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1. Introduction and Motivation 

Titanium based materials are of great interest in a wide range of fields. Especially in medicine they are 

used as implant materials [1] for example in form of dental implants [2]. One interest is to know how 

the Osseointegration is working. A lot of investigations were done on experimental fields to find out 

how the interface between TiO2 and the organic phase look like [3] and in which way the adsorption 

can be enhanced by covering the material [4, 5]. Also the material itself [6, 7, 8, 9, 10] and protein 

adsorption has been investigated by experimental setups [11, 12]. Nevertheless coating of implant 

material is not only be done to enhance adsorption but also to prevent infection [13, 14, 15]. The risk 

of using antimicrobial or antibacterial substances is based on allergic and anaphylactic reactions. 

Because of this, experimental studies were done with Polyhexamethylenebiguanide (PHMB) which is 

not toxic and used in several fields, e.g. cosmetic [16]. TiO2 is also an important material in developing 

biosensors, biochips, bioelectronics and biomimetic materials [17]. In this research field, scientists look 

for small peptides which are able to bind specific inorganic materials and can act as e.g. linkers [17, 

18, 19]. The small specific peptides were not only generated to detect titanium dioxide. A lot of 

inorganic material is used in this field (Au, Pt, Pd, Ag, Cu [17, 20, 21]). To raise the affinity according 

to the surface, artificial peptides were generated. The exclusion criterion is the amino acid sequence 

because the adsorption is mediated by the amino acid side chains as one would expect [22, 23]. The 

“good binding” sequences were evaluated by using phage display methods [18, 24]. One of the best 

analyzed “genetically engineered peptides for inorganic” (GEPI) is the TBP1 (RKLPDAPGMHTW) [18, 

25, 26]. In experiment the TBP1 was used to immobilize ferritin or BMP2 on Titanium dioxide scaffolds 

[27, 28]. It was found that a minimal sequence of TBP1 (minTBP: RKLPDA) is able to adsorb stable on 

TiO2 [25]. The adsorption process of biomolecules or even cells is influenced by a lot of conditions. In 

the case of peptides and proteins the conformation plays an important role. It plays a role if the 

peptide is linear or cyclic generated [29]. Additionally the surface itself can by modified for example by 

water and/ or carbon out of the surrounding air. Water can dissociate on top of the TiO2 and changes 

the charge density [30, 31, 32]. Furthermore orientated water layers are build up [33, 34, 35] and 

influence protein and cell adhesion [33]. Also carbon contamination was proved on top of titanium 

dioxide surfaces [36, 37, 38, 39, 40]. Even the atmospheric partial pressures of alcohols are enough to 

build up one monolayer on titanium dioxide [41]. 

Results out of experimental data like this, represent mainly static points of the observed system. For 

better understanding of the dynamic processes and the interplay of coatings and adsorption, an 

atomistic point of view can be helpful. A lot of simulations were done using the titanium dioxide 

surface. The presented results focus on the rutile (100) or (110) surfaces. Not only adsorption 

processes are simulated also the characteristics of the surface are analyzed according to the 

comparability with experimental data. On both surface modifications, rigid orientated water layers were 

found which probably would influence the protein adsorption [34, 35, 42, 43, 44, 45]. The adsorption of 

different peptides or protein fragments has also been observed by using dynamic simulations. In the 

field of small peptide, interacting with inorganic surfaces, the RGD peptide [46, 47] and the TBP1 or 

minTBP [42, 43] were often used. But not only small peptides, containing only 10-20 aa, are of interest 

http://www.dict.cc/englisch-deutsch/exclusion.html
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in doing adsorption simulations. Also RGD containing regions like in collagen fragments [22, 23, 48, 

49] and other bigger proteins like human serum albumin [50] were calculated. Additionally even 

methods of analysis can be reproduced. In [51] an AFM like simulation setup was published. 

There are a lot of simulation methods. The choice of the right method, program package and force 

field depends on the question the simulation should solve. In this work, large systems with much more 

than 1000 atoms were calculated and no investigations were made about chemical reactions. 

Therefore only force field simulations were done by using the AMBER program package [52] or the 

AMBER force field parameters in the NAMD program package [53]. If one wants to calculate systems 

with a high amount of atoms the force field approach is a very good choice because the interaction of 

the system contents can be observed in a short period of real time usage. For that reason some 

compromises has to be done. Atoms are only represented by mass points with charges and without 

any electronic structure. The bonds, angles and dihedrals (=torsions) are represented by a harmonic 

potential equal to a spring (Eq.1, Fig.1) which in turn means that these properties cannot be broken. 

The force constant in the harmonic potential (𝑘) represents the strength of bonding potential. As 

expected single bonds have a smaller force constant than double or triple bonds. The intramolecular 

interactions are mediated by van-der-Waals interactions, reproduced by the Lennard-Jones-Potential 

(Eq.2), and the electrostatic potential (Eq.3). Using the AMBER force field, the total energy of the 

simulated system (𝐸) is given by the sum of all energy parts (Eq.1) [52]. 

 

 
𝐸 = ∑ 𝑘𝑟

𝑏𝑜𝑛𝑑

(𝑟 − 𝑟0)
2 + ∑ 𝑘Ɵ(

𝑎𝑛𝑔𝑙𝑒

Ɵ − Ɵ0)
2 + ∑

1

2
𝑡𝑜𝑟𝑠𝑖𝑜𝑛

𝑉𝑛[1 + cos(𝑛ɸ − ɣ)] 

+∑(
𝐴

𝑟12
−

𝐵

𝑟6
+

𝑞 ∗ 𝑞

𝜀 ∗ 𝑟
) 

 

( 1 ) 

𝑟 𝑟𝑒𝑠𝑝. Ɵ = 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑚𝑒𝑛𝑡 𝑜𝑓 𝑟0 𝑟𝑒𝑠𝑝. Ɵ0 

𝑟0 = 𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 2 𝑎𝑡𝑜𝑚𝑠 

Ɵ0 = 𝑒𝑞𝑢𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑎𝑛𝑔𝑙𝑒 𝑜𝑓 3 𝑎𝑡𝑜𝑚𝑠 

ɣ = 𝑑𝑖ℎ𝑒𝑔𝑟𝑎𝑙 𝑎𝑛𝑔𝑒𝑙 

𝑞 = 𝑎𝑡𝑜𝑚 𝑐ℎ𝑎𝑟𝑔𝑒 

𝐴 𝑟𝑒𝑠𝑝. 𝐵 = 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝐴𝑀𝐵𝐸𝑅 𝑣𝑑𝑤 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 

