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Abstract

It is well known that the study of protein interactions with solid surfaces is still a big
challenge for scientists, due to the parameters that control this type of adsorption. Both
structures (protein and surface) are very complicated, to be well identified especially when
they become in contact. The aim of the present research of thesis is to investigate the
adsorption of Bovine Serum Albumin protein with the surface of titanium dioxide (TiO,)

by modeling, and using in Situ attenuated total reflection spectroscopy.

An extended two states kinetics model was proposed and solved analytically then applied
on the case of expanded BSA protein at TiO,anatase surface at a pH value of 1.7 where the
adsorption rate constant was evaluated and the using the model, we could determine the
surface coverage of the native and unfolding states of protein. Another important thing was
the study of the free available space effect during the unfolding process, and to compare it
with the extended model where it was ignored. The findings of this research clearly
demonstrated necessity of modeling to complete the experimental weakness, and it
illustrated also the difference between the two models with and without taking into account

the free space.

Keywords: Proteins adsorption, TiO; surface, In Situ FTIR-IR, Modeling, Kinetics model.
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Résumé

Il est bien connu que 1’é¢tude des interactions des protéines avec les surfaces solides reste
un défi de taille pour les scientifiques, en raison des parametres qui contrdlent ce type
d’adsorption. Les deux structures (protéine et surface) sont trés compliquées, a bien identifier
surtout lorsqu'elles entrent en contact. L'objectif de la présente recherche de these est d'étudier
'adsorption de la protéine d'albumine sérique bovine avec la surface du dioxyde de titane

(T10,) en modélisant, et en utilisant la spectroscopie de réflexion totale atténuée in situ.

Un modele cinétique étendu a deux états a €t€ proposé et résolu analytiquement puis appliqué
au cas de la protéine BSA expansée a la surface de l'anatase TiO; a une valeur de pH de 1.7.
ou la constante du taux d'adsorption a été évaluée et en utilisant le modele, nous avons pu
déterminer la couverture de surface des états natifs et de déploiement des protéines. Une autre
chose importante était 1'étude de l'effet d'espace disponible libre pendant le processus de
déploiement, et sa comparaison avec le modele étendu ou il était ignoré. Les résultats de cette
recherche ont clairement démontré la nécessité d'une modélisation pour compléter la faiblesse
expérimentale, et ont également illustré la différence entre les deux modeles avec et sans

prise en compte de I'espace libre.

Mots clés : Adsorption de protéines, surface TiO,, In Situ FTIR-IR, Modélisation, Mode¢le

cinétique.
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Nomenclature

Nomenclature

FTIR-ATR : Fourier Transform Infrared Attenuated Total Reflection
PH : Potential Hydrogen.

FN : Fibrinogen.

HAS :Human Serum Albumin.

BSA :Bovine Serum Albumin.

TiO, : Titanium Dioxide.

Vo : Oxygen Vacancy.

OHy, : Bridging Hydroxyl Group

5f-Ti: Titanium Fivefold Coordinate.

6f-Ti: Titanium Six fold Coordinate.

UV : Ultraviolet.

os :Surface Charge.

pl : Isoelectric Point.

BET : Brunauer-Emmett-Teller.

Ge : Germanium.

Si : Silicon.

IRE : Internal Reflection Element.

CO: Carbon Monoxide.

CO;, : Carbon Dioxide.

H,0 : Water.

SPR : Surface Plasmon Resonance.

OWLS : Optical Waveguide Light Mode Spectroscopy.
XPS : X-ray Photoelectron Spectroscopy.

FITC : Fluoresce in isothiocyanate.

TIRF : Total Internal Reflection Fluorescence.
FRET : Forster Resonance Energy Transfer.
AFM : Atomic Force Microscopy.

ATR-IR : Attenuated Total Reflectance-Infrared.
IR : Infrared.

CD: Circular Dichroism Spectroscopy.

X



Nomenclature

K. : Rate constant of adsorption.

K;: Rate constant of transformation.

Kg,: Rate constant of desorption from native state.

Kq,: Rate constant of desorption from unfolding state.

Cy : Concentration.

0, : The surface area occupied by protein in native state (surface coverage of native state).

O, : The surface area occupied by protein in unfolded state (surface coverage of unfolded
state).

O: The full surface coverage occupied by protein in both states.




List of figures

List of figures

Figure I.1: General form of amino acid.

Figurel.2: The 20 common amino acids of proteins: (a) Structure of non-polar aliphatic
amino acids, (b) Structure of aromatic amino acids, (c) Structure of polar
uncharged amino acids, (d) Structure of polar uncharged amino acids, (e)
Structure of polar uncharged amino acids.

Figure 1.3: Peptide formation.

Figure 1.4: Geometry of backbone atoms.

Figure L.5: Protein in the four predominant structures.

Figure 1.6: o-helix structure.

Figure 1.7: Key to Structure  Sheets. (a) An antiparallel  sheet. (b) A parallel B sheet.

Figure 1.8: Tertiary structure.

Figure 1.9: Structure of BSA.

Figure 1.10: A schematic diagram of conformational changes of BSA structure as a
function of pH, a) N form = Native, b) F form = Fast and ¢) E form =
Expanded).

Figure I.11: Crystallographic structures of TiO,.

Figure 1.12: Two models of the TiO, (110) surface. Both models show different defects
and species discussed in the text. Large red balls represent O atoms, and
small grey or yellow balls represent T; atoms. Fivefold (5f-T;) and sixfold
(6f-T;) coordinated T; atoms, bridge bonded O species (Oy,), single oxygen
vacancies (V,), bridging hydroxyl group (OHy,), and the on-top bonded O
species (Oy) are indicated.

Figure 1.13: Charge surface of TiO, at different pH. (a) pH<pHpzc, (b) pH=pHpzc and (c)
pH>pHpzc.

Figure 1.14: Schematic representation of: The theoretical variation of the surface charge
(os) vs pH curves for (a) HAS in solution and (b) TiO, colloidal particles. (c)
Representation of protein molecules adsorbed under different electrostatics
conditions.

Figure II.1: Schematic representation of protein- solid surface interactions mechanism

(adapted from Norde and Haynes).

-X1i-



List of figures

Figure I1.2:

Figure 11.3:

Figure 11.4:

Figure 1L.5:

Figure I1.6:

Figure I1.7:

Figure IL.8:
Figure 11.9:

Schematic illustration of (a) a globular protein, whose conformation may be
distorted on interaction with the surface and (b) a rod-like protein
undergoing multistage process where (1) initially the protein adsorbs with its
long axis parallel to the surface and (ii) rearrangement of protein molecules
occurs to increase a protein-protein interaction (reproduced from).

Schematic representation of protein monolayer to show difference between
high and low concentration on protein adsorption on flat surface.

Schematic representation of interaction between a surface and a hard protein
and soft protein.

Schematic representation of the change of hydration state to an interaction
between negative charged surface and proteins. Ions in solution are
represented by negative and positive charges.

Illustration of the development of an adsorbed protein layer formed when a
surface is exposed to a single-component protein solution of constant
concentration.

Shape of different adsorption isotherms: Plot of surface concentration (q) vs
solution concentration (C) with (a) Langmuir isotherm (——), (b) BET
isotherm (-.-), (¢) Freundlich isotherm (---).

Schematic representation of the four states of matter.

(a) Ge surface with organic contamination (black). (b) Atomic oxygen (red)
reacts with carbon on the surface and forms volatile CO, CO, and H,O

leaving behind a carbon-free Ge surface (c).

Figure I1.10: (a) Harrick plasma cleaning machine, and (b) Germanium substrates cleaned

in oxygen plasma unde around 890 mtorr (pictures kindly given by A.

Bouhekka).

Figure II.11: A multiple reflection ATR system.

Figure I1.12: Time-dependent molecular spreading of a protein on a surface.

Figure I1.13: Effect of protein unfolding on interaction with a surface.

Figure II1.1: (a) The equilibrium spectra of BSA protein adsorption onto TiO,anatase thin

films surface under various pH values (water is used as a solvent at 10-6

mol/l of BSA concentration). (b) Maximum of amide I band versus pH

-xii-



List of figures

values (Experiments were done by A. Bouhekka who kindly gave these

graphs).

Figure IIL.2:(a) ATR-IR spectra collected in situ recorded during adsorption of BSA

protein onto TiOsanatase surface at pH = 1.7 where the difference between
each two successive spectra was around 7.5 min. (b) Absorbance variation
of amide I band versus time and the difference between the first spectrum
and background was taken as the origin of time (Experiments were done by

A. Bouhekka who kindly gave these graphs).

Figure II1.3: The normalized absorption intensity of amide I (full surface coverage (©)) of

Figure II1.4:

Figure IILS5:

Figure III.6:

Figure II1.7:

Figure IIL.8:

BSA adsorbed onto TiO,anatase surface versus time at pH = 1.7.

A schematic illustrating the adsorption model of BSA protein on a solid
surface presented in terms of the dependence of relative surface coverage by

BSA.

The time dependence of the native (6,), unfolding (6,) states and full
surface coverage (0) calculated for BSA adsorption on a gold surface using
data from where Cy = 3 x 10° mol/l, K,= 1.57 x 10° mol ! 1 min"!, K= 0.80
x 10% min" and Kq4 =074 x 10" min". Kg4,was chosen slightly different

from Kg, (Kg,=0.1 x 10" min").

The time dependence of the native (©;), unfolding (©,) states and full
surface coverage (O) calculatedfor BSA adsorption on a gold surface using
data from where Co = 3 x 10°mol/l, K,= 1.57 x 10° mol™' 1 min”', K; = 0.80

x 107 min "' and Kg,=0.74 x 10" min"".

The time dependence of surface coverage of BSA where (O,) indicated by

) for (©,) for different

dashed lines (— — ) and continuous lines (
values of rate transformation constant Ky. The parameters used are: K, =

1.57 x 10° mol ! 1 min 'and Co= 3 x 10" mol/l.

The time dependence of surface coverage of BSA where (O,) indicated by

) for (©,) for different

dashed lines (— — ) and continuous lines (
values of rate adsorption constant K,. The parameters used are: Ky = 0.8 x

102 min 'and Co= 3 x 10° mol/l.

-Xiii-



List of figures

Figure IIL.9: The time dependence of full surface coverage of BSA (©) for different
values of rate adsorption constant K,. The parameters used are: Ky = 0.8 x

102 min 'and Cy= 3 x 10° mol/l.

Figure II1.10: The time dependence of native and unfolding states of BSA for different

concentrations (same color for each value of Cy).O; dashed lines (— —)

and ©,continuous lines ( ). The parameters used areK,= 1.57 x 10°

mol ' 1 min~! and K=0.8 x 102 min "%,

Figure III.11:The time dependence of full surface coverage of BSA (O) for different
concentrations. The parameters used areK,=1.57 x 10° mol ' 1 min 'and Ks

=0.8x 10%min ..

Figure III.12: Three dimensions 3D kinetic curves of: (a) the native state (O;), (b)
unfolding state (©,) and (c) full surface coverage (O) versus time and
concentration. The parameters used are K,= 1.57 x 10° mol ' 1 min 'and

K= 0.8 x 10%min ..

Figure III.13: Fitting of experimental data of the full surface coverage of BSA protein

adsorbed onto TiO,anatase surface at pH = 1.7.

Figure IV.1: The time dependence of native and unfolding states of BSA for different

concentrations (same color for each value of Cy).0;dashed lines (— —)

and O,continuous lines ( ). The parameters used areK,= K¢+ Kd1=

0.082 mol ' I min ", Kg,= K¢= 0.8 x 10”min"' and K4,=0.74 x 10" min .

Figure IV.2: Represent the variation of the surface rate coverage as a function of

temperature (K), a) for OH and O, and b) for H,O.

Figure IV.3: The time dependence of surface coverage of BSA where (0,) indicated by
) for (©,) for different

dashed lines (— —) and continuous lines (
values of rate adsorption constant K,. The parameters used are: Co=3 x 10

%> mol/l, K,= K¢+ Kq,and Kg,= K.

Figure I'V.4: The time dependence of full surface coverage of BSA (8) for different values

of rate adsorption constant K,. The parameters used are: Cy = 3 x 10°°

mol/l, K= K¢+ Ky 1and K4 ,= Kr.

-X1V-



List of figures

Figure IV.5: (Model A = 0). The versus concentrations of the native (6;), unfolding (6,)
states and full surface coverage (O) calculated for BSA adsorption on a
surface using data from [10] where, K,= 1.57 x10° molfllminfl, Kr=0.80

x10? min"', K4,=0.74 x10" min ' and Kg,=0.1x 10" min .

Figure IV.6: (Model A = 0).The versus concentrations of the native (6;), unfolding (6,)
states and full surface coverage (O) calculated for BSA adsorption on a

surface. The parameters used areK,=K¢+ Ky = 0.082 mol ' 1 minfl, Kd2= Ks

=0.8 x 10”min "' and K4,=0.74 x 10" min ".

Figure IV.7: The concentration dependence of surface coverage of BSA where (6,)
) for (62)
for different values of rate adsorption constant K,. The parameters used are

Ki=0.8 x 10”min ', K4,=0.74 x 10" min ' and Kg,=0.1x 10" min"".

indicated by dashed lines (— —) and continuous lines (

Figure IV.8: The concentration dependence of full surface coverage of BSA (8) for
different concentrations. The parameters used are K,= 1.57 x 10° mol ' 1
min ', Kr= 0.8 x 10”min"', Kq,= 0.74 x 10"'min ' and Kg,= 0.1x 10"

min .

Figure IV.9: The concentration dependence of surface coverage of BSA where (0,)

) for (62)

indicated by dashed lines (— —) and continuous lines (
for different values of rate transformation constant K¢. The parameters used
are K= 1.57 x 10°mol ' I min"', K4,= 0.74 x 10" min 'and Kg4,=0.1x 10

1 - 1
min .

Figure IV.10: The versus concentrations of the native (8,), unfolding (6,) states and full
surface coverage (0) of BSA where(Model A = 0) indicated by dashed lines
) for (Model B = 0). The parameters

used areK,= 1.57 x 10° mol"' I min K= 0.8 x 10”min ', Kq,= 0.74 x 10’
1

(— —) and continuous lines (

min ' and Kg,=0.1x 10" min~".

Figure IV.11: The time dependence of surface coverage of BSA where (6,) indicated by
) for (O,) for different

dashed lines (— —) and continuous lines (

concentrations (same color for each value of Cp). The parameters used are:
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General introduction

Understanding the interactions of bio-molecules with surfaces of solid is of great interest
in several fields of industrial and medical applications, such as reparatory implants,

biosensors, biofouling, food and biochemical processing[1-5].

Several experimental techniques are used to investigate this complex process to get
necessary information about the mechanism of interactions and the behavior of adsorbed
molecules. There are several methods commonly used to measure protein adsorption, each
with its own advantages and limitations. some of the most common methods[6,7]:infrared
spectroscopy (IR), X-ray photoelectron spectroscopy (XPS) , circular dichroism (CD)
spectroscopy [8-10], atomic force microscopy (AFM),total internal reflection fluorescence
(TIRF), surface plasmon resonance (SPR) and attenuated total internal reflectance-infrared

spectroscopy (ATR-IR)[6, 11-14].

