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We used two-photon excitation fluorescence correlation spectroscopy (FeS) and neutron reflectometry to study 
in situ the effect of salt concentration on the degree of protein binding to polyelectrolyte brushes. The binding of 
bovine serum albumin (BSA) to poly(acrylic acid) (PAA) brushes was characterized at neutral pH values where 
both the protein and the brushes carry a negative charge. Spherical PAA brush particles were used in the Fes 
experiments, whereas a planar PAA brush served as protein substrate in the neutron reflectometry experiments. 
It has been found that BSA binds strongly to both the spherical and the planar P AA brushes under electrostatic 
repulsion at low ionic strength. The BSA volume fraction profile, as determined from the neutron reflectivities, 
indicates a deep penetration of the BSA molecules into the PAA brush. However, the analysis of the Fes data 
reveals that the protein affinity of the spherical PAA brush particles decreases drastically when increasing the 
concentration of sodium chloride to a few 100 mM. This observation is in line with the measured neutron 
reflectivities of the planar PAA brush. The reflectivity curve obtained in the absence of protein is virtually 
overlapping with that measured when the PAA brush is in contact with a BSA solution but containing 500 mM 
sodium chloride which suggests protein resistance of the planar PAA brush at this elevated salt concentration. 
The results of this study provide evidence for a new kind of protein-resistant interfaces. Whereas protein binding 
to the PAA brush is likely to be dominated by the release of counterions, this driving force vanishes as the ionic 
strength of the solution is raised and protein molecules are repelled from the interface by steric interactions. In a 
general view, the "switching" of the protein affinity of a PAA brush by varying the iomc strength of the protein 
solution over a relatively small range may appear to be useful for biotechnological applications. 

Introduction 

The adsorption ofprotein molecules at interfaces is one of the 
most interesting subjects in biophysical research, as it is the 
basis for a broad range of processes occurring in nature and 
biotechnology.1 4 Examples are the activity of enzymes at 
biological membranes, the stabilization of food emulsions, or 
the use of solid-phase immunoassays in medical diagnostics. As 
a rule that has emerged from numerous studies on protein 
adsorption carried out so far, one may generalize that all 
pro teins adsorb at all interfaces. This rule originates largely 
in the heterogeneity of the protein surface and the conforma
tional flexibility of the protein structure. As a result, protein 
molecules can interact with interfaces via direct ionic, van der 
Waals, and hydrophobic forces which are often enhanced by 
interface-induced conformational changes of the protein mo
lecules. 5 9 However, there is no rule wi thout exceptions. The 
search for and the understanding ofprotein-resistant interfaces 
has also attracted much research interest, since protein adsorp
tion may have unfavourable consequences, such as biofilm 
formation on used contact lenses, biofouling of medical im
plants, or the attachment of mussels at ships.3,10 

t Presented at the annual meeting ofthe Deutsche Bunsen-Gesellschaft 
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The most prominent example of a protein-resistant sur
face coating is a brush of poly(ethylene oxide) (PEO) where 
one end of the PEO chains is chemically bound to the solid 
substrateY 1.5 The protein resistance of such brushes may be 
explained by steric repulsions. When a protein molecule ap
proaches a brush of hydrophilic long flexible polymer chains, 
the brush will be compressed leading to an unfavourable 
reduced conformational en tropy of the polymer chains. Protein 
resistance is also observed for surfaces covered by dextran 16,17 
and for aseries of self-assembled monolayers carrying different 
chemical groupS.18,19 It is interesting to note that PEO chains 
having only a few monomers are also effective in rejecting 
protein molecules. 18 20 It is argued that the strong interaction 
of the sorbent surface with water is causing protein resistance, 
because it prevents direct contact between the surface and the 
protein. 18,21,22 

In arecent study, the binding of bovine serum albumin 
(BSA) to spherical polyelectrolyte brush (SPB) particles 
was characterized.23 The particles consist of asolid core of 
poly(styrene) (PS) onto which long linear poly(acrylic acid) 
(PAA) chains are grafted. 24 ,25 The adsorbed amount ofprotein 
was measured ex situ, i.e., in the absence of non-adsorbed 
protein. Weakly and non-adsorbed BSA was removed from the 
BSAjSPB suspension by ultrafiltration, and the protein con
centration of the filtrate was determined using UV spectro
scopy. It has been found that the SPB particles bind huge 
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a simple electrostatic screening, a PAA brush may be regarded 
as a new type of protein sorbent surface. 

Experimental 

Sampie preparation 

BSA was purchased from Sigma (catalog number A-6003). It 
was analysed by gel electrophoresis and was found to be 
essentially pure. For the Fes experiments, BSA was labelIed 
with Texas Red dye (Molecular Probes) by adding the dye to 
BSA dissolved in carbonate buffer (100 mM, pH = 8.4). The 
dye was covalently bound to BSA as an amine-reactive succi
nimidyl ester. After about 60 min, unbound dye molecules were 
removed from the BSA solution using a Sephadex G-25 
column which was rinsed with a morpholinoethanesulfonic 
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Fig. 1 Neutron reflectivity curve of an air/d-PS/Si interface. The 
symbols represent the experimental data, the solid line represents a 
fit based on a one-layer model for the interfacial structure. The data 
shown are consistent with a layer thickness of 173 A far the d-PS film. 