𝜀 = 𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 
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Fig. 1: The harmonic potential showing the energy (E) over the distance (r) of two atoms (black points) 
which are covalently bonded, represented by a spring 

 

𝑉𝑖𝑗
′ (𝑟) = (

𝐴𝑖𝑗

𝑟𝑖𝑗
12 −

𝐵𝑖𝑗

𝑟𝑖𝑗
6 ) = 4𝜀 [(

𝜎𝑖𝑗

𝑟𝑖𝑗
12 −

𝜎𝑖𝑗

𝑟𝑖𝑗
6 )] ( 2 ) 

 

𝐴𝑖𝑗  𝑟𝑒𝑠𝑝. 𝐵𝑖𝑗 = 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝐴𝑀𝐵𝐸𝑅 𝑣𝑑𝑤 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 2 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡 𝑎𝑡𝑜𝑚𝑠 (𝑖, 𝑗) 

𝜎𝑖𝑗 = 𝑣𝑑𝑤 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 2 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡 𝑎𝑡𝑜𝑚𝑠 (𝑖, 𝑗) 

𝑟𝑖𝑗 = 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 2 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡 𝑎𝑡𝑜𝑚𝑠 (𝑖, 𝑗) 

𝑞𝑖𝑗 = 𝑐ℎ𝑎𝑟𝑔𝑒 𝑜𝑓 2 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡 𝑎𝑡𝑜𝑚𝑠 (𝑖, 𝑗) 

𝜀0 = 𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑣𝑎𝑐𝑢𝑢𝑚 

𝑉𝑖𝑗(𝑟) =
𝑞𝑖𝑞𝑗

4𝜋𝜀0𝑟𝑖𝑗
 ( 3 ) 

 

While starting a simulation with AMBER or NAMD, mainly the following standard protocols are used. 

The first part is always given by minimizing the energy of the system. Therefore geometry 

optimizations are done until a critical number of steps is reached or a previously defined energy 

difference between two steps. Secondly a dynamic run is performed to equilibrate the contents at 

300K (NVT) using a thermostat [54]. A third part is the pressure controlled run (NpT). During this 

simulation part the water molecules are getting packed in higher density equal to 1 g/cm³ using an 

barostat [54] with 1bar. Afterwards a second NVT run at 300K is performed to equilibrate the better 

package system again and the last step is the free dynamic simulation (NVE). Here no pressure or 

temperature control is used and these are the production runs. For saving simulation time all runs 

were done using “rigidbonds all“, which induces extra forces to the protons and hinders them to 

vibrate. Additionally all calculations were done using periodic boundary conditions (PBC) that means 

that the simulation cell is reproduced in every dimension (Fig.2). This is often useful doing calculations 

containing surfaces or if cut off values are set (e.g. for non bonding interactions). 
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Fig. 2: Scheme of the periodic boundary condition original cell (red), cut off of one defined atom (black 
circle) and cut off radius (black arrow), direction of motion of the other atoms (green arrows) 

 

Enhancing experiments and also to have a closer look into adsorption processes, three different things 

must be done. At first the inorganic surface must be modeled and should behave as realistic as 

possible. That means reproducing the experimental proved characteristics, like compression, charge 

density, hydroxylation equilibrium and vibration modes of atoms in the surface. Secondly a water 

model should be used which represents the main properties of water as a solvent (e.g. dielectric 

constant, dipole features, mobility of single molecules) and which does not generate loss of calculation 

time. In the presented work the TIP3P water model [55] was used because it represents a good middle 

way between real simulation time and realistic simulation results. Thirdly the biomolecule which should 

adsorb on the inorganic titanium dioxide surface must be described in a correct way by the used force 

field (e.g. torsion angles in peptides). 

2. Fixed Titanium Dioxide Surface Model 

One of the aims of the presented work was to generate force field parameters for the titanium dioxide 

surface model. This in turn means, that the first adsorption simulations were done on so call fixed 

surfaces, meaning that there were no proved parameters for the Ti and O atoms except the mass (Ti = 

47.867 g/mol, O = 15.999 g/mol) and the charges (Ti = 1.151*e, O = -0.567*e [56]) (Fig.3). Additionally 

an hydroxylation equilibrium on top of the surface model was available. Depending on the pH value 

which should be presented, a variable amount of OH
-
 and H

+
 groups could be added [34]. The main 

pH used in this work was ~7 (physiological conditions) with target values of 32 % OH
-
 und 17% H

+
. On 

the fixed surface model two different kinds of charges were used for those functional groups. On the 

one hand side the formal charges -1*e for OH
-
 and +1*e for H

+
 and on the other side the TIP3P 

charges resulting out of dissociation processes on TiO2 (0.417*e for H
+
, -0.834*e for OH

-
) [51]. As 

shown in experiments even roughness is included into the fixed surface model [23, 57]. The rough 

surfaces also included formal and TIP3P charged hydroxylation. For these first simulations 7 surface 

models were build up (Tab.1). For shortening, the models were named like shown in Tab. 1: first letter 
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means the surface structure and the second letter means the charge on top. The positive charged 

model represents a pH value of ~4 with the corresponding charge densities in As/m². 

                   surface 

 

charge 

flat(f) \ charge 

density [As/m²] 

rough (r) \ charge 

density [As/m²] 

formal (f) f/f \ 0.178 r/f \ 0.068 

TIP3P (t) f/t \ 0.074 r/t \ 0.027 

stoichiometric (s) f/s \ 0 r/s \ 0 

positiv (p) ___ r/p \ 0.072 

Tab. 1: Overview of the used surface models and their charge density (𝝈𝟎) 

 

 

Fig. 3: Picture of the fixed flat (left) and rough (right) surface model with hydroxylation equilibrium ≈ pH7. 
(Ti = pink, O = red, H = white). 

The first steps of analysis were the physical properties of the titanium dioxide model. Changing the 

charges of the functional groups results in varying the charge density (𝜎(𝑧)) (Tab.1). If the smaller 

charges of the TIP3P water molecule are used, the charge density decreases. In the case of the rough 

surface the same effect is observed. But (𝜎(𝑧)) is different between flat and rough TiO2. The reason is 

the architecture of the surface. The facets have (110) orientation [23] and it is know that the charge 

density is smaller on (110) than on (100) by a given pH value [34]. The charged surface is able to 

polarize the water molecules surrounding it. That’s why the polarization (�⃗� ) of the water dipoles is an 

interesting aspect to analyze (Fig 6 c) in [57]). The water molecules are orientated near the surface 

and one reason is the polarization induced by the potential (𝜑(𝑧)) of the titanium dioxide model. The 

potential is generated by the OH
-
 and H

+
 groups on both sides of the slap. Because of changes in 

distribution of the functional groups it can slightly vary on both sides. In the surface the potential 

oscillates around the Ti and O atoms charge (Fig.6 d) in [57]). The shape of the potential is the same 

on rough and flat surfaces. 

