrangement of the secondary structure is known as the tertiary structure. An
example would be domains of α-helices connected by random coil structures. It
is important to note that the three dimensional structure is not necessarily the
structure where each of the σ-bonds are in their respective energy minimum,
but the structure where a global energy minimum is attained. This global energy minimum is difficult to predict since it requires detailed knowledge of the
various non-covalent interactions between different parts of the chain. Fourth,
if several different tertiary structures are bound together, e.g. several globular
domains and random coil structures, one speaks of a quarternary structure.
Unlike simple homopolymers, which usually have a random coil shape with
a size determined by the solvent [105], proteins have a single, distinct threedimensional structure (tertiary or quarternary) at physiological conditions, that
is, at a pH close to 7.4 and a temperature about 37◦ C. This shape is called the
native state, and is controlled by the non-covalent interactions along the chain.
Going sufficiently far beyond physiological conditions, the protein will change
its shape from the well-defined native state to a denatured state, the latter being more like a random coil. This process will drastically alter the function of
the protein. While different proteins exhibit many different shapes in the native state, a simple division between water soluble and water insoluble proteins
proves useful. Usually water soluble proteins take a globular shape and their
amino acid composition is characterized by less regularity. An important example is serum albumin, while a prominent exception is fibrinogen. Proteins which
are not soluble in water usually have a more complex three-dimensional structure, typically a fibrous structure, and a more regular amino acid composition,
an example is collagen.
As was the case for amino acids, the pH value is important for the properties of the protein. The pH at which the protein is uncharged is called the
isoelectric point, denoted pI. At pH values below the pI the protein is positively
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charged, and opposite for pH values above the pI. The ion concentration in the
solution in which the protein is present (the ionic strength) is also important in
determining the protein properties due to the impact additional ions will have
on the electrostatic interactions.

5.1.2

Proteins at surfaces

Proteins at surfaces play an important role in biology and for practical applications [1–6, 106]. In fact, the study of proteins at surfaces is as important as
the study of proteins in solution. When approaching a surface, proteins will
often adsorb with large affinity. This observation reflects the fact that the free
energy for the protein-surface system will be at a minimum when the protein
is adsorbed. However, the initial state of the adsorbed protein is typically not
a global minimum in the free energy. Often relaxation processes will occur
subsequent to adsorption, and these will lower the free energy even further. Relaxation processes usually have characteristic time scales much longer than the
characteristic time for adsorption. The most important relaxation mechanisms
are surface diffusion, desorption, and conformational changes after adsorption.
An adsorption process can be divided into three steps. The first step is to
transport molecules from the liquid to the vicinity of the surface. Convective
and diffusive motion in the liquid are responsible for this. Far from the surface,
convective motion dominates. However, closer to the surface than about 10 µm,
diffusion is the principal mechanism. Even closer the interfacial forces becomes
important. The force with the longest range is the solvation force (also known as
the hydrophilic force), which is a manifestation of the highly ramified hydrogen
bonding network in liquid water [88]. It has a characteristic length about 1
nm, this length being dependent among other things on surface roughness and
solvent polarization. Next, the electrostatic force will be of importance. Due to
the ions present in the solution, the electrostatic force will be screened with a
characteristic length (the Debye length), also about 1 nm. The Van der Waals
interaction is even more short-ranged, but is also important in the proteinsurface interaction. Much literature exist dealing more specifically with these
forces, thus we refer to Israelachvili [88] and the references therein for more
details. An initial attachment of the protein will now occur, followed either by
a detachment or a relaxation process. The former does not equal desorption,
since the protein is not properly attached yet. A protein accomplishes the
adsorption usually by increasing its number of bonds to the surface, thus the
actual area occupied by a protein, its footprint, also increases. Adsorption of
proteins onto metal surfaces represents unspecific binding; in contrast to specific
binding, where some sites are preferable for binding and some are not, the metal
surface represents a continuum of possible binding sites. Once on the surface, the
protein can undergo several processes. Surface diffusion is a particular important
process. The mobility of adsorbed proteins were studied in e.g. Ref. [107], and a
review of the topic was given by Tilton [7]. Desorption can also occur, however
very often protein adsorption is in fact irreversible. Relaxation processes, where
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Figure 5.2: Schematic illustration of the thickness of a protein layer. To the left is illustrated
the case where the thickness is fixed at the value of the dimension of the protein. In this
case the mass density will increase during adsorption, while the thickness remains constant
(assuming monolayers only). To the right is shown the case where the layer has a definite
mass density and the thickness increases. The surface density will be the same in either case.

the protein increases its number of bonds to the surface, typically leading to a
much larger area occupied by one protein, is often observed. The adsorption
may even lead to denaturation of the protein. Finally, if several proteins adsorb
from the same solution, the adsorption process will be more complicated; while
a layer of one type of proteins forms relatively fast, on a slightly longer timescale
this layer may be displaced by other proteins, typically with a higher molecular
weight. This phenomena is known as the Vroman effect [8]. The physical reason
behind it, is the fact that the fastest diffusing proteins are not necessarily the
ones with the highest affinity for the surface. Thus for longer times, slower
diffusing proteins with higher affinity for the surface may arrive in the vicinity
of the surface and replace the already adsorbed proteins.
In the above, the adsorption process is viewed from a microscopic perspective, where the individual molecules are clearly distinguished. Once a layer
of proteins starts to form, several questions become important. The protein
layer is often characterized by a thickness. A certain ambiguity is, however,
associated with this concept. In order to ensure a consistent interpretation of
the thickness, several aspects must be considered. First, during the adsorption
process the surface will only be partially covered, meaning that if a thickness
is assigned to the layer, it represents an average over the entire surface. This
thickness does not correspond to the height of an adsorbed protein. When the
proteins cover the surface completely, a geometrical thickness corresponding to
the size of an adsorbed molecule can be unambiguously assigned. However, the
proteins will not necessarily cover the surface completely. Furthermore, it is
important to note that the size of an adsorbed molecule is most likely not equal
to the size of the protein in solution; thus the geometrical thickness cannot be
assumed to equal the protein diameter in liquid. Basically, two approaches can
be taken. Either the thickness or the mass density of the layer can be assumed
time dependent. In principle both can be time dependent, but for reasons of
simplicity it is more useful to assume a time dependence of only one quantity.
The important thing to keep in mind is that the surface density will be the
same regardless of approach. Questions regarding the actual microstructure of
the layer are of course important; if the proteins are strongly anisotropic (e.g.
having an ellipsoidal form), the thickness does not describe the layer ambigu-
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ously. Information about the distribution of orientations of the molecules are
also important, because this will give rise to two different densities, and hence
different refractive indices, as well as elastic properties. From an experimental
point of view, this kind of anisotropy must sometimes be neglected. It is simply not possible to observe the microstructure in the signal one obtains from
the experiment. However, after having analyzed the signal; the kinetics and
the coverage at saturation, and perhaps modeled these by some of the simple
adsorption models, to be mentioned later, one may be able to make statements
about the microstructure. The main message from the above is that from an
experimental perspective it is most useful to regard the adsorbed layer as a
thin, uniform film with a well-defined mass density, although the thickness will
become unphysical in the sense that no layer really exists with this particular
value of the thickness. If the utilized experimental equipment average over only
a small part of the substrate, this approach may be problematic. However, for
the case of QCM and ellipsometry, the signal is the average of 1-100 mm2 .

5.2
5.2.1

Modeling protein adsorption
General concepts

Considering the complexity of a protein molecule, modeling the adsorption of
proteins would seem like a hopeless task. However, simple models can, despite
their simplicity, provide valuable insight into the adsorption process. What
makes it possible to use such simple models is the fact that a protein in some
sense resembles a colloidal particle. It is important to keep in mind that all
these models have their limitations, and a given model may not be appropriate
to describe the adsorption of a particular protein at certain experimental conditions. In this section different models will be described with special emphasis
on the Random Sequential Adsorption (RSA) model. First some of the general
concepts useful for all adsorption models will be outlined. A detailed review of
various adsorption models and their applications to macromolecular adsorption
was given by Voegel et al. [108].
Generally, adsorption processes can be divided into two classes, reversible
and irreversible. The first class includes adsorption processes in which relaxation mechanisms such as desorption and diffusion are present. Equilibrium
statistical mechanics is capable of describing the process, and the physical systems belonging to this class are typically adsorption of smaller molecules. The
most well-known isotherm belonging to this class is the Langmuir isotherm. In
the second class, the adsorption proceeds without the above relaxation mechanisms. Large molecules adsorbing onto a substrate typically belong to this
class, since their interaction energies in the adsorption process are often larger
than the thermal energy. A theoretical description is more complicated because
equilibrium statistical mechanics is no longer sufficient.
The simplest concept in an adsorption process is the fraction of the surface
area covered with molecules, denoted Θ, or the surface density, denoted Γ (e.g.
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in ng/cm2 ). It is easy to relate Θ to the surface density Γ, the latter being
the quantity one measures; Γ = Θm/a, where m is the protein mass and a is
the area one protein covers, often referred to as the footprint. While m has a
well-defined value (reflecting that the proteins adsorb as one entity), a may be
different from the dimensions of the protein in the liquid, since a protein often
increases its footprint in order to obtain a more favorable adsorbed state on the
surface. Sometimes the number of adsorbed particles per area, ν, is used. It is
simply given as ν = Θ/a.
A model for adsorption will typically describe the temporal evolution of Γ
through a differential equation having the following general form:
dΓ
= ka cΦ(Θ) − kd Θ.
dt

(5.1)

In Eq. (5.1) ka and kd are the adsorption and desorption rates2 , respectively, c
is the bulk concentration of proteins, and Φ is a function giving the ratio of the
available surface area for adsorption to the total area of the substrate. Note,
that often protein adsorption can be regarded as an irreversible process, which
is equivalent to neglecting desorption, that is kd = 0. Φ is known as the available area function, and obviously Φ is a function of the already covered fraction
of the area, Θ. Depending on model, the functional relationship ranges from
simple to complicated. Often the coverage at saturation is the quantity one is
most interested in. In the simplest case where the footprint is exactly equal to
the area of the one site on the substrate, it is possible to have a surface coverage
of one. Considering the more realistic case where the area of the adsorbing particles does play a role, the maximal coverage for spherical particles will be 0.91,
corresponding to a hexagonal close packed lattice. This limit is rather artificial
too, because protein adsorption often proceeds far from equilibrium, thus no
relaxation mechanisms, such as desorption or surface diffusion, are present to
create an equilibrium structure. Instead, lower coverages at saturation are to be
expected. This limit is known as the jamming limit. The value of the jamming
limit is dependent on the adsorption algorithm as well as on the shape of the
adsorbing particles (spherical, ellipsoidal, triangular etc.).

5.2.2

Diffusion limited adsorption

The simplest model for adsorption is diffusion limited adsorption. In this model
the transport towards the surface is purely diffusive, and this transport is the
limiting factor. If a particle reaches the surface it will adsorb irreversibly with
probability one. Hence no reference to the surface properties is present in the
expression for the surface density. The surface density evolves in time as [109],
r
Dt
,
(5.2)
Γ(t) = 2c
π
2 The adsorption rate is related to the forces interacting between the protein and the surface.
The precise relationship is given in Ref. [9].
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where c is the bulk protein concentration, and D is the diffusion constant for the
protein. Normally, the adsorption process will be diffusion limited in the early
stages only. At later times, the process becomes kinetically limited, meaning
that the limiting factor is no longer transport to the surface, but the fact that
the adsorption does not take place with probability one even if the protein is at
the surface. It is also important to note how the concentration enters Eq. (5.2);
going to higher concentrations will increase the adsorption rate.

5.2.3

The Langmuir model

Another very simple model for adsorption is the Langmuir model [110]. Particles are assumed non-interacting, and only monolayers are permitted. Adsorption and desorption are both incorporated with rates ka and kd , respectively.
Furthermore, all non-covered area is available to adsorption resulting in the
following form of the available area function; Φ(Θ) = 1 − Θ. The differential
equation for Θ (Eq. (5.1)) becomes;
dΓ
= ka c(1 − Θ) − kd Θ,
dt

(5.3)

Using the fact that Θ = a/mΓ, Eq. (5.3) can be solved;
Γ(t) =

m cka
(1 − exp(−(ka c + kd )a/mt)) .
a kd + cka

(5.4)

Using a as a fitting parameter, the average protein footprint can be found. The
adsorption and desorption constants, ka and kd , are typically fitting parameters
too. The Langmuir model describes reversible adsorption, and it is often used in
the case of deposition of atoms or small molecules. It should be used with care
when large molecules are concerned, since these often adsorb irreversibly. If an
irreversible version of the Langmuir model is considered, a maximum relative
coverage of one can be attained (set kd = 0, and t → ∞). Often this is not
physically meaningful, because on average the adsorbing particles, especially
large ones, will exclude more area than their actual size. This means that the
relative saturation surface density should be less than one.

