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We consider the adsorption of bovine serum albumin (BSA) on spherical polyelectrolyte brushes (SPB). The 
SPB consist of asolid polystyrene core of 100 nm diameter onto which linear polyelectrolyte chains [poly(acrylic 
acid), (PAA)] are grafted. The adsorption of BSA is studied at a pH of 6.1 at different concentrations of 
added salt and buffer. We observe strong adsorption of BSA onto the SPB despite the effect that the particles as 
weil as the dissolved BSA are charged negatively. The adsorption of BSA is strongest at low salt concentration 
and decreases drastically with increasing amounts of added salt. Virtually no adsorption takes place at salt 
concentration of 0.1 M. Moreover, the adsorbed protein can be washed out again by raising the ionic strength 
from low to high values. A major driving force for the adsorption is located at a lower pH within the brush at 
low ionic strength. Thus, the isoelectric point of the protein may be approached or even reached. In this 
case strong interaction between the SPB and the protein results. Moreover, the negative charge of the 
polyelectrolyte interacts with the patches of positive charges on the protein. In this way the protein becomes a 
multivalent counterion within the brush and monovalent counterions will be released. All results demonstrate 
that the SPB present a new elass of colloidal carrier partieIes whose interaction with proteins can be tuned in a 
well-defined fashion. 

Introduction 

The adsorption of proteins from solution to solid substrates is 
an important phenomenon.1 Often protein adsorption is to be 
avoided as, e.g., in the field of biocompatible materials. In this 
case the surface must be modified by suitable groups to resist 
protein adsorption.2 On the other hand, proteins may be 
immobilised on the surface of colloidal partieIes in order to 
obtain functional microspheres.3 Colloidal partieIes are well
suited to study the adsorption of dissolved proteins to solid 
surfaces. These partieIes generate in solution a large surface 
area with well-defined properties. The process of adsorption 
onto the surface of the partieIes can therefore be easily moni
tored. Hence, there is a large number of studies of adsorption 
on silica partieles,4,5 on latex partieles3,6 19 or on AgI-parti
eles.20 In general, the adsorption of proteins is a complex pro
cess and various driving forces as hydrophobic interaction, 
electrostatic interaction, and hydrogen bonding are discussed 
in literature.21 There is no elear picture yet, however, how 
the driving forces leading to protein adsorption can be chan
ged in a predictable manner. 

Here we discuss the interaction of dissolved proteins with 
colloidal partieIes onto which long polyelectrolyte chains have 
been grafted. Fig. 1 gives the schematic structure of these par
tieles: the core partieIes consist of solid poly(styrene) onto 
which poly(acrylic acid) (P AA) chains are densely affixed. 
Hence, a polyelectrolyte brush22 has been generated on these 
strongly curved surfaces. The tenn brush denotes a system in 
which the average lateral distances between the polyelectrolyte 
chains are much smaller than their contour length. These par
tieles are generated by photo-emulsion polymerization23 and 
have recently been studied comprehensively by dynamic light 
scattering (DLS).24,25 They are characterised in terms of the 
core radius Re, the contour length Lc of the grafted chains 
and the grafting density a. These parameters are known 
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Fig. 1 Schematic presentation of a spherical polyelectrolyte brush 
(SPB). Long linear polyelectrolyte chains are grafted to a colloidal 
poly(styrene) sphere. The system studied here is an annealed SPB bear
ing chains of poly(acrylic acid). Hence, the number of charges per 
chain depends on the pH in the system.24

,25 

precisely and the partieIes hence present well-defined model 
systems for an investigation of the interaction of proteins with 
polyelectrolyte brushes. 