Results and discussion 

Fluorescence correlation spectroscopy 

In Fig. 2, typical autocorrelation functions are shown that were 
derived from the f1uorescence intensity f1uctuations of BSA/ 
SPB suspensions. The autocorrelation functions were calcu
lated as30AO 

G(r) = (bF(t) . bF(t + r)) 
(F(t))2 

(I) 

where bF(t) = F(t) - (F(t)) is the f1uorescence intensity 
f1uctuation at time t, given as the deviation of the measured 
f1uorescence intensity F(t) from the time average (F(t)). If the 
f1uorescence intensity f1uctuations are caused by diffusion of 

Ei is the molecular brightness, N; is the mean number of 
f1uorescent particles within the excitation volume, and D; is 
the diffusion constant of species i. Wo = 20/ro is the ratio of the 
excitation volume dimensions parallel and perpendicular to the 
beam axis and y is a geometric factor depending on the shape of 
the excitation volume. As can be seen from eqn. (2), G(r) of a 
two-component system is the sum of the individual autocorre
lation functions weighted by the corresponding fractional 
intensities squared. A two-component analysis of G(r) can be 
performed, when the diffusion constants D] and D 2 are 
different by a factor of about 1.6 provided the two components 
contribute comparably to the total f1uorescence. 30 Then, in 
addition to D] and D2 , the component amplitudes G](O) and 
G2(O) can be extracted from the total autocorrelation function 
that contain the mean particle numbers of the two species in 
the two-photon excitation volume [G](O) + GiO) = G(O)]. 



NI (eqn. (5)) due to the adsorption 01' BSA at the SPB particles. 
On further addition of BSA, the SPB particles become satu
rated so that the number of non-adsorbed BSA molecules, NI, 
increases stronger than the number of adsorbed BSA mole
cules, Nads . Thus, Nads/ NI und G2(0) must decrease again at 
high BSA concentrations. In order to determine the number of 
adsorbed BSA molecules per SPB particle, the following 
equation can be used: 

This equation is derived by adding the fractional intensities of 
the two components. For example, a sampie containing 10 flg 
SPB and 2.84 flg BSA in 1.47 ml yields an autocorrelation 
curve that is characterized by the component amplitudes GI(O) 
= 0.061 and G2(0) = 1.202 (see Figs. 2A and 3A). The 
geometrie factor y is 0.3535 and the size of the two-photon 

which can only be explained by a decreasing brightness E2 of 
the SPB and a decreasing binding ratio Nads/NI (eqn. (5)). This 
salt-induced protein resistance of the spherical PAA brush 
particles is somewhat surprising, since at elevated ionic 
strength the electrostatic repulsion between the BSA molecules 
and the PAA brush is lowered. Indeed, when proteins bind to 
other interfaces under electrostatic repulsion condition, higher 
surface concentrations are observed at higher ionic strength.43 45 

The reason for the observed salt-induced protein resistance of 
a PAA brush will be discussed below. 

Neutron reflectometry 

Neutron reflectometry was applied to analyse the degree of 
BSA binding to a planar P AA brush and to determine the 
volume fraction profile of BSA normal to the interface at a low 
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Fig. 4 Neutron refiectivity curves of an Si/d-PS/PS-PAA/solution 
interface, i.e. a plan ar PAA brush. In diagram A, curves are shown 
over a limited Q-range only to illustrate the difference between the data 
obtained with a buffer solution (solid line) and a BSA/buffer solution 
without added NaCl (dotted line). In diagram B, the measured 
refiectivities are shown over the whole Q-range as symbols, whereas 
the solid lines represent fits on the basis of a layer model. The data of 
diagram B refer to a buffer solution (circles), a BSA/buffer solution 
(triangles, shifted by a factor of 0.1), amI a BSA/buffer solution with 
500 mM NaCl (asterisks, shifted by a factor ofO.Ol). Without shift, the 
latter data are essentially overlapping with those of the buffer solution. 

The penelration of BSA irllo lhe PAA brush is 
related to the binding mechanism of BSA involving counter
ions (see below). It also leads to a relatively high amount of 
adsorbed BSA, since the packing of BSA molecules at the 
interface is extended to the third dimension along the PAA 
chains. The adsorbed mass of BSA per surface area is given by 
the integration of the volume [raction profile according to: 

00 

r = ; J <PBSA(z)dz (10) 

o 

where M = 66267 g mol- 1 is the molar mass and V = 48574 
cm3 mol- 1 is the molar volume of BSA. 33 üne can calculate a 
BSA surface concentration of r = 1.5 mg ml- 1 at a planar 
PAA brush in the absence of NaCI which is roughly the same 
as that found on the spherical PAA brush particles (see above). 
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Fig. 5 Volume fraction of BSA across an Si/d-PS/PS-PAA/solution 
interface. The solid line corresponds to a solution of 0.05 mg ml- 1 

BSA, the dotted line was obtained when 500 mM NaCI was added to 
the BSA solution. 
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