The surface influences the water surrounding it. Therefore the structure of the solvent was analyzed in 

the next step. The density of water increases and two defined water layers are build on top of the flat 

TiO2 model (Fig.6 a) left in [57]). The density is referred to the bulk water density of 1 g/cm³. On the 

stoichiometric surface the peaks are higher than on the charged ones. This is based on the missing of 

functional groups. The water is not hindered and can be packed more close. The charge does not 

make any noticeable difference in the density of water in the layers (Fig.6 a) left in [57]). These water 

layers are also found on the rough surface but there are additional layers formed in the grooves of the 
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surface (Fig.6 a) right in [57]). The orientation of the water molecules in the layers can by analyzed by 

measuring the orientation of the dipole moment. The angle between the z axis of the cell and the 

dipole moment direction (〈cos (𝛩)〉) is calculated. 〈𝐶𝑜𝑠(𝛩)〉 = 1 means that the water is orientated with 

the oxygen to the surface and 〈cos (𝛩)〉 = −1 has the opposite meaning (Fig. 3). On the flat surface 

model the water molecules in the first layer are orientated parallel to the surface and in the second one 

the oxygen is more directed towards the surface (〈cos (𝛩)〉 ≠ 0) (Fig.6 b) left in [57]). In the case of the 

rough surface the water molecules in the grooves are orientated parallel to the x-y-plane and on top of 

the facets the direction of the oxygen atoms is equal to the ones of the flat surface (Fig.6 b) right in 

[57]). 

 

Fig. 4: Orientation of the water molecules according to the z axes if the simulation cell. 

The dipole autocorrelation function (DACF) of molecules indicates their rotation diffusion. Here the 

dipole orientation at one defined time step (𝜇 (0)) is compared with a second one (𝜇 (𝑡)) (Eq.4). If the 

molecule loses the orientation the lg(𝐷𝐴𝐶𝐹) = 0. 

𝐷𝐴𝐶𝐹(𝑡) = 〈
𝜇 (0) ∗ 𝜇 (𝑡)

𝜇 (0) ∗ 𝜇 (0)
〉 ( 4 ) 

 

The lg(𝐷𝐴𝐶𝐹) of water was measured for flat (left) and rough (right) surface models (Fig.7 a) in [57]). 

In both cases the influence of the surface charge on the rotation diffusion and so to speak of the water 

mobility is seen. The more the charge increases the more the water is immobilized. The worst mobility 

is measured directly in the first orientated water layer (6Å resp. 10Å). The formal charged surface 

models (f/f and r/f) represent the highest charge and the lowest mobility of water. The influence is also 

seen a little bit more away from the surface (10Å resp. 14Å). The water molecules in this distance 

even needs more time than in the bulk (22Å resp. 22Å) to lose their orientation. A second way to 

analyze the mobility of water is to calculate the diffusion coefficient in dependence of the cell height 

(𝐷(𝑧)) which describes the translation of a molecule through the cell (Eq.5). 

𝐷(𝑧) = 𝐷0 ∗ [exp (−
𝛥𝐸𝑎(𝑧)

𝑅 ∗ 𝑇
)] ( 5 ) 

 

𝛥𝐸𝑎 = 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝑒𝑛𝑒𝑟𝑔𝑦;  𝑅 = 𝑢𝑛𝑖𝑣𝑒𝑟𝑠𝑎𝑙 𝑔𝑎𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡;  𝑇 = 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 
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Measuring the diffusion coefficient of water the charge influence was observed as well. Near the 

surface the diffusion decreases and gets close to 0 m²/s, which indicates immobilization of the water in 

the first layers (Fig.7 b) in [57]). With increasing the charge density of the titanium dioxide model, the 

diffusion is decreasing. Comparing the f/f and the t/f surface this behavior is very good represented in 

8Å distance from the middle of the slap. Here 𝐷 gets from nearly 0 𝑚²/𝑠 (f/f) up to nearly 1 ∗ 10−4 𝑚²/𝑠 

(t/f). The same picture was observed on the rough surface. The diffusion of the water molecules in the 

first water layers increases with lower charge density. 

All in all three important facts are observed: 

1) Rigid water layers are formed on the fixed surface models (flat and rough) which is consistent 

with [34]. 

2) These water layers do have a decreased mobility. 

3) The charge density of the surface has influence on the water mobility. That means increasing 

𝜎0 results in decreasing of the diffusion and dipole autocorrelation of water molecules near the 

TiO2. 

3. Non Restrained Titanium Dioxide Model 

Generating a non restrained (flexible) surface model means to find the correct force field parameters 

to describe the titanium dioxide. The force field model of Matsui an Akaogi [58], which was used very 

often in similar works, was used as the basis for the new parameters. At first the charges of titanium 

and oxygen had be changed to fit the interaction potential of Matsui and Akaogi (Tab.2). The next step 

was to fit the Buckingham-Potential (Eq.6), which was used in [58] for the van-der-Waals interactions, 

by the Lennard-Jones-Potential which is used in AMBER [52](Eq.7). 

𝑉𝑖𝑗(𝑀𝐴) =
𝑞𝑖𝑞𝑗

𝑟𝑖𝑗
−

𝐶𝑖𝐶𝑗

𝑟𝑖𝑗
6 + 𝑓(𝐵𝑖 + 𝐵𝑗) ∗ exp [

(𝐴𝑖 + 𝐴𝑗 − 𝑟𝑖𝑗)

(𝐵𝑖 + 𝐵𝑗)
] ( 6 ) 

 

𝑉𝑖𝑗(𝑣𝑑𝑊) =
𝐴𝑖𝑗

𝑟𝑖𝑗
12 −

𝐵𝑖𝑗

𝑟𝑖𝑗
6 = √𝜀𝑖 ∗ 𝜀𝑗 ∗ [(

𝜎𝑖 + 𝜎𝑗

𝑟𝑖𝑗
)12 − 2 ∗ (

𝜎𝑖 + 𝜎𝑗

𝑟𝑖𝑗
)6] ( 7 ) 

 

The simulations for the fit were done using only on step of minimization. The so generated parameters 

are representing only the non bonding part of atom interaction, meaning the van-der-Waals and 

coulomb interactions. They are now introduced into the force field using the atom name and type Ti2 