5.2.4

The Random Sequential Adsorption model

As an improvement over the Langmuir model the Random Sequential Adsorption (RSA) model provides a useful framework for analyzing and interpreting measurements of protein adsorption when geometrical effects play a
role [108, 111–115]. Again only monolayers are permitted, and the only interaction between the particles is a hard sphere repulsion. Deposition proceeds
according to the following rule: (i) A position in the substrate plane is chosen
at random. (ii) A particle with a certain size and shape will adsorb irreversibly
provided there is sufficient space around the position. (iii) If there is not enough
space, a new adsorption attempt is made somewhere else. The model describes
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irreversible adsorption where geometrical blocking plays a key role. For hard
spheres several results exist. The jamming limit is given as Θj ' 0.547 for
adsorbing in two substrate dimensions (2+1 dimensions), and for low coverages
(Θ . 0.3 − 0.4) the function Φ has the following form [108]:
√
µ
¶
40
6 3 2
176
Θ + √ − 2 Θ3 + O(Θ4 ).
Φ(Θ) = 1 − 4Θ +
(5.5)
π
3π 3π
Equation (5.5) is to be understood in the following way: For a low coverage,
the available area is close to one. However, as the substrate starts to fill, the
corrections become more and more pronounced. These corrections are embodied
in the higher order powers. At some point the substrate cannot accommodate
more particles, even though some non-covered area exist, and the process has
reached the jamming limit. Note that even for low degrees of coverage the
Langmuir result is not retrieved, a factor of 4 is present in front of the first
order term, in contrast to the Langmuir model. This difference is due to the
exclusion of area3 . For the whole range of coverage the result for the available
surface area function is [116]:
µ
¶3 Ã
µ ¶2
µ ¶3 !−1
Θ
Θ
Θ
Θ
Φ(Θ) = 1 −
1 − 0.812
+ 0.2336
+ 0.0845
.
Θj
Θj
Θj
Θj
(5.6)
The temporal approach to the jamming limit is also known [112]:
Θj − Θ(t) ' κt−1/2 ,

(5.7)

where κ is a constant. The above result is for spheres adsorbing in two dimensions, hence the exponent 1/2. In d-dimensions 1/2 will be replaced by 1/d.
Extensions of the model to non-spherical particles were given in [117, 118]. In
Ref. [117], the asymptotic behavior and approach to the jamming limit were
investigated. It was found that the approach to the jamming limit still follows
a power law, but the exponent in the case of an elongated object is 1/3. Both
the result 1/2 and 1/3 are special cases of the result
ˆ

Θj − Θ(t) ' κt−1/d ,

(5.8)

where dˆ specifies the number of coordinates necessary to unambiguously describe
the position of the adsorbing object on the substrate, e.g. two for a sphere (the
center is all that is necessary) or three for an ellipsoid (the center as well as
the orientation of the long axis is necessary). Of course for spheres dˆ = d. In
Ref. [118], the low coverage regime was investigated. Comparing experimental
data to Eqs (5.6) and (5.8) can be very useful. From the former, information
3 The result Φ ' 1 − 4Θ in the low coverage limit, is easily understood. A spherical particle
with area πr2 will exclude an area of 4πr2 for further adsorption. If we assume there are
N particles on the surface which has total area A, Φ ' (A − 4N πr2 )/A. Recalling that
Θ = πN r2 /A, we find Φ ' 1 − 4Θ.
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Figure 5.3: The available area function Φ as a function of relative covered surface area, Θ,
for the Langmuir model (Φ(Θ) = 1 − Θ) and the RSA model (Eq. (5.6)). Note the substantial
difference between these two models, especially the fact that the Langmuir model is capable
to fill the substrate completely (Θ = 1 for Φ = 0 ), while the RSA model has a much lower
jamming limit (Θ = 0.547 for Φ = 0).

about the adsorption rate and the footprint can be obtained, while from the
latter, important information regarding the form of the adsorbing particles can
ˆ Note, however, that dˆ does not specify
be found by considering the parameter d.
the actual aspect ratio of the object. It should be mentioned that a thorough test
of whether a certain adsorption process is well-described by the RSA model must
also include an investigation of the radial distribution function of particles on the
surface [108]. Obviously, the RSA model as described above is a very simplified
model. Natural mechanisms to include are relaxation processes such as surface
diffusion, conformational changes and desorption. Kinetic regimes of protein
adsorption were studied in [119]. Basically, all three regimes of adsorption;
transport, attachment and relaxation were taken into account, using a set of
differential equations. Proteins are usually very sensitive to the adsorption
history; these effects were studied in [120]. A ballistic deposition model was
investigated in [121], and Wertz and Santore have studied a simple model where
the footprint grows exponentially [122]. Their model is fundamentally different
from the RSA model because no assumptions about the particle form are made.
In this thesis we will concentrate on the basic version of the RSA model, because
it is the most simple and transparent model to use.
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Comparing data to models

The Langmuir and RSA models outlined above represent the simplest and most
useful models for interpretation of protein adsorption data. However, one must
bear in mind that the data is not necessarily well-described by any of them.
To ensure an unbiased interpretation of experimental data, one should first plot
dΓ/dt versus Γ. In this manner, no assumptions about how to model the data
are made. In principle plotting Γ versus time also works, but two things make
the former approach preferable. First, differences in adsorption kinetics are more
easily revealed in a plot of dΓ/dt versus Γ. Second, fitting data to a formula
for Γ(t) is only possible in the simplest cases4 (that is Langmuir and diffusion
limited adsorption).
If the data plotted as dΓ/dt versus Γ follows a straight line, the kinetics can
be assumed to follow Langmuir kinetics to a good approximation. On the other
hand if the data deviates from a straight line, Langmuir kinetics can be definitely excluded, and this is typically the case for most proteins, although going
to low concentrations or low ionic strengths can make the kinetics Langmuir-like
for some proteins [114,123]. The explanation for this behavior is the fact that in
these particular cases the adsorption allows sufficient reorganization or clustering on the surface, resulting in basically all non-covered area being available for
adsorption, which in turn implies in Φ(Θ) = 1 − Θ. The available area functions
for the RSA and the Langmuir model are illustrated in Fig. 5.3. It is clear that
the two models differ quite substantially.
If the curve deviates from a straight line, one should try to make a fit with
Eq. (5.6). It is important to stress the fact that even though a reasonable fit can
be obtained, this does not mean that the RSA model is the correct description.
Another aspect to be aware of is the particular form of the adsorbing particles.
The jamming limit of 0.547 and the expression for the available area function,
Eq. (5.6) apply only to spherical particles. A way of obtaining information
about the form of the adsorbing particles is to plot the quantity Γj − Γ(t) versus
time. From a fit to Eq. (5.8), the constant dˆ can be found, and only in the case
dˆ = 2 the results for spherical particles can be applied. This result means that
one should first plot Γj − Γ(t) versus time, and then decide how to fit dΓ/dt
versus Γ. Some numerical results exist for the case of elongated objects, see
Refs [117, 118]. Most importantly the jamming limit will change to a slightly
lower value, about 0.535 for ellipsoidal objects with aspect ratio about 7:1.
To properly decide whether the particular adsorption process in question
is well-described by the the RSA model, it is not enough to plot the abovementioned quantities. The radial distribution function of the particles must
also be compared to what the RSA model gives. Basically, since the parameters
entering the Eqs (5.6) and (5.8) are integrated over the entire surface, the fits
to the RSA model may look good, while the actual ’microstructure’ on the
4 Of course it could be argued that a numerical integration of the differential equation
governing the surface density is not much more complicated than numerically differentiating
the data.
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surface is not well-described by the one from RSA model. To rigorously decide
whether or not the microstructure follows the RSA model, one must make AFM
measurements of the molecules on the surfaces. This circumstance is obviously a
large limitation to the applicability of the model if one must make AFM images
for every measurement. In reality this is not possible, and one must live with
the fact that a full comparison to the RSA model cannot be done, even though
one uses the formulas in the fitting. A very detailed account of the applicability
of the RSA model in the case of protein adsorption was given in Ref. [115].

5.3

Experimental procedure

For all the case studies of protein adsorption presented in this chapter, the
experimental procedure is identical. This procedure, along with remarks on the
proteins and the substrates, will be described in the following.

5.3.1

Proteins used in this study

Fibrinogen is an elongated protein with dimensions 46nm×9nm×6nm. It is
an extracellular protein with a large abundance in the blood, approximately 3
mg/ml, and it is of great importance in the blood coagulation process and in
the acceptance of an implant. It consists of three globular units connected by
a helix. The weight is 340 kDa, and the isoelectric point is 5.1. It was bought
from Sigma-Alldrich and used in a 1 mg/ml concentration in a 10 mM Tris
(tris-hydroxymethyl-aminomethane) at pH 7.4 with 100 mM NaCl and 1 mM
CaCl.
Bovine Serum Albumin (BSA) is an almost globular protein with a molecular
weight of 65 kDa, and a radius of roughly 6 nm. The isoelectric point is 5.2.
The protein serves nicely as a model system because of its simple form. BSA
from Sigma-Alldrich was used in a concentration of 1 mg/ml in a 10 mM Hepes
buffer at pH 7.4, with 100 mM NaCl and 1 mM CaCl.
Protein
Fibrinogen
BSA
Ferritin

m (ng)
−10

5.64·10
1.08·10−10
14.9·10−10

pI
5.1
5.6
4.6

Table 5.1: Summarizing the mass and isoelectric point of the proteins used in this work.

Ferritin is a spherically shaped protein with a diameter of about 12.5 nm and
molecular weight 900 kDa5 . It is composed of 24 similar subunits, surrounding
an iron core with a diameter of roughly 7 nm. The isoelectric point is about 4.6.
Ferritin from Sigma-Alldrich was used in a concentration of 1 mg/ml in a 10
5 Often a weight of 680 kDa is quoted, however, there can be some variation due to the
amount of iron present.
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mM Hepes buffer at pH 7.4, with 100 mM NaCl and 1 mM CaCl. The weight
and pI for fibrinogen, BSA, and ferritin are summarized in Table 5.1.

5.3.2

Substrates

As substrates tantalum and titanium were used. The films used were the standard QCM crystals as delivered from Q-Sense. These films have a gold layer
about 70 nm thick, and an rms roughness around 1-2 nm. The tantalum and
titanium coatings were made in-house by sputter deposition by J. Chevallier.
Surface roughness is again about 1-2 nm, and on these surfaces a natural oxide with thickness about 2-5 nm will form. Ellipsometry on the bare samples
revealed that although the gold layer could be described using standard bulk
values for the complex index of refraction, the ellipsometric angles as a function
of angle of incidence for titanium and especially tantalum deviated significantly
from what was predicted using bulk values for the index of refraction. The main
problem was the inability of the measured data to follow the theoretical curves,
when these are drawn using tabulated values of n and k and oxides thicknesses
in the range 1-5 nm, see e.g. Refs [124,125]. To investigate whether the problem
was related to the experimental procedure or the instrument itself, a series of
test experiments were done using silicon and germanium with well-defined oxide
thicknesses. Since neither silicon, germanium nor gold have any problems of this
kind, one might suspect the growth procedure to play a role. Silicon, germanium
and gold probably all have a crystalline structure when grown, while tantalum
and titanium, grown by sputtering, are polycrystalline or even amorphous. The
immediate solution to this kind of problem is to find the refractive index from
a measurement of the ellipsometric angles.

5.3.3

QCM experiments

In the QCM experiments commercial equipment (model D300 from Q-Sense,
AB Sweden) were employed. Measurements proceeded in the following way:
To remove possible organic contamination, the crystals were UV/ozone treated
about 30 minutes before they were put into the QCM chamber. A baseline was
then taken for 10 to 20 minutes. The subsequent adsorption measurements ran
for about 1-2 hours in order to reach the saturated regime for adsorption. All
measurements were without flow. Between the measurements with the same
protein, the chamber was flushed with MilliQ water and blow-dried with nitrogen, while a full cleaning with Hellmanex detergent and MilliQ water was done
when changing from one protein to another. A film was used only once due
to uncertainties in the amount of protein residues even after cleaning. In all
measurements, two independent chambers were used. In the experiments with
fibrinogen the temperature was kept at 37◦ C, while for BSA the experiments
were done at 22◦ C.
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Ellipsometry experiments

A single wavelength (λ = 632.8 nm) ellipsometer (model ELX-02 from DRE
Gmbh, Germany) was used. Samples were again UV/ozone treated before use.
The sample was mounted in a liquid cell, and the sample holder was adjusted
until a good alignment was obtained. Due to the construction of the cell, only
an angle of incidence of 70◦ could be used. A baseline was measured, typically
for 20-40 minutes, using the buffer. Then the buffer was replaced by a protein
solution and an adsorption measurement was conducted. Again static conditions
were used. To reach the saturated regime for adsorption, an experiment should
run for at least some hours. Between each measurement with the same protein,
the cell was flushed with MilliQ water, while the cell was cleaned with Hellmanex
detergent when changing protein. As in the case of the QCM measurements, the
films were used only once. All measurements were done at room temperature.
To extract the value of the thickness of the adsorbed layer, a model must be
used. The standard choice is to use a three-layer model with one layer being the
metal film, one being the protein layer, and one being the bulk liquid. When the
metal has a thin oxide layer, it is usually preferable to use a four-layer model,
with one layer being the metal, one the oxide and the two other layers as before.
The reason is the fact that the light easily shines through the oxide, thus it is not
sufficient to use a three-layer model with the oxide as the lowest layer. Another
possibility is to use a three-layer model with the pseudo-refractive index for the
metal-oxide system. We have used the latter approach in the following.
Finally, it should be mentioned that corrections due to the cell windows may
be necessary. However, as noted by Arwin [42] these corrections represent second
order effects. We have not taken cell window corrections into consideration in
this thesis.

5.4
5.4.1

Ferritin adsorption on titanium oxide
Introduction

The pH value of the protein solution has a significant influence on the adsorption
of proteins due to the change in protein and surface charge at different values
of pH. In particular, at a pH that equals the pI of the protein, the Coulomb
component of the protein-protein interaction is zero. Obviously, this can have
a large influence on the kinetics of the adsorption process as well as the saturation surface density. Due to its high degree of stability and its simple shape, the
iron-storage protein ferritin represents a good model protein. It is a borderline
case to a colloidal particle in many respects. Several studies of ferritin exist
in the literature [126–128]. In Ref. [126] ferritin adsorption onto gold surfaces
were studied by spectroscopic ellipsometry using a ferritin concentration of 1
mg/ml in a PBS buffer at pH 7.3 and an ionic strength of 150 mM NaCl. A
detailed analysis of the ellipsometric response was given; using a single wavelength ellipsometer a surface density after saturation about 600 ng/cm2 was
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found, and using several wavelengths the dielectric function of the protein layer
was obtained. Caruso et al. [127] studied the adsorption, also on gold, but with
several techniques; QCM, AFM, Surface Plasmon Resonance (SPR) and X-ray
Photoelectron Spectroscopy (XPS). They used concentrations between 0.0025
mg/ml and 1 mg/ml in a PBS buffer at pH 7.4 and a ionic strength about 140
mM. Their main finding is a surface density of about 600 ng/cm2 for the 1
mg/ml solution. The influence of the ionic strength on QCM measurements of
ferritin monolayers adsorbing on methyl-thiolated gold were studied by Höök
et al. [128]. The ionic strength was varied between 1 and 200 mM KCl, and it
was found that a more dense layer developed at higher ionic strengths. This
result was attributed to the more pronounced screening, which in turn leads to
a smaller Coulomb repulsion between the proteins.
This section describes the results of the studies of the adsorption of ferritin
onto titanium oxide film at several values of pH. The studies were conducted
using ellipsometry, and the objective was to investigate the influence of pH on
the adsorption kinetics, and to interpret the process in terms of the simple
adsorption models outlined in Sec. 5.2. We find an increased adsorbed amount
at pH 4, which we attribute to a denser packing at this pH due to the proximity
to the pI of ferritin, the latter being in the pH range 4.5 to 5.5. The results
presented here are part of a larger study of ferritin adsorption on various metal
oxides as a function of pH, done in collaboration with A.-G. Hemmersam. In
the study both AFM, QCM, and ellipsometry are used. Here, only a part of the
results from ellipsometry are presented.