Using the previous methods to study this complex phenomenon is not always a good
option where modeling and simulation are mandatory because of the parameters that
control these interactions. One of the most important knowledge we are looking for is the
coverage of the surface during the adsorption process; where mathematical models are

necessary and they can be valid only if we compare them with experimental results.

The aim of this thesis goes in this last point. We are interested to determine the coverage
of BSA protein at TiO,surface taking into account the two states of adsorption where we
have native and unfolding states. To achieve this goal we extended the two states kinetics
model that was applied on experimental results of expanded BSA (PH< 2.7) taken by in
Situ FTIR-IR. Proteins are huge molecules that have so many functional groups and their
adsorption is driven by different forces including van der Waals, electrostatic and
hydrophilicity. This kind of adsorption happens on the surface and is still not well

understood.

To make things clear for future readers; this dissertation contains, after this general

introduction, four chapters and general conclusion:

The first chapter is devoted to presenting protein composition and its four levels of

structure. It also illustrates some proteins like Fibrinogen; Human Serum Albumin; Bovine
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Serum Albumin. The pH parameter is the most important one which affects the structure of
the protein and determines the electrostatic state of proteins. We will also give three

structures of the surface Titanium dioxide TiO, and its characteristics and defects.

The second chapter introduces the structure and the physical characteristics of proteins. It
presents also the phenomenon of protein adsorption on solid surfaces and the parameters
that influence it. We will present the methods for oxygen plasma cleaning involves
exposing a substrate or surface to a plasma formed from oxygen gas. This plasma contains
highly reactive oxygen species such as ions, radicals, and atoms. This process effectively
cleans the surface and removes organic residues, improving surface wettability and
adhesion properties.

We will present several methods for measuring protein adsorption, the method Attenuated
total reflection spectroscopy FTIR-ART used as a main technique in our work to
investigate the interfaces phenomena.

Results of our study are in the tow last chapters III and I'V. In the third we give the method
for preparing thin layers of TiO; substrate; the results clearly elucidate the effect of pH on
the adsorption of BSA onto TiOanatase surface. The model proposed and its application
to calculate the full surface coverage (©), the native state (64 )and unfolding state (65) plus

the adsorption rate constant for several parameters like concentration Cyand K,, K, Kd1
and Kdzwhich are the rate constants of adsorption, transformation and desorption from

native and unfolding states, respectively. In chapter IV, we did a comparison study of the
model with another one when taking into account free available space during the unfolding

process which was neglected in the calculation of chapter III.

It is very important to conclude this thesis by a general conclusion in which we resume the
most important efforts and results of our research contribution and the recommendations

for future research in the field of bio-molecule adsorption onto solid surfaces.
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The structure of protein and solid surface

I.1 Introduction

Biomolecules like proteins are considered one of the most abundant organic molecules in
living systems. They have the most diverse range of functions of all macromolecules.
Proteins may be structural, regulatory, contractile, or protective; they may serve in
transport, storage, or membranes; or they may be toxins or enzymes [1]. Each cell in a
living system can contain thousands of different proteins, each with a unique function.
Their structures, like their functions, vary greatly. They are polymers of alpha amino acids,
arranged in a linear sequence and connected together by covalent bonds [2].

We have more than 80 amino acids in the nature but only some of them (20) can contribute

in the constitution of proteins.
L.2. Amino acids

The building blocks of proteins are amino acids. Twenty types of amino acids have been
found in protein structures. A typical amino acid has an amine functional group (-NH;) and

a carboxyl functional group (-COOH). In an amino acid, these two groups are attached to a

C atom, which is referred to as Cu (Figure I.1) [3].

)ff
'R}
b i
Figure I.1: General form of amino acid [4].

In addition, an R group is attached to the C in the amino acid, and is referred to as the

side chain of the amino acid. The amino acids differ mainly by the types of their side

chains. An R group can be as simple as an H atom, or as complex as to contain aromatic
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substructure. Twenty formulas for the side chains have been found in protein structures,

resulting in twenty types of amino acids [3].

1.3. Classification of amino acids

Classification of amino acids according to the polarities of R group is the most common

way of classification. According to this classification there are five types of amino acids.
1.3.1. Non polar aliphatic amino acids

This group contains seven amino acids. Four amino acids glycine, alanine, valine, leucine
and isoleucine have are R groups of aliphatic hydrocarbon (Figure 1.2-a). Methionine, one
of the two sulfur containing amino acids has a slightly non polar thiol ether side chain.

Proline has a cyclic secondary amino (imino) group [S].
1.3.2. Amino acids with aromatic R groups

Three amino acids namely phenylalanine, tyrosine and tryptophan have aromatic side chain
that makes them slightly non polar (hydrophobic) and hence participate in hydrophobic
interactions (Figure 1.2-b). Tyrosine and tryptophan are relatively more polar than
phenylalanine due to presence of —OH group in tyrosine and the nitrogen atom in the

indole ring of tryptophan [6].
1.3.3. Amino acids with polar, uncharged R groups

The amino acids that belong to this class are serine, threonine, cycteine, asparagine and
glutamine (Figure 1.2-c). The R groups of these amino acids are polar (hydrophilic) and
therefore they are more soluble in water. Polarity in these amino acids is because they
contain functional groups like -OH (serine and threonine), -CONH; (glutamine and

asparagine), -SH (cysteine) [S].
1.3.4. Amino acids with positively charged (basic) R groups

In this class of amino acids R groups have positive charge at physiological pH (Figure 1.2-
d). Lysine has a second primary amino group at the & position on its aliphatic chain.
Arginine has a positively charged guanidium group and histidine has an aromatic

imidazole group [7].

-23-



The structure of protein and solid surface

1.3.5. Amino acids with negatively charged (acidic) R groups

There are two amino acids having a negative charge at pH 7.0 (Figure 1.2-e). These are

aspartate and glutamate; both contain a second -COOH group [8].

a Nonpolar, aliphatic R groups b Aromatic R groups
€00 (IIOO QO% (IJOO €00 COO COO
H,,.\'-é—H HN-C-H i /C< HsN—C-H H,N—&—H HN~ —H H,N—C H
& HN  CH, é
b ¢ A
Ht—CH, CHy CH,
Glycine Alanine Proline Valine
€00 iOO (;00
st-é-u HN-C-H  HN-C-H
| Phenylalanine  Tyrosine Tryplophan
Hg —CHQ ?Hi
Cﬁ {lCH éﬂz CHy
S Hs d  Positively charged R groups
CHy 000 €00 €00
Loudne Isoleucine Methionine -l N é .
HN-C-H HN~C~H  HN-C-H
|
H, (IJHz Hy
C Polar, uncharged R groups | H, CH, ‘lﬁl
(l‘OO (1100 ?00 (|3H1 #“lz 15 :
HN-C-H  HN-C-H  HN-C-H Ci N
GoH  B-t-on b, 'NH, ?-fm,
Hj H NH!
Serine Threonine Cystetne Lysine Arginine Histidine
C00 (l300 € Negatively charged R groups
ug.\"—%-u u}-\':-cl-u €00 €00
CH, (l:H, an\’—{l—}{ HSX—i—H
C CH
e B o O
C €00 CH,
/N
BN 0 boo
Asparagine Clulamine Aspartate Glutamate

Figure 1.2: The 20 common amino acids of proteins: (a) Structure of non-polar aliphatic
amino acids, (b) Structure of aromatic amino acids, (c) Structure of polar uncharged amino
acids, (d) Structure of polar uncharged amino acids, (e) Structure of polar uncharged amino
acids [9].
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1.4. Peptide bond and polypeptide backbone

Two amino acids can react to form a peptide bond. In particular, the amine group of one
amino acid reacts with the other amino acid's carboxyl group to create a new peptide bond,
releasing one water molecule in the process (Figure 1.3). One end of this new molecule is
an amine group, and the other end is a carboxyl group. This enables the molecule to
continually react with other amino acids to form a polymerization of amino acids. A

protein is a polymerization of amino acids [3, 10, 11].

Amino acid (1) H Amino acid (2) H

H
|

Peptide bond = H

Water

Dipeptide

Figure 1.3: Peptide formation [4].

The backbone or main chain of a protein refers to the atoms that participate in peptide
bonds, ignoring the side chains of the amino acid residues. The backbone is drawn as a
linked sequence of rigid planar peptide groups. Its conformation can be described by the
torsion angles (also called dihedral angles or rotation angles) around the Co—N bond (¢)
and the Co—C bond (y) of each residue (Figure 1.4). Rotation around the Ca—N and Co—C

bonds to make (form) certain combinations of ¢ and y angles may cause the amide
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hydrogen, the carbonyl oxygen, or the substituent of Ca of adjacent residues to collide.
Certain conformations of longer polypeptides can similarly produce collisions between

residues that are far apart in sequence [12].

Figure 1.4: Geometry of backbone atoms [10].

1.5. Proteins structure

The 20 standard amino acids join through peptide bonds to form proteins. Protein has four

levels of structure namely primary, secondary, tertiary and quaternary (Figure 1.5).
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Primary structure
armanNno acd saequeaence

Secondary structure
regular sub-structures

Tertiary structure
three-dimensional structure

Quatermary structure
complex of protein molecules

Figure L.5: Protein in the four predominant structures [13].
L.5.1. Primary structure

Refers to the linear sequence of amino acids which is genetically determined and often

modelled as beads on a string, where each bead represents one amino acid unit.
L.5.2. Secondary structure

Amino acids can rotate around bonds within a protein. This is the reason why proteins are
flexible and can fold into a variety of shapes. Folding can be irregular or certain regions
can have a repeating folding pattern.

Folding of polypepeptide chain is possible because of the presence of hydrogen bond. A
regular secondary structure occurs when each dihedral angle ¢ and y remains the same or
nearly same throughout the segment. Because of the planar nature of the peptide bonds,
only certain types of secondary structure exist. The most important secondary structures

are a-helix, B-sheets.
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o Helix: As illustrated by figure 1.6; Pauling and Corey observed that a polypeptide chain
with planar peptide bonds would build a right handed helical structure by simple twists
about the Ca—N and the Co—C bonds. They called this helical structure as a helix. An a
helix is a rod like structure [14]. The inner part of helix is made up of the tightly coiled
backbone and the side chains extend outward in the helix. The protruding side chains
determine the interaction of a helix both with other parts of the folded protein chain and
with other protein molecules. The helix is stabilized by hydrogen bonds between NH and
CO groups of the main chain. The a helix contains 3.6 amino acids per turn of the helix.
All known polypeptides contain right handed o helix. The occurrence of a helical content
in proteins ranges widely. For example in ferritin, that helps storage of iron, has 75% of its

amino acid residues form o helix [15].

ijﬁ @: 3.6 residues per tum
( R H
)

Figure 1.6: o-helix structure [15].

P sheet: The second type of periodic structure is B sheet. The B sheet involves hydrogen
bonds between groups from residues distant from each other in the linear sequence. In 3
sheets two or more strands widely separated in the protein sequence are arranged side by
side, with hydrogen bonds between the strands. Based on the orientation of the strands [

sheets are of two types.
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1. The antiparallel B sheet, in which neighboring hydrogen-bonded polypeptide chains run

in opposite directions (Figure 1.7-a).

2. The parallel B sheet, in which the hydrogen-bonded chains extend in the same direction

(Figure 1.7-b).

In parallel arrangement the NH group is hydrogen bonded to the CO group of the one
amino acid on the adjacent strand, whereas the CO group is hydrogen bonded to the NH

group on the amino acids two residues farther along the chain [16,17].

fa) Antiparallel

A R 44— g ¢
T T TR
O @ O @ O @

) § Y Pri—c? & Q

() Parallel . .

3 2 47 & o »
® O @ O » ©

3 ® J ®* ®

b A -2 A =

Figure 1.7: Key to Structure  Sheets. (a) An antiparallel B sheet. (b) A parallel B sheet
[10].

L.5.3. Tertiary structure

Is the folding of a single polypeptide chain? The most important factor in determining the
tertiary structure of globular proteins is the hydrophobic effect. Hydrogen bonding

involving groups from both the peptide backbone and the side chains are important in
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stabilizing tertiary structure [18]. Tertiary structure arises when various elements of
secondary structure pack tightly together to form the well-defined three dimensional
structures. However, the shape is maintained permanently by the intra- molecular bonds;
hydrogen bond of one hydrogen atom shared by two other atoms, Van der Waals force is
the weak force that incurs when two or more atoms are very close, disulphide bond which
is a strong covalent bond formed between two adjacent cysteine amino acids that stabilizes
the tertiary shape of a protein, and ionic bond as electrostatic interaction between

oppositely charged ions (Figure 1.8) [19].

o

\"’_’/Tfm
CH

e ,lmz f Disulfide

onic ,° b d e

bond (o3 5 "

|
O=('I

\
OH Hydrogen
bond

Figure L1.8: Tertiary structure [10].

I.5.4. Quaternary structure

In nature, some proteins form from several polypeptides. Each polypeptide chain in such a
protein is called subunit. These subunits may be identical or different in their primary
structure. These subunits may associate specifically to each other to form large sized
complex molecule known as quaternary structure. Quaternary structure is the spatial
arrangement of subunits and the nature of their contact. The same forces i.e. disulfide,
hydrogen, hydrophobic and ionic bonds are involved in tertiary structure formation are also

involved in quaternary structure to link various polypeptide chains. The simplest type of
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quaternary structure is a dimer consisting of two subunits. If the two subunits or

polypeptides are identical the quaternary protein is termed homodimer [8, 20].
1.6. Some proteins
1.6.1. Fibrinogen protein

Fibrinogen (FN) is an extracellular protein with a size of 45 nm X 9 nmx 6 nm and a
weight of 340 kDa [21]. It is found in blood in concentrations of =3 mg/ml [22], and the
isoelectric point is 5.1 FN is known to have good adsorption on various surfaces and

synthetic material, especially onto hydrophobic and charged surfaces.

Fibrinogen is usually used to investigate cell adhesion due to the structural similarity with
fibronectin. H. Anna Gry et al, studied fibrinogen adsorption on various substrates:
titanium oxide, tantalum oxide and gold. A difference between the different films was
observed showing that the surface chemistry plays a large role in determining the adsorbed

amount of proteins [21].
I.6.2. Human serum albumin

HSA is the most abundant protein in human blood circulating at 3545 g/L. HSA
participates in multiple functions including regulation of osmotic pressure, protection
against oxidative stress, and transportation of several molecules [23]. The HSA molecule is
synthesized in the liver and it is a single peptide chain protein formed of 585 amino acids
and it’s presented in three homologous domains (I, II, and III) which are further divided
into subdomains (A and B) of similar structural motifs, but which have different ligand-
binding functions [24]. The HSA molecule is a 67 kDa globular protein and in the physio-
logical environment, 68% is found in a-helix configuration. As a transport protein, HSA
can easily bind to a wide range of molecules via ligands. Additionally, the HSA molecule

interacts with polymeric surfaces and undergoes conformational changes upon adsorption.
1.6.3. Bovine serum albumin

Bovine Serum albumin or BSA has been one of the most extensively studied proteins for
many years. It is the most abundant protein in blood plasma with a typical concentration of
50 g/ and functions as a transport protein for numerous endogenous and exogenous

substances. It also plays an important role in regulating the colloid osmotic pressure of
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blood, for which it provides about 80% of the osmotic pressure and is responsible for the
pH maintenance in blood [25]. BSA is pretty much used for protein adsorption studies
since its structure is close to the human serum albumin HSA structure [26].

