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Introduction

Protein adsorption is one of the first events which takes place when a foreign material comes into contact with a living body and is believed to be a key factor in controlling subsequent cellular adhesion. Thus, the design of implant surfaces with specific protein adsorption properties is of great interest for the research on biocompatible materials. In the last years several studies were performed, in which protein adsorption at nano-patterned adsorbents was investigated and a dependence on the topography was determined. For example an increased adsorption of F‑Actin at stripes and edges was observed on nanostructured titanium with structure heights of 1‑2 nm and proteins were aligned parallel to the nanostructure [1]. Moreover, the range in which proteins are “sensitive” to structures of a certain size is usually very small and hence, a detailed knowledge of their effect on the adsorption is required.

In order to improve the understanding of protein adsorption on a nanostructure, a theoretical model has been developed that combines parts of the well known Finite Element Method (FEM) with Brownian Dynamics (BD). In particular, the performed simulations are intended to study the effect of edges and spikes on the adsorption and determine preferred sites of adsorption on a nanostructure.
Materials and Methods

For simplicity, the presented model treats proteins as uniformly charged spheres, which are adsorbed on an arbitrary shaped nanostructure. Interactions are based on the  DLVO (Derjaguin, Landau, Verwey, Overbeek) theory and account for electrostatic and dispersion forces. While protein-protein interactions can be expressed analytically by the classical DLVO theory [2], protein‑nanostructure interactions need to be described numerically, due to the arbitrary shape of the adsorbent. The electrostatic interactions of the numerical part were calculated from a solution of the Poisson-Boltzmann equation [3] and the dispersion interactions were obtained from a numerical integration of Hamaker’s equation [4] on a fine sub-grid. 
At the beginning of the calculation, parameters like protein size, net charge, and concentration of the proteins were defined as well as the concentration of the electrolyte ions. The arbitrary shape of the nanostructure is approximated by a combination of small cubic finite elements, which can be individually provided with a local charge density. In the main calculation, the trajectory of each protein in the actual force-field is calculated for a series of small time steps.

Results 

For oppositely charged nanostructures, proteins are preferentially adsorbed at edges and peaks, due to the higher electric field. Structures are recognized, if their size is comparable to the protein size and greater than the Debye-Length of the electrolyte. Also uncharged structures show an slightly increased protein density at edges, due to the reduced number of degrees of freedom in diffusion.
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Fig. 1: Lysozyme adsorption at a nano edge of 5 nm height. The electrolyte concentration (NaCl) is 0.01 mol/l (A) and 0.0015 mol/l (B)
Discussion

The developed algorithm makes predictions for preferred sites of protein adsorption on a nanostructure and discusses them in terms of a non mechanical reason. It also opens up the possibility to calculate the adsorption behaviour of real surface structures, that were measured by atomic force microscopy.
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