(titanium) and OTi (oxygen). Additionally the hydroxylation equilibrium discussed before should be 

made available for the flexible surface too. The charges and vdw parameters of the functional groups 

were taken from the TIP3P model [55] except the values of the oxygen of the HTi group which 

represents the H
+
 on the surface. These parameters are the same as the ones of oxygen in the 

surface, because the proton is bonded to a bridging O. The distribution of OH
-
 and H

+
 groups is the 

same as on the fixed surfaces. The new potential for the interaction of surface atoms with water fits 

very well with other published force fields (Fig.1 b) in [59]). 
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atom/ 

group 

residue atom type charge ∗ 𝒆 σ (vdw) [Å] ε (vdw) 

[kcal/mol] 

Ti Ti2 Ti2 2.196 [MA] 1.08 0.62 

O OTi OTi -1.09 [MA] 1.58 0.34 

OH
-
 XTi OW 

HW 

-0.8340 

0.417 

1.7682 

0.0000 

0.1521 

0.0000 

H
+
 HTi OTi 

HW 

-1.09 

0.4170 

1.58 

0.0000 

0.34 

0.0000 

Tab. 2: Overview of the new force field atoms and types with the main parameters. The fitted parameters 
are underlined. 

 

 

Fig. 5: Pictures of the Bulk crystal (left) and the flat, non restrained surface model with hydroxylation 

equilibrium ≈ pH7 (right). (Ti = pink, O = red, H = white). 

The force field parameters were validated by comparing experimental bulk crystal (Fig.5 left) 

properties with simulated ones, like the compression behavior (𝐵0 𝑎𝑠 𝑏𝑢𝑙𝑘 𝑚𝑜𝑑𝑢𝑙𝑢𝑠), the lattice 

constant in dependence of the temperature (𝑎, 𝑏, 𝑐), the thermal expansion (𝛼𝑥,𝑦,𝑧) and the permittivity 

(𝜀) [59]. The lattice constants are temperature dependent. The vdw parameters were fitted out of one 

minimization step. That means they were calculated at 0K. The dynamic simulations are mainly done 

at 300K and the surface starts to expand. The equilibrium lattice constants were calculated by using a 

simulation set up with a temperature ramp. These values are 4-5.5% higher than the experimentally 

measured ones (𝑎, 𝑏 = 0.4843𝑛𝑚; 𝑐 = 0.2964𝑛𝑚). Therefore the calculated equilibrium cell volume is 

also up to 10% higher [59]. The thermal expansion coefficient of 𝛼𝑥,𝑦 = 8.3 ∗ 10−6𝐾−1; 𝛼𝑧 = 9.7 ∗

10−6𝐾−1 fits very well with the measured ones published in [60]. An additional criterion of crystal 

description is the permittivity (𝜀). The fixed model had a permittivity of 1. By making the atoms of the 

crystal flexible, the permittivity can be calculated out of the dipole moment and gets direction 

dependent. In z direction an asymmetric behavior was found (𝜀𝑍 ≈ 19 ± 2, 𝜀𝑥,𝑦 ≈ 40 ± 4). This kind of 

asymmetry is also known out of experimental data but there the value in z direction was smaller than 

in x- and y- [61]. One reason could be a light deformation of the bulk crystal during the simulation. 

Furthermore the compression probability of the crystal was measured. Here the Murnaghan equation 
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(Eq.8) [62, 63] was used to calculate the bulk modulus (𝐵0) which is a comparable value against 

experimental ones. 

𝐸(𝑉) =
𝐵0𝑉

𝐵0
′ (

(
𝑉0

𝑉
)𝐵0

′

𝐵0
′ − 1

+ 1)  
𝐵0𝑉0

𝐵0
′ − 1

 ( 8 ) 

 

𝐸(𝑉) = 𝑣𝑜𝑙𝑢𝑚𝑒 𝑑𝑒𝑝𝑒𝑛𝑑𝑖𝑛𝑔 𝑒𝑛𝑒𝑟𝑔𝑦; 𝐸0 = 0; 𝐵0 = 𝐵𝑢𝑙𝑘𝑚𝑜𝑑𝑢𝑙𝑢𝑠; 𝐵0
′ = 𝐵𝑢𝑙𝑘𝑚𝑜𝑑𝑢𝑙𝑢𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 3,5;  

𝑉 = 𝑣𝑜𝑙𝑢𝑚𝑒; 𝑉0 = 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑒𝑞𝑢𝑙𝑖𝑏𝑟𝑖𝑢𝑚 

The (𝐵0) given by the simulations is 10% higher than the experimental one and the crystal therefore is 

slightly too stiff. On the other hand vibrational frequencies of 𝜈𝑂 = 210𝑐𝑚−1 and 𝜈𝑇𝑖 = 140𝑐𝑚−1 which 

are at the lower end of the range of optical rutile phonons [59]. The stiff crystal should yield in high 

intramolecular vibrational frequencies. But the used force field is very simple and only includes non 

bonding interaction potentials. At least the experimental values are represented by the developed 

parameters and two flat surface models are now generated with them (stoichiometric, hydroxylated ≈ 

pH7). Beside the bulk crystal properties, surface characteristics (Fig.5 right) has to be checked (e.g. 

contact angle (𝛩)). In earlier works the fixed stoichiometric surface was found to be more hydrophobic 

than the hydroxylated on at 𝑝𝐻 ≈ 7 [64]. Changing the charges of Ti and O results in changing the 

hydrophilicity of the surface. The simulated water droplet starts to spread on the neutral model [59]. 

Additionally the potential (𝜑(𝑧)) of the surface and the properties of the water layer were analyzed. 

The Potential is symmetric like on the fixed model but it is shifted to the positive side represented by 

the titanium atoms (Fig.3 c) left and middle in [59]) meaning that the surrounding molecules recognize 

the more positive potential. This is based on the higher charges of the atoms and the reference point 

defined in the bulk water (0𝑉). The high charges also influence the water molecules in the rigid layers. 

Furthermore the new van-der-Waals parameters are lower than the old ones and both together result 

in the possibility of water to get nearer to the surface. The density peaks have much more intensity 

than on the fixed model, independent of the charge density, because the attraction to the surface is 

higher (Fig.3 a) left and middle [59]). But on the hydroxylated flexible surface the first peak is smaller 

than on the fixed model, resulting out of the fact that the water is nearer to the surface and therefore 

more hindered by the functional groups. So a less amount of water is placed in a distance of 6Å to the 

oxide model. An additional third peak of orientated water, resulting out of the higher charges, was 

found at 11Å on both surface models. The orientation of the H2O molecules in the layers is more 

pronounced as on the fixed model (Fig.3 b) left and middle in [59]) seen in higher positive 〈cos (𝛩)〉 

values at the right side of model. In the first layer, water is orientated with the oxygen towards the 

surface, the second layer is inverted and the third again is orientated like the first one. As on the fixed 

TiO2 the mobility of the water is reduced in the orientated layers. The rotation motion as well as the 

diffusion is influenced by the charge density of the surface. The immobilization is mainly seen in the 

first layer at 6Å (Fig.4 a); b) left and middle in [59]). On the hydroxylated surface even the second layer 

(8Å) is strongly reduced in mobility. 
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The generation of new force field parameters made the surface model more realistic and comparable 

with experimental data, e.g. the permittivity (𝜀). The introduced high charges of the surface atoms 

influence the water neighboring it very strong: 

1) The orientation in the first rigid layer is much more pronounced (high 〈cos (𝛩)〉) 

2) A third water layer is crated due to the high charges. 