Up to now only few studies of the adsorption of dissolved 
proteins to polyelectrolyte brushes have been available in 
literature. The only study on the adsorption of proteins to 
well-defined planar polyelectrolyte brushes was presented by 
Tran et al. recently. 26 These authors investigated the adsorp
tion of lysozyme and fibrinogen on a planar brush consisting 
of highly charged poly(styrenesulfonic acid) by neutron reflec
tivity. The positively charged lysozyme is irreversibly adsorbed 
to the negatively charged brush. This is to be expected and the 
resulting layered system is akin to the polyelectrolyte layers of 
alternating sign studied in great detail by G. Decher and co
workers. 27 Surprisingly, Tran et al. found that the negatively 
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charged fibrinogen is also strongly adsorbed to the brush.26 

The authors explained this unexpected result by the specific 
interaction of the fibrinogen molecule with the sulfonate 
groups of the brush. The density profiles derived from the neu
tron reflectivity measurements demonstrated that the fibrino
gen is located on the periphery of the brush, thus indicating 
a residual repulsion of the fibrinogen and the negatively 
charged chains. 

In aseries of papers, Saito et al. investigated the adsorption 
of proteins onto polymer chains grafted into hollow fibers. 28 31 
A review of these investigations has been given recently Y 
Saito et al. could demonstrate that the hollow fibers modified 
by polyelectrolyte chains are suitable for separation of pro
teins. These authors also showed that raising the ionic strength 
leads to less adsorption. A precise characterisation of the brush 
inside of the hollow fibers, however, is difficult. 

Here we present the first study of the adsorption of bovine 
serum albumin (BSA) to the SPB depicted in Fig. I. As SPB 
we use particles onto which PAA-chains have been grafted 
which fonn an annealed brush on the surface. The charge 
within the brush depends strongly on the pH in the system.24,25 
The colloidal stability of these particles is excellent within a 
wide range of salt concentrations. The dependence of the pro
cess of adsorption on the electrostatic interaction can hence be 
investigated in a systematic fashion. 

It should be noted that the particles used in this investiga
tion are clearly different from the latexes studied so far. 3 19 
The surface properties of the SPB are domina ted by long poly
electrolyte chains. Hence, the proteins are expected to interact 
mainly with the grafted chains. The grafting density on the sur
face of the particles is quite high so that the average distance 
between two polymer chains is smaller than the dimensions 
of the proteins. In this respect the SPB represent a novel sys
tem for the study of the adsorption and immobilisation of 
proteins akin to the flanar polyelectrolyte brushes studied by 
Tran et al. recently. 2 

Experimental 

The SPB were generated by affixing PAA-chains onto the sur
face. The SPB have been prepared by photo-emulsion poly
merization. Details of the method of preparation and 
characterisation have been described elsewhere. 23 25 The 
synthesis of these particles includes a careful ultrafiltration to 
remove all traces of free polymer. 

The characterization of the SPB was done as described in 
ref. 23 and 24. The PAA chains have been cleaved off by strong 
base and analysed with regard to their molecular weight and 
molecular weight distribution. 23 Two systems termed KpS13 
and KpS14 have been used in this study. Table 1 gathers the 
data characterizing the particles, namely: Re radius of the core; 
L en , Lew number-average contour length of grafted chains and 
weight-average contour length, respectively; a grafting density 
of chains (calculated from the number-average contour length 
of the chains23). 

The hydrodynamic radius RH was detennined by dynamic 
light scattering in dilute solution as described in ref. 23-25. 

Table 1 Characterization of the spherieal polye1eetrolyte brushes 

SPB 

KpS13 
KpS14 

Re/nm 

51 
50 

36 
30 

80 
53 

p 

2.2 
1.7 

0.13 
0.13 

Re, radius of the eore; Lcn number-average eontour length of grafted 
ehains; Lew weight-average eontour length of grafted ehains; P = 

L ew/ L cn , a grafting density of ehains. 
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Fig. 2 Sehematie representation of the experiment. Solutions of BSA 
were prepared in buffer solutions (MES) with defined eoneentrations of 
added salt. These solutions were added to the SPB dissolved in the 
same buffer. After equilibration for 24 h the non-adsorbed pro tein 
was removed by eareful serum replaeement. 

