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Adsorption of several amino acids on the rutile surface was studied and the energetics of the adsorption events 

were quantified. Initially, the distance between the center of mass of the amino acid from the surface was chosen 

as the reaction coordinate, which is commonly used. However, the affinity of different amino acids for the surface 

based on different adsorption conformations could not be explained by this collective variable. The reweighting 

method was used to project the free energy profile to a two-dimensional phase space, in which energetics of 

different adsorption conformations, be via the side group, via the backbone, or via both, could be distinguished. 

It was observed that electrostatic forces between the surface charge point and the backbone group (amine group 

in specific) lead to the adsorption of amino acids on the surface via their backbone and irrespective of the nature 

of the side group. However, non-polar side groups did not lead to the adsorption of the amino acids while 

adsorption via the polar (Ser) and charged side groups (Arg, Lys and Asp) was favored, and the strongest when the 

charge of the side group was opposite to the charge of the surface. 

The effect of pre-adsorbed species on the adsorption of other species on the surface was studied. Results revealed 

that the Arg and Asp amino acids did not affect the adsorption of ions of interest on the surface, destructively. 

Calcium and phosphate were both able to compete with the pre-adsorbed amino acids for the charge point on 

the rutile surface and successfully adsorb in the vicinity of the charge point. Amino acids were also unable to 

disturb the pre-adsorbed calcium ions on the surface, suggesting that single amino acids do not significantly inhibit 

apatite formation. 

Finally, the adsorption of the TBP hexapeptide on the rutile surface was studied and different adsorption 

conformations were reported. Comparison with those previously reported in the literature, revealed that the 

adsorption conformations of TBP are mostly driven by the surface charge density and not the structure of the 

titanium oxide surface (its crystallinity or the crystallographic surface). 

 

Keywords: Apatite formation, Rutile, Atomistic simulation, Free energy calculations, Interfaces 
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sous la forme d'une paire ionique avec un ion calcium, soit sur un calcium pré-adsorbé sur la surface est très 

favorable, indiquant que le mécanisme actuel de formation d'apatite proposé expérimentalement est raisonnable. 

L'adsorption de plusieurs acides aminés sur la surface du rutile a été étudiée et l'énergie des événements 

d'adsorption a été quantifiée. Initialement, la distance entre le centre de masse de l'acide aminé et la surface a 

été choisie comme coordonnée de la réaction, ce qui est couramment utilisée. Cependant, l'affinité des différents 

acides aminés pour la surface, basée sur différentes conformations d'adsorption, n'a pas pu être expliquée par 

cette variable collective. La méthode de repondération a été utilisée pour projeter le profil d'énergie libre dans un 

espace de phase bidimensionnel, dans lequel l'énergétique de différentes conformations d'adsorption, soit via le 

groupe latéral, via le squelette, soit via les deux, pouvait être distinguée. Il a été observé que les forces 

électrostatiques entre le point de charge de surface et le groupe squelette (spécifique du groupe amine) 

conduisent à l'adsorption des acides aminés sur la surface via leur squelette, quelle que soit la nature du groupe 

latéral. Par ailleurs, les groupes latéraux non polaires n'ont pas conduit à l'adsorption des acides aminés tandis 

que l'adsorption par les groupes latéraux polaires (Ser) et chargés (Arg, Lys et Asp) a été favorisée, et la plus forte 

lorsque la charge du groupe latéral était opposée à la charge de la surface. 

L'effet des espèces pré-adsorbées sur l'adsorption d'autres espèces à la surface a été étudié. Les résultats ont 

révélé que les acides aminés Arg et Asp n'ont pas affecté l'adsorption des ions d'intérêt sur la surface de manière 

destructive. Le calcium et le phosphate étaient tous les deux capables de rivaliser avec les acides aminés pré-

adsorbés pour le point de charge sur la surface du rutile et de s'adsorber avec succès en voisinage du point de 

charge. Les acides aminés étaient également incapables de perturber les ions calcium pré-adsorbés sur la surface, 

suggérant que les acides aminés à eux seuls n'inhibent pas significativement la formation d'apatite. 

Finalement, l'adsorption de l'hexapeptide TBP sur la surface du rutile a été étudiée et différentes conformations 

d'adsorption ont été rapportées. La comparaison avec celles précédemment publiées dans la littérature, a montré 

que les conformations d'adsorption de TBP sont principalement dirigées par la densité de charge de surface et 

non la structure de la surface d'oxyde de titane (sa cristallinité ou la surface cristallographique). 