3) Compared with the fixed surface model the mobility is even more reduced. The dipoles in the 

first water layer do not lose their orientation (𝑙𝑔𝐷𝐴𝐶𝐹 ≈ 1) on the stoichiometric as well as on 

the hydroxylated titanium dioxide (Fig. 4 b) in [59])). In the case of the fixed atom model the 

𝑙𝑔𝐷𝐴𝐶𝐹 was decreasing until 0.8 which means that at least a few molecules rotated (Fig.7 a) 

in [57]). 

4. Carbon Contaminated Model Surface 

Generating a model for the carbon contamination was done in two steps. At first the simplest alcohol 

(methanol) was used. But methanol and water are in principle good mixable and therefore a lot of 

MeOH molecules dissociate from the surface into the solvent. Therefore the first simulations were 

done using methanol with fixed C atoms. The contact angles were calculated on surfaces with 

0 𝑡𝑜 4.53 𝑚𝑜𝑙𝑒𝑐./𝑛𝑚². The water droplet starts spreading below 2 𝑚𝑜𝑙𝑒𝑐./𝑛𝑚² (Fig.2 in [59]). In a 

second step, higher alcohols (butanol and pentanol) were used in combination with chemisorbed 

methanol (0.6 𝑚𝑜𝑙𝑒𝑐./𝑛𝑚²) and a hydroxylation equilibrium with 𝑝𝐻 ≈ 7. These alcohols are poorly 

dissolved in water and therefore physisorbed on the surface. According to values measured by XPS 

experiments [40], a full contamination would mean 26 pentanol molecules per nm². This is much more 

than one monolayer and therefore unrealistic in simulations. The contact angle simulations were 

repeated with contaminations of 0.11 𝑡𝑜 3.58 pentanol and 0.15 𝑡𝑜 3.84 butanol /𝑛𝑚². Trough an 

extrapolation of the measured data a value of 3.58 𝑝𝑒𝑛𝑡𝑎𝑛𝑜𝑙/𝑛𝑚² was obtained to build up one 

monolayer with a contact angle of 67 ± 5° (Fig.2 in [59]). 

 

Fig. 6: Pictures of the flat, non restrained and carbon contaminated surface model with hydroxylation 
equilibrium ≈ pH7. (Ti = pink, O = red, H = white, C = cyan). Carbon contamination shown here includes 
3.58 PEN/ nm² +0.6 MeOH/ nm². 
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This surface model was used in the following simulations meaning 100% of pentanol which is 

equivalent with 100% of carbon contamination (Fig.6). As expected, the contamination has no 

influence on the surface potential (Fig.3 c) right in [59]) but on the water surrounding the oxide model. 

In the monolayer of pentanol are still ordered water layers identifiable but they have much lower 

densities than on the clean surfaces (Fig.3 a) right in [59]). Nevertheless three orientated layers are 

observable with water orientation similar to those on the non contaminated surfaces (Fig.3 b) right in 

[59]). The mobility of them is also reduced but the effect is pronounced until 15Å away from the oxide 

model. The analysis starts at the middle of the TiO2 slap (𝑧 = 0Å). The end of the slap is at 𝑧 ≈ 6Å and 

the pentanol on top ends at 𝑧 ≈ 15Å. The water is trapped in the pentanol layer and the translation and 

rotation motion decreases the nearer the water gets to the surface (Fig.4 a); b) right in [59]). So the 

immobilization of the water is not only charge dependent but also influenced by the hydrophobic layer. 

According to experimental data, the surface with one monolayer of pentanol as a model for the carbon 

contamination is more realistic than the clean one. Changing the hydrophilicity of a surface may have 

effect on the adsorption of e.g. biomolecules but so far the influence on the water molecules has been 

proved. The pentanol changes the mobility of water up to a distance of 15Å away from the surface. 

5. Adsorption of Biomolecules 

The adsorption of three different peptides and one polymer on fixed and non restrained respectively 

contaminated titanium dioxide models was obtained. The peptides were chosen according to their 

binding properties towards TiO2. Two of them (TiOBP1: RPRGFGMSRERQ; TiOBP2: 

WFCLLGCDAGCW) were experientially known as good and bad binders [65]. The third one (minTBP: 

RKLPDA) is well known out of experiments and simulation studies. The polymers antimicrobial 

properties are proved by experimental studies. 

5.1. Small Peptide Adsorption 

The first adsorption simulations were done using the fixed flat and rough rutile (100) models (see 2.). 

The aim was to find out, if the surface charge density has any influence on the peptide adsorption and 

how in detail the interaction works. On the other hand it was expected, that the secondary structure of 

the 12 aa long peptides is not negligible. Therefore the peptides were simulated without any surface 

only solvated in TIP3P water and counter ions. During these 50ns the 12 aa long peptides fold into 

stable structures forming mainly helical motives (Fig.3 a); b) in [57]) but the 6 aa long minTBP was not 

folding as expected because it is too short. In the case of TiOBP1 a lot of so called helix builders are 

placed in the sequence [66] with distance of at least 1 amino acid between them. Therefore a helix 

with as many as 3 aa per curl can be build up (310 helix). Helix building amino acids are defined by a 

𝑃𝛼 ≥ 1 (Tab.3) which means that they are very often found in helix motives. The obtained helix starts 

at ARG3 and ends at ARG11 and switches between α- and 310 helix with the turn motive as a 

transition state (Fig.3 a) in [57]). The TiOBP2 also generated a helix motive where the α- and 310 helix 

motives are in equilibrium. But in comparison with the TiOPB1 the helix is much shorter. It starts at 

PHE2 and ends at GLY6. Here the helix building aa are less placed in the sequence and the helix 

breaker are situated in direct neighborhood to each other 𝑃𝛼 < 1 (Tab.3) so that the curls of the helix 
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can badly be build up. These relaxed structures were taken to do the adsorption simulations on the 

different surface types. 