All aqueous solutions of the SPB were carefully adjusted to 
a given ionic strength and pH. Here we used N-morpholi
noethanesulfonic acid (MES) that had been adjusted with 
NaOH to a pH of 6.1. In most investigations MES-concentra
tions of 10 mM and 50 mM have been used. Hence, in the case 
of a 10 mM MES buffer, 5 mM NaOH had to be added. 
Higher ionic strengths were adjusted through an addition of 
NaCI to these solutions. In order to avoid possible microbial 
growth, 2 mM NaN3 were added to all solutions. Hence, the 
ion concentration is at least 7 mM; a higher ionic strength 
was adjusted through adding NaCI to the solutions. 

Bovine serum albumin (BSA, fatty acids free, Sigma A-6003) 
was purchased from Sigma and used without further purifica
tion. 

Fig. 2 surnrnarizes the method employed here. Solutions of 
BSA were prepared in buffer solutions (MES) with defined 
concentrations of added salt. These solutions were added to 
the SPB in buffer solution (MES) and equilibrated for 24 h. 
Thereafter the solutions were entered into a serum-replace
ment cell and flushed eight times with buffer solution of same 
pH and salinity. The amount of protein washed off by this pro
cedure was determined spectroscopically from the known 
absorption coefficient. Subsequently, this figure and the total 
amount was used to calculate the amount of adsorbed BSA. 

In all cases the same time of equilibration as weil as the same 
procedure for serum replacement was used to ensure a mean
ingful comparison of the data. Additional experiments showed 
that no changes took place in the time scale of the present 
work-up procedure (ca. 1 day). 

Resnlts and discnssion 

Characterisation of the SPB, titration curve 

In a number of recent publications, the SPB used in this study 
has been characterized thoroughly by dynamic light scattering 
(DLS).23 25 Moreover, osmometry32 demonstrated that the 
counterions are mostly confined within the brush as predicted 
by theory.22 For an annealed SPB the overall thickness L (see 
Fig. 1) of the brush-layer on the surface of the particles 
depends on the pH as weil as on the ionic strength in the solu
tion. 24,25 Fig. 3 shows a key result that demonstrates the 
marked influence of the pH. Here, the brush thickness L (open 
circles) is displayed as a function of the pH. For this experi
ment the system L16 of ref. 24 has been used. (Re = 54 nm, 
L c = 209 nm, a = 0.054 nm 2). The ionic strength used in this 
experiment is rather low (10 m:M). It is evident that the raising 
pH leads to a transition of a rather dense layer of virtually 
uncharged PAA-chains to a system of highly charged chains 
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Fig. 3 Titration of an annealed SPB without MES (hollow circles) 
and in the presence of MES buffer (filled circles). The spherical poly
electrolyte system Ll6 used for this experiment was characterized 
recently in ref. 24 The ionic strength was kept to 10 mM for all pH. 

stretched to nearly full length. This can c1early be seen in 
Fig. 3. 

Fig. 3 demonstrates that the presence of the MES buffer 
does not change L as the function of the pH (filled circles in 
Fig. 3). Here the pH has been changed in the neighbourhood 
of 6.1 while keeping the ionic strength constant (10 mM). 
Fig. 3 shows that L determined in the presence of MES coin
cides with the result obtained by adjusting the ionic strength 
in the system with NaCI. This is a non-trivial finding inasmuch 
as MES is a zwitterionic system. 

As already discussed at length in ref. 24 and 25, this strong 
stretching of the polyelectrolyte chains is brought about by the 
strong osmotic pressure of the counterions that are confined 
within the brush. 32 The strong electric field of the polyelectro
Iyte chains just serves for keeping the ions inside the brush.22 

The brush is hence in the "osmotic limit", i. e., its properties 
are governed by the osmotic pressure of the counterions con
fined within the brush layer. 

If, however, the saIt concentration is raised, the so-called 
"salted brush" resuIts. 22 Here the electrostatic interaction 
inside the brush layer is strongly screened. Such a system there
fore resembles uncharged brushes. Fig. 4 demonstrates that the 
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Fig. 4 Inftuence of the ionic strength on the brush layer. The circles 
show the thickness L of the brush layer as determined by the hydro
dynamic radius RH' 

thickness L of the surface layer shrinks drastically (see also rer. 
24 and 25). Here L was obtained from the hydrodynamic 
radius of latex KpSl3 (cf Table 1) in aqueous solution by 
dynamic light scattering.24.25 At low ionic strength the chains 
attached to the surface are stretched to nearly full length. 
There is a marked shrinking of the surface layer upon raising 
the ionic strength in the system . 