It is a good model protein to be studied because it tends to adsorb on all solid surfaces [27],
and since it is easily available.

It is a globular and soft protein with a flexible structure which readily changes its
conformation [28]. It is also an amphiphilic protein due to the presence of NH, and COOH
in its structure, and its net charge depends on the pH of the solution which determines the
electrostatic state of the protein [29].

BSA is generally used as a model protein in several fields of research such as, among
others, molecular biology, medicine, agri-food and the environment [30]. The bovine
serum albumin has a 76% sequence similarity with human serum albumin (HSA) [31]. The
amino acid composition of BSA was published for the first time by J.R. Brown in 1975
[32] and, in 1990, Hirayama et al. [33] reviewed the primary structure of the BSA. The
results obtained by the two groups are shown in Table 1.1. From the amino acid assembly,
it is possible to deduce the elementary composition of the protein, that is to say the number
of carbon atoms, nitrogen, of oxygen and sulfur that can be found in each molecule of BSA

(Table 1.2).
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Table I.1: The composition in amino acids of BSA protein (presence of S in the molecule)

[30]

Amino Acids Number of residues
Aspartic acid 41 41
Arginine 23 26
Asparagine 13 14
Glutamic acid 59 58
Glutamie 20 21
Histidine 17 16
Lysine 59 60
Serine 28 32
Threonine 34 34
Alanine 46 48
Isoleucine 14 15
Leucine 61 65
Methionine* 04 05
Phenylalanine 27 30
Tryptophan 02 03
Tyrosine 19 21
Valine 36 38
Cysteine* 35 35
Glycine 16 17
Proline 28 28
Total 582 607

(Brown et al. 1975) (Hirayama et al. 1990)

Table 1.2 Atomic composition of BSA protein [30]

Number of atoms C N (0) S
Brown et al. 1975 2926 779 897 39
Hirayama et al. 1990 3030 841 947 40

-33 -



The structure of protein and solid surface

The BSA molecule consists of 583 amino acids, bound in a single chain cross-linked with
17 cystine residues, and has a molecular mass of 66.43 kDa (Figure 1.9) [28]. The amino
acid chain is made up of three homologous with structurally distinct domains (I, IT and III),
divided into nine (09) loops by the disulfide bonds and arranged in a special form of heart-
shaped molecule.

Each domain consists of two sub-domains, A and B. Concerning the secondary structure of
the protein; it is mainly a-helical (74%), with the remaining polypeptide chain occurring in
turns and in extended or flexible regions between subdomains.

The BSA protein is a globular non-glycosylated, one of the few plasma proteins lacking
carbohydrate groups, as it is synthesized in the liver without prosthetic groups or other

additives [34].

Figure 1.9: Structure of BSA [35]

L.7. Solution pH effect on BSA form

The pH of any solution, used as a solvent for the protein, is one of the most important
environment parameters that affect the structure of the protein and determines the
electrostatic state of proteins.

Generally, the BSA 1is considered as a good model protein, to be studied because it can be

attached to different solid surfaces, in several fields of research such as, molecular biology,
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medicine, agri-food and the environment [36]. It is a soft protein, globular with the
approximate shape of a prolate spheroid of dimensions 4 x 4 x 14 nm’, with a flexible
structure and it readily changes its conformation [28,37]. Due to its low cost, wide
availability and structural similarity to human serum albumin, BSA is the most widely
utilized protein. The three dimensional form of the BSA undergoes radical changes
depending on pH of solutions. These forms were classified according to their shapes where
the “N” form is, for normal or native which is predominant in the range of pH = 8§ - 4.3;
“F” for fast migrating form produced abruptly at pH values less than 4.3 and up to 2.7 [38].
The transition from form F to form E, at pH values less than 2.7 is accompanied by more
expansion of the protein and a significant increase in intrinsic viscosity [39]. This
expanded form of the BSA (form “E”) morphologically resembles a sequence of balls and
strings with approximate dimensions of 21 x 250 nm” [25]. These three forms are drawn

and indicated in the Figure 1.10 bellow:

Figure 1.10: A schematic diagram of conformational changes of BSA structure as a

function of pH, (a) N form = Native, (b) F form = Fast and (c) E form = Expanded) [40].
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1.8. Titanium dioxide TiO,

Titanium dioxide exists in several forms; the three main ones are anatase, rutile and

brookite. Their corresponding crystallographic structures are shown in Figure I.11.

Figure I.11: Crystallographic structures of TiO, [41]

Due to a large gap, 3.2 eV for anatase and 3.0 eV for rutile [41], combined with the
positioning of the valence band, the holes generated are highly oxidizing. Generally, it was
observed that the anatase form was significantly more active than the rutile form. Only
anatase and rutile are of technological interest and they are tetragonal.

In both structures, the titanium atom is surrounded by six oxygen atoms where each one
(atom) is surrounded by three titanium atoms. This material is one of essential materials in
our daily life and its oldest application is UV protection thanks to its optical properties
[42]. It is inert, non toxic and cheap material. These advantages make it one of the most
used semiconductors in photocatalysis. One of its disadvantages is that this material does
not adsorb the visible light because of around 3 eV properties [43-45]. There are researches
that classify rutile as the most active photocatalyst [46].

TiO; is in our study, to investigate the adsorption of protein, TiO, anatase and commercial
type P25 TiO, was used. This latter contains two crystallite forms anatase 80% and rutile
20% [47,48]. 1t is very well characterized and is a standard and biocompatible material
because these photoelectric and photochemical properties are the most interesting for many

applications.
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1.9. Defects of TiO, solid surface

As any material surface, the one of TiO, contains defects since it is the first contact with
the exterior atmosphere that has different molecules considered as impurities when they
attach to TiO,. This surface is clearly indicated by the following figure that illustrates rutiel
TiO, (110) face.

Oxygen vacancies, Ti interstitials, Ti vacancies, impurities, and defects at interfaces are the
most konwon as point defects. Oxygen vacancies and impurities are mostly reported in
literature review. Removing one of the neutral oxygen atoms from the lattice forms an
oxygen vacancy, resulting in the excess electrons filling into the empty states of the Ti
ions, and forming Ti3p species. Ti interstitials are formed when Ti atoms move (migrate)
from the surface to the lattice interstitial sites usually at a high temperature, or after a long
time of thermal treatment [49]. Figure 1.12 illustrates two rutile TiO, (110) surface models,
with a number of possible defects including bridging oxygen vacancies (Vo), a bridging
hydroxyl group (OHbr), and the on-top 5f-Ti bonded O species (O,). The (1X1) surface
unit cell is 2.96 A in the ‘001’ directionand 6.49 A in the ‘110’ direction [50].

R
£ B

[110] _
| [001] 5 O atoms 3 Ti atoms

[110]

Figure 1.12: Two models of the TiO, (110) surface. Both models show different defects
and species discussed in the text. Large red balls represent O atoms, and small grey or
yellow balls represent Ti atoms. Fivefold (5f-Ti) and sixfold (6f-T;) coordinated Ti atoms,
bridge bonded O species (Oy), single oxygen vacancies (V,), bridging hydroxyl group
(OHy,), and the on-top bonded O species (O) are indicated [S0].
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1.10. pH effect on TiO; surface

As we have seen before, the pH changes the protein structure and its charge. It changes

also the structure and the charge of the TiO, surface as shown in Figure 1.13.

OH/QHQHQH QHOH OH OH © 0" & g

Ti-O-Ti-O-Ti-O-Ti-  -Ti-O-Ti-O-Ti-O-Ti- -Ti-O-Ti-O-Ti-O-Ti-
OH,'OH O/, QHOH QH OH O O O &
Ti-OTi-O-Ti-O-Ti-  -Ti-OTi-O-Ti-O-Ti- -Ti-O-Ti-O-Ti-O-Ti-

PRt Qe R QRO O OE o & B o

Ti-OTi-O-Ti-O-Ti-  -Ti-OTi-O-Ti-O-Ti- -Ti-O-Ti-O-Ti-O-Ti-

(a) (b) (c)

Figure 1.13: Charge surface of TiO, at different pH. (a) pH<pHpzc, (b) pH=pHpzc and
(c) pH>pHpzc [51].

According to the work of A. Bouhekka [52], experimentally, it was reported that the highest
adsorbed amount of protein on TiO2 surface is observed using a pH between 4,5 and 5 which is
very near to the zero charge of the BSA protein (4.7-4.9). Here the total charge of BSA is

zero which will decrease the electrostatic interactions between BSA and titanium surface.

I.11. Protein-surface interactions under pH effect

In the Figure 1.14, we clearly illustrate the interactions between the TiO2 surfaces and
human serum albumin (HAS) which is recognized as a principal component of blood and
the most abundant protein (very similar to BSA [53]) and the effect of pH. It is very clear
that the optimal conditions to get a maximum of adsorbed amount of protein is using a
solution of pH ranges between 4.6-5 which is near to the point of zero charge of BSA. This
will strongly reduce the effect of electrostatic forces between the BSA and the surface.

More addition to this pH value will not change too much the structure of BSA [52].
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Figure 1.14: Schematic representation of: The theoretical variation of the surface charge
(os) vs pH curves for (a) HAS in solution and (b) TiO, colloidal particles. (c)

Representation of protein molecules adsorbed under different electrostatics conditions [S3].

I.12. Conclusion

In this part, we have dealt with the structure of proteins constituted by amino acids which
make from them complex molecules usually called proteins to be studied especially when
we put them in interaction with a surface considered as 2D defect for any material. This
kind of study demands a lot of materials and strong theoretical background to be well
understood. For this reason we are going to present, in next chapter, the details about

proteins-solid surfaces interactions taking into account the previous knowledge discussed

in the present chapter.
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Proteins-solid surface interactions

I1.1. Introduction

The comprehension of adsorption behavior of proteins on solid surfaces constitutes an
important step toward development of efficient and biocompatible medical devices.
Surface charge and wettability, both have been shown to influence protein adsorption
attributes, including kinetics, quantities, deformation, and reversibility. However,
determining the dominant interaction in these surface-induced phenomena is challenging
because of the complexity of inter-related mechanisms at the liquid/solid interface [1-3].

In this chapter, we will enumerate a number of mechanisms and forces that govern these
interactions that take place between the protein and the surface, with an emphasis on the
most relevant characteristics to this work. We will also discuss the phenomenon of protein
adsorption on solid surfaces and the parameters and forces that influence this phenomenon
on the protein side. The plasma surface cleaning process and methods for measuring

protein adsorption will be also presented.
I1.2. Phenomena of protein adsorption

Proteins are intrinsically surface-active and tend to accumulate at interfaces. When protein,
in an aqueous solution, is exposed to a solid surface, it will generally tend to adsorb
spontaneously at the solid-liquid interface as reported in several works [4,5]. The Figure

I1.1 clearly illustrates the different steps of this surface complex phenomenon.

Native state
conformation
Transport to
o interfacial region

=y s

Desorption of Tl o
Attachment to perturbed structure
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® Furher structural - perturbed ructure

Z

Figure II.1: Schematic representation of protein- solid surface interactions mechanism

(adapted from Norde and Haynes [6]).
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»> Step 1: Transport of a protein toward a surface: The gradient diffusion and
brownian motion are considered as the basic transport mechanisms. This explains
the random movement of proteins due to the collisions and interactions with
molecules of the surrounding medium such as water and salt. The concentration in
the solution plays a crucial role on the rate of transport of a protein molecule
towards an interface. This rate increases with increasing solution concentration of

the protein and then, a higher degree of coverage is expected.

> Step 2: Attachment of a protein at a surface: In this step, the initial protein-
surface interaction, whose strength determines the residence time of the initial
proteins attachment because at the very beginning of this phenomenon, they have
enough space at the surface which increases the propbability and the velocity of

adsorption.

» Step 3: Conformational changes of the protein: This one is a time-depended
structural re-arrangement of the protein on the surface. Changes and the
transofrmation in conformation occur immediately during adsorption or slowly
over time after the protein has sticked to the surface. These changes of
conformation are suggested to be higher at low surface-coverage, usually caused by
the weak protein concentration in the solution, because other molecules are
believed to have an effect on the protein to adopt different conformation. The
adsorption is affected by the form of protein, therefore, for proteins that are more or
less rectangular in shape (with a dimension of a*b*c) is normally expected that
there are two types of conformations for adsorbed protein molecules. One is called
“end-on type” with the long axis and the other is called “side-on type” with the

short axis perpendicular to the surface as demonstrated by the Figure 11.2.
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Figure I1.2: Schematic illustration of (a) a globular protein, whose conformation may be
distorted on interaction with the surface and (b) a rod-like protein undergoing multistage
process where (1) initially the protein adsorbs with its long axis parallel to the surface and
(i1) rearrangement of protein molecules occurs to increase a protein-protein interaction

(reproduced from [7]).

> Step 4: Detachment of a protein from the surface: It describes the desorption
process which is the opposite of adsorption. Protein adsorption is usually only
partial reversible due structural changes during adsorption and they get attached
with many segments to the surface. Changing pH or increasing ionic strength can

desorb proteins from the surface.

» Step 5: Transport away from the surface: The transport away from the surface is
just the reverse of step one. It could be that the desorbed protein has an altered
structure compared with the native state. In many cases the desorbed proteins can
adsorb again. However, in other cases the protein can recover its native

conformation [5,8].
I1.3. Factors controlling protein adsorption

Proteins adsorption is controlled by many important environment factors like:
Temperature, concentration, pH, ionic strength. The mechanism of adsorption and the bond
between the protein and the surface is still not well understood right now. The form of the
protein and the properties of the surface and the proteins play a fundamental role in the

adsorption.
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I1.3.1. Influence of external parameters on protein adsorption

These parameters are: Experimental conditions, pH, ionic strength, temperature, and

protein concentration.
I1.3.1.1. Ionic strength

The parameter that controls the adsorption of proteins is the concentration of dissolved
1ons expressed by the term ionic strength. This latter basically determines the Debye length
correlating [9] which is a measure of charge carrier’s net electrostatic effect in a solution.
The higher the ionic strength the shorter are the electrostatic interactions between charged
molecules. This means that the adsorption of charged proteins to the oppositely charged
surface gets inhibited whereas the adsorption to like charged surface gets amplified [10].