amino acid 𝑷𝜶 amino acid 𝑷𝜶 

Alanine (ALA) 1.45 Leucine (LEU) 1.34 

Arginine (ARG) 0.79 Lysine (LYS) 1.07 

Asparagine (ASN) 0.73 Methionine (MET) 1.20 

Aspartic acid (ASP) 0.98 Phenylalanine (PHE) 1.12 

Cysteine (CYS) 0.77 Proline (PRO) 0.59 

Glutamine (GLN) 1.17 Serine (SER) 0.79 

Glutamic acid (GLU) 1.53 Threonine (THR) 0.82 

Glycine (GLY) 0.53 Tryptophan (TRP) 1.14 

Histidine (HIS) 1.24 Tyrosine (TYR) 0.61 

Isoleucine (ILE) 1.00 Valine (VAL) 1.14 

Tab. 3: helix potentials 𝑷𝜶 [66] of the amino acids: 𝑷𝜶 represents the relative frequency of aa in helix 

motives 

One setup of the adsorption simulations were done with pre positioned peptides on the surfaces. 

During a second setup the peptides were rotated about 180° to exclude the generation of random 

adsorption points (Tab.S1 in SI [57]). The adsorption energies were analyzed by a protocol published 

in [51]. Here a water molecule is fixed on top on the simulation cell and an artificial force is placed 

between this water molecule and a Cα adjacent to the Cα of the adsorbing amino acid. The pulling 

force velocity is 2𝑚/𝑠 and by integrating the force distance curve the adsorption energy can be 

calculated (Fig.S2 in SI [57]). The TiOBP1 is adsorbing very well on all obtained surface models by 

generating three different types of contact points. Single contacts are formed mainly by charged amino 

acid side chains in the N- and C-terminal regions. Here aa like ARG interact with opposite charged 

surface groups and atoms like OH
-
 or bridging oxygen atoms of the surface. These contacts have 

adsorption energies in range of 30 − 250𝑘𝐽/𝑚𝑜𝑙 with an average of 90𝑘𝐽/𝑚𝑜𝑙 (Fig.5; Tab.S1 SI in 

[57]). These energies are comparable with medium hydrogen bonds [67]. The TiOBP1 sequence 

includes amino acids like SER which carry partial negative charges and are probably able to form 

additional contact points. But serine is placed in the relative rigid helix motive and very short. 

Therefore it cannot reach the surface. Additionally double contacts are generated by adjacent charged 

amino acids which are in direct neighborhood to each other (e.g. ARG9 and GLU10). The side chains 

are trapped in the rigid helix but are long enough to reach the surface. The equilibrium of α- and 310 

helix motives in the peptide is lost during adsorption and is shifted towards the α helix motive (Fig.4 a) 

in [57]). The adsorption energies of these double contacts are significantly higher than these of the 

single ones. They are in the range of 190 − 270𝑘𝐽/𝑚𝑜𝑙 with an average of 230𝑘𝐽/𝑚𝑜𝑙  (Fig.5 in [57]) 

which is comparable with strong hydrogen bonds [68]. At least also indirect contacts are obtained 

formed by ARG side chains interacting with water molecules immobilized in the first water layer. This 

kind of adsorption was also reported for rutile (110) surface models [42]. In the case of TiOBP2 mainly 

single contacts are formed in fact due to the sequence of the peptide. ASP8 and the acid group of the 

C-terminus of TRP12 are involved. Both are situated at the end of the sequence which is not folded 



13 

into a special secondary structure (turn motive). Additionally the partially negative charged backbone 

oxygens are generating single contacts (e.g. ALA9) with positive surface groups (e.g. H
+
). Compared 

with the TiOBP1 the helix motive is not influenced during adsorption because the amino acids included 

into the helix are not really involved in the adsorption process. Furthermore only weak binding 

energies are measured. They are in the range of 20 − 80𝑘𝐽/𝑚𝑜𝑙 with an average of 60𝑘𝐽/𝑚𝑜𝑙  (Fig.5 

in [57]). 

Despite only a few samples of adsorption were simulated the adsorption configuration and energies 

seems to be independent from the starting structure. In the end, similar contact point with the same 

energy range, are generated. Additionally the charge density of the surface has no direct influence on 

adsorption but using lower charges the water get more mobile and the side chains of the aa are able 

to penetrate them (Fig.8 a); b) in [57]). The longer charged side chains are better in forming contact 

points, because they are more flexible and carry a charge distribution like TIP3P water (Fig.1 in [57]) 

and therefore can mix with the water in the rigid layers. During adsorption, the helix motive of the 

TiOBP1 get more rigid as it is losing the equilibrium of α- and 310 helix motives. Nevertheless the 

simulated data fits very well with the experimental acquired ones of TiOBP1 being the good and 

TiOBP2 the bad binder for TiO2. 

Peptide adsorption was additionally done on the clean non restrained (see 3.) and 100% carbon 

contaminated surface (see 4.). The model was first contaminated at only one and secondly on both 

sides. By comparison the analysis methods of the adsorption the way of integrating the force distance 

curves could not be used because of the description of the flexible surface in the force field. If the 

adsorbed peptides would be pulled away from the dioxide slap surface atoms could dissociate out of 

the model and sophisticate the results. Therefore the adsorption stability was analyzed by the 

probability of atoms staying near the surface (Fig.5 in [59]). On the clean non restrained surface 

model, the results should not really differ from the fixed one because the surface properties are in 

general the same. Beside the TiOBP1 and TiOBP2 the minTBP peptide was additionally simulated. 

The good binder does adsorb well on the clean flexible surface as expected. The interaction was 

mediated by ARG1 and 9 as well as the C-terminus (GLN) but no direct contact was formed (Fig.5 a) 

top in [59]). The contact points are always on top of the first water layers but nevertheless very stable. 

The distribution of the analyzed peptide atoms results in sharp peaks with a small basis which 

indicates that the peptide is not moving through the cell and this is equivalent to immobilization. On 

contaminated surfaces two different behaviors are observed. On the one hand on the surface with only 

one side containing a pentanol layer the TiOBP1 prefers to interact with the bottom of the periodic 

image which is clean. Here the adsorption is mediated by ARG1/ 11 and the N-terminus (NH3 group) 

(Fig.5 a) middle in [59]). On the other hand contamination of both sides of the surface results in less 

stable adsorption via ARG3 side chain and the C-terminus by penetration of the pentanol layer (Fig.5 

a) bottom in [59]). This permeation is shown by measuring the N atoms of the arginine side chains 

nearer to the surface than the last C atom of pentanol (C5). Here the interaction with the first water 

layer was done by aa with long movable side chains including charged groups as well as hydrophobic 

parts (CH2 groups). The secondary structure of the TiOBP1 is similar to the runs on the fixed surface 
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model, additionally the equilibrium of α- and 310 helix motives survives (Fig.6 a) top and middle in [59]). 