The above data point to the fact that the thickness of the 
brush layer can hence be weil understood from the fact that 
the counterions are confined within the brush.22.24.25 This 
immediately leads to the conclusion that the pH inside the 
brush may be markedly different from the pH outside the 
brush. We will first discuss the simplest case of a quenched 
SPB where the number of charges per chain is independent 
of the pH in the system (see rer. 25 for further discussion). 
Hence, in this ca se the protons present in the solution act as 
counterions. Their concentration, Ca, defines the pH outside 
which has been adjusted by the buffer solution. The pH inside 
the brush layer is then solely defined by the average activity of 
the counterions. In ca se of quenched brushes the pH within the 
brush is therefore much lower than the pH adjusted outside. 
This has been shown and discussed in detail by Birshtein and 
Zhulina. 33 

For the annealed brushes under consideration here that con
sist of P AA chains, the pH within the brush is also determined 
by dissociation equilibrium between the carboxyl groups and 
protons. In this way [H+] is lowered considerably and the 
pH raised concomitantly. The pH resulting at low concentra
tions of added saIt and/or buffer, however, is again given by 
the pH that is adjusted in a solution of free PAA-chains of 
the same concentration. Given the pKa of PAA of 4.6 and typi
cal concentrations of PAA within the brush layer, a pH of ca. 3 
would result. A more realistic estimate starts from the assump
tion that one-half of the protons within the brush is replaced 
by the Na+ ions of the MES buffer. This gives a pH of 4.6, 
which is considerably lower than the pH = 6.1 of the solution. 
Raising the concentration of added saIt will suppress this effect 
since there is no confinement of the counterions anymore in the 
limit of a salted brush. 

Evidently, the pH cannot be a constant throughout the 
brush layer but will also depend on the distance from the sur
face ofthe particles. Moreover, annealed brushes exhibit subtle 
charge annealing effects that have been discussed in detail 
recently (see the discussion of this problem in ref. 25). For 
the qualitative understanding of the present results, however, 
a small variation of the pH within the brush may weil be 
neglected. It suffices to deduce that the average pH within 
the brush is in the range of the isoelectric point of BSA if 
the saIt concentration in the system is low. At high saIt concen
tration the pH within the brush coincides with the pH adjusted 
by the buffer. 

Adsorption of BSA at different ionic strengths and pR 

The experimental procedure used here is depicted in Fig. 2: 
The SPB solutions with adjusted pH and known ionic strength 
are mixed with BSA solution of equal ionic strength and pH. 
Since the process of an equilibration may be slow and hence 
time-dependent, all mixtures were stirred for 24 h. Then the 
non-adsorbed protein was removed by ultrafiltration against 
a saIt solution with the same concentration and pH. The 
amount ofprotein wh ich is removed in this step could be deter
mined quantitatively. In this way the amount ofbound protein 
can be determined from the mass balance. Additional experi
ments were done in which the time used for equilibration 
was prolonged. No infiuence on the resulting adsorption was 
found. This demonstrates that the entire system has reached 
a well-defined state. 

Fig. 5 to Fig. 8 display the principal resuIts of this study. In 
Fig. 5 the amount of adsorbed BSA 'ads per unit mass of the 
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Fig. 5 Adsorption of BSA on the SPB KpS 13 at pR = 6.1 and a con
centration of the MES bulfer of 10 mM. The amount of adsorbed pro
tein Tads per unit mass of the partieles is plotted against the total 
amount of BSA normalized to the mass of the particles. The concentra
ti on of the particles was 10 mg mL -I in each run. A parameter of the 
dilferent curves is the concentration of added salt adjusted by adding 
NaCI. Filled squares: no added salt (7 mM); triangles: 57 mM; filled 
circles: 157 mM. 

particles is plotted against the total amount of pro tein normal
ized to the mass of the added particles. The concentration of 
particles was 1 wt.% in all runs. Fig. 6 gives the same data in 
a plot of 'ads versus the concentration of BSA left in the solu
tion. The pH was adjusted to 6.1 for all solutions by addition 
of 10 mM MES buffer. Fig. 7 gives the data obtained for two 
different concentrations of the buffer at the same pH. Fig. 8 
finally shows the influence of different pH values in the solu
tion while keeping the ionic strength constant (12 mM). 