Lateral diffusivity of proteins decreases with the increase in ionic strength. This increases
the surface pH and net protein charge at the surface [11,12]. In addition; a very high
concentration of ions the adsorption rates are high when protein and substrate bear
opposite charges since electrostatic attractions accelerate the migration towards the
surface. However, the total mass load is generally observed to be maximized at the

isoelectric point.
I1.3.1.2. Temperature

It alters protein structure and folding that affects its adsorption at a surface. Temperature
influences the equilibrium state and kinetics of protein adsorption. Increase in the
temperature increases the rate of diffusion and hence favors protein adsorption.

For example, adsorption of BSA (globular protein) in a temperature range of 20 from to 40
C° increases with an increase in temperature (for pH 4 and 5) due to the increase of
diffusion on adsorbent surfaces with increasing activity of protein [13].

However, this is not always valid, for example, native collagen (fibrillary protein) is
known to be weakly surface active, a study has proved that when the temperature increases
during adsorption, it helps to reduce surface tension due to a partial denaturation, and

reduces protein adsorption [14].
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I1.3.1.3. Concentration of proteins

The coverage of the surface strongly depends on protein concentration in the solution. For
example, at high concentration; results in an increased adsorption on surfaces leading to a
quick formation of a saturated monolayer [15,16]. In addition to this, protein molecules
tend to adsorb on the first layer and form a multilayer. The protein-protein interactions
occur by hydrophobic, hydrophilic and ionic interactions or by covalent bonding. In
solution, the concentration of proteins appears to have an effect on the denaturation state of
a protein. At low concentrations, protein- surface interactions can be maximized by
reorientation of the proteins as well as by unfolding which means denaturation and
irreversible adsorption [17]. At higher concentrations, the supply of molecules to the
surface increases and the surface will be filled with adsorbed proteins in a shorter time
span. In general, small proteins adsorb more than large ones because they can fill every
small empty space available at the surface. This leads to a higher mass surface density for
small proteins especially at high concentration (Figure II.3) where a multistage process can
occur. P. Roach et al. [15], showed a rearrangement or orientation change for fibrinogen
due to protein-protein interactions, driven by increased hydrophobic interactions between
adsorbed molecules.

Small protein Large protein

High concentration [ | i |

OOOI ICﬁ(—ﬁ]

Low concentration I

Figure I1.3: Schematic representation of protein monolayer to show difference between

high and low concentration on protein adsorption on flat surface [15].
I1.3.2. Influence of protein properties on its adsorption

The properties of proteins which affect surface activity are related to the primary structure
of the protein itself, meaning that the sequence of amino acids affects protein-surface

interactions these properties are listed bellow:
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I1.3.2.1. Size

Protein adsorption is influenced by the diffusion rate and the rate of diffusion that depends
on the protein size. Smaller proteins tend to diffuse more and get adsorbed to the surface
faster than larger proteins that can likely to interact with surfaces because they are able to
contact the surface at more sites and hence will have more binding domains for interacting

with the surfaces [18].

I1.3.2.2. Charge

The acid-base properties of proteins essentially depend on the number and nature of the
ionizable functions of the side chains of the constituent amino acids. The proteins have
acid functions and basic functions which give them an amphoteric character and they have
an average net charge, which depends on the pH.

When the pH equals the isoelectric point (pI) of a protein the numbers of negative and
positive charges are in balance resulting in a net neutral molecule. At low pH conditions
(pH < pl), the proteins are positively charged however at high pH values (pH > pl) they are
negatively charged [10]. On the other hand, charged amino acids are generally located on
the outside of proteins and are readily available to interact with surfaces. Consequently, the
charge, as well as the distribution of charge on the protein surface, can greatly influence
protein adsorption. Increasing net charge on the surface of protein molecule may reduce its
adsorption to the interface as charge-charge repulsions among the adsorbed molecules will
increase. Also, with increasing net charge, a protein molecule can be in a more extended
conformation due to intramolecular repulsions, which could lead to a decrease in
adsorption due to a relatively large area required by the expanded molecule for adsorption

[19].
I1.3.2.3. Structure stability

Less stable proteins, such as those with less of intramolecular bonds, can extend widely

over a surface and, as a result, they will have much more contact points with the surface.
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I1.3.3. Influence of surface properties on protein adsorption

Protein—surface interactions are influenced by the protein's properties on one side and by
the surface properties on the other side. The surface properties, they are frequently

classified in three categories: geometric, chemical, and electrical.
I1.3.3.1. Topography

Substrates with more topographical features will expose more surface area for possible
interaction with proteins. For example, surfaces with grooves or pores have greater surface
area compared with smooth surfaces. Other surface features, such as machine marks

introduced during processing, provide additional sites for protein interaction [18].
I1.3.3.2. Composition

Chemical make up of a surface will determine the types of intermolecular forces governing
interaction with proteins. The oxidized (passivated) surface of a metallic biomaterial
exposes metal and oxygen ions. Similarly, ceramic, and some glass, surfaces comprise
metal and nonmetal ions. A variety of functional species, such as amino, carbonyl,
carboxyl, and aromatic groups, can be present on the surface of polymeric biomaterials.
Depending on which species are exposed, biomolecules may have different affinities for
various surfaces. Proteins are likely to adhere more strongly to nonpolar than to polar, to
high surface tension than to surface with low tension and to charged then to uncharged
substrates. Belfort et al. postulate that non-polar surfaces destabilize proteins and thereby
facilitate conformational reorientations leading to strong inter protein and protein—surface

interactions [20].

11.3.3.3. Hydrophobic interaction

The hydrophobic or hydrophilic character of the surface has been characterized as a key
parameter for the protein adsorption process, is the hydrophobic effect. It arises from the
interactions of hydrogen with water.

There are numerous studies that attacked this subject, both experimentally and theoretically
[18]. It is thought, in general, that hydrophobic surfaces cause proteins more denaturation
than hydrophilic surfaces. This could be either a benefit or a hindrance for the design of

biomaterials [21]. In general, protein molecules change their conformations to a larger
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extent on hydrophobic surfaces compared to hydrophilic ones. This is because the
hydrophobic part of the protein and the hydrophobic part of the surface interact with each
other [22].

I1.4. Protein adsorption on flat surface

When a solid material is in contact with a biological medium, it becomes quickly
recovered by a proteins layer [23]. The adsorption process consists in two steps: (i) first
proteins with high affinity with the materials are adsorbed; (i1) second other biological
materials are adsorbed such as cells and other proteins. The first step is in general
irreversible and leads to conformational change of proteins. The adsorption mechanism is
complex, depending on the properties of proteins, the surface (hydrophobicity, nano
structuration, chemical functionalization...) and the surrounding medium (ionic strength,
pH, solvent and temperature). The adsorption process can be divided into three steps. The
first step is the transport of molecules from the liquid near to the surface (convective and
the diffusion effect). Far from the surface, the convective motion dominates. Near the
surface (10 um) diffusion takes over. In second, even closer the surface the interfacial force
becomes more important. The force with the longest range is the solvation force, which
governs the reorganization of water to form a ramified hydrogen bond network in liquid. It
has a characteristic length of about 1nm, depending on solvent polarization. Last, the
electrostatic force is important. Due to the ions present in the solution, the electrostatic
force has a characteristic length (Debye length), also about 1 nm. The reorganization of
charges favors the interaction between protein and surface. The Van der Waals interaction

is even a shorter range one, but is also important in the protein surface interaction.
I1.4.1. Impact of protein structures

Protein can be described in terms of “hard” and “soft” proteins (Figure 11.4). Hard proteins
possess stable structure (high internal cohesion) and retain their native conformation after
adsorption. They adsorb on hydrophobic interfaces under all conditions of charge
interaction, and on hydrophilic surfaces only if electrostatically attracted. Examples
include a-chymotrypsinogen, ribonuclease, cytochrome-c, lysozyme and B-lactoglobulin.
Soft proteins lose their conformation more easily, due weakness internal cohesion [24], the
conformation changes after adsorption and lead to an entropy gain. This structural

rearrangement allows adsorption in repulsive electrostatic condition and on hydrophilic
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and hydrophobic surface, to cite a few: BSA, HSA, immunoglobulin, a-lactalbumin, B-

casein and haemoglobin.

Hard Protein

@

Soft Protein

D

Substrate

Figure I1.4: Schematic representation of interaction between a surface and a hard protein

and soft protein [24].

I1.4.2. Change of hydration state and reorganization of electric charges

Proteins possess polar and non-polar groups, thus, in an aqueous environment proteins are
surrounded by counter ions (Stern layer). When proteins approach the surface; the
electrical layers interact, resulting in ion redistribution. The adsorbed proteins form a
compact layer where the density of charge is neutral (compensation of surface charges).
Surface is covered by water molecules, which when proteins approach reorganize [25].
This change of hydration state, leads to an entropy gain by the release of water molecules
in solution (Figure I1.5). Water molecules, interacting with ions in solution (electrostatic
interaction), may lead to conformational changes of proteins. The protein can expose a
non-polar group to the surface during the adsorption, leads to a change in the secondary

structure and a decrease in Gibbs free energy.
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Figure IL.5: Schematic representation of the change of hydration state to an interaction
between negative charged surface and proteins. Ions in solution are represented by

negative and positive charges [26].
I1.4.3. Adsorption and conformational changes of proteins

Usualy, the proteins arrive onto the considered surface from a solution with a random
orientation. This latter plays a role somehow on the adsorption even it is not easy to be
well controlled experimentally. The quantities of adsorbed proteins strongly depend on the
pH; it is therefore likely that protein interactions play an important role. These interactions
may also induce a reorientation of the adsorbed proteins. Indeed, the energy necessary to
pass from one form to another is relatively low, equivalent to the dissociation of a few
hydrogen bonds [27].

The degree of conformational changes is determined by the native stability of the protein,
the hydrophobicity and charge of the protein and the support surface. The proteins that
adsorb last, will have less interactions with the surface than those adsorbed first, which is
due to the steric restrictions generated by the molecules already adsorbed on the surface.
The great flexibilities and surface activities mean that the change in conformation is
considered as a response of these molecules to an adaptation to their micro-environment, at
the expense of an internal restructuring. Indeed, the conformational changes are more

important in the case of low surface coverage by proteins.

I1.5. Multilayer adsorption, reversibility and desorption

If the affinity between the proteins is strong enough, they can also bind to each other; this

gives rise to multilayers. This phenomenon was observed during the adsorption of
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transferrin on polystyrene particles [28]. Two behaviors were observed: part of the proteins
was irreversibly adsorbed, while the other part is able to be easily desorbed. The
irreversible layer would correspond to the first adsorbed layer while the second or even the
third would be adsorbed reversibly. Some authors have linked the phenomenon of protein
adsorption reversibility to contact time (Andrade, 1985; Norde et al., 1986; Dee et al.,
2003; Rabe et al., 2011) [10, 29]. They concluded that conformational changes could occur
for adsorbed proteins as a function of residence time. Indeed, the more it increases, the less
reversibility is likely to become totally improbable for very long times. This obviously
depends on the nature of the protein, the support but also the physico-chemical conditions
(pH, 1onic strength).

The increase in the contact time allows the protein to generate more interactions with the
chromatographic support (structural rearrangement) or to increase the phenomena of
competition between the different solutes present in the medium (Figure I1.6).

L

Proiein Solution Exposure

Amount of
Protein Adsorbed
(o]

o<}

Time

Figure IL.6: Illustration of the development of an adsorbed protein layer formed when a

surface is exposed to a single-component protein solution of constant concentration [30].

Three steps A, B and C are shown in figure (I1.6):

A: Initially, proteins adsorb randomly to the surface of the adsorbent.

B: Proteins already adsorbed (in black) begin to reorient themselves (conformational
changes) by making more interactions with the support and the new molecules (in gray)
adsorb on the remaining surface.

C: The last molecules that arrive will have less orientation and conformational changes
due to the steric gene caused by the attached molecules. In the same context, Docoslis et
al. (2001) [31] established a link between the adsorption time and the desorption efficiency

of the HSA protein which was adsorbed on silica particles, for a period of 1 hour and 24
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hours. It appears that the desorption takes place in greater proportions for short adsorption
times. Indeed, in 24 hours the proteins have more time to explore “the most stable
configurations” on the surface, desorption is therefore even more difficult.
Protein desorption then depends on:

v’ The properties of the protein (hard or soft: linked to the ability to conformational

changes), its hydrophobicity, charge, etc.

v" The hydrophobicity or hydrophilicity of the adsorbent surface

v" The types of medium and properties of the resin).

v' Contact time (during adsorption)

v' The concentration interactions involved (electrostatic or hydrophobic depending on

pH and ionic strength of the of the solution
I1.6. Adsorption isotherm

Besides the different measurement techniques for measuring or quantifying protein
adsorption, developing an adsorption isotherm is one of the simplest methods that can be
used for studying protein adsorption [32]. Among these isotherms, Langmuir isotherm is
the simplest and one of the widely used adsorption isotherm method. Freundlich isotherm

and Brunauer-Emmett-Teller (BET) are other adsorption isotherm methods.

S

q

(moles/m?)

C (molesiL)

Figure I1.7: Shape of different adsorption isotherms: Plot of surface concentration (q) vs
solution concentration (C) with (a) Langmuir isotherm (——), (b) BET isotherm (-.-), (c)

Freundlich isotherm (---) [33].

Adsorption isotherms are constructed by plotting surface concentration of proteins at

different solution concentration of proteins as shown in Figure I1.7, thus it gives us an
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understanding of how proteins and surfaces interact. Each adsorption models have their
own characteristic shapes. Langmuir model assumes that the adsorption forms as a
‘monolayer’ on the homogenous surface. Freundlich model describes adsorption on
heterogenous surfaces, whereas BET model describes multi-layer protein adsorption on

different sites on a surface, which is usually the case [33].
I1.7. Plasma surface cleaning process
I1.7.1. Definition of plasma

Plasma is a partially or totally ionized gas, so it generally consists of electrons, ions,
atomic species or neutral molecular and photons. Plasma is often considered the fourth
state of matter after the solid state, the liquid state and the gaseous state; and constitutes

approximately 99% of the visible mass of the universe [34] as indicated in the figure II.8.
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Figure I1.8: Schematic representation of the four states of matter [35].

It exists either in its natural state (solar crown, Sun, interior of stars, ionosphere, etc.),
either in the laboratory generally produced by an electric discharge. It is a gas that contains
neutral particles (atoms, molecules and free radicals), positive or negative ions and

electrons.
I1.7.2. Internal reflection element

Usualy germanium (Ge) and silicon (Si) are used as internal reflection elements (IREs) for
FTIR-ATR on which a coating surface can be deposited. These IREs are considered as

substrates that should be cleaned before using them. The cleaning techniques rely on the
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same chemical principle and are based on two reactions occuring simultaneously. The UV
light radiation, first, breaks down most of the chemical bonds (C-H, C-C) from organic
contamination on the Ge surface [36], leaving organic free radicals and excited molecules
on the surface. In the case of oxygen plasma, the UV light is created through a continuous
recombination process of all oxygen species involved.