5.4.2

Ellipsometry results

The ellipsometry experiments are conducted as described previously. The ellipsometric angles, Ψ and ∆, for ferritin adsorbing at the three different pH values
are shown in Fig. 5.4. Two measurements at each pH were made.
Using a value for the refractive index of the protein layer of 1.5, the thickness
can be found, by employing the standard software belonging to the ellipsometer.
The surface densities are shown in Fig. 5.5. Especially noteworthy is the fact
that at pH 4 the surface density at saturation is more than twice that of pH 2
or pH 6. This finding is in accord with the general trend for proteins to adsorb
strongly at a pH close to the pI.

5.4.3

Comparison to the RSA model

The surface density at saturation is very different for the three values of pH.
At pH 2, it is 180 ng/cm2 , at pH 6 it is 229 ng/cm2 , while at pH 4 it is much
larger; 503 ng/cm2 , see Fig. 5.5. Considering the size of ferritin in solution,
a sphere of diameter 12.5 nm, the ratio m/a can be calculated; m/a = 1217
ng/cm2 , see Table 5.1 for the mass of ferritin. Thus for a fully covered surface,
the surface density would be 1217 ng/cm2 , and for a hexagonal close packed
structure it is 1107 ng/cm2 . Both values are significantly larger than what we
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Figure 5.4: The ellipsometric angles Ψ and ∆ for the different values of pH for ferritin
adsorption onto titanium oxide.

observe experimentally. If we calculate the surface density using the value of
m/a from above, but with a maximal coverage of 54.7 %, we find 666 ng/cm2 .
These considerations assume that the footprint of the protein on the surface is
identical to its dimensions in the liquid. All these numbers are larger than what
we measure experimentally, meaning that the footprint of the adsorbed proteins
is probably larger than the dimensions of the proteins in the liquid. In order to
investigate this, we now turn to an analysis of the adsorption kinetics.
From the curves of dΓ/dt versus Γ it is obvious that adsorption at the three
values of pH exhibits quite different kinetics, see Fig. 5.6. At pH 2, below
the isoelectric point of ferritin, the behavior looks linear at first sight. Looking
more closely at the data a non-linear behavior is revealed, which indicates that
geometrical blocking most likely plays a role. Above the isoelectric point, at pH
6, the kinetics clearly does not follow a linear curve. However, it is interesting to
see how different the kinetics are compared to pH 2, even though the curves of
Γ(t) look very similar. At pH 4, a value close to the isoelectric point of ferritin,
the behavior changes dramatically. At pH 4 the dΓ/dt versus Γ graph is almost
linear, indicating that the adsorption is Langmuir-like to a good approximation.
This fact implies that all the non-covered area is available to adsorption. For this
to happen geometrical blocking must be reduced to a minimum. To accomplish
the latter, the proteins need to pack into a denser layer. Bearing in mind that
the electrostatic repulsion between the proteins is close to a minimum at pH 4,
it seems reasonable that the proteins will be able to pack more densely. From
the fits in Fig. 5.6 we find the average footprints in the three cases. Note that
we also fit the data for the measurements at pH 4 to Eq. (5.6), despite the fact
that the curve is nearly linear. It is important to note that the values found
from the fits to Eq. (5.6) should be taken as a guideline more than an exact
value of the average footprint. First of all, the RSA model is a simplified model,
thus the Eq. (5.6) represents an approximation. Second, many relatively good
fits are possible, depending on the choice of fitting range. Third, the numerical
differentiation may introduce artifacts in the data. Bearing these limitations in
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Figure 5.5: Surface densities for ferritin adsorbing on titanium oxide at three different pH
values. Two independent measurements are shown for each pH.

mind, we fit the curves and list the footprints, along with the saturated surface
densities and adsorption rates in Table 5.2. The footprint at pH 2 is 419 nm2 .
If we calculate the jamming coverage, we find 195 ng/cm2 , in good agreement
with the experimental finding of 180 ng/cm2 . At pH 6, the footprint is 359
nm2 , giving a surface density of 228 ng/cm2 in the jamming limit, also in good
agreement with experiment where a surface density of 229 ng/cm2 was found.
If we analyze the situation at pH 4, we observe that although the behavior of
dΓ/dt versus Γ is approximately linear, the available area function characteristic
of an RSA process will also provide a good fit. It is not clear which model one
should use; the only fact to adhere to at this point is a saturation coverage of 503
ng/cm2 . However, analyzing the consequences of both models makes it apparent
which model is correct. The RSA fit results in a footprint about 86 nm2 , which
in turn leads to a jamming coverage of about 963 ng/cm2 , appreciably larger
than what we observe experimentally. It is noteworthy that this footprint is
significantly lower than the value in liquid. On the other hand, if we take the
footprint as found from the Langmuir fit (314 nm2 ) and calculate the saturation
surface coverage, we find 476 ng/cm2 , if we assume that the entire area can be
covered. This value is in better agreement with the measurements, thus it
indicates that at pH 4, the adsorption process is more appropriately described
by Langmuir kinetics. It turns out that the assumption of a very densely packed
layer at pH 4 is in good accord with recent AFM images of ferritin adsorbed
on titanium oxide [129]. This kind of kinetic evidence for clustering has been
observed before for other proteins [114, 123]. In Ref. [114] it was observed for
cytochrome P450 for low concentrations, and in Ref. [123] it was found for low
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Figure 5.6: Adsorption kinetics for ferritin on titanium oxide at pH 2 and 6 (left graph),
and pH 4 (right graph). Fit to the RSA model are also shown (for all values of pH) and a fit
to the Langmuir model is shown for the case of pH 4.

pH
2
4
6

Γ (ng/cm2 )
180
503
229

a (nm2 )
419
86
359

ka (cm/s)
8.6·10−8
5.2·10−7
4.0·10−7

Table 5.2: The surface density after two hours of adsorption, the average footprint found
from the RSA model, and the adsorption rate for ferritin adsorbing on titanium oxide at
different pH values. The value of the footprint is 122.7 nm2 in liquid.

ionic strengths in the case of adsorption of fibronectin.

5.4.4

Conclusion

In conclusion we have seen how ellipsometry measurements of the adsorption
of ferritin on titanium oxide as a function of pH can be properly understood
by plotting dΓ/dt versus Γ, and carefully analyzing the data in the context of
the two simple models, the Langmuir model and the RSA model. We found a
peak in the adsorbed amount of ferritin at a pH near the pI of the protein. This
peak is ascribed to the weaker electrostatic interaction between the proteins at
this pH, which in turn facilitates a denser packing. By using the models, we
find that the RSA model describes the adsorption well for pH values 2 and 6,
while the adsorption at pH 4 is better understood in terms of the Langmuir
model, in particular, using the value of the footprint from the Langmuir fit and
assuming a close-packed layer of proteins reproduce the value of the surface
density at saturation from experiments to a very good approximation. This
work stresses the importance of careful interpretation of experimental data in
the context of a particular model, as well as the usefulness of the kinetic regime
for understanding of the properties of the layer.
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Fibrinogen adsorption on tantalum oxide
Introduction

Fibrinogen is a plasma protein, and it is one of the first proteins to adsorb on an
implant surface. The fibrinogen adsorption has been shown to be very decisive
in the acceptance of an implant [10]. Furthermore, fibrinogen plays a key role
in the blood coagulation process, and its ability to form platelet adhesion is
also important. Due to the above-mentioned reasons, it is important to study
fibrinogen adsorption on metal (or metal oxide) surfaces, especially if a better
understanding and control of the design of medical implants are desired. Several studies of fibrinogen adsorption exist in the literature [122, 130–138]. Early
studies by Schmitt et al. [130] and Schaaf and Dejardin [131] investigated the
adsorption of fibrinogen on polymer and silica surfaces, respectively. The first
study used radio-labeling and concluded that two concentration regimes exist,
a low concentration regime (less than 0.01 mg/ml), where the adsorption was
observed to follow an isotherm of the form Γ ∝ c0.9 . For high concentrations
(over 0.5 mg/ml) the adsorption reaches a plateau, Γ ' constant. The authors
find the cross-over surface density to be about 300 ng/cm2 . This cross-over
surface density is ascribed to a strong excluded volume interaction between
the adsorbed proteins. Below this surface density proteins are adsorbed randomly, whereas above the transition, some degree of order in the form of end-on
adsorbed molecules occurs. In Ref. [131] scanning angle reflectometry, a technique analogous to ellipsometry, was used. It was found that while the product
(n1 −n2 )h1 increases and reaches a plateau after less than an hour, the refractive
index difference (n1 −n2 ) and the thickness (h1 ) change drastically. The authors
attribute these findings to structural changes within the fibrinogen layer. The
thickness was found to increase after approximately two hours, the explanation
being relaxation of adsorbed molecules, a process resulting in an increase of
their footprint, which in turn forces other molecules to take an end-on conformation. In a series of papers Wertz and Santore [122, 132, 133] studied several
aspects of fibrinogen adsorption, including the effect of surface hydrophobicity,
postadsorption relaxations and competitive adsorption. In Ref. [134] fibrinogen
adsorption on various substrates, titanium oxide, tantalum oxide, and gold were
studied using QCM. A difference between the different films was observed in this
study, which is not surprising as surface chemistry obviously plays a large role
in determining the adsorbed amount of proteins. In [136] the adsorption of four
different proteins, including fibrinogen, was studied on a variety of substrates,
and under different conditions. As a preliminary investigation to the adsorption
studies on rough tantalum oxide surfaces, we first examine the adsorption on
films where effects due to surface roughness can be neglected to a good approximation. There are several reasons for doing this. First, it is useful to study
aspects of the adsorption process, such as the kinetics, viscoelastic properties,
etc. without the additional complications of roughness. Second, ellipsometry is
possible only on flat surfaces, which means that questions regarding the water
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content in the layer can be answered only in this case. This section describes
the QCM and ellipsometry measurements of fibrinogen adsorption on tantalum
oxide. The objectives are to find the surface density using two techniques, to
find the amount of coupled water in the layer as well as the mass density and
the refractive index. Furthermore, we report on the values of the viscosity and
elasticity of the layer obtained from QCM. Finally, we compare the kinetics to
the RSA model.

5.5.2

QCM results

The results for fibrinogen adsorbing on a flat tantalum film6 (rms roughness
about 2 nm) is shown in Fig. 5.7. As adsorption proceeds, the resonance frequency will decrease, while the dissipation factor increases. Most of the change
in frequency and dissipation factor takes place within the first few minutes, but
even at long times the signals have a small slope. The reason for this could simply be drift in the signal. When comparing the frequency shifts of the different
overtones, when these are scaled by their tone number, it is apparent that they
do not coincide perfectly, see Fig. 5.7.
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Figure 5.7: The shift in frequency and dissipation factor for fibrinogen adsorption on tantalum oxide films with a surface roughness about 2 nm. Note how the frequency shift scaled
by their respective overtone number do not coincide, and how the energy dissipation is rather
large. Both indications of the inapplicability of the Sauerbrey equation. Note how the characteristic of the fundamental tone is very different from that of the other overtones. This
difference is believed to be due to the influence of pressure waves.

A prerequisite for using the Sauerbrey model is the coincidence of the scaled
overtones, otherwise different values of the surface density are found from different overtones. The shift in dissipation factor is about 10−5 , which is also
violating the validity of the Sauerbrey equation. Considering the fact that fibrinogen is a long, rod-like molecule, it may not be surprising that a large value
of the dissipation is found. In order to properly model the adsorption, it is
6 The films used in this study are the ones grown at a 40◦ deposition angle, since their
roughness is nearly identical to films grown at normal incidence, see Chapter 3 for details.
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necessary to resort to more complex models. The model of choice is the Voigt
model, described in Sec. 2.1.4. However, before doing this it is interesting to
compare the actual values of the shifts in the frequency and dissipation factor
with the values obtained in other studies, as well as finding the surface density
from the Sauerbrey equation. For experiments done on tantalum oxide films
in Ref. [134], the frequency shift for the seventh overtone normalized by seven
after one hour of adsorption is approximately -105 Hz. This finding corresponds
very well to what we observe; from the curve of the seventh overtone we find
-103 Hz.
N
3
5
7

∆fN /N (Hz)
-119
-112
-107

Γ (ng/cm2 )
2106
1982
1894

Table 5.3: Frequency shifts and surface densities pertaining to the three lowest overtones
after 90 minutes of adsorption. The surface density is calculated using the Sauerbrey equation;
Γ = −17.7 ng/cm2 Hz−1 ∆f .