Fig. 5 and 6 immediately demonstrate that BSA is strongly 
adsorbed if the ionic strength in the system is low while vir
tually no adsorption takes place for high ionic strength. This 
is opposite to the usual finding that a high ionic strength 
furthers the adsorption of proteins to polymerie surfaces.' In 
the ca se of flat substrates the high ionic strength lowers the 
electrostatic repulsion between the surface and the dissolved 
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Fig. 6 Adsorption of BSA on the SPB KpS 13 at pR = 6.1 and at a 
concentration of the MES bulfer of 10 mM. The amount of adsorbed 
BSA Tads per unit mass of the partieles is plotted against the concentra
ti on of the pro tein left unadsorbed in solution. The data has been 
taken from the data shown in Fig. 5. Parameter of the dilferent curves 
is the concentration of added salt (NaCl). Filled squares: no added salt 
(7 mM); hollow circles: 32 mM; triangles: 57 mM; hollow squares: 107 
mM; filled circles: 157 mM. The lines show the fits of the data by 
eqn. (I). 
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Fig. 7 Influence of the bulfer concentration on the adsorption of 
BSA onto the spherical polyelectrolyte brushes. The amount of 
adsorbed BSA 'ads per unit mass of the par1icles is plotted against 
the concentration of the pro tein left unadsorbed in solution. The open 
squares refer to a bulfer concentration of 10 mM MES whereas the 
filled squares refer to 50 mM MES. 

pro tein. The same repulsion should operate in the present 
mixtures, too, and an increased adsorption is to be expected 
at high ionic strength. Conversely, a low ionic strength is 
expected to prevent adsorption of dissolved proteins because 
both the pro tein and the particle are negatively charged. More
over, the layer of densely grafted polymer chains, i. e., the 
brush layer on the surface of the particles should exert a strong 
steric repulsion onto the protein moleeules that can be envi
saged as small colloidal particles. The steric repulsion between 
solute objects and planar or curved brushes is a well-known 
phenomenon and no adsorption is expected for the present 
mixtures at all (cf the discussion of this point in ref. 26). 

The experiments done at higher buffer concentrations 
displayed in Fig. 7 can now be explained by a higher ionic 
strength introduced by the higher buffer concentration. This 
shows clearly that the buffer present in the system adjusts the 
pH but influences the process of adsorption mainly via an 
increased ionic strength. 

Fig. 8 displays the results obtained at different pH. Here the 
pH has been adjusted around the optimal point of 6.1 of the 
MES buffer used in all experiments. At the same time the ionic 
strength was kept constant to 12 mM by adding the respective 
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Fig. 8 Influence of pR on the adsorption of BSA onto the spherical 
polyelectrolyte brushes. The amount of adsorbed BSA 'ach per unit 
mass of the partieles is plotted against the concentration of the protein 
left unadsorbed in solution. The open squares refer to pR = 5.1; the 
open circles to pR = 6.1, and the triangles refer to pR = 7.2. In all 
cases a bulfer concentration of 10 mM MES was adjusted. 



arnount of NaCI. The data demonstrate that raising the 
pH to weil above the isoelectric point of BSA (5.1) diminishes 
the effect while a much stronger adsorption is seen when 
approaching the isoelectric point of the protein. This is to be 
expected since the surface charge of the protein will become 
more negative when raising the pH. The stronger repulsion 
between the SPB and the dissolved BSA is expected to lower 
the adsorption considerably.I,2 Moreover, the mutual repul
sion among the adsorbed BSA molecules harnpers the process 
of adsorption. Fig. 8 demonstrates, however, that there is a 
strong adsorption of BSA even at a pH of 7.2. The pH is hence 
an important but not decisive parameter for the process of 
adsorption. 