Second, highly reactive oxygen species, which are either formed in the oxygen plasma or
through photolysis of oxygen molecules due to UV light, bond with the remaining carbon
and other organic radicals on the Ge surface, forming volatile CO, CO,, and H,O [37]
resulting in a practically carbon-free surface (see Figure I1.9). At the same time, a thin
protective germanium (Ge) oxide film of up to 70 A° forms as a result of the oxidation of
surface Ge. The newly oxidized layer consumes contaminants which have segregated to
the near Ge surface region. This thin oxide layer is advantageous when using a UV light
source ex situ as it acts as a passivation layer, preventing carbon from re-depositing on the
Ge surface during the loading process into the vacuum system. As a final step, the
passivating germanium oxide needs to be removed through an annealing step, which is

usually done in situ.

o
S R

(a) (b) (©)
Figure I1.9: (a) Ge surface with organic contamination (black). (b) Atomic oxygen (red)

reacts with carbon on the surface and forms volatile CO, CO, and H,O leaving behind a

carbon-free Ge surface (c) [37].

Both techniques of cleaning rely on the same principle; however, the creation process of
the UV light radiation, that breaks down the organic bonds and the formation of the highly
reactive oxygen species differ.

Oxygen plasma is created by using a radio frequency electrical excitation of a cavity
containing molecular oxygen gas at some pressure in order to ionize the gas to form the

plasma. Usually, an oxygen plasma consists of a variety of highly excited atomic,
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molecular, ionic, and radical species (0, 0%, 0~, 03, 03, 03), as well as free electrons

and metastable molecules [37]. Molecular O, is usually the preferred gas to remove

organic residues from wafer surfaces, due to the formation of several highly reactive

oxygen species, some of which are shown below.

0,+e” —>0; -0+0°

e +0 -0
e” +0,- 03

e” +20,- 03

+2e
+2e
+0,
03+0-0;+e

(IL1)
(I1.2)
(IL3)
(IL4)

dL5)

For cleaning wafers of Ge using an ex situ UV light source, generally a low pressure Hg

discharge lamp is used, due that Hg have two major emission lines at wavelengths A; =

253.7 nm and 2,=184.9 nm. These photons have energies of E{= 472 kJ/mol and E, = 647

kJ/mol, respectively, and can dissociate most organic compounds (see Table II.1) [38].

Table I1.1: Chemical bond energies of organic molecules found on the Ge surface [38].

Bond Bond energy ( KJ.mol™) Bond Bond energy ( KJ.mol™)
C—LC 347.7 cC=C 607

C—H 4134 C=0 707

C—N 291.6 C—Cl 328.4

C=N 791 C—F 441

C—0 351.5

Furthermore, the 184.8 nm wavelength is important as it is capable of dissociating O,

leading to the formation of highly reactive ozone gas [39].

0.+ hv (184.8 nm) — 20

0+0, -0

O3+hv(2540m) > 0, + O

3

(11.6)
11.7)

(IL.8)
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When both wavelengths are present, highly reactive ozone is continuously created and
decomposed which results in the creation of atomic oxygen a strong oxidizing agent. The
major advantage of using UV light or oxygen plasma, apart from its effectiveness in
completely removing any organic contamination from the Ge surface, is the economical
and environmental aspects. The use of hazardous and toxic acids can be circumvented and,
unlike wet-etching methods that produce a high volume of liquid hazardous waste resulting
in expensive chemical disposal, excess oxygen, CO,, and H,O can be released directly into
the atmosphere [40]. This cleaning method also provides the advantage that no time
consuming germanium regrowth is needed to obtain a highly ordered and atomically clean

Ge surface.

I1.7.3. Oxygen plasma and IRE cleaning

Oxygen plasma refers to any plasma treatment performed while introducing oxygen to the
plasma chamber. Oxygen is often used to clean surfaces prior to bonding. Oxygen (O) is
the most common gas used in plasma cleaning technology due to its low cost and wide
availability. Oxygen plasma is created by utilizing an oxygen source on a plasma system
(Harrick machine) as shown in Figure II.10. All systems available from Plasma Etch will
work with oxygen gas. An oxygen generator can be purchased and set up right in a lab.
Oxygen gas is used to clean non-metal materials such as glass [41], plastics, germaniun,
silicon, and Teflon. Like other forms of plasma, oxygen cleans organics and is capable of

surface modification by introducing some unwanted impurties.
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Figure I1.10: (a) Harrick plasma cleaning machine [42], and (b) Germanium substrates
cleaned in oxygen plasma unde around 890 mtorr (pictures kindly given by A. Bouhekka

[43]).

Before the despotion of porous TiO; films on germanium or silicon substrates, these latter
were introduced in the harrick machine for clean under oxygen plasma at 890 mtorr of

pressure as shown before.
I1.8. Methods for measuring protein adsorption

Understanding protein adsorption is critical for several industrial and biomedical
applications. The choice of a measurement technique strongly depends on the type of study
and may involve studying adsorption kinetics, the amount of adsorbed protein, the activity
and the structure of the adsorbed proteins [44]. Many label free approaches such as,
ellipsometry, UV spectrometry, surface plasmon resonance (SPR), optical waveguide
lightmode spectroscopy (OWLS), etc. have been used to study adsorption kinetics and
some have also been also used to measure the thickness of the adsorbed protein layer.

Spectroscopy techniques such as, X-ray photoelectron spectroscopy (XPS) has been
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employed to study the composition of adsorbed protein layers. Labelled techniques such
as, radiolabelling, Lowry assay, bicinchoninic acid (BCA) assay have also been employed
[45]. Radiolabelling technique, which uses radio isotopes for labelling proteins was one of
the widely used method for measuring adsorption and has been used since 1980.

Lowry and BCA assay measures protein adsorption based on absorption spectra.
Fluorescence measurements of adsorption can be performed using fluorescein
isothiocyanate (FITC) labels and microscopy techniques [46]. Techniques such as total
internal reflection fluorescence (TIRF) and Forster resonance energy transfer (FRET) have
been used for measuring protein adsorption. TIRF has been used to investigate protein
adsorption kinetics and FRET has been used for studying protein folding/unfolding [10].
On the other hand, to study the structure of adsorbed proteins and its conformational
changes upon adsorption, infrared spectroscopy (IR), attenuated total internal reflectance-
infrared spectroscopy (ATR-IR) and circular dichroism (CD) spectroscopy has been used
[47]. Atomic force microscopy (AFM) has also been used to study protein adsorption by
imaging of the adsorbed protein and can provide information, such as the height of the

protein.
I1.8.1. Attenuated total reflection FTIR-ATR spectroscopy

One of the most important techniques that can be useful to investigate the solid-liquid
interface is ATR spectroscopy which is a nondestructive technique used to study surface
layers with thicknesses ranging from hundreds of Angstrom units to tens of micrometers.
This technique was developed in the past 60 years, gained wide acceptance in the field of
physicochemical studies. ATR spectroscopy can be used to investigate thin films on
transparent or absorbing substrates; and to study the adsorption, catalysis and diffusion.
The absence of scattering in the case of ATR provides one with a unique opportunity to
record the spectra of powders, fibers, pastes, and other dispersed media. The simplicity of
sample preparation allows one to study biological and medical objects in vivo [48].
Attenuated total reflectance (ATR) spectroscopy utilizes the phenomenon of total internal
reflection (Figure II.11): A beam of radiation entering a internally refracting element (IRE)
will undergo total internal reflection when the angle of incidence at the interface between
the sample and IRE is greater than the critical angle, where the latter is a function of the

refractive indexes of the two surfaces [49]:
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Figure I1.11: A multiple reflection ATR system [49].

According to Snell’s law, the refractive indexes of the medium 2 must be smaller than that
of medium 1. When the light undergoes total reflection at the interface of the two
mediums, an electric field is formed at the reflection points which then penetrate into the
rare medium. This electric field is referred to as evanescent field which is derived from the

Latin root evanescere, meaning “to tend to vanish or pass away like a vapor” [S0].
I1.8.2. FTIR Spectroscopy and protein structure

Fourier transform infrared spectroscopy is a good technique that can be applied to study
the secondary structure of globular proteins [51]. Its applications to determine the structure
of the protein is based on the assessment of amide bands. Kumosinski et al. [52]
demonstrated that the results concerning the secondary structure of 14 proteins using FTIR
spectroscopy and X-ray crystallographic data were in good agreement. The FTIR has many
advantages, over other techniques, in studying protein and the major one is the lack of
dependence on the physical state of the sample (gas, aqueous or organic solution, hydrated
film, inhomogeneous suspension, or solid). The FTIR spectroscopy has been used several
years ago to analyze the proteins structure and it is extensively reviewed. This method
(FTIR) is particularly suitable for the study of adsorbed proteins on surfaces [S3]. FTIR
was applied to investigate the loss of secondary structure during insulin unfolding on a
model lipid-water interface, adsorbed proteins on silica surfaces [54], different clay
surfaces, interface of oil-water, air water interface, and brushite. The conformation of

adsorbed protein depends on properties of the surface [SS5].
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I1.8.3. FTIR spectrum of protein

The absorption bands in FTIR spectroscopy measurements are sensitive to bond angles in
the molecules and hydrogen bands. Theoretically, any changes (intensity, shift in peak
position...) are caused by an alteration (conformation) in the secondary structure of the
protein. Each type of secondary structure absorbs at a specific frequency in the FTIR
spectrum [56]. The amide groups of proteins exhibit vibrational modes in the infrared
region, which give rise to the amide bands A, B, and I[-VII [57]. The amide IV-VII bands
are not very important in mid-infrared region due to their low intensities. The amide I,
amide II and amide III are the most important bands that can be applied to determine

secondary structure of proteins [58].

I1.8.4. The correspondence between protein secondary structure and amide bonds

The most important point in the interpretation of proteins infrared spectra is to involve the
component bands to different types of secondary structures. A lot of theories and
experiments have been done to correlate FTIR absorption bands of protein to the secondary
structure of protein in its different states. The bands in the range 1650-1658 cm™ is
associated to a-helix conformers in aqueous environments. The a-helical structures overlap
with those from random (unordered structure) (1645-1652 cm']) [59] and loops (1658-1665
cm'l) [60], and they occur from 1650 to 1655 cm’! in soluble proteins [61].

The vibration of B-sheet can be seen in the region from 1620 to 1640 cm™ and its position
can be affected by varying strengths of the hydrogen bonding and transition dipole
coupling in different B-strands. B-turn (turn) vibration is around 1662-1690 cm™. The
secondary structure of protein can be also determined from the amide II band, but the
correspondence between FTIR spectra and secondary structure is more complex than in the
amide I region because bands in the amide II region have not been well studied. In amide II
region, bands in the range 1540-1550 cm™ are regarded as a-helix and the p-sheet vibration
is at the range 1520-1530 cm’! [62]. B-turns can be seen around 1568 cm’! [63].

Due to their low intensity and the contribution of the side chain vibration, the FTIR spectra
of the protein in the amide III region have not been fully understood yet. It was reported by
Cai and Singh that a-helix bands usually appear in range 1295-1340 cm™'; B-turns gives
rise to bands around 1270-1295 cm'l; random structure is at 1250-1270 cm'l; and B-sheet is
assigned from 1220 to 1250 cm™. The important assignments of FTIR bands are given in

Table I1.2.
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Table I1.2: Band assignments in the amide I region of FTIR spectrum [45, 64].

FTIR region Wavenumbers (cm'l) Secondary structure

1620-1640 [B-sheet

1645-1652 Random or unordered
Amide I 1650-1658 a-helix

1662-1690 B-turn

1520-1530 B-sheet

Amide II 1540-1550 a-helix

1568 B-turn

I1.9. Native and unfolded states of protein

The spreading of the adsorbed protein on the surface strongly depends on the amount of
protein adsorbed. If there is enough space on the surface, the protein can spread leading to
the increase in contact points between it and the surface thus the adsorption will be strong.

The Figure I1.12 illustrates the unfolding (spreading) of adsorbed protein onto a surface.
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Figure II.12: Time-dependent molecular spreading of a protein on a surface [18].

Changing the pH of protein solution can lead to affecting strongly the structure of protein.
In this case, it leads to more contact between the protein and the surface as shown in Figure
II.13. This demonstrates that the footprint of protein is increased and the space between

adsorbed proteins may be reduced.
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Figure I1.13: Effect of protein unfolding on interaction with a surface [18].

The unfolding process will be discussed in the extended model that will be discussed in the
following two chapters where the determination of the surface covergaes by native and

unfolding protein is an important point in this research.

I1.10. Conclusion

From this chapter, we conclude that the structure of protein is very complex and the study
of their adsorptions at surface still a big challenge for scientist because of the different
factors that control these phenomena. The form of the protein and the properties of the
surface and the proteins play a fundamental role in the adsorption.

The FTIR-ATR is a powerful technique that can be used to probe interfaces by doing in
situ measurements. The next chapter will deal with in situ attenuated total reflection

spectroscopy used for investigating the adsorption of protein-surfaces.
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In situ ATR-FTIR and two state kinetics model of BSA adsorption on TiO,; surface

II1.1. Introduction

Infrared spectroscopy is one of the most widely techniques used for identification of
chemical compounds and materials, including liquids, solid substances and gases, through
their ability to characterize absorption of infrared radiation [1,2].

Knowledge about solid-liquid interface is so important and plays a fundamental role in
nature and technology especially in the field of metal oxide-aqueous solution interfaces
that have attracted great attention because of their importance in several fields ranging
from heterogeneous catalysis, atmospheric chemistry, corrosion, implants and adhesion to
metal oxide crystal growth [3-6]. By measuring the intensity of the transmitted light as a
function of wavelength, ATR-IR spectroscopy can provide a spectrum that contains
information about the functional groups and chemical bonds present in the sample. This is
valuable for identifying compounds, determining their concentrations, and studying
chemical reactions. ATR-IR is a non-destructive and relatively quick method for obtaining
structural and compositional information about a wide range of materials. However using
ATR-IR for investigating proteins adsorption in water solution is a challenge because of
the absorption of water in the same region of proteins as we will see in the next parts of
this manuscript [7]. However, spectroscopy of surface is not enough to get all necessary
information about proteins adsorptions due to the complexity of the system being studied.
For this reason sometimes modeling still have its great value to determine and complete the

experimental studies.

