MEASURING MOLECULAR ADHESION WITH FORCE MICROSCOPY
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ABSTRACT. Local probe methods were used to investigate organic and biological molecules in
order to characterize their surface density and to measure adhesion forces between individual
molecular pairs. The unbinding force between a streptavidin functionalized flat surface and a
biotinylated sensor tip-was measured to be 1.25 nN indicating contributions of very few molecular
pairs.

1. Introduction

The molecular interplay in biology is one of the most basic prerequisites of life in general. The
ability of molecules and cells to specifically recognize each other relies on the existance of several
binding interactions which are short-ranged, chemically and geometrically complementary and
sometimes of remarkable strength.

In order to characterize the macroscopic properties of intermolecular adhesion, traditionally,
binding energies, binding enthalpies and diffusion coefficients were used. Therefore, macroscopic
techniques such as ELISA (enzyme linked immunosorbent assays) or indirectly crystallographic
techniques have been successfully applied as analytical tools. In addition, some very interesting
attempts have been undertaken to study intermolecular forces directly: 1) optical trapping
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techniques [1], 2) surface force apparatus measurements [2], 3) pipette suction techniques [3], and
4) local probe methods [4-6]. Whereas the first is limited to smaller forces (typically < 10 pN) the
second and third are lacking spatial resolution. The conception of scanning force microscopy
(SFM) allows investigation of surfaces from the micrometer down to the atomic scale [7]. Its
spatial resolution capability in conjunction with its remarkable force sensitivity (< 1pN — 1 uN)
allows to study biological molecules in direct space even under physiological buffer conditions.

In contrast to conventional scanning force microscopy where the interaction force between tip and
sample is always kept as small as possible, especially tailored (functionalized) tips are used for
measuring adhesion forces between molecules (figure 1). In order to probe specific molecular
recognition events we have chosen biotin-streptavidin as an appropriate model system, since 1) it
has an extremely high affinity (10-'3/mol, 88 kJ/mol), 2) it is extremely well and broadly
characterized and last but not least 3) it is commercially available. Furthermore, immobilisation
techniques for streptavidin are readily available and make it an ideal model system for this kind of
experiments.

2. Experimental

All presented experimental data were either recorded with a homebuilt STM/SFM [8] or a
commercial instrument [9]. For the STM and the SFM experiments we used mechanically prepared
(cut) Ptg,Ir;,-tips and single cristalline Si-cantilevers (0.05 — 0.1 N/m) [10], respectively. Au(111)-
films were epitaxially grown on mica under elevated temperatures (300° — 400° C) in high vacuum.
Self-assembled monolayers (SAM) of dodecanethiols (CH3(CH,),,SH) were formed by
spontaneous molecular self-assembly upon immersing the freshly evaporated gold surfaces into a
diluted (1 mM) ethanol solution for 48 h at room temperature followed by thermal annealing at
80°C for 2 h.

In order to derivatize a flat surface as well as the cantilever tip for measuring adhesion forces, a
clean silicon wafer and the SFM cantilever tip were coated with 3 nm of chromium and in addition
with 30 nm of gold at room temperature in high vacuum. Upon immersing the gold surfaces into a
diluted (1 mM) solution of aminoundecanethiol (NH,(CH,),,SH) in methanol for 12 h, a SAM of
thiol molecules spontaneously forms [11]. After carefully rinsing in diluted HCI and in nanopure
water, biotin was covalently attached to this organic surface [12] via an extended molecular spacer
to allow for steric adjustments of bound molecules [13]. Just prior to the experiment, the substrate
was incubated with streptavidin [14] to form a monolayer.

3. Results

In order to characterize the surfaces we worked with, SAM, which formed by molecular self-
assembly on Au(111) were first investigated by STM. These monolayers act as an organic
interlayer and are very important with respect of linking proteins to inorganic surfaces such as e.g.
silicon or gold. Their length, chemistry and surface functionality can be varied and tailored to the
demands of an optimized protein immobilization. In figure 2 we present a STM-image of a SAM
(CH5(CH,),,SH) on Au(111) showing the domain-like molecular growth as well as the molecular
ordering within individual domains. It was found that thermal annealing strongly affects the film
homogeneity, increases the domain size [15] and thus the film quality. In addition superstructures