Another aspect to be aware of is the fact that while the Voigt model may in
principle be a more correct description of the protein layer, this model contains
many parameters, some of which are relatively hard to estimate. Basically the
problem is deciding when a good fit is obtained, since the values of elasticity
and viscosity at saturation as well as their transient behavior is often difficult
to understand. In reality this circumstance means that even though the validity
of the Sauerbrey equation can be somewhat questioned, it still proves useful to
find the surface densities directly from this equation. Surface densities as found
from the Sauerbrey equation are systematically lower compared to those found
from the Voigt model, the results after 90 minutes of adsorption are shown in
Table 5.3. A clear difference between the values pertaining to different overtones
are also observed. Another good reason for extracting surface densities in this
simple manner is that most literature on the subject does it this way [134–136],
making direct comparison easier.
The use of the Voigt model allows us to fit the QCM data to Eqs (2.12) and
(2.13). The free parameters are the thickness (h1 ), viscosity (η1 ), and elasticity
(µ1 ) of the adsorbed layer. The mass density of the adsorbed layer (ρ1 ) is held
fixed at 1.15 g/cm3 , which is an average between a protein layer (1.30 g/cm3 )
and water (1.00 g/cm3 ). The mass density (ρ2 ) and viscosity (η2 ) of the buffer
solution are fixed at 1.00 g/cm3 and 6·10−4 Ns/m2 , respectively. The latter
value is close to that of water at 40◦ C (note that the QCM experiments with
fibrinogen were carried out at 37◦ C).
Note also that the concentration of proteins in the bulk solution is sufficiently
low for this to apply; in general the viscosity of a liquid is modified by the
presence of dissolved molecules7 .
7 The

relationship is as follows; the effective viscosity of the solution is given as ηeff =

66

Chapter 5. Protein adsorption on metal surfaces

The elasticity of the solution is zero. The fitting parameter of main interest is
the thickness of the adsorbed layer. This thickness is only an average quantity,
and since it is dependent on the choice of mass density of the protein layer,
it should be interpreted with care, and as a model thickness only. However,
the physically more interesting quantity, the surface density will remain stable
under a different choice of mass density since it is the product of the mass density
and the thickness; if the mass density is increased the obtained thickness will
decrease and vice versa. The fitting were done using the standard Q-Sense
software Q-Tools, and either the third and fifth, the fifth and seventh, the third
and seventh or all overtones were used. The fits were not very stable, in general
rather different results could be found which all seemed reasonable. Table 5.4
shows the values of the obtained thickness from the Voigt fit as well as the
surface density. To decide what fit is the best is thus difficult, so an average
Overtones used:

f3 , f5 , f7

f3 , f5

f5 , f5

f3 , f7

Average

hVoigt (nm)
ΓVoigt (ng/cm2 )

21.4
2461

24.8
2852

19.2
2208

21.3
2445

21.7
2493

Table 5.4: The thickness found from the Voigt fit as a function of the overtones used after
90 minutes of adsorption. The surface density is given as Γ = ρh, with ρ = 1.15 g/cm3 .

value of the four fits were used. The resulting surface density, Γ, is plotted versus
time in Fig. 5.8. After a transient phase the surface density saturates at about
2500 ng/cm2 . This value is in fact rather large compared to the approximately
2000 ng/cm2 found from the Sauerbrey equation.
It is interesting to compare our results with other QCM studies of fibrinogen
adsorption. In Ref. [134] the adsorbed amount of fibrinogen on tantalum oxide
after saturation was found to be about 1900 ng/cm2 when a 1 mg/ml fibrinogen solution is used (consistent with our results when the Sauerbrey equation
is used). In Ref. [135] fibrinogen adsorption was studied on titanium oxide. A
saturation surface density about 1180 ng/cm2 was found. This value is significantly smaller than what we have found. It is important to keep in mind that
the experimental conditions are different from ours. First of all, titanium is used
instead of tantalum. As was also reported previously [134], it certainly plays a
role whether titanium or tantalum is used as substrate. However, the difference
is more likely to be due to a lower concentration used in Ref. [135], namely 0.08
mg/ml.
The observed increase in saturation surface density when the protein concentration is increased is commonly observed for proteins, see e.g. Ref. [133].
A possible explanation is the lack of relaxation of the proteins when a high
concentration is used; for lower concentrations the time scale for adsorption becomes closer to the time scale for relaxation, meaning that as adsorption takes
η(1 + 5/2 · 4π/3r3 c), where r is the radius of the molecules and c is the concentration, see
Ref. [29].
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Figure 5.8: Surface density for fibrinogen adsorbing on a nearly flat tantalum film (wsat '
2 nm) found from QCM measurements using the Voigt model.

place, already adsorbed molecules will relax. Since the proteins usually relax
by increasing their amount of bonds to the surface, the relaxation process will
make the protein footprint larger. This process will in turn geometrically block
some of the available surface area for other proteins, and as a result the surface
coverage will be lower than in the case of adsorption from a high concentration
As mentioned earlier the QCM technique measures all coupled mass, i.e. hydrated proteins as well as coupled water. The consequence is that the measured
values of surface density is much too high. To quantify how much of the signal
is due to proteins, an additional technique must be employed.

5.5.3

Ellipsometry results

To find the bare protein mass present on the surface, ellipsometry was employed.
The experimental procedure was identical to that of the previous section on
ferritin. The ellipsometric angles, Ψ and ∆, are shown in Fig. 5.9 for fibrinogen.
The experiment was repeated four times, and a thickness of 5.4 nm was obtained
after saturation in all cases. The surface density ΓE is found from de Feijters
formula, Eq. (2.18), and was found to be ΓE = 520 ng/cm2 after 90 minutes of
adsorption. Interestingly, the surface density seems to saturate more completely
than was the case in the QCM experiments. Other studies used titanium as
substrate and also a lower protein concentration, and consequently found a
slightly lower surface density [135, 136]. The surface density as a function of
time is shown in Fig. 5.10. In connection with the QCM measurements, it was
argued that the surface density represented a more robust quantity than the
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Figure 5.9: Ellipsometric angles for fibrinogen adsorbing on a flat tantalum oxide surface.
Note the buffer rinse after approximately 150 minutes.

thickness itself. The same line of thought applies in the case of ellipsometry
[42]. Assuming a higher index of refraction of the adsorbed layer will make the
resulting thickness smaller and vice versa.

5.5.4

Combining QCM and ellipsometry - water content
in the adsorbed layer

The questions of which mass density or refractive index to use can largely be
avoided by studying the surface density. However, neither the mass density
nor the refractive index necessarily remain constant during the adsorption [131,
136]. Combining measurements done using QCM and ellipsometry, or another
optical techniques for that matter, can provide important insight into some of
the properties of the adsorbed layer. The simplest quantity to extract from
these measurements is the water content in the adsorbed layer, but the mass
density and refractive index can be found as well [136]. For reasons of simplicity,
we use a constant mass density and a time varying thickness. If we combine
our results from the QCM measurements and the ellipsometry measurements
at saturation and attribute the difference in surface densities to coupled water,
we find approximately Γw = 1973 ng/cm2 of water. This finding corresponds
to 79 % of the QCM measured surface density. The ratio of the saturation
surface densities is close to 4.8, higher than otherwise reported in literature
[135]. However, this discrepancy can be explained by the fact that we use
the Voigt model and not the Sauerbrey equation. If we take the result from
seventh overtone and use the Sauerbrey equation, we find Γ = 1894 ng/cm3 , see
Table 5.3, and this gives a somewhat lower amount of water; only Γw = 1374
ng/cm2 . Water now constitutes 73 %. of the total mass detected by QCM,
and the ratio between the surface densities is 3.6, in better agreement with the
literature [135], but still slightly higher. Since we use a higher concentration,
we expect a larger fraction of the molecules to be adsorbed in a less energetic
favorable position, that is in a position with fewer bonds to the surface, which in
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Figure 5.10: Surface density for fibrinogen adsorption on a flat tantalum film found from
ellipsometry.

the case of fibrinogen would imply a larger fraction of molecules adsorbed with
the long-axis perpendicular to the substrate. This finding will in turn imply
more coupled water due to the larger average extension of the molecules into
the liquid. Calculating the mass density of the adsorbed layer using the value of
the surface density obtained from QCM using the Sauerbrey equation can now
be done [139];
¶
µ
ΓE
ΓE
ρ1 = ρp
+ ρw 1 −
,
(5.9)
ΓQCM
ΓQCM
where ΓE and ΓQCM are the surface densities as found from ellipsometry and
QCM, respectively, ρp = 1.33 g/cm3 is the density of bare proteins, and ρw =
1.00 g/cm3 is the density of water. For fibrinogen at saturation we find a low
density ρ1 = 1.07 g/cm3 in good agreement with [136]. The index of refraction
can also be calculated [136];
n1 = n2 +

ρ1 − ρw dn
.
1 − ρw /ρp dc

(5.10)

Inserting the value of the layer mass density ρ1 found above, and using the
standard value of the refractive index increment dn/dc = 0.183 g/cm3 , see
Ref. [44], we find a refractive index about 1.38. This result is not in good
agreement with the choice of refractive index used in de Feijters formula (where
1.5 was used). However, due to the fact that the refractive index contrast
between the buffer and the protein times the thickness is what goes into the
formula, it is not a problem with regards to the surface density. Using the value
of 1.38 for the refractive index in de Feijters formula, we can calculate the film
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thickness. In this case we find 19.5 nm. Using the surface density found from
the Voigt model will lower both the mass density and the refractive index. All
these values are summarized in Table 5.8.
ΓQCM (ng/cm2 )

ΓE (ng/cm2 )

Γw (ng/cm2 )

ρ1 (g/cm3 )

n1

1894
2493

520
520

1374
1973

1.07
1.05

1.38
1.37

Table 5.5: Surface densities after 90 minutes of adsorption obtained by QCM and ellipsometry, as well as density and refractive index of the adsorbed film. The upper values are
calculated using the Sauerbrey equation, while the lower ones are found using the Voigt model.

5.5.5

Viscoelastic properties of the adsorbed layer

One of the features that distinguishes the QCM technique from optical techniques is its ability to extract information about the viscoelastic properties of
the adsorbed layer [140]. Although it is in fact relatively straightforward to find
the values for the viscosity and elasticity using the standard Q-Sense software,
Q-Tools, the number of publications investigating the viscoelastic properties of
polymer layers using QCM is rather limited [139, 141].
Nevertheless, it is interesting to find the values for the elasticity and viscosity
from QCM measurements, e.g. by applying the Voigt model. In principle, it can
be useful to compare the values found from different proteins under otherwise
identical conditions or identical proteins but at different conditions (different
substrate, pH, ionic strength, concentration etc.), since this comparison can
provide some insight into how the molecules are arranged on the surface. In
reality, however, it may be harder to deduce any useful information from these
parameters. The reason for this is basically the lack of appropriate models for
understanding how an adsorbed protein layer should respond.
For fibrinogen we obtained the curves for the viscosity and elasticity as a
function of time as shown in Fig. 5.11. It is important to remember that the
Voigt model assumes the protein layer to be a uniform and homogeneous layer.
This assumption implies that for early times in the adsorption process, the
values of viscosity and elasticity found using the Voigt model may be dubious
since the surface has a very low coverage. From the curves in Fig. 5.11 we
observe that the values for long times are in good agreement with those found
by Höök et al. [139]. Another interesting quantity to find is the relaxation time,
τrel , of the layer. Figure 5.12 illustrates the relaxation time as a function of
surface density. It is observed that the relaxation time increases slightly, from
about 10 ns to 12 ns.
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Figure 5.11: The viscosity (left graph) and elasticity (right graph) as a function of time of
a layer of fibrinogen.

5.5.6

Comparison to the RSA model

In addition to the important information about the adsorption process obtained
from combining two complementary experimental techniques, further insight can
be gained by plotting dΓ/dt versus Γ. From the plots of dΓ/dt versus Γ, shown
in Fig. 5.13, deviations from a straight line are clearly seen8 . This fact is observed for data obtained using QCM as well as ellipsometry. From these plots
we conclude that the adsorption is not well-described by the Langmuir model.
Based on the fact that fibrinogen has an ellipsoidal shape, we expect the assumption of a spherical shape (a necessary condition for Eq. (5.6) to apply) to
be violated. By plotting Γj − Γ as a function of time, and comparing it to Eq.
ˆ In Fig. 5.14 this finding is illustrated for the
(5.8), we can find the value of d.
QCM data as well as the ellipsometry data. Because of the elongated shape
of fibrinogen, a value of dˆ of 3 is expected. From the graphs we observe that
the value of dˆ as found from QCM is 2.8, while it is 2.3 from ellipsometry. As
expected, a spherical approximation is not perfect. One possibility is to resort to extensions of the RSA model, where ellipsoidal shapes can be accounted
for [117, 118]. However, looking at the value of the surface density at saturation as measured by ellipsometry, 520 ng/cm2 , we observe that this number is
comparable with the value of a RSA layer when the molecules adopt an end-on
conformation (which gives about 550 ng/cm2 ). This observation indicates that
the main part of the molecules have an end-on conformation. The footprint of
fibrinogen adsorbed this way has a less pronounced ellipsoidal shape compared
to the elongated dimension of the molecule, making Eq. (5.6) a better approximation (and note that dˆ does not specify the aspect ratio, thus the values found
for dˆ are compatible with end-on adsorption as well). We thus tentatively try
to fit the graphs of dΓ/dt versus Γ with Eq. (5.6). This procedure is in line
with that used in Ref. [123], where the adsorption of another elongated protein,
8 Note that in all these considerations we use the QCM surface densities found using the
Voigt model.

72

Chapter 5. Protein adsorption on metal surfaces

-8

1,2x10

-8

1,0x10

-9

-9

6,0x10

rel

(s)

8,0x10

-9

4,0x10

-9

2,0x10

0,0
0

500

1000

1500
ng/cm

2000

2500

2

Figure 5.12: The relaxation time as a function of surface density of fibrinogen.

fibronectin, was investigated. Fitting the data points to Eq. (5.6) enables us
to find the average footprint as well as the adsorption rate. Furthermore, it is
very interesting to compare the data obtained with the two different techniques;
from the curves of surface density versus time it is readily apparent that more
mass is detected using QCM, however, from these curves it is often difficult to
immediately see whether there is any difference in the measured kinetics. In
Technique

Footprint (nm2 )

ka (cm/s)

dˆ

Ellipsometry
QCM

64
13

12·10−6
500·10−6

2.3
2.8

Table 5.6: The footprint and adsorption rate constant as found from interpreting the QCM
and ellipsometry data using the RSA model. Interestingly, the footprint found from the
QCM data is approximately 4.8 times smaller than the footprint found from ellipsometry.
At saturation the QCM signal was found to be 4.8 times larger than the ellipsometry signal,
thus the difference can probably be ascribed to the additional water measured by the QCM
technique.

the case of ellipsometry an average footprint of 64 nm2 was found, whereas the
fit to QCM data yields a much lower footprint of 13 nm2 . Interestingly, the
footprint found from QCM is nearly a factor 4.8 smaller than that found from
ellipsometry. Recalling that the ratio between the surface densities as found
by QCM and ellipsometry is about 4.8, it is tempting to assume that the m/a
ratio is simply modified by the amount of coupled water. Finally, we note that
a footprint about 60 nm2 is in good agreement with the smallest cross-section
of fibrinogen. Calculating the surface density of an adsorbed layer of fibrinogen,
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Figure 5.13: Adsorption kinetics for fibrinogen adsorbing on tantalum oxide measured by
ellipsometry (left graph) and QCM (right graph). Fitting has been done using Eq. (5.6).
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Figure 5.14: Temporal approach to the jamming limit for fibrinogen on tantalum oxide. The
graph to the left shows the result obtained from QCM, while the one to the right is found from
ˆ
ellipsometry. Also shown are the function t−1/d . The prediction from the RSA model would
give approximately dˆ = 3, because of the elongated form of fibrinogen. Here dˆ ' 2.8 in the
case of the QCM measurements, and dˆ ' 2.3 in the case of the ellipsometry measurements.

where the molecules are in an end-on conformation and assuming a surface coverage of 54.7 %, results in 482 ng/cm2 (for a footprint of 64 nm2 ) in reasonable
agreement with our measured value 520 ng/cm2 .