II1.2. Materials and methods

I11.2.1. TiO; thin film preparation on germanium substrate

The experiments were carried out using commercial type TiO, anatase (Sigma-Aldrich
Chemie GmbH) with an average particle size less than 25 nm (specific surface area 200—
220 m2/g, density: 3.9 g/ml at 25 °C). The porous films were formed by suspending 20 mg
of TiO; anatase in 10 ml of purified water (Milli-Q, Millipore) water (18 M cm) and
sonicated for 30 min. The films were prepared by dropping the slurry onto a Ge internal
reflection element (IRE, 52 mm x 20 mm x 1 mm, Komlas GmbH). The IRE was first
cleaned, before film deposition, with ethanol and then put in air plasma for around 15 min.
The solvent was evaporated using the spin coating technique (1000 rotation per minute)
where twelve successive spin coatings were applied with 2.25 min between the individual

ones. Then the samples were put in an oven to be dried at 80 °C for some hours. After this
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step of drying the film was ready for use. A fresh catalyst sample was prepared for every
experiment, and results were reproducible on different catalyst films. Bovine serum
albumin protein (BSA, Sigma-Aldrich) (68 kDa, solubility 1g in 25 ml of H,O) was used

to prepare a BSA solution of 10"°mol/l in the experiments under different pH values [8,9].
I11.2.2. In situ attenuated total reflection infrared spectroscopy

Attenuated total reflection infrared (ATR-IR) spectroscopy is a powerful and a well-
established experimental method to investigate processes taking place at solid-liquid
interfaces [10-14]. ATR spectra were recorded with a dedicated flow-through cell,
fabricated from a Teflon piece and a fused silica plate (45 mm x 35 mm x 3 mm). The cell
contains two holes for the inlet and outlet (36 mm apart) and a flat (1 mm) viton seal. It
was mounted on an attachment for ATR measurements within the sample compartment of
a Bruker Equinox 55 FTIR spectrometer equipped with a narrowband MCT detector. All

the spectra were recorded at a room temperature at a resolution of 4 cm ™' [8].

II1.3. ATR-FTIR results
I11.3.1. The pH effect on the adsorption of BSA onto TiO; anatase

The pH of any solution used as a solvent for the protein is one of the most important
environment parameters that affect the structure of the protein and thus the adsorption is
affected too. Figure III.1 clearly shows that IR spectrum is sensitive to the structure of the
protein. In addition, this figure elucidates the effect of pH on the adsorption of BSA onto
TiO, anatase surface. For a pH around 10, the adsorption is very weak even it does not
exist because the negative charge is unfavorable for the adsorption due to the repulsion of
the adsorbed proteins [15,16]. At this basic pH the shape of the BSA is not well known.
But one of the most important factors can effects on the adsorption is the electrostatic
forces between TiO, surface and BSA [17,18]. For a pH near to the PZC of BSA (PZC =
4.8) or the one of TiO, the amount of adsorbed protein is maximal because the repulsive
interactions are weak. A weak adsorption is observed when using an acidic solution of pH
lower than 2 due the changes of protein structure (Expanded form) that takes more space

on the surface and that is why the amount of adsorbed protein is reduced.
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Figure III.1: The equilibrium spectra of BSA protein adsorption onto TiO; anatase thin
films surface under various pH values (water is used as a solvent at 10° mol/l of BSA

concentration).

Figure III.2.a shows the evolution of in situ FTIR-ATR spectra of expanded BSA (E form)
adsorbed on TiO, anatase as a function of time. Regardless of the low amount of protein
adsorbed, it is clear that adsorption is very rapid at the beginning. With time, the system
evolves towards an equilibrium at around 80 min as illustrated in Figure IIL.2.b. It was then
rinsed with the corresponding solution at the same pH and no changes were observed

which strongly means that BSA in its E form is strongly bound to the surface.
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Figure III.2: (a) ATR-IR spectra collected in situ recorded during adsorption of BSA
protein onto TiO; anatase surface at pH = 1.7 where the difference between each two
successive spectra was around 7.5 min. ( b) Absorbance variation of amide I band versus
time and the difference between the first spectrum and background was taken as the origin

of time (Experiments were done by A. Bouhekka who kindly gave these graphs).

The normalization of Figure III.2.b leads to the full surface coverage (8 %) as shown in
Figure II1.3 which clearly shows that the saturation of the surface was reached after around
80 min. This equilibrium is reached rather quickly and the graph shows that after 60 min

the surface is almost full and no enough space left for other proteins to be adsorbed.
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Figure II1.3: The normalized absorption intensity of amide I (full surface coverage (©))
of BSA adsorbed onto TiO; anatase surface versus time at pH = 1.7.

I11.4. Kinetics model of BSA protein adsorption at a solid surface

As the mechanisms behind protein adsorption events strongly affect the adsorption
kinetics, the majority of models developed in this field are ‘kinetic models’ which are
usually expressed through rate equations. In general it is rather uncomplicated to construct
a kinetic model by using terms that represent the mathematical translation of adsorption
phenomena such as structural rearrangements, lateral interactions, cooperative effects or
overshooting.

The easiest way is to start with a reference model, for instance the Langmuir’s one, which

is successively modified or extended [19,20].
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KEJ I Kd_1 Kdg
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Figure II1.4: A schematic illustrating the adsorption model of BSA protein on a solid

surface presented in terms of the dependence of relative surface coverage by BSA.

From Figure III.4, the surface concentration of BSA in terms of its relative surface

coverage ©, the two-step (native ©, and unfolding ©,) BSA adsorption kinetic model can

be formulated as [21,22]. Usually, the unfolding state strongly depends on the adsorption
parameters especially the pH of solution and concentration. This state is not well known

and it could be slightly different from the native therefore desorption is possible ( Ky = 0)

and the improved model is given below:

dg

T2 = K,Co(1-0, —©,) — (K4, + KB, (IIL1)
d9,
T, K©y— K40, (I1L.2)
dg do, d8,
I:d_t_-*-d_tu: KECD(I—B)—KdLEIl— Kdinz (III3)

Where:

8,, 6, are the fractions of surface area occupied by protein in native and unfolding states,

respectively. 8 = 6, +©, is the full surface coverage. K,, Kj, Kd1 and Kd2 are the rate
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constants of adsorption, transformation and desorption from native and unfolding states,
respectively.

This relation is valid at any time (t) and satisfies the initial conditions © =0 att=0 s (and
accordingly 8,=8,=0).

The mathematical solutions of the Eqs. (III.1)- (IIL.3) are indicated below:

) ] ot it
1 KoCL [l PH,, —onle 2 +{PHy +ou)e 2z 29K, ]
0,)=—-22 % = = (111.4)
(f—ak (f+oit
©,(1) = — 1EiColBthe = *(3-fuje * 23] (ITL5)
(-t f+oit
1 }{BCD[I:I:I:*I:}{d_ +K;) #a(pK—a) Je zﬂ- +{®(Kg, + Ke)-alPrea))e” -:D- ~23(Ky, + K¢
L) =g g : v = — (IIL6)
Where:

[
o :Ml'Kgcg + 2K, Co(Kg, —Ki— Kg ) + (Kg, + Ke— Ky ) 2

B=K.Co+ Ky + K+ Ky

o= —K3 +(K,Cp+ K, +KpKy +2K.K(Cy

® = K3 —2(K,Cp+ Ky +KpKg +KZC5 +2K,Co(Kg, — Kg) + (Kg, + Kp) 7
d=(K.,Cy + Ky, +KpKg + KK Cy

The general solution indicated above can be applied to any adsorption of any kind of
protein at a solid surface if the kinetics constants are known. For BSA, the corresponding
8,, 8, and © are shown on the Figure III.5 which clearly indicates that the sticking of
BSA in its native state is very quickly in the beginning of the adsorption phenomenon
whereas the unfolding state is very slow. When ©4 reaches a maximum after around (ten)
10 min it starts transforming to an unfolding state which increases. Thus the adsorbed

amount of BSA in 8, is reduced and in ©, is increased.
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Figure IIL5: The time dependence of the native (8,), unfolding (8,) states and full
surface coverage (8) calculated for BSA adsorption on a gold surface using data from
[16] where Co = 3 x 10° mol/l, K, = 1.57 x 10’ mol™' 1 min™', K¢= 0.80 x 10” min™" and
Kg, =074 x 10" min". Kg_was chosen slightly different from Ky (Kg = 0.1 x 10"

minfl).

It is very clear from Figure III.5 that both stated reached equilibrium after 175 min of
adsorption and no intersection between them is observed till 200 min where the amount of

B, is still bigger than ©,.

The full surface coverage reached equilibrium of around 90% after 10 min of adsorption
and still constant which strongly means that the behavior of this phenomenon is controlled
by the changes between native and unfolding state plus their desorption from the surface
and the total amount of adsorbed protein is constant.

Usually, the unfolding proteins ©, are strongly stickled on the surface, therefore the
possibility of desorption is very low, thus, one can ignore it (K4 = 0) and Egs. (IIL.1) -

(II1.3) can be solved with the initial condition of (Kg,=0), we get the below outcomes:

(B,—my Jt (B,+a )t

0,(t) = Helotsle O ] (I1.7)
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) (B, —as Jt (B, +as Jt
0,(t) = — 1KKeCo[($.+B,m,)e” 2 -_I-l:l:I:-._—B,_u._}e_ 3 -28,] (IL8)
2 $, b,
} (B,—as )t (B,+ay )t

K.Co|(®,Keto, (B, Ke—5, ) Jo”~ 2 +(®, Ke—n, (B K—o.))e” 2 -20,K]
Btt:]=_£an[._fu_ Ko, ) e ___f“_ Keoy))e 1K (I11.9)

p: $,8,

Where:

[
ﬂi=ﬂq|'K§E§ + 2K, Co(Kqg, — Kp) + (Kq, + Kp) 2

B, =K.Co+ K4, + K¢

o, = 2K_K;C,

@, =KIC5 +2K, Co(Ky — Ke) + (Kg, +Kp) 2
5, =K

KeCy

a

Using these solutions Eq. (III.7)-(II1.9) and applying them on the adsorption of bovine
serum albumin (BSA) on a gold surface; the results indicated by the Figure II1.6 strongly
agree with those indicated by M. Dergahi et al. [21], for time less than 60 min.
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surface coverage (&) calculated for BSA adsorption on a gold surface using data from [16]
where Co =3 x 10° mol/l, K, = 1.57 x 10’ mol ' I min', K¢=0.80 x 107 min ' and K4 =

0.74 x 107" min" ..

In general, this figure strongly shows a similar behavior as Figure III.5 excepting that
equality between native and unfolding states is reached after around 85 min of adsorption

and after that the amount of unfolding protein is higher than the native one.

In an adsorption experiment of protein with a concentration Cy in a solution is adsorbed on
homogeneous surface and the number of adsorbed molecules held per unit surface area at
the moment is determined by the number of molecules that come to the surface from a
solution and bonded on it for the same time interval Eq. (II1.7) (unfold).

Proteins are irreversibly bonded on a surface with an adsorption rate constant K,. Adsorbed
native particles can transform from this state with the transformation rate constant Ky to
another state if a free surface is available. Neglecting the desorption from the surface for

native and unfolding states (K3 = K3 =0)

The mathematical solutions of the Eqgs. (II1.4) - (IIL.6) are reduced to the followings:

KgCpl- E_Kacnt-Pe_Hft}
KgCp_ K¢

B,(t) = (I11.10)
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Figure IIL.7: The time dependence of surface coverage of BSA where (8,) indicated by

dashed lines (— — ) and continuous lines ( ) for (8,) for different values of rate

transformation constant K. The parameters used are: K, = 1.57 x 10° mol ' 1 min! and Co

=3 x 10°° mol/l.

Figure II1.7 indicates that the surface coverage ©, (Eq. III.10) initially increases sharply
and then reaches a maximum value of 70% at a binding time of 4.25 min, and then
gradually decreases to a value of 2 % after 50 min of binding. On the other hand, the
surface coverage ©,, (Eq. II.11) gradually increases in the entire time interval, and starts
becoming predominant after 10.65 min of binding time at the transformation coefficient
K¢= 0.8 x 10" min™". When we reduce a K; = 0.8 x 102 min . ©, gradually increases in
the entire time interval, and starts becoming predominant after 88 min and become

majority at 200 min [23-25].
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This indicates that most of protein BSA that transform at longer times, when the system at
acidic pH < 2.7. The transformation rate constant is smaller the surface coverage €,
increases and approaches a plateau after 11 min and remains majority in a long time , so
B, cannot be predominant in the system at the K; = 0.8 x 107 min"" and it does not exceed

14 % at a time of 200 min.

——; —K_=15710"mol ' min"! . K_i=157-10*mol  1min™!
1

——; —K_=157-10"mol " lmin"

I I I 1
1] 25 50 T5 100 125 150 175 200
Time (min)

Figure II1.8: The time dependence of surface coverage of BSA where (8,) indicated by

dashed lines (— —) and continuous lines ( ) for (8,) for different values of rate

adsorption constant K,. The parameters used are: Ky = 0.8 x 102 min ! and Co=3x 10

mol/l.

Figure II1.8 indicates that the surface coverage ©, (Eq. III.10) initially increases sharply
and then reaches a maximum value of 93% at a binding time of 08 min, and then
gradually decreases to a value of 20 % after 200 min of binding. On the other hand, the

surface coverage ©,, (Eq. III.11) gradually increases linearly in the entire time interval,

and starts becoming predominant after 100 min of binding time at the adsorption

coefficient K, = 1.57 x 10° mol ' I min™".

A high value of K, suggests strong binding between the protein BSA and the surface. This

implies that the adsorption process is favorable and efficient. In practical terms, a high K,
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indicates that even at relatively low concentrations of the protein BSA in the solution, a
significant amount of protein BSA can be adsorbed onto the surface [26,27].

When we reduce a K, = 1.57 x 10* mol ' 1 min™' the surface coverage 9, increases and

approaches a maximum value of 69 % at a binding time of 44 min and then gradually
decreases to a value of 24 % after 200 min of binding and the surface coverage ©, starts
becoming predominant after 120 min of binding time. When the adsorption coefficient K,

is smaller the surface coverage (84 and ©,) do not exceed to a value of 36 % at a time of

200 min[28].

K =157 10° mol 1 min~!

K =157 10*mol  1min~!

K =157 10° mol ' 1min~!
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Figure II1.9: The time dependence of full surface coverage of BSA (8) for different

values of rate adsorption constant K,. The parameters used are: K¢ = 0.8 x 10> min ! and

Co=3 x 10° mol/L.

For a three different values of rate adsorption constant K, and taking into account the
constant BSA concentration Cy= 3 x 10°° mol/l and Ki=0.8x 102 min ",

The results of full surface coverage are graphically presented in Figure III.9 which shows
that the amount of adsorbed BSA is increased as function of rate adsorption constant K,
[29].

At K, =1.57 x 10" mol™' 1 min"", the full surface coverage (©) increases and approaches a

maximum after 100 min, but when we increase the rate adsorption constant K, = 1.57 x
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10° mol ' 1 min™', © increases faster to surface saturation and the adsorption time is

reduced to 11 min.

— — ; —— €,=3-10"mol/1, : C,=310"moll — — ; —— C,=3-10""mol /1

0 25 50 75 100 125 150 175 200
Time (min)

Figure II1.10: The time dependence of native and unfolding states of BSA for different

concentrations (same color for each value of Cj). ©; dashed lines (— —) and

8, continuous lines ( ). The parameters used are K,=1.57 x 10° mol ' 1 min! and Ky

=0.8x 102 min ..