The helix is a little bit shortened (PHE5-ARG11) like during the adsorption on the fixed rutile (100) 

model. But adsorption on the carbon contaminated surface results in a dramatic change of the 

secondary structure. The helix is shortened again (PHE5-GLU10) and the α helix motive is almost 

completely lost (Fig.6 a) bottom in [59]). The bad binder (TiOBP2) was simulated on the clean and on 

both sides contaminated surface model. As expected, TiOBP2 does not adsorb on the clean non 

restrained rutile (100) model (Fig.5 b) top in [59]). The peptide was moving through the simulations cell 

seen in wide distributions of atoms resulting in very wide peaks. On the surface carrying pentanol the 

so called bad binder was able to adsorb very stable without penetration of the carbon layer (Fig.5 b) 

bottom in [59]). The interaction is mediated by hydrophobic aa like PHE2 therefore the high amount of 

hydrophobic amino acids enhances the adsorption. Furthermore the secondary structure does not 

change whether the peptide is adsorbed or not. The helix begins at the N-terminus and ends up with 

GLY6 including the equilibrium of α- and 310 helix motives (Fig.6 b) top and bottom in [59]). In the case 

of minTBP very stable adsorption is observed on the clean surface as well as on the carbon 

contaminated one (Fig.5 c) top and bottom in [59]). The influence on the secondary structure could not 

be analyzed because the minTBP does not fold into a defined motive (Fig.6 c) top and bottom in [59]). 

The folding simulations may result in local and not global minima in conformation space but 

nevertheless the influence of adsorption on the once build secondary structure motives is convincing. 

If the good binder can “decide” on which surface to bind, it keeps the more flexible helix equilibrium 

and binds to the clean surface. But if it is forced to adsorb on the carbon contaminated surface the 

peptide loses a part of secondary structure flexibility. Changes of folding motives may influence the 

function of a peptide. E.g. if it is used as a linker to bind titanium dioxide on one side and an additional 

organic structure on the other side it would lose binding affinities by changing the secondary structure. 

TiOBP2 is able to adsorb on contaminated surfaces without changing its folding. Out of experiments it 

is known that titanium dioxide materials are mainly carbon contaminated therefore it is important to 

find out which experimentally known good binders are able to keep their activity. 

Nevertheless adsorption is influenced by three points: i) the amino acid sequence, ii) the mobility of 

the orientated water layers and iii) the contamination of the surface. 

i) Amino acid sequence 

The formation of double contacts on the fixed surface model is enhanced if there are adjacent aa with 

opposite charged side chains. These interactions carry higher energies than the single ones and are 

able to immobilize the peptide even better. Additionally the generation of secondary structure motives 

is amino acid dependent [66]. Probably good binding amino acids like SER are not able to reach the 

surface if they are placed in more rigid parts (e.g. helix motive). And at least the distribution of 

hydrophobic and hydrophilic aa is important. TiOBP1 includes mainly hydrophilic amino acids (9 out of 

12) and is hindered to adsorb without compromises. TiOBP2 and minTBP have a distribution of 1:1 of 

hydrophobic and hydrophilic side chains and therefore the adsorption on carbon contaminated surface 

models is enhanced. Besides amino acids with long movable side chains including charged and 
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hydrophobic parts are predestinated to penetrate the carbon layer and interact with the charged 

surface or the water layer. 

ii) Mobility of orientated water layers 

The mobility of water influences the adsorption of peptides. If the water molecules are very strong 

immobilized, the side chains of the aa cannot reach the surface. But in the end the rigid water layers 

are charge dependent. Therefore the charge density is the important factor which affects the 

adsorption. This is seen in two examples discussed before. 

1) In the case of the fixed surface models the formal charges of OH
-
 and H

+
 make the water layer 

more rigid and the peptide is hindered to bind directly to the surface. 

2) In the case of the non restrained rutile (100) model no direct adsorption was observed 

because of the higher surface atom charge. The water layers again are less movable and 

therefore no double contacts were generated. 

How the carbon contamination affects the interaction with the surface (iii)) was partly discussed in the 

point of secondary structure and i). Additionally it should be mentioned that there is influence but 

without suppression of adsorption. The good binder (TiOBP1) remains good binding but the so called 

bad binder changes the behavior. 

5.2. Adsorption of Polyhexanide 

The polymer was generated as a linear strand. So the first simulation was done using only one 

polymer molecule surrounded by water and counter ions. The calculations runs nearly 230𝑛𝑠 and the 

PHMB molecule starts to fold according to reduce the solvent accessible surface area (sasa). Most of 

the parts of the polymer are hydrophobic (CH2 groups) and therefore the molecule folds to minimize 

the interaction points with the water. A second possibility to analyze the folding state of a polymer is to 

calculate the radius of gyration (rg). The folding gets more packed by decreasing of the rg. Two 

different structures of minimal surface area and radius of gyration were observed. At 15𝑛𝑠 the one with 

the lowest level was obtained (Fig.6 in [69]). But this structure was not that stable because the PHMB 

starts to enlarge. At 90𝑛𝑠 the stable “snail” like folding with higher rg and sasa appears. Due to the 

higher values one could imagine that not only the hydrophobic interaction with water is the driving 

force for the folding activities of the polymer. The “snail” like structure has additional effects to reduce 

the energy of the structure. The biguanide groups are able to interact by piling over each other like the 

π stacking of DNA (Fig.8 C) in [69]). Therefore the “snail” like structure was chosen as the most 

stable. For validating the stability of the folding state melting simulations were done using a 

temperature ramp from 310K to 370K. The PHMB molecule is stable until 320K and starts to enlarge 

from 330K (Fig.7). Until now it is unclear if the antimicrobial activity is temperature dependent but if 

that is the case, it is possible that the activity is lost at higher temperatures. 
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Fig. 7: The temperature dependence of the radius of gyration of the PHMB molecule. The probability of 
one rg normalized to 1Å is shown. 

The adsorption simulations were done using the “snail” like structure on i) stoichiometric, ii) 

hydroxylated at 𝑝𝐻 ≈ 7 and iii) hydroxylated according to 𝑝𝐻 ≈ 11 non restrained model surfaces 

surrounded by TIP3P water and counter ions respectively. 