5.5.7

Discussion and conclusion

In summary we have investigated the adsorption of fibrinogen on tantalum oxide surfaces. We have measured the adsorption using two techniques; QCM and
ellipsometry. The surface density as a function of time was found in both cases,
and we observe a good agreement between the surface densities found from our
measurements and other studies of fibrinogen adsorption. Furthermore, we observe that QCM measures much more mass than ellipsometry, this additional
mass is ascribed to coupled water. About 75 to 80 % of the surface density
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as measured by QCM can be attributed to water. The mass density of the
adsorbed layer was found to be very low, about 1.05 to 1.07 g/cm3 , and the
refractive index is about 1.38. The elasticities and viscosities are also found.
All these values are in good agreement with other studies. Furthermore, comparing the experimental data to the RSA model proves very interesting. We fit
the dΓ/dt versus Γ graphs with Eq. (5.6), and find a footprint of 64 nm2 from
ellipsometry and 13 nm2 from QCM. We note that by multiplying the footprint
from QCM by the ratio of the QCM surface density to the ellipsometry surface density, we find a footprint nearly equal to that found from ellipsometry.
This footprint furthermore corresponds rather well to that of end-on adsorbed
fibrinogen. Calculating the surface density using this footprint and assuming a
surface coverage of 54.7 %, results in a reasonable agreement with the measured
value. Interpreting the data within the RSA model therefore leads us to conclude that the fibrinogen layer is primarily adsorbed in an end-on conformation,
and that the coverage is 54.7 %. From an intuitively point of view this kind
of layer may seem rather unlikely. It would seem more reasonable to assume
that the molecules would prefer a side-on adsorption, due to the possibility of
several binding sites. It is, however, important to note that the investigations in
Ref. [130] indicated that above a surface density of roughly 300 ng/cm2 , a transition in the layer takes place, leading to a larger fraction of end-on adsorbed
molecules. This fact supports our conclusions using the RSA model. Also, the
thickness found by combining ellipsometry and QCM measurements gives 19.5
nm, which corresponds well to an RSA layer of end-on adsorbed fibrinogen (the
molecule is about 45 nm in length and the surface coverage is 54.7 %). If the
fibrinogen adsorption is side-on, multilayer formation is necessary to account for
the measured value of the surface density. Experimentally, we cannot exclude
this case, however, one would expect that multilayer formation to proceed (and
not saturate), since there are plenty of proteins in the solution to further build
up layers. In the ellipsometry and QCM measurements this should show up as
a slope of the adsorption curve. In case of QCM a such slight slope is in fact
observed, but this is not seen in case of ellipsometry, altogether we do not expect
multilayer formation. Altogether, these observations leads us to conclude that
the fibrinogen molecules on the surface adopt an end-on conformation and that
the surface coverage is 54.7 %.

5.6
5.6.1

BSA adsorption studied on tantalum oxide
Introduction

BSA is often used as a model protein in adsorption studies due to its simple
form. It should not be forgotten though, that serum albumins are complex proteins, and exhibit many interesting features [142]. We will use BSA partly as a
model protein (as a nearly spherical protein to complement the rod-like fibrinogen), and partly because BSA is one of the most abundant proteins in the blood
plasma, thus like fibrinogen, the adsorption of BSA is highly relevant in context
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Figure 5.15: The shift in frequency and dissipation for BSA adsorption on tantalum films
with a surface roughness about 2 nm. Note how the frequency shift scaled by their respective
overtone number coincide, and how the energy dissipation is low. Both indications of the
applicability of the Sauerbrey equation. Note that the dissipation for the fundamental tone is
not shown.

of biomaterials. In the literature other QCM studies using serum albumin exist,
e.g. Refs [135, 136], these studies, however, use Human Serum Albumin (HSA),
and typically lower concentrations as well as other substrates. Not surprisingly,
we find a higher surface density than these studies. The kinetics of both BSA
and HSA were studied thoroughly by Kurrat et al. [143] using optical waveguide lightmode spectroscopy (OWLS). Proteins were dissolved in either a Hepes
buffer or a PBS buffer at pH 7.4. This work is particularly interesting, since it
compares the adsorption of two proteins with nearly identical shapes, but with
slightly different molecular structures. Also interesting is the findings on buffer
effects. It is shown that by changing buffer from Hepes to PBS results in a
large decrease in the adsorbed amount. The results are furthermore compared
to a version of the RSA model where desorption is included, and the average
footprint and adsorption rate are found.
Just as in the case of fibrinogen, it is useful to study the adsorption of BSA
on flat substrates before turning to the rough substrates. This section describes
the QCM and ellipsometry experiments concerning BSA adsorption on tantalum
oxide. Basically, the objectives are identical to those in the previous section.

5.6.2

QCM results

The shift in frequency and dissipation factor for BSA adsorbing on a tantalum
oxide film with rms roughness about 2 nm is shown in Fig. 5.15. From this figure
we conclude that the Sauerbrey equation is applicable; the scaled overtones
coincide and the dissipation is low. Table 5.7 summarizes the values of the
surface densities for BSA adsorption after 90 minutes of adsorption as found
from the Sauerbrey equation. The very small difference of one Hz is within
the precision of the QCM apparatus. The surface density as a function of time
is shown in the left graph in Fig. 5.16. If the surface density is found using
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N

∆fN /N (Hz)

3
5
7

Γ (ng/cm2 )

-29.2
-28.6
-28.0

517
506
496

Table 5.7: Frequency shifts and surface densities pertaining to the three lowest overtones
after 90 minutes of adsorption. The surface density is calculated using the Sauerbrey equation;
ΓQCM = −17.7 ng/cm2 Hz−1 ∆f .
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Figure 5.16: Surface densities for BSA adsorbed on tantalum oxide measured by QCM (left
graph) and ellipsometry (right graph). The reason for the much more noisy signal in the case
of the ellipsometry measurement is unclear.

the Voigt model, as described in the case of fibrinogen, we find 540 ng/cm2 ,
which is again an overestimate compared to the Sauerbrey equation. In this
case, where the Sauerbrey equation is clearly applicable, it is interesting to
observe that the results from the Voigt model is still higher than those from
the Sauerbrey equation, although the difference here is much smaller than in
the case of fibrinogen. We will in the following only use the results from the
Sauerbrey equation.

5.6.3

Ellipsometry results

To complement the QCM measurements, ellipsometry experiments were carried
out. The experimental procedure was identical to that described for fibrinogen
and ferritin. At saturation a surface density about 232 ng/cm2 was found. The
right graph in Fig. 5.16 illustrates this.

5.6.4

Combining QCM and ellipsometry - water content
in the adsorbed layer

Combining the results from QCM and ellipsometry yield information about the
mass density and refractive index just as for fibrinogen. If we again ascribe
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the additional mass measured by QCM to coupled water, we find about Γw =
264 ng/cm3 of water in the BSA layer. This is 53 % of the surface density as
measured by QCM, and is significantly less than the value found for fibrinogen.
The ratio between the surface densities found by QCM and ellispsometry is
about 2.1. In the case of BSA we find a mass density of the adsorbed layer ρ1
= 1.13 g/cm3 . This value is larger than the corresponding one for fibrinogen,
and is in good accordance with other results, e.g. Ref. [136], and is also an
indication that smaller proteins tend to form denser layers. A higher value of
the mass density of the layer will imply a larger value of the refractive index;
for the BSA layer a value of 1.43 is found.
ΓQCM (ng/cm2 )

ΓE (ng/cm2 )

Γw (ng/cm2 )

ρ1 (g/cm3 )

n1

496

232

264

1.13

1.43

Table 5.8: Surface densities after 90 minutes of adsorption obtained by QCM and ellipsometry, well as density and refractive index for the adsorbed film. The surface density in the
case of the QCM measurements are calculated using the seventh overtone and the Sauerbrey
equation.

5.6.5

Comparison to the RSA model

Also in the case of BSA, it is interesting to compare the experimental results
with the RSA model. Unfortunately, only the data from QCM proved to be of
sufficient quality in the transient regime to permit a calculation of the numerical
derivative. Thus the comparison between the RSA kinetics obtained from QCM
with that found from ellipsometry is not possible. From the plot of dΓ/dt
versus Γ, see Fig. 5.17, we clearly observe a non-linear behavior, meaning
that geometrical blocking effects play a role. The approach to the jamming
limit reveals that BSA can be described as a sphere to a good approximation,
as seen in Fig. 5.17, where the function t−1/2 is also plotted. A fit to Eq.
(5.6) gives a footprint of 14.6 nm2 . This result is considerably lower than the
theoretical value of the area of the protein in liquid, 28.3 nm2 . We recall that
for fibrinogen, the footprint found from the RSA model in the case of QCM
measurements was also very much smaller even than the smallest dimension
of fibrinogen, and that multiplying by the ratio of the QCM surface density
to the ellipsometry surface density would bring the result in better agreement
with theory. In this case we obtain 30.7 nm2 (multiplying by 2.1), which is in
agreement with the area of the protein in liquid. It should be noted that this
result is in also good agreement with what was found in Ref. [143] for BSA
in a Hepes buffer. Using this footprint we calculate the surface density to be
192 ng/cm2 , which is in reasonable accordance with the value found from the
ellipsometry measurements.

78

Chapter 5. Protein adsorption on metal surfaces

8

4

(t))

4

ln(

j

-

2

d

/dt (ng/cm

2

-1

s )

6

2
0

0
0

100

200

300

2

(ng/cm )

400

500

0

2

4
ln(t)

Figure 5.17: The two most important pieces of information from the RSA model: To the
left dΓ/dt versus Γ is plotted. It is clear that the adsorption does not follow a Langmuir
form. From a fit to Eq. (5.6) an average footprint of 14.6 nm2 is found, which is rather low
compared to the value in liquid environment. To the right the approach to the jamming limit
is shown. To guide the eye, a line with slope 1/2 is also shown. From this we can conclude
that the constant dˆ is close to 2, which means that BSA are well-described as a sphere.

5.6.6

Conclusion

In conclusion we have studied the adsorption of BSA on tantalum oxide, using
QCM and ellipsometry. The surface densities were found from both techniques,
and as expected, QCM measures a higher surface density due to coupled water.
The amount of coupled water constitutes about 50 % of the QCM signal, and
calculating the mass density of the layer gives 1.13 g/cm3 . The fact that a
higher mass density is found for BSA compared to that for fibrinogen is in good
agreement with previous findings in the literature. The refractive index of the
layer can also be calculated and is also higher than in the case of fibrinogen.
Finally, a comparison to the RSA model reveals that BSA is well-described as an
adsorbing sphere, and that the footprint found from the QCM measurements is
again lowered roughly by the QCM to ellipsometry surface density ratio. Using
this value to calculate the surface density results in a reasonable agreement with
experiments.

Chapter 6

Protein adsorption on rough
surfaces
Although surface roughness has a significant influence on an adsorption process,
rather few studies exist which takes it into account. The effects of roughness are
several, from the simple increase in surface area to more complex effects related
to changes in the interaction between the protein and the surface. This chapter
describes the work done on protein adsorption on rough tantalum surfaces.
The chapter starts with a brief overview of some of the literature concerning
adsorption on rough surfaces, with special emphasis on the differences between
a simple polymer and a protein. Then the results from the QCM measurements
are presented and discussed. Several mechanisms are proposed to explain the
changes in adsorption with roughness.
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Introduction to roughness and adsorption
General remarks

To deliberately include surface roughness in a study of protein adsorption may
seem like an unnecessary additional complication to an already complex problem. But in fact, there are good reasons to do so. From an applied perspective
the question of how roughness modifies protein adsorption is very interesting,
simply because surfaces intended for applications where protein adsorption plays
a role are often rough. Also, surface roughness might even be advantageous for
the biocompatibility of a medical implant. From a fundamental science perspective, the investigations of the influence of roughness on adsorption are also very
interesting.
To understand and exploit the effect of roughness on adsorption, experimental investigations as well as theoretical modeling of the process are necessary.
Roughness introduces a degree of disorder in the system, making both experimental and theoretical progress difficult. From an experimental point of view,
roughness prohibits the use of most electromagnetic techniques, e.g. ellipsometry, due to the enhanced diffuse scattering of light from the surface. Thus,
roughness puts a relatively severe restriction on which experimental technique
can be chosen if the kinetics of the adsorption process are to be followed in time.
Given the well-established theoretical framework for treating rough surfaces, the
difficulties encountered from a theoretical perspective are mostly due to the large
calculational complexity of realistic models of proteins. Topographical modifica-

Figure 6.1: Adsorption on a rough surface. Note how in some cases additional surface area
is accessible, while in other cases it is not.

tions of a surface, including random roughness, gratings or isolated bumps, will
alter the adsorption process, compared to a flat surface. The effect will be dependent on the interplay between the length scales characterizing the roughness
and the adsorbing molecule. Basically, two factors are important to consider
when the roughness is increased to a significant value. The first is an increase in
surface area, which will presumably imply a larger adsorbed amount. However,
while this may be the case for molecules with a relatively small size compared
to the characteristic scales of the roughness, it is not necessarily so for large
molecules, see Fig. 6.1. In the latter case the conformational entropy plays a

6.1. Introduction to roughness and adsorption

81

significant role, and the adsorption is not solely controlled by energetic effects.
Second, changing roughness may change the interaction potentials between the
surface and the adsorbing molecules. For example, the van der Waals interaction is very dependent on the geometry of the interacting entities. While the
van der Waals component of the molecule-surface interaction in the case of adsorption on a flat substrate can be described as a sphere interacting with an
infinitely large plane to a good approximation, the case of a rough film may be
more appropriately described by the interaction of two spheres. In the latter
case the van der Waals interaction will be a factor of two higher than in the
first case. Furthermore, the electrostatic force and the hydrophobic interaction
will also depend on surface roughness. In principle, roughness can also change
the chemical homogeneity of the surface. However, we will not be concerned
with chemical heterogeneity, although this subject is certainly important too,
see e.g. Ref. [144]. Below, some of the literature concerning topographical modifications and roughness will be reviewed. Special emphasis will be on polymer
and protein adsorption.