Figure III.10 shows the time dependence of surface coverage by BSA and taking into
account the parameters K,, K¢ and three different BSA solution concentrations. The data in

Figure III.10 demonstrate that the ©; (expanding state) initial increase with in the first time

of adsorption because the proteins are intrinsically surface active and tend to accumulate
at interfaces. Whenever an aqueous protein solution is exposed to a solid surface, protein
molecules will generally tend to adsorb spontaneously at the surface and it quickly
approaches a maximum value when the concentration of the solution is higher than [30], it
starts gradually decreasing.  On the other hand the surface coverage with a

thermodynamically stable ©, (unfolding state), gradually increases in the entire time

interval studied. The results in Figure III.10 indicate that the transformation from the
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thermodynamically unstable (8;) in to the thermodynamically stable (&) adsorbed state/

transformation of BSA is rather difficult and we can't practically realize. The Figure III1.10

indicates that the equilibrium on the surface native and unfolding states (&, = ©,) reached

faster for higher concentration values.
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Figure IIL.11: The time dependence of full surface coverage of BSA (©) for different

concentrations. The parameters used are K,=1.57 x 10° mol ' 1 min! and K; = 0.8 x 107

min .

This method was used to study the dynamic adsorption of BSA at surfaces as a function of
various parameters K, = 1.57 x 10° mol™' I min " and K= 0.8 x 10 min"' and specifically
of different concentrations. It can be applied to study the expanded BSA in solution at pH
=1.7.

The results of full surface coverage are graphically presented in Figure III.11 which shows
that the amount of adsorbed BSA is increased as function of protein concentration [31]. At

Co =3 x 107 mol/l, the full surface coverage (8) increases and approaches a maximum
after 94 min, but when we increase the concentration to Cop= 3 x 10 mol/l, & increases

faster to surface saturation and the adsorption time is reduced to 10 min. These results
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indicate that the residence time has important role in the dynamics of proteins adsorption

on surface [32].
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Figure III.12: Three dimensions 3D kinetic curves of: (a) the native state (€,), (b)

unfolding state (&) and (c) full surface coverage (&) versus time and concentration. The

parameters used are K,=1.57 x 10°mol ' I min ! and Ki=0.8x 102 min L.

To clearly illustrate the effect of concentration and time on the protein adsorption, three-
dimensional plots, necessary, for O, ©, and © were constructed showing the dependences
of various concentrations Cy with the time as shown in Figure III.12. As expected, the

surface coverage of G, ©, and © are determined by the concentration of protein BSA in a

solution if the case where K, and Ky are constants. However, although the amount of the
expanding state form grows monotonically with increasing Cy of protein in the solution, for
higher concentration (3 x 10® mol/l ), ©, is dominating and reached a maximum in a short
time t = 30 min afterward it will be decreasing exponentially with time. But for weak
concentration (5 x 10”7 mol/l), ©, reaches a maximum with coverage equal 0.4 (very weak
compared to its value for higher concentration) at around t = 50 min. But a worth noting
that the proteins has an important value at t = 200 min compared with other concentrations
this overbalance to a strong sticking adsorption as indicated in Figure II1.12 a, whereas this
phenomenon is followed by the transformation to an unfolding state O, indicated in Figure

IIT.12 b, ©, 1s very weak at the beginning and it does not exceed 30 % for the time less
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than 30 min, then it grows up till a maximum which strongly depends on the concentration
of proteins in its native form (6;) at the surface [33].

The consequences of this behavior is that the full surface coverage (©) is represented by
expanding state (O;) up to time 90 min, because the proteins of BSA in their N form in the
solution are small proteins and diffuse faster than large ones which make them the
dominating species in the early adsorption stage. But over time, the fraction of the state
(©)) decreases until it reaches a level of around 35 % because of transformation in the state
(©,). Thus the unfolding state O, starts becoming predominant and it represents the
majority from the full surface coverage (O).

The transformation of proteins to an unfolding state is not always possible, especially for
solutions at pH more acidic where new can have the expanding form (E form) and
practically the adsorption of proteins on a surface is almost irreversible as indicated

bellow.
I11.4.1. Modeling of expanded BSA protein adsorbed at pH = 1.7

At very low pH protein solution, in this case there are no different states of proteins at
surface because all the molecules are unfolded into a unique state named expanded state (E
state) where:

6,= 8,=0,=6

Neglecting the transformation coefficient (K; = 0), the previous system becomes as follow:

di&

d_t‘-: K. Co(1— 8, —8,) (IIL.13)

'ﬂdatz =K©,=0 (II1.14)

46 de

d_tE:KaCD(l_ Enl—Elz):E (IIL.15)
The result:

B =1 — e Kalot (III.16)

The unfolding of protein adsorbed on a solid-surface under pH = 1.7 leads to more contact
between the protein and the surface. This means that the rate constant for the
transformation will be very small (negligible) and the space between adsorbed proteins will

be reduced [34].
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Figure II1.13: Fitting of experimental data of the full surface coverage of BSA protein

adsorbed onto TiO, anatase surface at pH = 1.7.

One of the most important points in this work is to compare the experimental data of ART-
FTIR and the theoretical model as indicated clearly by Figure III.13. The mathematical
equation of this fitting which leads to a good coincidence between the two graphs is given

by Eqs. (IIL.17):
—t
24,488

B8(t) = (1.0492 £ 0.01232) — (1.0422 £ 0.01482) exp (

) (IIL.17)

Finally, a comparison of Eqs. (II.16) and (III.17) for a concentration Cy exp = 10 mol/l
indicates the value of the adsorption rate constant K, ¢xp, = (0.04083 + 0.99653) x 10° mol!

1 min™'.
II1.5. Conclusion

The present chapter indicated that the surface of any solid material plays a crucial role in
the determination of the rate coverage of adsorbed bio-molecules. The expanded BSA
protein at TiO, anatase surface was studied using FTIR-ART and the two states model
where the findings strongly showed that the amount and kinetic of adsorption were

different from those of BSA adsorbed under other pH values at similar surfaces. The
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application of mathematical model on the experimental results allowed us to determine the
rate constant of adsorption (K,) of expanded BSA protein. This method can be applied on
other proteins adsorbed at different pH values taking into account their corresponding
kinetics parameters. The equilibrium between native and unfolding states of adsorbed
proteins can be determined using the analytical solution, presented in this part, which is
considered as one of the most important points of this work. This knowledge cannot be

evaluated using experimental methods especially for weak signals.
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IV.1. Introduction

Progress on understanding protein adsorption has been considerable over the past few
years but the concept of interfacial adsorption behavior of proteins remains unclear. This is
largely because of the higher complexity of protein adsorption that poses a lot of
experimental difficulties such as varying molecular weight, charge and structural forms of
proteins. Theoretical understanding of proteins and their intrinsic processes have been
studied previously [1,2]. The interaction of the proteins with solid surfaces is not only a
fundamental phenomenon but is also a key phenomenon to several important and novel
applications, as mentioned earlier. The interaction of proteins with the surfaces involves
both the binding and unfolding of proteins [3-5]. The desire to control, predict and
understand the protein adsorption on surface has been the ultimate goal of Chapter 4 of this
thesis. This also involved goals of studying surface coverage and kinetic details of the
protein-surface interactions taking into account several factors such as available space and

the equilibriums between adsorption, desorption and unfolding process.

IV.2. The effect of concentration and adsorption rate constant in case of equilibrium

between adsorption and desorption

In the field of protein adsorption studies, the primary objective is to understand the
behavior of proteins in close proximity to or deposited onto the surface. This includes their
behavior as individual species and as a component in an ensemble. Given the considerable
albeit not unlimited technical opportunities to date, large amounts of experimental data are
available.

However, techniques allowing a direct observation of the undisturbed adsorption of
proteins in molecular dimensions are still far from being mature. Thus, experimental data
typically contain macroscopic information resulting from the individual behaviors of one
or several proteins. At this point the design of a model that mathematically describes the
experimental data is an efficient way to unravel or confirm mechanistic details of the
adsorption process [6,7]. A model always opens the opportunity to ‘play’ with different
ideas or to test different sets of parameters which in the end helps to argue what is possible
and what is not. However, models are typically restricted to the experimental limits in
which their hypotheses can be tested and generalization to other systems must be done
with care. There are two main directions for developing mathematical model description in

the field of protein adsorption. Kinetic models on the one hand describe the events and
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phenomena during the course of adsorption or desorption. They typically start with an

empty surface and model the adsorption kinetics until surface saturation is reached. Often

the desorption process upon rinsing the surface with protein buffer is also included [8,9].

Here we are interested to study some particular cases during the adsorption of proteins at

solid surface. We can apply the following approximations to the adsorption kinetic model

A described previously in chapter III, where we consider the following conditions: (Ka =

Ke+Kgq,) and (Kq,= Ko).

As it was reported in chapter I1I, The mathematical solutions of the Eqs. (III.1)- (II1.3) are

indicated below:

_(Bp-u2)t _(Bptu2)t
0,(H)= _i KaCo[(Pz—0305)e 2 (D:'S(j)z‘mzdz)e 2 —2Q,]
_(Bp—u2)t _(Bpto2)t
__ 1KaCo[(®a+B,0z)e 2 +(D2-B,y0z)e 2 —2dy]
0,(t)= 2 o5,
_(B2-op)t _(Bptoz)t
e(t) _ l KaCO( 2@2"‘ (12([32—02))8 2 +( Z(DZ—(Xz(Bz —02))6 2 —4@2]
T4 D55,
Where:

azz\/Kgcg + 2K,Co(Kq, — 2 Kp) + Kq,?
B, =KaCo + K, + K¢

62 = 3K,Co + Kq,

@, = K2C3 +2K,Co(Kq, — 2 K+ Kg,

82 :KaCO + %

IV.1)

(Iv.2)

(IV.3)
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e = C,=3 mol/l

C,=3 107" moln

0 100 200 300 400 500
Time (min)

Figure IV.1: The time dependence of native and unfolding states of BSA for different

concentrations (same color for each value of Cj).0;dashed lines (— —) and

). The parameters used areK, = K¢ +K4,= 0.082 mol ! 1 min_l,

O, continuous lines (

Kq,= Kr=0.8 x 10°min ' and K4,= 0.74 x 10"'min "' [10].

Figure IV.1shows the time dependence of surface coverage by BSA and taking into

account the parameters K,, Ky, K4 1and three different BSA solution concentrations.

The graph in Figure IV.1 indicates that the surface coverage ©;(Eq. IV.1) initially
increases sharply and then reaches a maximum value of 71% at a binding time of 13 min,
and then gradually decreases to a the equilibrium on the surface native and unfolding states
(©, = 6,); the state of equilibrium on the surface reached faster a maximum value of 42%
after 390 min of binding for higher concentration values Cp= 3mol/I[11,12].But when we
decrease the concentration Co,the equilibrium point (8, = ©,)gradually decreases to a

value of 18 % for a period of time 460 min at concentration values Co= 3 x 10™ mol/l.
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Figure IV.2: The time dependence of full surface coverage of BSA (©) for different

concentrations. The parameters used areKa = Ket+ Kg,= 0.082 mol ™" 1 min", Kg,= Kr =0.8

x 10”min "' and K4,= 0.74 x 10" min""' [10].

The results of full surface coverage are graphically presented in Figure IV.2 which shows
that the amount of adsorbed BSA is increased as function of protein concentration [13].
AtCo = 3mol/l,the full surface coverage (8) increases and approaches a maximum value of
83 % after 100 min. In this Region I, there is ample surface available to all protein to
maximize protein-surface contacts. However, in Region II, the adsorption of proteins with
the surface is the maximum and this is due to the lack of vacant spaces on the surface.

When we reduce a Co= 3 x 10" mol/l, the full surface coverage (©)remains fixed at a value

of 37 % Despite the increase in time. These results indicate that varying the protein

concentration clearly affects to the full surface coverage (©)percentage[14,15].
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——; —K_=0.21mol" {min"’ - K= 0.082mol ' tmin"’

e Ki= 0.06 mol” 1 min"!
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Figure IV.3: The time dependence of surface coverage of BSA where (0,) indicated by

dashed lines (— —) and continuous lines ( ) for (O,) for different values of rate
adsorption constant K,. The parameters used are: Co = 3 X 1097 mol/l, Ko= Ke+

Kq,andK g, =K{10].

The data in Figure IV.3 indicates that the surface coverage ©;(Eq. IV.1) initially increases

sharply and then reaches a maximum value of 45 % at a binding time of 24 min,

and then gradually decreases to a the equilibrium on the surface native and unfolding states
(8, = ©,) reached faster a value of 32 % for higher value of rate adsorption constant K,=
0.21 mol' 1 min™" at a binding time of 100 min.When we reduce a K,= 0.082 mol ' 1
min_'the state of equilibrium on the surface between native and unfolding states (8= 8,)

reached a same value 32 % a long time 420 min[16].
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— K, =021 mol™ 1 min~! K = 0.082mol 1 min™?
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Figure IV.4: The time dependence of full surface coverage of BSA (8) for different

values of rate adsorption constant K,. The parameters used are: Co= 3 x 1099 mol/l, Ka= Ks

+ Kd1 .’:lI'lde2 = Kf[lO]

The results of full surface coverage are graphically presented in Figure IV.4 which shows
that the amount of adsorbed BSA 1is increased as function of rate adsorption constant. At

K.= 0.06 mol ' 1 min", the full surface coverage © increases and approaches a maximum
after 350 min, but when we increase rate adsorption constantK,= 0.21 mol ' 1 minfl, <)

increases faster to surface saturation and the adsorption time is reduced to 58 min. These
results indicate that varying the constant adsorption rate does not affect the surface
coverage percentage but indicate that the residence time has important role in the dynamics

of proteins adsorption in surface saturation [17,18].
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IV.2.1.Case of steady state

In the following part, we want to study the model reported in chapter III in its steady state

case as given bellow:

de

—o= KaCo (1-81 — 8;) — (Kq,+ Kp) ;=0 (Iv.4)
de

d_t2= Kf el —_ Kdz 62 = 0 (IVS)
de de,; de

ar = a e KaCo (1701 = 82) —Kg, 0, —Kg,0, =0 Iv-6)

The solutions of these equations are indicated below:

KaKdg, Co

6.(0= KaCo(Ke+ Kq, )+ Ka, (K¢ +Ka,) (V.7
_ KaKs Co
02 ()= KaCo(Ks + Kq, )+ Ka, (K¢ +Kq,) (IV.8)
KaCo(Ks+ K
o(t) = oKt Kqp) (IV.9)

KaCo(K¢ + Kg, )+ Ka, (K¢ +Kq,)

The evolution of these solutions as a function of concentration is given in the following

Figure IV .5.
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Figure IV.5: (Model A = 0). The versus concentrations of the native (6;), unfolding (6,)
states and full surface coverage (O) calculated for BSA adsorption on a surface using data
from [10] where, K,;=1.57 x10° mol 'Imin ", Kr= 0.80 x10” min ', K4,= 0.74 x10"" min"'

and Kg,=0.1x 10" min .

During the first part of the kinetics, the native state ©; (Eq. IV.7) initially increases sharply
and then reaches a maximum value of 55% at the same time the unfolded state (O,) (Eq.
IV.8) increases sharply and then reaches a maximum value of 44%. But always native state
O, is bigger than unfolded state (O). It's because of it the number of particles adsorbed

from the surface is greater than the number of particles transform into unfold state.