On the stoichiometric surface (i)) which is equivalent to the plasma cleaned scaffold in the experiments 

[69] the PHMB molecule was not adsorbing Fig.7 A) in [69]). Orientated water layers are formed like 

discussed in 3. The probability of N atoms being in a defined z area of the simulation cell was 

measured. The results show that the polymer is mainly placed in the middle, which means between 

the titanium dioxide surface and its periodic image. This fits very well with experimental data which 

indicates no adsorption on plasma cleaned surface. In the case of the hydroxylated surface model 

(𝑝𝐻 ≈ 7, ii)) adsorption on the bottom of the image surface was measured (Fig.7 B) in [69]). But the 

PHMB molecule was not able to penetrate the first rigid water layer. This is proved by the trend of the 

analyzed curves; they do not cross each other. On the surface carrying an hydroxylation equilibrium 

according to 𝑝𝐻 ≈ 11 a much more stable adsorption could be found (Fig.7 C) in [69]). This surface 

model is equivalent to the one treated with H2O2 in the experiments [69]. The distribution of the 

probability of presence for the nitrogen atoms is situated near to the surface with a high peak with a 

small basis. Again adsorption takes place on the top of the first water layer. This behavior indicates 

that interaction with the TiO2 surface is enhanced by higher charges. This result fits well with the 

experimental data [69]. Here the most coverage of the scaffold was observed after H2O2 treatment 

which increases the OH
-
 group amount on titanium dioxide. Additionally the assumption that 

Polyhexanide adsorbs as a film on the water was made out of the experimental data. To check the 

correctness of the statement, 64 PHMB molecules were simulated together on one hydroxylated 

dioxide model (𝑝𝐻 ≈ 7) surrounded by water and ions. The surface area was 68.91Å × 68.057Å which 

results in an area density of 0.25𝜇𝑔/𝑐𝑚². This is between H2O2 treated and untreated scaffold [69]. At 

the beginning of the simulation all molecules had the same shape and therefore also the same rg 

(Fig.8 A) in [69]). At the first time steps the polymers gets unwound (rg is increasing). They start to 

relax against each other and not against water. This behavior is due to the hydrophobic interaction. 

The PHMB molecules reduce their solvent accessible surface area by aligning against each other. 
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Therefore at the end of the simulation most of the polymer molecules are expanded to higher rg values 

(Fig.8 B) in [69]). Again no direct adsorption was observed. 

To conclude the results mentioned before three different points can be addressed: 

1) Polyhexanide adsorbs on the titanium dioxide surface model without generating direct contact 

points on top of the first water layer. The surface has to be charged to enhance the interaction, 

see no adsorption on the stoichiometric model. Additionally it was found that increasing the 

negative charges results in increasing the adsorption stability which converges with the 

experimental data. This is probably due to the interaction of the positive charged biguanide 

groups with the partially negative charged OH
-
 groups on top of the surface. 

2) In experiment no adsorption without water was observed. This could be underpinned by the 

results found in the simulations. Here the PHMB molecule/ s generate only indirect 

interactions mediated by the first water layer. 

3) More than one PHMB molecule adsorbs as a film on the hydroxylated surface which enhances 

the experimental data [69]. 

6. Summary and Outlook 

One of the aims of this work was to generate a non restrained force field model including carbon 

contamination to make the adsorption simulations more realistic and comparable with experimental 

data. Another purpose was to find out how the special recognition of small linker proteins on titanium 

dioxide is working. During this work a fixed and a non restrained rutile (100) model was used and 

critical properties were observed which are not only related to the surface. The rigid water layers on 

top of the oxide are very important for the protein and peptide adsorption. Therefore the first 

discussing object were the properties of the water layers and how they can be influenced. The charge 

distribution on the surface was found to have a big effect on them. Depending on the charges of the 

surface atoms or the functional groups, resulting out of the hydroxylation equilibrium, precisely the first 

water layer gets more rigid or smother. This has a big effect on biomolecule adsorption. The peptides 

need to penetrate these water layers to generate direct interaction points. The correct description of 

the surface in molecular dynamic simulations therefore has a high influence on the results. The better 

the model is the better the findings are comparable with experimental ones. Additionally carbon 

contamination was mimicked by using a monolayer of pentanol molecules. This fits very good with 

experimental data (e.g. contact angle) and make the oxide model more hydrophobic. Interaction of 

proteins and peptides in experiments or in medical use are often observed under normal air 

conditions, which means that the scaffold is i) hydroxylated by water and ii) carbon contaminated in a 

short period of time. Therefore investigations were done to find out how the contamination influences 

the adsorption of a formally know good or bad binding peptide (TiOBP1; TiOBP2). It was found that 

the TiOBP1 is able to bind the different surface modifications very well which coincides with 

observations made in experiments. The way of adsorption (direct or indirect) depends on the water 

layers properties. The first layer on high charged surface models is that rigid, that the peptide is not 

able to adsorb in a direct way. On the carbon contaminated oxide model the adsorption is possible by 
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reducing the flexibility of the secondary structure motive. In the case of TiOBP2 adsorption on the 

clean surface model results in only weak binding or even in no interaction. Whereas on the carbon 

contaminated dioxide the once know bad binder is able to interact with the Pentanol monolayer. No 

direct adsorption is observed but the hydrophobic side chains have the possibility to orient themselves 

according to the hydrophobic layer without changing significantly in the secondary structure motive. An 

additional test peptide (minTBP) adsorbs without being affected by the contamination. This raises the 

question if the distribution of hydrophobic to hydrophilic amino acids has influence on the adsorption 

ability according to clean and contaminated surface. For experimental application it could be of interest 

to generated peptides (GEPI´s) which bind both surface types without changing the secondary 

structure motives then as we know functionality is based on these structures. In the case of the PHMB 

polymer adsorption was observed depending on the hydroxylation ratio and therefore on the charge 

density of the rutile (100) surface. After analysis of the simulations takeaways from experiments could 

be substantiated. The PHMB interacts with the negative charged surface via the first water layer as a 

film. 

So the new force field model describing the rutile (100) titanium dioxide surface with additional carbon 

contamination model of one monolayer pentanol fits the experimental data very well. The adsorption 

studied on this surfaces indicates that the contamination as expected makes the surface more 

hydrophobic and influences the adsorption behavior of the tested peptides especially the secondary 

structure of TiOBP1. This indeed enhances experimental investigations. Peptides which e.g. link 

organic and inorganic parts should be good adsorbing on clean and contaminated surfaces by keeping 

their functionality. Furthermore experimental data can be substantiated by using atomistic simulations 

like in the case of PHMB adsorption. The next step of improving the surface model could be including 

the roughness into the non restrained description. 
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