Additional experiments demonstrate that the adsorption 
onto SPB is not only occurring for BSA but for other proteins 
as weil. A detailed study along the lines devised here is under
way but it is clear that the adsorption of dissolved proteins 
onto spherical polyelectrolyte brushes is a general phenom
enon. All data available by now show that the decisive para
meter is the ionic strength, the pH only modifies the strength 
of adsorption. 

The latter point finds further support by the following obser
vation. The bound protein can be washed off the particles by a 
salt solution of much higher ionic strength. Thus, flushing the 
particles carrying BSA by a NaCI solution ofO.5 M concentra
tion removes the protein quantitatively. This is a very impor
tant observation inasmuch as it shows that the adsorption is 
not irreversible. It may be reversed upon increasing the ionic 
strength to values where the electrostatic interaction play no 
role anymore. In this way the SPB present a new class of car
rier particles whose interaction with proteins can be adjusted 
by the ionic strength. 

Modelling of the process of adsorption 

The modelling of the data shown in Figs. 5 to 8 must hence 
proceed from the following experimental facts: (i) the arnount 
of adsorbed protein is mainly detennined by the ionic strength; 
and (ii) the arnount of adsorbed protein is related to the con
centration of protein present in the solution during the process 
of adsorption. Point (i) will be discussed below. Here the mod
elling of the dependence on protein concentration is developed. 

In principle, the adsorbed protein should be washed out 
again by ultrafiltration if the BSA would be bound to the par
ticles by a one-step equilibration. This is not the case. The 
method employed here (see Fig. 2) shows that the adsorbed 
protein may be divided into a free and in a firmly bound frac
tion. Only the latter fraction remains bound so that it cannot 
be washed away in the last step. Fig. 6 to 8 are therefore no 
true adsorption isotherms but only compare these two frac
tions to each other. A modelling of the process of adsorption 
must hence be divided into two distinct steps: (i) the first step 
is an equilibration of the free and the bound protein; (ii) the 
adsorbed protein is rearranged within the brush so that the 
process of desorption becomes slow on the time scale of 
the present experiment. 

Step (i) can be modelled in tenns of the usual adsorption 
isothenns used so far for the modelling of protein adsorption. 
We find that a model akin to the usual BET-isothenn gives the 
best description of the data. 34 In the derivation of this model 
we assume that in this step the amount of adsorbed protein 
is proportional to the amount of free protein. Moreover, multi
ple layers of proteins may be adsorbed but with different prob
ability. If the probability of the adsorption of a protein 
molecule onto the first layer is given by ZWadsCsoI, with Z > 1, 
the probability for the adsorption of subsequent layers is only 
Wads Csol. Since all experiments have been done at a given con
centration of particles the adsorption of proteins can directly 
be discussed in tenns of the adsorbed arnount Tads as opposed 
to the concentration of the free protein Csol left in solution. 

Table 2 Modelling of the adsorption of BSA to spherical polyelectro
lyte brushes according to eqn. (1) 

MES conc., Iomc T~d"M/ W~d'/ 
SPB pH strength mg g-l SPB , m1 mg- 1 

KpS13 10 mM, pR 6.1 7mM 682 71 0.091 
KpS13 10 mM, pR 6.1 32mM 400 38 0.165 
KpS13 10 mM, pR 6.1 57mM 253 0.161 
KpS13 10 mM, pR 6.1 107mM 176 5 0.029 
KpS13 10 mM, pR 6.1 157mM 69 11 0.040 
KpS13 50 mM, pR 6.1 27mM 303 10 0.168 
KpS14 10 mM, pR 6.1 7mM 770 279 0.069 
KpS14 10 mM, pR 5.1 12mM 1022 1328 0.145 
KpS14 10 mM, pR 6.1 12mM 449 159 0.086 
KpS14 10 mM, pR 7.2 12mM Undefined Undefined ~O 

T~d"M: maximum mass of protein moleeules per müt mass of particles for the 
first adsorbed layer; z, W~d, : parameters characterising the strength of adsorption 
in eqn. (1). 