The full surface coverage (0) (Eq.IV.9) initially increases sharply with the native state O,
and unfolded state ©,and then it reaches a maximum value of 98 % and a continuous

equilibrium despite when increases the concentration Cy[19,20].
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IV.2.2.Case of steady state (K,= K¢, K4 ,andKgy,= Ky)

The previous solutions become as given by the following equations

0:()

0,(H=

o(t)=

2Co+ 1

(IV.10)

(IV.11)

(IV.12)

It is very clear that the only factor that can affect the surface coverage is the concentration

of proteins in the bulk solution of protein (Co).

L]
=
L

[=]
(=
i

bt
b=
L

Surface coverage rates
o=
A
1

=]
Laa
L

b
'l

01

— ——
T —

10 15 20
Cuf mol/1 )

Figure IV.6: (Model A = 0). The versus concentrations of the native (0), unfolding (6)

states and full surface coverage (O) calculated for BSA adsorption on a surface. The

parameters used areKa=Kr+ Kg = 0.082 mol ' 1 min", Kg4,= K= 0.8 x 10”min " and K4 =

0.74 x 10" 'min"' [10].
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Figure IV.6 shows the dependence of different surface coverage (0) of versus
concentration Co of BSA in solution and taking into account the parameters Ka, K, Kq,and
Kgq,.The data in Figure I'V.6indicates that the surface coverage native states and unfolding
states are identical (8, = ©,)(Eq. IV.10, Eq. IV.11) initially increases sharply and then

reaches a maximum value of 47 %, with a solution containing a single type of protein, the
layer of adsorbed protein is likely to be Homogeneous. As the molecules adsorb on a clean
surface if the same quantity which transform and desorb in unfolding state [21,22].

The full surface coverage (0) (Eq.IV.12), initially increases sharply and then reaches a
maximum value of 96 % and a continuous equilibrium despite when increases the

concentration Co.
IV.3.The effect of available space during unfolding in the case of steady state

In a classical adsorption experiment, the protein with concentration Cy in a solution is
adsorbed on an isotropic and energetically homogeneous surface, and the number of
adsorbed molecules held per unit surface area at the moment t is determined by the
numbers of molecules that come to the surface from a solution and spread on it for the
same time interval (Eq.IV.13). Proteins are irreversibly bonded on a surface with an

adsorption rate constant K,.

Adsorbed particles can spread (unfold) with the spreading rate constant K¢if a free surface
is available (Eq. IV.14) [6, 23, 24].The kinetic equations for the time evolution for both the

O,and O, forms are as follows in the case of steady state:

%: KaCo(1—0; — 6,) —=K0,(1-6; — 0,) —K4 6,= 0 (IV.13)
do,

2= K0,(1-0; — 0;) —K4,0 =0 (IV.14)
do do; do

<2 = SRR, Co(1-0; — ©2)—Kg,0; — Kg,0, =0 (IV.15)

Where:

The mathematical solutions of the Egs. (IV.13)- (IV.15) are indicated below:

—Kq, (KaCo+Ke+Kg, )+as

S0 2Kf(Ka, —Kd,)

(Iv.16)

((KaCo+Kg,)Kd,+K¢Kg,)01()—KaCoKg,
(Kfel(t)+Kd2)(Kd1 _Kdz)

0, (t)= (IV.17)
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((KaCo+Kg,)Kd, +KfKg,)01()-KaCoKy,

o(t) = 0,(t IV.18
© 10+ (Kf©1(t)+K4,)(Ka, —Ka,) ( )
Where:
0 =J Ka,{Ka, [((KZC3 + 2K,Co(Kq, — Kr) + (Ka, + Kp) ] + 4KaCoKKq, }
——; — K, =1.57-10° mol *1min™* : K_=1.57-10*mol "t min"!
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Figure IV.7: The concentration dependence of surface coverage of BSA where (0,)

) for (6,) for different

indicated by dashed lines (— —) and continuous lines (

values of rate adsorption constant K, The parameters used areKi= 0.8 x 10”min "', K4 =

0.74 x 10"'min"" and Kg,=0.1x 10" min~".

Figure IV.7 indicates that the surface coverage ©;(Eq. IV.16) initially increases sharply
and then reaches a maximum equilibrium value of 97% at of concentration to Cp = 0.3 x
10" mol/l. On the other hand, the surface coverage ©,, (Eq. IV.17) increases linearly
sharply and then reaches a maximum value of 15% at of concentration to Cp= 0.47 x 10°
mol/l, and then gradually decreases to minimum value of 1% at the adsorption coefficient

K,= 1.57x 10° mol™' 1 min'[25,26].

When we reduce a K,= 1.57x 10* mol™! 1 min 'the surface coverage O; increases and

approaches a value of 83 % at of concentration to Co = 0.4 x 10™* mol/I but the surface
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coverage O, remains small value. We explain this result in both cases that the value of the

adsorption coefficient is very large which helps the speed adsorption.
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Figure IV.8: The concentration dependence of full surface coverage of BSA (0) for
different concentrations. The parameters used areK.= 1.57 x 10° mol™' 1 min"!, K= 0.8 x

10”min "', K4,=0.74 x 10"'min 'and Kgq,=0.1x 10" min"".

Figure IV.8 Proposed adsorption model of the total surface coverage (eq.IV.18) Regions I,
II, III represent the ascending portion, transition region and plateau, respectively, ofthe
adsorption isotherm. The “elongated” structures represent unfolded protein adsorbed to the
surface. In all three regions, this level of perturbation of the adsorbed state remains the
same the difference comes from surface attachment sites. In regions I and II, there is ample
surface available to all protein to maximize protein-surface contacts. However, in Region
III, in order to maximize the number of proteins that can adsorb the number of surface
attachment sites for each individual protein varies. The proteins with fewer attachments are

most likely to desorb and refold into the native-like conformation [20, 27-29].
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I——;_ —— K, =0.8 min"} . K, =08 10" min"! — —; —— K _=0.8-10"*min"*
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Figure IV.9: The concentration dependence of surface coverage of BSA where (0;)

) for (6,) for different

indicated by dashed lines (— —) and continuous lines (
values of rate transformation constant Ky. The parameters used areK, = 1.57 x 10° mol ' 1

min ', Kq,=0.74 x 10"'min 'and Kgq,=0.1x 10" min"".

Figure IV.9 indicates that the surface coverage ©,(Eq. IV.12) initially increases sharply
and then reaches a maximum value of 80% at of concentration to Co = 0.9 x 107
mol/l,there is ample surface available to all protein to rapidly transform from the native
state O,to the unfolded state ©,and this is due to the higher values transformation
coefficient K¢ = 0.8 min ',and then gradually decreases to a value of 38 % despite
increasing the concentration up to the value Cp= 0.4 x 10* mol/l. On the other hand, the
surface coverage 01, (Eq. IV.11) gradually increases throughout the experience, and starts
becoming predominant after the equilibrium point at the concentration Cy = 0.21 x 10™

mol/1[30].

When we reduce a K¢= 0.8x 10"'min'the surface coverage 6,initially increases and then
reaches a value of 50% at of concentration to Co = 0.7 x 10®mol/land then gradually
decreases to a value of 08 % to the value Cyp = 0.4 x 10 mol/l. On the other hand, the
surface coverage ©,, gradually increases throughout the experience, and starts becoming

predominant after the equilibrium point at the concentration Cop= 0.18 x 10" mol/1[31].
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The transformation rate constant is smaller the surface coverage ©; increases and
approaches a plateau value of 97 % and remains majority in a long time, so 6, cannot be
predominant in the system at the K¢= 0.8x 10 min™" and it does not exceed 2 % at the
concentration Co= 0.4 x 10™* mol/land no intersection between them is observed where the

amount of O is still bigger than O,.

IV.4.Comparison between the two models in steady state case
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Figure IV.10: The versus concentrations of the native (8,), unfolding (©,) states and full
surface coverage (0) of BSA where (Model A = 0) indicated by dashed lines (— — ) and
continuous lines ( ) for (Model B = 0). The parameters used areKa= 1.57 x 10° mol !

I min K= 0.8 x 10”min ', K4,=0.74 x 10" min 'and Kg4,=0.1x 10" min"".

The data in Figure IV.10 indicates the comparison between two models in the case of

steady states. The surface coverage native states & the Model A = Ois lower for Model B
= Oand surface coverage unfolding states&,the Model A = 0 is bigger for Model B = 0.But

the full surface coverageO the Model A = Ois bigger for Model B = 0, this is because
Model A = 0 does not require space for adsorption[30].
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IV.4.1.Effect of available space in the case of time dependence of model B (Ka = Kr .
Kq, and Kr =Kg,)

To solve equations (IV.13-IV.15) in the case of time dependence, we need a numerical
method which is used and called Runge-Kutta-Fehlberg order 4e-5e and the findings are
indicated in the following graph.

——; —— Cy=3mol/l : Cp=3-10""" mol/l

—— CD=3-ID'1m01-'1

0.8

0 100 200 300 400 500
Time [ min)

Figure IV.11:The time dependence of surface coverage of BSA where (0O) indicated by

dashed lines (— — ) and continuous lines ( ) for (©,) for different concentrations
(same color for each value of Cp). The parameters used are: Ka=Kr+ Kgq,= 0.082 mol ' 1

min ', Kq,= Kr= 0.8 x 10”min ' and K4, = 0.74 x 10" min "' [10].

Figure IV.11 shows the time dependence of surface coverage by BSA and taking into

account the parameters K,, Ky, K4 1and three different BSA solution concentrations.

The data in Figure IV.11indicates that the surface coverage O, initially increases sharply
and then reaches a maximum value of 74% at a binding time of 17.5 min, and then

gradually decreases to a value of 66 %.
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The surface coverage ©, gradually increases in the entire time interval and it does not
exceed 14% at the higher concentration values Cp = 3mol/l. When we decreases the
concentration values Co = 3 10*°mol/lthe surface coverage Oqinitially increases sharply
and then reaches a maximum value of 50%at takes the same time of 17.5 minand then
gradually decreases to a value of 49 % with the takes a stable state for a long time. The
surface coverage O, gradually increases in the entire time interval and it does not exceed
17%[32].

But when we decreases the concentration to Co= 3 x 10™ mol/l, the adsorption of proteins
on the surface is 23% ©;, the transformation and the desorption of proteins on the surface
is 14% ©,.

The adsorption quantity of the native state © is always higher than the unfolded state O,
and further increases with increasing concentration value; the adsorption quantity of the

native state ©; is predominant.
IV.4.2.Comparison between the two models in the case of time dependence

The equations (IV.13- IV.15) given before in the case of steady state become as bellow
and called model B and without space available it is named model A as presented in the

previous chapter III.

%Z KaCO(l_el - 62) —Kf91(1—61 - 62) _Kdlel (IV19)
do,

2= K0;(1-6; — 0,) —Kq,0, (IV.20)
do do,; do

= ot =Ko Co(1-6; — 0,)—Kq,0; — Kq,0, (IV.21)

To solve the present coupled differential equations, one needs a numerical method as
Runge-Kutta-Fehlberg order 4e-5e and the results are illustrated in the following graph
Figure IV.12.
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Figure IV.12: The time dependence of the native (©,) andunfolding (©,) states calculated
for BSA adsorption on a gold surface using data from,(a)Model B VARIABLE and (b)
Model A VARIABLE. The parameters used areCp= 3 x 10'6m01/1, K.=1.57 x 10° mol ' 1

min ', Ky=0.8 x 10”min "', K4,=0.74 x 10"min 'and Kg,=0.1x 10" min '[33].
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It is clear that the behavior of this phenomenon is not the same concerning native and
unfolding states as indicated in Figure IV.12 where the effect of available space plays an

important role in controlling this kind of unfolding at the surface.
IV.5. Application on FN adsorption and desorption processes

Taking the model of space available and in the case of Kq,= 0 the model becomes as

follow
do
o= KaCo(1=61 = ©,) —K;0,(1-6; — ©,) K4, 6, (Iv.22)
do,
= K©0:(1-6; — 6,) (IV.23)
do do,; do
o = ac tao=KaCo(1-61 — ©,)—Kq,6; (IV.24)

05

Surface coverage rates

0 5 IID 1I5 20
Time (min )
Figure IV.13: The time dependence of the native (O,), unfolding (©,) states and full

surface coverage (O) calculated for FN adsorption on a surface using data from [34] where

Co=0.2g/, K,=8.03x 10°mol ' Is™, Kr=5.32x 10" s " and Kq,=6.76 x 107 s ".
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Jingtian Hu (2003) was obtained under experimental conditions by ESPS method and a
comparison with Langmuir model was made. The rate constants for adsorption K, = 8.03 x
10° mol ' 1 s, desorptionKyq, = 6.76 x 10° s7!, transform K= 5.32 x 10* s’

andconcentration Cp = 0.2 g/1.

We applied these measurements obtained by Jingtian Hu on model B case (Kq,= 0) we

obtained same results on 6, , 6, and © inFigure IV.13. The native surface (6,) values first
reach a peak then decrease with adsorption time, the unfolding surface (8,) increases with

the time [35-37].

Because part of the protein molecules adsorption in reversible state is transformed to
irreversible state, the reversible adsorption equilibrium is shifted. New protein is adsorbed

from solution, which corresponds to the slight increases in total adsorption amount.
IV.6. Conclusion

The motivation for this work is to increase our understanding of the impact of various
aspects of protein-surface interactions on protein stability. The ideas presented here
suggest that expanding the traditional design space to include surface coverage
representative of the entire adsorption isotherm yields unexpected results with respect to
desorption behavior and its relationship to surface. In this chapter we compared the two
models in their steady states and time dependence where the effect of available space

during the unfolding process is very clear according to the findings reported here.
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General conclusion and perspectives

The interactions of proteins with solid surface are one of the most important topics in physics
and chemistry of surfaces. This interface is very important in many fields such as in biology
and biocompatibility. However this phenomenon still not well understood because of the
complex structure and the factors that can control their behavior such as: pH, concentration,
temperature, the surface roughness and the charges....

To investigate the adsorption of proteins with solid surface one can use an in situ
spectroscopic technique like FTIR-ATR which is a powerful instrument that can provide
information about the kinetic of adsorption of the proteins over surfaces. FTIR-ATR can be
used under different conditions.

In this present manuscript; we were interested to study the interactions of proteins with solid
surface especially BSA at TiO; to determine the rate of surface coverage of proteins in its two
states of adsorption native and unfolded taking into account the possible transformations and
the desorption.

To achieve this goal, we extended two states kinetics model taking into account the desorption
in both cases. The proposed model was applied on experimental data taken by FTIR of
expanded BSA protein at the surface of TiO, anatase where the rate constant of adsorption
was determined.

In the last part of this work, we demonstrated the effect of free available space during
unfolding process and compared it with the previous model. This work clearly illustrated the
complexity of the process and it gives an important value to the modeling work to complete
experimental weakness.

As perspective; in the future we are interested to study the effect of other agents on adsorption

like temperature.
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