6.1.2

Adsorption of small molecules on a rough surface

The adsorption of simple molecules, such as N2 , on a rough surface has been
studied by Krim and co-workers [145–147]. In these articles the substrate is
assumed to have a fractal character, and the adsorption will then be dependent
on the fractal dimension. In Ref. [145] multilayer formation were studied, and in
Ref. [146] the fractal dimension of the surface was determined by studying the
adsorption isotherm. Basically, by measuring the amount of adsorbed molecules,
the fractal dimension of the surface can be found by employing a box counting
argument [15]. The relevance of thermal fluctuations on adsorption isotherms,
the latter with or without roughness effects incorporated, was investigated in
Ref. [147], and liquid films on rough substrates were studied in [102]. While
these studies certainly are relevant to achieve a general understanding of the
influence of roughness on adsorption, they are not very important in the context
of macromolecular adsorption. Mainly, this fact is due to the complex structure
of a macromolecule, thus entropic as well as energetic effects plays a role in
determining the resulting binding of the molecule.

6.1.3

Adsorption of polymers on a rough surface

The adsorption of a polymer on a topographically modified substrate is a much
more complicated situation than adsorption of a small molecule. First of all, the
additional surface area is not necessarily accessible to the polymers. An illustrative example is to consider the extreme situation where the surface has many
deep and narrow holes. If these holes are narrow compared to the dimensions
of the polymer (e.g. its radius of gyration [105]), the additional surface area
may not be accessed by the polymer. This example highlights the importance
of comparing the dimensions of the polymer with the characteristic length scales
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of the roughness, e.g. the rms roughness or the correlation length. Second, it
is usually favorable for the polymer to bind several places on the surface. On
a rough surface the polymer is able to bind several places to the surface with
a smaller loss in conformational entropy, meaning that binding is more favorable than on a flat surface (again, providing the length scales are appropriate).
Third, there may be more complicated effects related to the changes in the
interaction potentials (van der Waals, electrostatic and hydrophobic), between
the polymer and the surface.

Figure 6.2: Adsorption on a rough surface. Note how the roughness facilitates end-on
binding of an elongated molecule, because of the possibility of several binding sites in this
conformation.

Several theoretical papers dealing with polymer adsorption on topographically modified surfaces have been published [148–152]. Basically, the starting
point of these studies is the established statistical mechanical description of a
polymer [105]. The articles reach the general conclusion that roughness certainly affects adsorption, and that an enhancement of adsorption compared to
a flat surface is to be expected in many cases. Hone et al. [148] studied the
adsorption of a polymer in the limit of a long chain (compared to the length
scales of the surface roughness). Special attention was paid to the interplay
between the various important length scales; layer thickness, rms roughness and
correlation length in the case of a grating structure. In [149] it was found that
roughness can in fact induce adsorption on a surface even when its flat equivalent
(’equivalent’ in the sense of surface chemistry) shows no adsorption. In this case
roughness obviously enhances adsorption. In Ref. [150] the effect of temperature
was investigated, and it was found that several regimes exist. For sufficiently
low temperatures the polymer will be bound in a single valley, whereas it will
reach a different regime at higher temperatures, where it is shared by a number
of valleys. These two regimes are called localized and diffusive, respectively. For
even higher temperatures a unbinding transition will occur. In Ref. [151], Vilgis
and Heinrich presented several routes to calculate the change in adsorption due
to roughness. Their main conclusion was that roughness enhances adsorption
because the polymer can bind several places on a rough surface without loosing
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too much conformational entropy, see Fig. 6.2. A detailed account for the influence of roughness in the case of weak adsorption of a long chain was given in
Ref. [152].
Not many experimental investigations of polymer adsorption on topographically modified substrates are present in literature [153, 154]. In Ref. [153] the
grafting of end-functionalized polystyrene on textured surfaces was studied. The
surfaces were created by spin-coating colloidal silica beads of various sizes on
an aluminum substrate and then subsequently coating the beads by an approximately 4 nm thick layer of aluminum in order to immobilize them. The total
amount of adsorbed polymer was found by XPS and Secondary Ion Mass Spectroscopy (SIMS), the former used for the smooth films while the latter was used
for the rough films. This way, only the adsorbed amount at saturation was
found, i.e. no information about the kinetics was obtained. The topography
of the surface was quantified in terms of the bead radius. Radii from 4 to 600
nm were used. Note that the resulting surface topography is regular. Polymers
having molecular weights of 5.7 kDa, 12.5 kDa, and 285 kDa were used. It
turns out that the adsorption depends critically on the ratio between the bead
size and the polymer size. For ratios less than one, adsorption is suppressed
compared to a flat surface. Basically, this phenomena is due to excluded area
because of steric hindrance; the polymers can adsorb on top of the beads, but
the valleys are inaccessible. Increasing the bead size so the bead size to polymer size ratio is about 10 will enhance adsorption. Two effects are important.
First, surface curvature will promote adsorption since less conformational entropy is lost when the polymer adsorbs on a convex surface, see Fig 6.3. The

Figure 6.3: Adsorption on a surface consisting of beads of a certain radius. This situation
was investigated in Ref. [153].

reason for this is the extra space available to the polymer when moving away
from the surface, in other words, the restriction on which conformations can be
accessed is less severe than on a flat surface, given a certain grafting density.
Second, this enhancement is to some extent counteracted by the fact that some
of the surface area is still inaccessible due to steric hindrance. In case of long
molecules the steric hindrance can be quite pronounced. For values of the bead
size to polymer size ratio over about 100, adsorption is no longer enhanced, as
the polymer sees the surface as locally flat. In Ref. [154] the effect of random
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roughness on the adsorption of polyethyleneoxide was investigated using SPR.
Two sets of gold substrates with different values of the rms surface were prepared. Values of the rms roughness were 2.7 nm and 8.2 nm for the flat and
rough substrates, respectively. Both the flat and the rough surfaces were subsequently covered by a thiol layer to ensure a homogeneous surface chemistry.
Since the adsorption was studied using SPR, the saturation coverage as well as
the full kinetics of the process was obtained. Four different concentrations were
used, 0.1 ppm, 1 ppm, 10 ppm, and 50 ppm. In all cases the rough substrate
exhibits a larger surface density than the flat one. The largest difference in
the surface density between the flat and the rough films was observed for the
low and the high concentrations, where in both cases it was nearly a factor of
two. The authors attribute the difference in adsorbed amount to the fact that a
higher value of surface roughness enables polymers to adsorb with a smaller loss
in conformational entropy, as discussed in Ref. [151]. It is important to note
that the above-mentioned studies consider simple polymers, that is, polymers
where the monomers are relatively simple, e.g. -CH2 units.

6.1.4

Adsorption of proteins on a rough surface

Turning to proteins will change matters somewhat. Whereas a simple polymer
in solution behaves like a random coil, a protein has a definite size and shape,
more like a colloidal particle. It is thus important to stress that the results from
the studies of simple polymers do not necessarily apply to proteins.
Several experimental investigations of protein adsorption on rough substrates
exist [91, 155–157]. All these studies use AFM or XPS, and in this manner important conclusions about the orientation of the proteins on the surface as well
as the total adsorbed amount can be obtained. However, no information about
the kinetics can be found. In Refs [155, 156] protein adsorption was studied
using AFM. Specifically, the adsorption of actin filaments on nanostructured
titanium was studied [155]. The conclusion was that the height of the nanostructures should be between 1-2 nm in order to enhance protein adsorption
compared to a flat surface. For higher values, about 4 nm, adsorption decreases
again. Furthermore, the orientation of the proteins changes from random on
flat surfaces to ordered (parallel to the nanostructure) when the height is 1-2
nm, and then back to random for larger heights. In Ref. [156] basically the
same conclusions were reached. Interestingly, no physical explanations for these
observed trends were given. Adsorption of globulin on germanium surfaces with
a very well controlled roughness was studied by Müller et al. [91]. While germanium may not be a relevant surface from a biological point of view, the study
is still very interesting because the authors have an extraordinary good control
over the surface roughness. This control is obtained by growing germanium
nanopyramids on a silicon substrate. The rms roughness range from 3.7 nm
to 13 nm, and the corresponding surface area increased of about 7 %. The
adsorbed amount of proteins was quantified by fluorescence spectroscopy, and
was found to increase as well, between a factor two to three. The authors as-
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cribe this observation to the existence of preferred nucleation sites located at
the nanopyramids. In [157] the adsorption of fibrinogen on titanium surfaces
with various degree of roughness was studied. Most values of the rms roughness
were very large, in the order of 100 nm to 1000 nm. The authors did not observe any correlation between the surface roughness and the protein adsorption.
Theoretically, the preference for a protein to adsorb on particular places on a
patterned surface was studied in [158].
It is interesting to note that, in contrast to the studies concerning polymer
adsorption, none of the experimental studies of protein adsorption provide any
physical or chemical explanation for the increase or decrease in adsorption as
surface roughness is changed. Furthermore, since all studies employ techniques
such as XPS or AFM, the adsorbed amount of proteins is found only after
saturation, meaning that no information about the kinetics is obtained.

6.2

Experimental procedure

The substrates used in the adsorption experiments were the rough films grown
as described in Chapter 3. This way a substrate roughness ranging from 2 nm to
33 nm was available. Only QCM could be used in the protein adsorption experiments involving films with a surface roughness exceeding about 2 nm, because
the roughness made the diffuse light scattering too pronounced for ellipsometry
to be employed. Otherwise, the experimental procedure was identical to the
one described in the previous protein adsorption experiments, thus we refer to
Section 5.3.3 for further details.

6.3

Results

Figure 6.4 shows the result of a QCM experiment in which fibrinogen adsorbs on
a rough (wsat = 33 nm) substrate. The frequency shifts of the various overtones
do not coincide when scaled by their overtone number, and furthermore, the
shift in the dissipation factor is rather large. From these observations it is
apparent that the Sauerbrey equation is not applicable. To obtain values of the
surface density, the Voigt model must be used to find the average thickness of
the protein layer, by employing the same fitting procedure as in Section 5.5.
However, just as in the study of fibrinogen adsorption on flat surfaces, it proves
useful to calculate the surface density using the Sauerbrey equation. Comparing
the frequency shift obtained when adsorption proceeds on a nearly flat film (wsat
= 2 nm, see Fig. 5.7) to what is found for a rough film (wsat = 33 nm, see Fig.
6.4), we observe that the absolute value is larger in the latter case. While the
shift of the seventh overtone (normalized by seven) after one hour of adsorption
for a flat film was -103 Hz, the value of the shift for the rough film was about
-180 Hz. Another observation is the increase in the difference between the shift
of the third and seventh overtone (both normalized). There is a nearly 20 Hz
difference between the normalized seventh overtone and the normalized third
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Figure 6.4: The measured shift in frequency and dissipation factor of fibrinogen adsorption
on tantalum oxide films with a surface roughness about 33 nm. Note that the frequency shift
scaled by their respective overtone number do not coincide, and that the energy dissipation is
rather large. Both observations indicate the inapplicability of the Sauerbrey equation.

w (nm)
2.0
2.9
6.2
33

∆f7 /7 (Hz)
-107
-117
-154
-193

∆D7 (10−6 )
9.3
11.1
13.0
13.7

Γ (ng/cm2 )
1894
2071
2726
3416

Table 6.1: Shift in frequency and dissipation factor of the seventh overtone, as well as surface
densities, after 90 min of adsorption of fibrinogen. The surface densities are calculated using
the Sauerbrey equation; ΓQCM = −17.7 ng/cm2 Hz−1 ∆f .

overtone for a film with 2 nm roughness, and this difference increases to about
30 Hz for a film with 33 nm roughness. Note that the relative increase is nearly
the same (roughly 20 % of the shift of the seventh overtone). This fact indicates
that the Sauerbrey equation becomes a worse approximation as the roughness
increases. Equivalently, this is seen from the increase in dissipation. Physically,
these observations mean that more mass is coupled to the rough films, and that
more energy is dissipated. At this point we cannot decide whether the additional
frequency shift is due to a larger amount of adsorbed proteins, or it is simply due
to additional coupled water. We will return to a discussion of this problem in a
later section. What we can conclude is that a larger hydrated mass is present
on the rough surfaces. Table 6.1 sums up the frequency shift and the shift in
dissipation for the seventh overtone for the different values of roughness.
The surface densities after 90 minutes of adsorption found using the Voigt
model are listed in Table 6.2. A large degree of scattering in the values of the
surface densities are observed; depending on which overtones are used, different
values of the surface density are found.
However, some consistency seems to be present. If the third and fifth overtones are used, the result is a higher surface density than in the case where
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the fifth and seventh overtones are used. The third and seventh overtones and
the third, fifth and seventh overtones give nearly identical results, with values
between the two extremes.
wsat

f3 , f5 , f7

f3 , f5

f5 , f7

f3 , f7

Average

2 nm
2.9 nm
6.2 nm
33 nm

2461
3496
4129
4738

2852
3646
4497
5106

2208
3381
3829
4221

2450
3381
4129
4738

2496
3473
4152
4704

Table 6.2: Surface densities (in ng/cm2 ) of fibrinogen adsorbing on tantalum oxide for films
with different surface roughness after 90 minutes of adsorption. The surface densities are
found using the Voigt model, and it clearly increases with increasing roughness. Note, that
if different overtones are used in the Voigt fit, different surface densities are found. In the
following the average is used.
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Figure 6.5: Fibrinogen surface density as a function of time for adsorption on tantalum oxide
surfaces with different roughnesses. The roughness of the relevant surface is indicated.