Going along the usual lines, the resulting isothenn may be 
derived as 

Tads ZWadsCsol 
Tads,M (1 - WadsCsol) [1 + (z - 1 )WadsCsoll 

(1) 

where Tads,M denotes the maximum mass of protein needed for 
the first adsorbed layer. Using this expression all data obtained 
so far can be modelled in terms of three parameters, namely 
Wads, Z, and Tads,M. The lines in Fig. 6, 7 and 8 show the opti
mal fits of the respective data. Table 2 gathers the data deriving 
from these fits. It is evident that these data do not describe a 
true equilibrium state. Therefore they cannot be interpreted 
as thermodynarnic data. 

Evidently, eqn. (1) gives an excellent description despite the 
fact that Tads does not refer to a true equilibrium state. More
over, the fits of eqn. (1) to the present experimental data shown 
in Fig. 6 to 8 demonstrate that multilayer adsorption occurs in 
these systems. This becomes also evident when considering the 
geometry of the particles in relation to the number of the 
adsorbed BSA molecules and their approximate size. BSA 
has in solution a hydrodynamic radius of 3.5 nm. 36 Here it 
becomes evident that the high number of protein molecules 
can only be accornrnodated within the brush if multilayer 
adsorption is assumed. Thus, the highest arnount adsorbed 
(at 10 mM buffer concentration without added salt; see Table 
I) corresponds to a number of protein molecules that exceeds 
the number adsorbed in a monolayer attached directly to the 
surface by the factor of 5. This finding clearly demonstrates 
that the present particles exhibit a high capacity of adsorption 
for BSA that exceeds that of a single layer by far. 

Close inspection of Table 2 as weil as of Fig. 6 reveals that 
raising the salt concentration leads to a weaker adsorption of 
the first monolayer. However, the tendency of multilayer 
adsorption is increased upon increasing the ionic strength 
within the system. This points to a non-negligible interaction 
of the adsorbed protein molecules within the brush layer which 
leads to an increased bin ding strength for the second and all 
subsequent layers. 

Interaction of proteins with spherical polyelectrolyte brushes 

The foregoing discussion therefore suggests that the two-step 
model suggested above must be a valid description of the pro
cess of adsorption. Evidently, the first step must be connected 
to an adsorption/desorption equilibrium which in turn leads to 
the weil defined isothenn-like adsorption curves shown in Fig. 
6 to 8. This first step must also define the number of available 
places on brush particles at a given ionic strength. In a sub
sequent step the bin ding of the BSA becomes much stronger 
so that the subsequent washing process (cf Fig. 2) does not 
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remove the bound protein. The second step, however, does not 
change the structure achieved in the first step in which the 
proteins are adsorbed, no protein is adsorbed or desorbed 
anymore. If these two steps are not be weil separated, there will 
be no direct connection between Tads and Cgol found in the 
above modelling of the data. 

The second step cannot be related to the total unfolding of 
the secondary structure. Such a process would lead to an irre
versible adsorption of the protein and a washing off by salt 
solution would no more be possible. Measurements of the cir
cular dichroism of the BSA washed off the particles, again 
show that only small changes of the secondary structure have 
been effected by the process of adsorption. 3S Hence, there can 
only be a small confonnational change when BSA is adsorbed 
onto the SPB. 