Mots clés : Formation d'apatite, Rutile, Simulation atomistique, Calcul d'énergie libre, Interfaces 
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Chapter 1 Introduction 

The purpose of this chapter is to introduce the subject under study to the reader and to put the thesis into context. 
The goals of the thesis are discussed and the structure of the thesis is presented. 

1.1 Biomaterials 
Biomaterials can be used for different purposes; they can accelerate the healing process or can be used as a 

replacement for a damaged organ or tissue. Further developments in the field of biomaterials can increase life 

expectancy. Such developments can address various features or functionalities of biomaterials. For example, a 

new material/alloy/composite can be tested and prove to perform better than the conventional biomaterials for 

a specific application. Also, modifications on current biomaterials can lead to a better performance. 

Biomaterials should have specific properties. Although their implantation in the body is inevitably accompanied 

by perturbation, after implantation, they should be biocompatible, which means their benefits should outweigh 

their harmfulness. They should not be toxic (except in cases where they are required to; e.g., smart bombs in drug 

delivery for removing cancer cells). They should have wear resistance, as well as corrosion resistance, to avoid 

unwanted debris being released into the body. Their mechanical properties should be similar to the tissue or organ 

where they are used. Clearly, they should show the desired response for their application, once implemented in 

the body. In conclusion, the biomaterial should not cause unexpected or uncontrollable harmful effects in the 

body and perform the desired functionality (1). 

Metals, ceramics and polymers can be used as biomaterials depending on the application. Metals are favorable 

due to their appropriate biocompatibility, good corrosion resistance and reasonable cost. Ceramics have high 

strength and a very good wear resistance as well as corrosion resistance. One of the advantages of polymeric 

biomaterials compared to the other two categories is their light weight (1). 
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ii. They should represent rare events related to the process under study. 

iii. They should be a few and not too many. 

Many different collective variables have been used in metadynamics simulations; some are simpler such as the 

distance between two atoms and some are more complex such as a dihedral angle or the coordination number. 

Point (iii) is one of the limitations of metadynamics, but also one of its advantages as it allows one to 

simultaneously bias more than one collective variable (18). 

It is important to note that if the entire phase space were to be explored, the choice of CV would not be so 

important anymore (20). This is why reweighting methods have been developed where the reconstructed free 

energy obtained by biasing a certain set of collective variables can be reweighted to extract the free energy 

associated with any other collective variable. In this thesis, the reweighting method developed by Tiwary et al. 

(22) and implemented within the PLUMED plugin has been used as a post-processing tool. 

All well-tempered metadynamics simulations were performed using the PLUMED plugin (v2.2) (23) on the 

DL_POLY Classic MD package. 

3.8 Force field set 
A force field set should describe all the components, which are present in the system, and their interactions with 

each other. Systems studied in this thesis include all or some of the following: titanium oxide in the form of rutile, 

water, ions, organic molecules. In Chapter 2, general force field sets for these components were mentioned and 

briefly explained. In the following, the exact set of parameters, which were used in this thesis, how they were 

obtained and how they were verified will be explained in detail. Further details can be found in Appendix C and 

Appendix D. 

It is important to mention that all the force field parameters used in this thesis are non-polarizable. The 

polarizability effect in molecular dynamics simulations can be induced by the so-called core-shell model. In this 

model, every polarizable species is defined to have a core, where the mass of the species is present, and a shell, 

where the charge of the species is located. A spring constant acts between the core and the shell. The downside 

of the core-shell model is that since the shell is almost mass-less, the timestep used for integrating the equation 

of motion should be decreased further to capture the movements of the shell. Mainly for this reason, polarizability 

has not been considered in the present work and all the parameters are non-polarisable. 

3.8.1 Rutile 
The force field set proposed by Matsui and Akaogi for titanium oxide polymorphs has been extensively used in 

computational studies (24). Their original parameters are in the Buckingham form. Bandura et al. (25) modified 

the parameters proposed by Matsui and Akaogi using density functional theory calculations to adopt them for 

surfaces and interactions with water. Predota et al. (26) developed force field parameters to be used for atomistic 

simulations based on those of Bandura et al. (25), which are also used in this study for rutile (Table 3.1). 
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