The fibrinogen surface density (Γ = hρ) as a function of time for different
roughnesses is shown in Fig. 6.5. The saturation surface densities measured at
different values of the rms roughness are seen to be appreciably different. A
surface with an rms roughness of 33 nm has ' 4700 ng/cm2 of fibrinogen, which
should be compared to ' 2500 ng/cm2 for a surface with a 2 nm rms roughness,
both after 90 min of adsorption. Compared to the values of the surface density
found from the seventh overtone using the Sauerbrey equation, these values
may seem large. The relative increase in surface density when increasing the
roughness is nearly equal in the two cases; 88 % and 80 % in the case where the
Voigt model and the Sauerbrey model is used, respectively.
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For the case of adsorption of BSA, we observe that the frequency shifts
pertaining to different overtones exhibit nearly the same values when normalized
by their tone number. This observation means that the surface densities can be
found using the Sauerbrey equation. Table 6.3 sums up the findings for BSA,
and the BSA surface density as a function of time for different roughnesses is
shown in Fig. 6.6. The saturation surface density of BSA also increases with
increasing roughness, but quantitatively this effect is much weaker than in the
case of fibrinogen, only about 30 %. Again, due to the sensitivity of the QCM
technique to coupled water as well as adsorbed proteins, all we can conclude
at the present stage is that a larger amount of coupled mass is present on the
rough surfaces

w (nm)

∆f7 /7 (Hz)

2.0
2.9
6.2
33

-28.1
-29.2
-31.1
-36.4

∆D7 10−6

Γ (ng/cm2 )

0.8
0.7
0.6
0.6

497.3
517.2
550.6
643.5

Table 6.3: Shift in frequency and dissipation factor of the seventh overtone as well as surface
densities after 90 minutes of adsorption of BSA. The surface density is calculated using the
Sauerbrey equation; ΓQCM = −17.7 ng/cm2 Hz−1 ∆f .
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Figure 6.6: BSA surface density as a function of time for adsorption on tantalum oxide
surfaces with different roughnesses. The roughness of the relevant surface is indicated.
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Discussion
Effect of surface area

The first question that must be answered is whether the increase in the surface
density is simply due to the increase in the surface area. The experiment indicates that when increasing surface roughness from 2 nm (nearly flat surface)
to 33 nm (fairly rough surface), the BSA surface density at saturation increases
by about 30 %, while the fibrinogen surface density increases by about 88 %.
Both these values are larger than the corresponding increase in surface area
(the area increase is about 20 %). However, in the case of BSA the increase in
surface density is very close to the increase in area, making it plausible that the
increase in BSA surface density is mainly due to an increase in area. In the case
of fibrinogen adsorption, clearly other effects must be present.

6.4.2

Water content in the protein layer

A shortcoming of the QCM technique is its inability to distinguish between
proteins adsorbed on the surface and water coupled to the surface and the
proteins. This fact implies that some of the increase in surface density observed
when increasing the film roughness could be ascribed to additional water coupled
either to the adsorbed proteins or to the surface, rather than to a larger amount
of proteins adsorbed on the rough films. In fact, the entire increase in surface
density could be due to additional coupled water. This problem could be solved
by performing measurements with an additional technique, which is sensitive
only to the proteins. However, attempts to measure the protein surface density
using ellipsometry failed due to the high values of the surface roughness. The
best experimental alternative is probably radio-labeling of the proteins, but
since we presently have no such measurements, we discuss the QCM results in
great detail, hoping to be able to exclude certain possibilities with regards to
water content.
In the following we discuss four different scenarios: (i) No additional protein
adsorption takes place on the rough surfaces, meaning that all the extra surface
density must be ascribed to additional water, coupled either to the proteins or
trapped in holes and grooves on the rough surface. (ii) The amount of proteins
increases. The amount of coupled water per protein remains the same as in
the case of a flat film, and no additional trapping of water in holes and grooves
occurs. (iii) A combination of the two above cases occurs; a larger amount of
adsorbed proteins is present on the rough surface compared to the flat, but the
amount of coupled water, either coupled to proteins or trapped in holes and
grooves, will also increase. (iv) The amount of adsorbed proteins decreases on
the rough films compared to the flat ones, and simultaneously, the amount of
coupled water increases.
Scenario (i): In the adsorption experiments involving fibrinogen, an increase
in the dissipation factor is observed when going from a nearly flat film (wsat = 2
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nm) to the most rough (wsat = 33 nm). This finding means that the change
in frequency shifts between the films with different roughness is not only due
to rigidly trapped water. If water alone is responsible for the entire increase in
surface density, some of it must couple to the proteins in such a way that an
extra contribution to the dissipation arises. For BSA, no appreciable change
in the dissipation factor is observed when going from a flat to a rough film,
in fact the shift in dissipation factor seems to decrease slightly with increasing
roughness. In this case the explanation for the increase in absolute value of the
frequency shift could very well be due to rigidly trapped water.
Scenario (ii): The entire increase in surface density is due to additional
protein adsorption. The degree of hydration will be the same regardless of
surface roughness. In principle this scenario is possible, however, it has certain
implications for the structure of the protein layer, a fact more readily seen by
comparing the actual values of the surface densities. In the case of fibrinogen
adsorption on a flat (wsat = 2 nm) surface, the surface density of proteins was
520 ng/cm2 as found by ellipsometry, and the water content was about 80 %
of the surface density as measured by QCM. For comparison, a RSA layer with
the proteins in an end-on conformation gives about 550 ng/cm2 . As noted
in the discussion of fibrinogen adsorption on flat tantalum oxide surfaces, this
particular conformation of the layer, while perfectly in accord with the RSA
model, is less favorable from a energetic point of view. Since we assume that
the entire increase in surface density is due to proteins, the water content of
the layer will remain 80 %. On the surfaces with the largest surface roughness,
this fact would result in a surface density of proteins about 1000 ng/cm2 , a
number very close to a close-packed layer of end-on adsorbed fibrinogen. This
observation leads to the following considerations. First, it is possible for a
monolayer of end-on adsorbed fibrinogen to account for the change in frequency
shift between the flat and the rough films, although the roughness must induce
adsorption in a rather strong manner, since normally one would expect a RSA
layer as the ’natural’ maximum coverage. Secondly, one may speculate that the
formation of a multilayer is more likely. To distinguish between the formation
of a ordered close-packed layer of end-on adsorbed fibrinogen and a multilayer
is difficult. However, regardless of the form of the layer, the increase in surface
roughness is accompanied by an enhancement in adsorbed amount. In the case
of BSA, the surface density is about 232 ng/cm2 on the flat surface, and the
water constitutes about 53 % of the surface density detected by QCM. The
surface density in the case of the most rough surface would then be 302 ng/cm2 .
Comparing these numbers to the theoretical values of a RSA layer (192 ng/cm2 )
and a close-packed layer (320 ng/cm2 ) assuming the footprint that was found
in the case of BSA adsorption on a flat film, we observe that while the BSA
layer on the flat film seems to slightly exceed the value of an RSA layer, the
increase with roughness makes the surface density comparable the value of a
close packed layer.
Scenario (iii): Intuitively, this scenario may seem as the most likely, however,
it is impossible to discuss this it in a quantitative way.
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Scenario (iv): In principle it would be possible for roughness to suppress
protein adsorption, e.g. due to steric hindrance, enhanced denaturation etc.,
meaning that the measured increase in surface density must be due to enhanced
coupling of water. As in the above scenario it is difficult to discuss anything
more specific.

6.4.3

Possible mechanisms for enhanced adsorption

Although we cannot differentiate between additionally adsorbed proteins and
extra coupled water, we nevertheless discuss several mechanisms that could
possibly enhance adsorption. One may argue that considering the lack of definiteness in the QCM measurements, it would be useless to discuss these mechanisms. However, taking into account other observations of polymer and protein
adsorption on rough substrates found in the literature, it seems reasonable to
believe that an increase of the adsorbed amount of proteins actually takes place.
To interpret the experimental findings, we state the following three points:
(i) Intuitively, one could anticipate that the adsorbed amount would increase
with increasing surface roughness simply due to the increase in surface area.
This result is expected provided the scales of the roughness are appropriate
compared to the size of the protein, and if the protein is of a globular shape
and the roughness does not promote denaturation. (ii) If surface roughness
facilitates protein denaturation and if as usual the area occupied by a denatured protein is appreciably larger than that corresponding to a protein in the
native state, the saturation protein uptake may be nearly constant or even decrease with increasing roughness, because the increase in surface area may be
compensated by the increase in the fraction of denatured proteins and/or the
increase in the area occupied by each protein after denaturation. (iii) Strongly
anisotropic proteins may be adsorbed in different orientations. For example,
elongated rod-like proteins may primarily be bound so that the main protein
axis is oriented along or perpendicular to the surface. The former orientation
is usually energetically favorable, because of the possibility for the protein to
form additional bonds to the surface. Accordingly, this orientation is expected
to be preferable at a relatively low coverage [130]. With increasing coverage, adsorption along the surface of newly arrived proteins is, however, suppressed due
to spatial constraints, and, as discussed earlier, on a rough surface, it can even
be advantageous for the proteins to adsorb in an end-on conformation, because
this way several bonds may be possible without any appreciable conformational
change, see Fig. 6.3. Thus, the increase of surface roughness is expected to
result in the increase of the fraction of proteins oriented perpendicular to the
surface. Also, taking into account that to adsorb perpendicular to the surface a
protein needs less area, one can expect that with increasing surface roughness
the protein surface density will increase faster than the surface area. We suggest
that the enhancement of fibrinogen adsorption occurs via the latter case. We
also suggest that the increase in BSA adsorption should mainly be ascribed to
the additional surface area. Thus in what follows we focus on fibrinogen only. In
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the following paragraphs we will investigate whether the above conjecture can
be supported, using the RSA model, the viscoelastic properties, and numerical
simulations.

6.4.4

Kinetics of the adsorption process

In the previous chapter we saw that investigation of the adsorption kinetics
provided very useful information about the structure of the adsorbed layer. The
kinetic is most easily revealed by plotting dΓ/dt versus Γ and Γj −Γ versus time.
In Fig. 6.7 these quantities are plotted for the case of fibrinogen adsorption on
a film with 33 nm rms roughness. Since dˆ ' 3 was found from the graph of the
temporal approach to the jamming limit, we can conclude that the adsorbing
particles are ellipsoidal in shape. The value of dˆ found here is not much higher
than the one found in the case of adsorption on a flat film. Turning to the
dΓ/dt versus Γ graph, we clearly observe a non-linear behavior, meaning that
the Langmuir model is not applicable. From this observation we can conclude
that a dense packing, like the one observed for ferritin adsorption at pH 4 in
Chapter 5, does probably not take place. This observation is in agreement with
those reported in Ref. [7]. If a close-packed layer of end-on adsorbed fibrinogen
would form, the mechanism is probably more an intralayer reorganization rather
than a relaxation process on the surface. Reorganization in a layer of adsorbed
fibrinogen has been reported before [131]. Another possibility is multilayer
formation. This possibility is difficult to exclude, however, it could be argued
that since the adsorbed amount saturates (and, at the same time there are still
plenty of proteins in the liquid), the layer formed is not a multilayer.
Using the RSA model in the form of Eq. (5.6) is tempting, but one should
recall that two of the important prerequisites of this equation may be violated.
First of all, the adsorbing particles are non-spherical, and second the surface
coverage could be larger than 0.547. Nevertheless, a fit to Eq. (5.6) looks
reasonable. The average footprint becomes 8.3 nm, which is nearly a factor of
seven lower than the expected value of the smallest cross section of a fibrinogen
molecule. From these considerations, it is difficult to achieve a consistent picture
of the situation. First of all, a priori the RSA model may not be applicable,
because already in the case of a flat surface the jamming limit is reached1 .
The very small value of the footprint found from the fit to Eq. (5.6) also
points to the inapplicability of the RSA model. Secondly, the plot of dΓ/dt
versus Γ is independent of any model, and can thus be used to interpreting
the adsorption process in an unbiased manner. We observe that the Langmuir
model does not provide a good description, and this observation implies that
geometrical blocking effects must play a role. Basically this observation leads
to two scenarios; either there is a close-packing of end-on adsorbed molecules
through an intralayer reorganization or there is formation of multilayers. In
both cases the jamming limit coverage must be exceeded.
1 Of course a possible explanation is that the size of the smallest footprint of fibrinogen
decreases, but this seems unlikely given the usual relaxation mechanism of an adsorbed protein.
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Figure 6.7: The temporal approach to the jamming limit (left graph) and the adsorption
rate as a function of coverage (right graph) in the case of fibrinogen adsorption on a tantalum
oxide surface with 33 mn roughness.

It is more useful to discuss the situation within the context of the previously
outlined scenarios (i)-(iv) in Sec. 6.4.2. In scenario (i), the entire measured
increase in surface density was ascribed to additionally coupled water. The
surface density of proteins remains at a value of 520 ng/cm2 , hence the RSA
results can in principle be used. If we calculate the water content from the
surface densities, we find a QCM to ellipsometry ratio of about 9. Comparing
the footprint found in this case (8.3 nm2 ) with that found from ellipsometry
(64 nm2 ), we suggest a ratio of the surface densities measured by QCM and
ellipsometry about 8. This is in reasonable agreement with the number found by
comparing the saturated surface densities. Altogether, we conclude that scenario
(i) allows the use of the RSA model, and furthermore, the results obtained
from this model is consistent with the experimental findings. Scenario (ii) and
(iii) violates the assumption of the RSA model, since the amount of adsorbed
proteins is assumed to exceed that of scenario (i), the amount of proteins in
the latter case being close to the jamming limit. Scenario (iv) assumes a lower
protein surface density than 520 ng/cm2 , and thus it in principle allows the use
of the RSA model. Here, a larger footprint of the protein would be expected
giving rise to a lower surface density.

6.4.5

Viscoelastic properties of the layer

The viscoelastic properties may in principle provide important information about
the adsorbed layer. We therefore include a brief discussion of these properties. In
Fig. 6.8 the viscosities and elasticities of the fibrinogen layer are plotted against
surface density. Several things should be noted from these graphs. First, in the
limit of large surface densities the viscosities and elasticities deviate slightly between the various films, and they are in good agreement with values previously
reported [139]. Second, the behavior of the viscosity and elasticity pertaining
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to the least rough film, seem to differ compared to the other films. We have no
explanation for this at present. The relaxation time of the fibrinogen layer is
shown in Fig. 6.9. Basically, the difference in behavior of the least rough and
the other three films are seen again.
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Figure 6.8: The viscosities and elasticities of the fibrinogen layer as a function of surface
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Figure 6.9: The relaxation times of the fibrinogen layer as a function of surface coverage for
different values of roughness.

6.4.6

Comparison to numerical simulations

As an alternative route towards an understanding of how roughness influences
the adsorption of proteins, we have compared our data to numerical simulations
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performed by our collaborator V. P. Zhdanov. In these simulations a solid-onsolid model in 2+1 dimensions (see Chapter 3) was used. The idea was to create
a rough surface using this model, and subsequently study the adsorption on this
subject using a slightly modified version of this deposition algorithm. Fibrinogen was represented as a rod containing five monomers (this approximation is
reasonable, because its dimensions are 46nm×9nm×6nm). For adsorption, one
of the sites on the surface was chosen at random. If the site was vacant, a pentamer was adsorbed so that one of its end monomers contacted this site. The
orientation of a pentamer was selected at random among the orientations with
the lowest energy. Surface diffusion as well as reorientations of the tetramers
after adsorption were neglected. These simulations revealed that roughness indeed enhances the amount of proteins orientated in an end-on conformation,
as well as as the total amount of adsorbed proteins, thus they support in fact
scenario (ii). BSA was represented as a monomer, otherwise the adsorption
algorithm was similar. In this case the increase in saturation uptake was less
dramatic, similar to the experiments and could be explained by the increase in
surface area.