The fact that protein adsorption onto flat solid substrates is 
related to a slow kinetics is well-known in literature. 2o,37 It can 
be explained by arearrangement of the adsorbing protein 
molecules on the flat surface that can be modelIed in tenns 
of a "growing disk" mode138 ,39 or by other models that take 
into account the mutual roll-over or displacement of the 
molecules.40

,41 It must be kept in mind, however, that these 
models have been developed for planar flat surfaces. The sur
face of the present particles is dominated by the brush layer 
and the interaction of proteins with this layer must be decisive. 
Moreover, from the grafting density an average distance 
between the attached polyelectrolyte chains may be derived 
to be of the order of 3 nm. The hydrodynamic diameter of 
BSA in solution is ca. 7 nm. 36 It is therefore obvious that 
BSA can hardly touch the surface as is the case in bare colloi
dal particles. We also reiterate that the amount of adsorbed 
BSA would correspond to a multi-layer adsorption for unmo
dified poly(styrene) particles. Hence, possible rearrangements 
ofthe protein molecules in the brush that must be held respon
sible for the kinetics of the process can hardly be described in 
terms of these models. 

The above discussion has demonstrated that the adsorption 
of BSA and other proteins to the SPB must mainly be related 
to the electrostatic interaction of the polyelectrolyte chains 
with the surface of the proteins. All findings can be explained 
as folIows: 

1. One driving force for the adsorption is related to the dif
ferent pH within the brush as opposed to the pH adjusted by 
the buffer outside the particles. The pH is considerably lower 
inside the layer than outside. Only at high concentration of 
added salt the pH inside and outside coincide. Hence, if the 
pH within the brush is approaching the isoelectric point of 
the protein (5.1 for BSA), the electrostatic repulsion between 
the brush particle and the protein is lowered or vanishes 
totally. Thus, the adsorption is indirectly related to the strong 
interaction ofthe linear polyelectrolytes which form a brush on 
the surface of the particles. This effect would not exist in solu
tions of single linear polyelectrolyte chains and proteins. 

2. The linear polyelectrolyte chains can interact with the 
positive charges on the surface of the protein molecules. 
Depending on the number of these positive patches the inter
action may be more or less strong. Thus, the positive patch 
of the protein becomes a multivalent counterion which neutra
lizes several negative charges of the linear polyelectrolyte 
chain. The activity of the counterions within a brush, however, 
is quite low and even monovalent counterions are mainly con
fined within the brush?2 For multivalent counterions this effect 
becomes even stronger. For each neutralized patch the respec
tive negative counterions together with the positive counter
ions of the PAA chains are released. This is connected to a 
concomitant gain of entropy of the entire system. If the pro
teins were to be released from the brush again, the concomi
tant number of counterions must be brought back to the 
brush. The loss of entropy related to such a process renders 
it much less probable and the proteins are bound tightly to 
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the brush (" counterion release force"; see the discussion in 
ref. 42). This would also explain the strong adsorption of 
BSA that persists if the ionic strength in the solution is kept 
constant-the activity of the protein molecules serving as 
counterions is dropped to very low values and the equilibrium 
concentration of the proteins outside is in consequence negligi
bly small. If salt is added, however, the effect vanishes and the 
protein molecules are replaced by the ions of the added salt. 

Conclnsion 

A study of the adsorption of BSA onto spherical polyelectro
lyte brushes has been presented. Strong adsorption of BSA 
onto the SPB is observed at low ionic strength despite the effect 
that the particles as weil as the dissolved BSA are charged 
negatively. The adsorption of BSA decreases drastically with 
increasing amounts of added salt. The possible reasons for 
the strong adsorption are discussed: (i) a lower pH within 
the brush at low concentration of added salt; (ii) interaction 
of the polyelectrolyte chains with positive patches on the sur
face of the protein where the proteins become counterions 
(" counterion release force,,42). At higher ionic strength the 
pH as weil as the salt concentration within the brush will be 
the same as in the solution. Under these conditions the driving 
forces must vanish. The steric repulsion between the protein 
and the brush layer becomes operative and no adsorption 
takes place. Under these circumstances the SPB studied here 
resemble the brushes set up from uncharged hydrophilic poly
mers like poly(ethyleneoxide).43 

These hypotheses are underlined by the fact that the proteins 
can be washed off easily by salt solution. All results presented 
here therefore demonstrate that the SPB present a new class of 
carrier particles the interaction of which with proteins may be 
tuned by the ionic strength. Additional studies perfonned with 
other proteins are underway by now. Possible applications for 
the separation of proteins are at hand and will be pursued in 
due course. 
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