6.5

Summary and conclusion

In this chapter we have studied the influence of surface roughness on protein
adsorption using the QCM technique. When increasing the roughness a clear
enhancement of the surface density is observed. This observation applies to a
rather small, nearly spherical protein, BSA, and for a large, rod-like protein,
fibrinogen, although the effect is much more pronounced for fibrinogen. The
increase in BSA adsorption is about 30 %, while for fibrinogen it was about
88 %. The corresponding increase in surface area was about 20 %. We thus
mainly ascribe the enhancement of the adsorbed amount in the case of BSA
to the increase in surface area. In case of fibrinogen, other explanations must
be found. We believe the main mechanism responsible for the enhancement is
reorientation of the molecules in the layer so more proteins are adsorbed in an
end-on conformation. Physically, this may be favorable due to the possibility
of several binding sites without any appreciable decrease in conformational entropy when a large molecule adsorbs on a rough surface, and because of steric
hindrance prohibiting side-on binding. In order to get a deeper understanding of
the process, the experimental findings were compared to numerical simulations.
From these it became clear that the geometrical arrangement of fibrinogen on
the surface changed. One severe problem remains unsolved though. The question of the water content of the layer is impossible to answer definitely when
the surface density is only measured by QCM. We have discussed various cases
for how the adsorption could change when going from a flat to a rough surface.
Also, the kinetics and the viscoelastic properties were discussed, nevertheless, in
order to fully explain the adsorption process other measurements are necessary.
It is appropriate to mention, however, that the solution to this problem is not
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totally trivial. If the adsorption process on a rough surface is to be followed in
time, it is difficult to use other techniques than QCM.
Regardless of these considerations, we believe that the rough surfaces do in
fact enhance adsorption. First, several other studies in the literature, both on
simple polymer and protein adsorption, show this, and second, our numerical
simulations predict this as well.

Chapter 7

Summary and outlook
The principal subject in this thesis is investigations of the influence of surface
morphology on protein adsorption. Specifically, the influence of random surface
roughness on the adsorption of two proteins, BSA and fibrinogen, has been
studied. In order to do this, several preliminary steps was necessary.
The first step, described in Chapter 3, was to synthesize suitable films of a
relevant material. In our studies we have used tantalum, because this material
is relevant in the context of medical implants. We have grown tantalum films
with different values of surface roughness using evaporation with oblique angle
of incidence. By changing the deposition angle, different values of surface roughness could be obtained. In order to properly quantify the roughness, we used
AFM to measure the surface topography. As a quantitative parameter of the
roughness, we used the the rms roughness, and by subdividing the images and
calculating the rms roughness as a function of the image size, the spatial behavior of this quantity could be found. Interestingly, we found that the dependence
of the rms roughness on length scale consisted of two regimes; a regime for small
length scales, where the rms roughness scales as a power law with the length
scale, and a regime for long length scales where it was constant. The scaling
exponent varied between 0.75 and 0.93, in good agreement with other studies
in the literature. The roughness was found to increase when deposition was
done using angles close to grazing incidence, and values of the rms roughness
in the long length scale regime ranged from 2 nm to 33 nm. These values are
appropriate with regards to protein adsorption experiments, because they are
in the same order of magnitude as the dimensions of the proteins. Altogether,
we conclude that this method of thin film growth is a relatively straightforward
way of growing film with suitable, well-controlled values of roughness.
We then performed a series of experiments where the QCM response of
the various rough films were investigated when exposed to liquids of varying
viscosity-density product. This study was described in Chapter 4, and the aim
was to study the effect of roughness on a quartz oscillator, in a system where the
complications of adsorption can be neglected. It was found that the simplest
97
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model used in the literature is unsuitable for properly describing the response
when the rms roughness exceeds about 5 nm. This result is quite important,
because a roughness of 5 nm is frequently encountered. We furthermore tried to
test whether more complex models from the literature would provide a better
description. In principle it seems to be the case, but if the values for the rms
roughness and correlation length are used as found from AFM, a relatively poor
agreement is observed.
A variety of techniques can be used to quantify the adsorbed amount of
proteins on a surface. However, when surface roughness becomes significant,
many electromagnetic techniques suffer from problems with diffuse light scattering from the surface. Thus, since we deliberately want to study the influence
of roughness on adsorption, we must consider which technique to use with more
care. QCM proves to be a good technique in the sense that a good quality signal can be obtained, even when the surface has an appreciable degree of surface
roughness. Another positive aspect of the QCM technique is the ability to use
virtually any coating possible on the quartz crystal. This fact also contrasts
many other techniques. In the case of SPR for example, a material such as
tantalum cannot be used properly due to its electronic structure.
The protein adsorption experiments can be divided into two parts: Those
experiments performed on flat surfaces, described in Chapter 5, where both ellipsometry and QCM can be used, and the ones on films where surface roughness
is significant, described in Chapter 6. First, we performed experiments on the
adsorption of ferritin on flat titanium oxide film using only ellipsometry. The
aim of the study was to study the significance of pH value on the adsorption of
ferritin as a part of a larger project on ferritin adsorption on metal oxides and
nanostructures. It turns out that by careful analysis of the experimental data
in the context of two simple models for adsorption, the Langmuir model and
the RSA model, we are able to outline a consistent picture of the adsorption
process. We can thus conclude that investigations of the kinetics of the adsorption process prove very useful in understanding the adsorbed protein layer. The
other studies of protein adsorption on flat surface concerned the adsorption of
fibrinogen and BSA on tantalum oxide films. Here, both QCM and ellipsometry
is used, and we observe how the combination of these two techniques provide
valuable information about the protein layer. Also, the actual numbers obtained
for the surface densities as well as for the mass density and refractive index of
the layer are in good agreement with other studies in the literature.
Turning to the adsorption experiments on rough surfaces, only the QCM
technique proved feasible. We measured a significant increase in the surface
density, about 30 % for BSA and 88 % for fibrinogen, when increasing the roughness from 2 nm to 33 nm. The change of the surface density with roughness
was furthermore found to be a monotonous function of the roughness. These
values are, respectively, comparable and significantly larger than the increase
of surface area accompanying the increase in roughness (the area increase was
roughly 20 %). The fact that only QCM could be used, faces us directly with
one of the big limitations of the technique: The inability to distinguish between
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adsorbed molecules, e.g. proteins, and water coupled to the oscillating surface.
This limitation means that for the rough films where the use of ellipsometry is
problematic, we cannot decide how much of the increases in surface density is
due to proteins and how much is due to water. We therefore discuss the various possible scenarios; that all increase in surface density is due to additional
proteins, that all is due to additional water, and that something in between is
the case. In the first two scenarios, we can assign definite values to the surface
density of proteins. In order to gain more knowledge about the layer properties, we also investigate the viscoelastic properties of the fibrinogen layer. It is
unique to the QCM technique that these properties can be found, but due to
the lack of suitable models to interpret the results within, it is difficult to draw
any definite conclusions from these quantities. Furthermore, we investigated the
kinetics of the adsorption process and must conclude that neither this investigation could provide any conclusion regarding the water content of the adsorbed
layer. However, numerical simulations, performed by our collaborator V. P.
Zhdanov, showed how roughness induces an increase in adsorbed amount of
proteins, due to the preferential end-on binding of a rod-like molecule. Furthermore, the literature on macromolecular adsorption on rough surfaces generally
agrees that roughness promotes adsorption. Altogether, we find it reasonable
to believe that roughness enhances protein adsorption. This conclusion is particularly important with regards to medical implants, since it has been shown
that fibrinogen covered implants exhibit a better ingrowth [10].
This project leaves several questions unanswered at this stage. Basically, any
of the sub-projects studied can easily be extended into research projects in their
own right. First, the growth of thin films using the oblique incidence deposition
method leads to several fundamental questions such as columnar orientation,
scaling of column width with column height, thickness of the layer as a function of deposition angle (there is typically a nonlinear behavior), and surface
morphology. While these subjects could be studied from a fundamental science
perspective, they play critical roles with regards to applications as well. The
creation of new materials with specific structural and electromagnetical properties are of immense importance in many fields of research. From a biomaterials
point of view the deposition method described in this thesis is promising with
regards to production of larger batches of rough thin films, e.g. for experiments
regarding cellular response to nanostructured surfaces. The protein adsorption
study needs a more definite conclusion. The best solution is to perform radiolabeling studies of fibrinogen on our rough surfaces. While we do not obtain
the full kinetics, the surface density at saturation can be found and compared
to QCM data. Another direction to follow, is to try and conduct ellipsometry
experiments on the rough samples. As stated several times, it is not straightforward, and especially on the samples with rms roughness about 33 nm it is
probably impossible. However, for films with slightly smaller roughness, a significant increase in the surface density as measured by QCM is still found, and
on these films it may be possible to do ellipsometry and once and for all solve the
problem with coupled water. Another interesting aspect to investigate in more
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detail is the protein concentration dependence of the adsorbed amount as a function of roughness. The difference in surface density for different concentrations
at a particular point in time in the adsorption process is usually ascribed to the
relaxation mechanisms being more important for low concentrations. Thus it
would be very interesting to examine if there is any appreciable difference between different roughnesses, since this would provide us with information about
the roughness dependence of the relaxation mechanisms.
As a surface science approach to biomaterials, especially medical implants,
this study has successfully synthesized a relevant material for biological investigations. However, only protein adsorption was studied and to provide a more
secure foundation of the biological response of the rough tantalum films, the
cellular response must be studied as well. This work is currently in progress.

Chapter 8

Dansk resumé
Vedhæftningen af proteiner på overflader er et vigtigt, tværfagligt forskningsområde, dels på grund af de mange interessante, fundamentale naturvidenskabelige
problemstillinger, der indgår og dels grundet de utallige praktiske sammenhænge, i hvilke protein adsorption spiller en væsentlig rolle. Denne afhandling
omhandler betydningen af overfladeruhed i forbindelse med proteinvedhæftningen. Emnet er en vigtig brik i den generelle forståelse af protein adsorption,
men er samtidig også interessant på grund af de praktiske aspekter. Et eksempel
er implantater. Når et implantat indsættes i menneskekroppen vil to processer
spille en afgørende rolle for, om det vil blive accepteret af kroppen: Først vil proteiner binde sig til overfladen og dernæst, på en lidt længere tidsskala, vil celler
vedhæfte sig. I forbindelse med cellevedhæftningen vil det allerede dannede
proteinlag spille en fundamental rolle. I literaturen findes mange studier af
protein vedhæftning, både overfladens kemi og fysiske struktur er blevet undersøgt, omend fokus hovedsageligt har været på overfladens kemi. I dette studie
er overfladeruheden af tantal film blevet systematisk ændret, hvorefter protein
vedhæftningen er blevet studeret. Valget af netop tantal er begrundet i det faktum, at tantal har lovende egenskaber som implantatmateriale. For at kunne
udføre et sådant studie, skal flere forberedende skridt tages. Først skal overflader
med en passende ruhed fremstilles. Derved skal dels spørgsmålet om hvad der
menes med ’passende’, det ved sige, hvilken karakter ruheden skal have, besvares.
Derudover skal der findes en praktisk metode til at dyrke disse krystaller. I realiteten er dyrkningmetoden af krystallerne i høj grad bestemt af, hvad der er
praktisk muligt. I dette studie er krystaldyrkningen foregået ved at deponere
materiale (tantal) ved en skrå indfaldsvinkel på et guldsubstrat. Ved at benytte
denne dyrkningsmetode, kan tyndfilm med meget forskellig ruhed opnås blot
ved at ændre indfaldsvinklen. Grunden til dette er, at ændring af indfaldsvinklen vil forandre graden, hvormed toppene af overfladen skygger for dalene. De
dyrkede tyndfilm blev dernæst undersøgt med atomar kraft mikroskopi (Atomic
Force Microscopy, AFM) og overfladeruheden blev derved kvantifiseret. Denne
undersøgelse blev foretaget i stor detalje af flere årsager. Dels er det et interes101
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sant studie i sig selv at undersøge hvorledes overflade ruheden afhænger af både
indfaldsvinkel i deponeringsprocessen, såvel som den skala på hvilken ruheden
måles og dels er det af stor vigtighed, at have kontrol over overfladeruhedens
karakter i forbindelse med de efterfølgende forsøg med proteiner. Vores undersøgelse af ruheden viste at vores film har en fraktal karakter og at de opnåede
ruheder er væsentligt større når deponeringen foregår ved et indfald, som er nær
parallelt med substrates overflade.
De derpå følgende forsøg med proteiner blev foretaget med to teknikker.
For film med en meget lille ruhed kunne både en teknik baseret på elektromagnetiske principper (ellipsometri), samt en baseret på en akustisk oscillator
(QCM) anvendes. Øges ruheden vil, målinger baseret på ellipsometri umuliggøres på grund af den øgede diffuse spredning af lyset fra overfladen. Vores
resultater for tre forskellige proteiner, der binder på næsten flade film, er i god
overensstemmelse både med litteraturen og simple modeller for protein vedhæftning. For større værdier af ruheden, observeres en væsentlig stigning af den med
QCM målte masse. Umiddelbart ville man tilskrive denne ændring til forøgelsen
i overfladeareal. Mens dette ser ud til rimeligvis at stemme for et kugleformet
protein, så er det målte forøgelse af masse i tilfældet af et stang-formet protein
langt større end arealtilvæksten (henholdsvis 88 % og 20 %). Andre forklaringer
må derfor søges. I princippet kan forøgelsen af målt masse let skyldes en højere
tæthed af proteiner på overfladen. Imidlertid har QCM teknikken den svaghed,
at den ikke kan skelne mellem proteiner bundet til overfladen og vand koblet
til proteinerne. Det betyder, at med QCM kan det ikke afgøres, hvorvidt der
faktisk binder mere protein, eller om der blot kobles mere vand, på overflader
med en stor ruhed. Teknikker, baseret på elektromagnetisme kan skelne vand
og protein, men som nævnt er det umuligt at anvende disse teknikker på grund
af spredningen af lyset. Det skal nævnes, at både nye numeriske simuleringer af
orientering og vedhæftning af stangformede proteiner og litteraturen generelt,
ser ud til at støtte billedet af, at ruheden er fremmende for vedhæftningen af
proteiner.
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