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Abstract: The thermodynamics and the driving forces of the adsorption of �-lactoglobulin on spherical
polyelectrolyte brushes (SPB) are investigated by isothermal titration calorimetry (ITC). The SPB consist
of a polystyrene core onto which long chains of poly(styrene sulfonate) are grafted. Adsorption isotherms
are obtained from measurements by ITC. The analysis by ITC shows clearly that the adsorption process
is solely driven by entropy while ∆H > 0. This finding is in accordance with the proposed mechanism of
counterion release: Patches of positive charges on the surface of the proteins become multivalent
counterions of the polyelectrolyte chains, thereby releasing the counterions of the protein and the
polyelectrolyte. A simple statistical-mechanical model fully corroborates the proposed mechanism. The
present analysis shows clearly the fundamental importance of counterion release for protein adsorption on
charged interfaces and charged polymeric layers.

Introduction

The investigation of the interaction of proteins with surfaces
is one of the most important fields in biotechnology.1-4 Often
it is necessary to suppress the nonspecific adsorption of proteins
in order to avoid phenomena like biofouling.2,5 In many cases,
however, adsorption cannot be totally suppressed. Thus, nano-
particles used in applications like in nanomedicine will im-
mediately adsorb proteins in vivo. This “corona” of proteins
will largely determine the response of the organism to the
particles.4,6-9 Hence, adsorption of proteins presents a problem

closely related to the toxicology of nanoparticles.4,6,7,9,10 Ad-
ditionally, immobilization of proteins on solid supports is an
important issue in modern biotechnology.11,12 Here the adsorp-
tion should not impede the biological function nor the catalytic
activity. Hence, an in-depth understanding of the interaction of
proteins with surfaces is required for a wide variety of basic
problems, such as nanotoxicology,4,13 protein separation,14

bioadhesion,2,15 or biocatalysis.16

It is clear that various factors contribute to the strength of
protein adsorption onto surfaces. Up to now, uncharged
polymers attached to the surfaces have been used to adjust the
interaction of solid surfaces with proteins. Thus, great efforts
have been made to design protein-resistant surfaces by attach-
ment of poly(ethylene oxide) chains.2,17 Moreover, poly(N-
isopropylacryl amide) microgels have been used to immobilize
proteins on colloidal particles.6,7,18,19 Recently, interest in protein
adsorption has shifted to charged polymers. It has been shown
that layers of densely grafted polyelectrolyte chains termed
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polyelectrolyte brushes may take up large amounts of proteins
when the ionic strength is low.5,20-26 This strong protein
adsorption at low ionic strength takes place on the wrong side
of the isoelectric point of the protein, that is, when the brush
and the protein carry the same net charge. If, however, the ionic
strength in the system is high, the polyelectrolyte brushes repel
proteins. This effect has been observed for planar systems22,23

as well as for spherical systems (spherical polyelectrolyte
brushes, SPB).20 Moreover, similar effects have been observed
for polyelectrolyte multilayers.5,24–26 Hence, the “polyelectrolyte
mediated protein adsorption” (PMPA)20,27 is a phenomenon that
occurs whenever a dense layer of highly charged polymers
interacts with proteins in aqueous solution.

The unexpected strong adsorption onto polyelectrolyte layers
of the same charge has been explained20 in terms of the
counterion release:28-31 At low ionic strength the brush layer
is in the “osmotic limit” (see e.g. refs 32-35), that is, nearly
all counterions are confined within the brush layer, thus creating
a high osmotic pressure. The surface of the proteins exhibits
both positively and negatively charged patches. Upon entry of
the protein into the brush layer the positively charged patches
will act as a multivalent counterion of the negatively charged
polyelectrolyte brush, thus releasing a concomitant number of
counterions.20,36,37 The release of counterions from a dense

polyelectrolyte brush into a reservoir with low salt concentration
leads to a marked gain of entropy.20 This is in contrast to the
adsorption of proteins on hydrophobic nanoparticles that is often
driven by enthalpic forces.6 On the other hand, at high ionic
strength (“salted brush”; see e.g. ref 34) the activity of the
counterions in the brush and the solution are equal and no
adsorption should take place. An alternative explanation of the
PMPA is related to the charge regulation (see ref 21 and further
citations given there): At low ionic strength the pH within the
brush layer is lower and the protein assumes a net positive
charge. However, this mechanism does not lead to a significant
release of counterions since it involves only the transfer of
protons to the carboxyl groups of the protein.

As a consequence of this, the adsorption of proteins to a dense
polyelectrolyte layer should be accompanied by a marked
increase of entropy when the ionic strength is low, whereas
virtually no effect should be measurable at high ionic strength.
Here, we present the first direct thermodynamic study of
polyelectrolyte-mediated protein adsorption. The experimental
procedure is shown schematically in Figure 1: The caloric effect
of mixing proteins with spherical polyelectrolyte brushes is
determined with high precision. The spherical polyelectrolyte
brushes used here consist of a polystyrene core onto which long
chains of poly(styrene sulfonate) are grafted.20 �-Lactoglobulin
(BLG) was used as a model protein (see Supporting Informa-
tion). Isothermal titration calorimetry (ITC) has been shown to
be highly suited for the determination of thermodynamical
quantities of protein binding onto colloidal particles.19 Thus,
the adsorption isotherm of the protein on the particles is
determined by ITC, leading to the thermodynamic adsorption
constant and the entropy of protein adsorption. Finally, a simple
statistical-mechanical model can be used to model the observed
thermodynamic data in a semiquantitative fashion.

Results and Discussion

First, we discuss the analysis of the adsorption of �-lacto-
globulin onto the spherical polyelectrolyte brushes by ITC at
low ionic strength. Figure 2a shows the raw data of the ITC
measurement for the adsorption process of BLG onto the SPB.
The heat of dilution of BLG did not need to be taken into
account for the analysis because most of the protein is adsorbed
on the SPB particles. Hence, only a small fraction remained in
buffer solution and the heat generated through the dilution of
this fraction can be neglected.
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Figure 1. Scheme of the polyelectrolyte-mediated protein adsorption: The SPB shown in a cryogenic transmission electron micrograph (left-hand side) are
in the osmotic limit at low ionic strength and nearly all counterions are confined within the brush layer. The polyelectrolyte chains are strongly stretched due
to the high osmotic pressure inside the brush layer. These brush particles are mixed with BLG in aqueous solution of low salt concentration. The heat of
mixing is determined precisely. The right-hand side shows schematically the amount of adsorbed protein per gram of SPB, τads, versus the concentration of
protein, csol, remaining free in solution. At low ionic strength the amount of adsorbed protein (red) is high whereas little adsorption takes place at high ionic
strength (blue).20
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The signal that is observed for the adsorption of BLG onto
SPB is endothermic throughout the entire range. This finding
immediately indicates that the driving force for protein adsorp-
tion cannot be of enthalpic origin (see also the discussion in
ref 30). Moreover, it is obvious from Figure 2b that two
adsorption steps are needed (TSIS model, solid line) in order
to fit the integrated heats Q (circles). The maximum amount
that can be adsorbed per gram of brush particles is 1300 mg of
�-lactoglobulin. Since the abscissa of the panel in Figure 2b is
the molar ratio of the protein to the brush particles, the number
of protein molecules per particles can be directly read off the
diagram. The subsequent analysis of the data by the TSIS model
is shown by the solid line in Figure 2b. The change of entropy
derived from this analysis is positive for both steps. Obviously,
the adsorption process must be driven by entropy as expected
for a process driven by counterion release (see Introduction).
Table 1 summarizes the parameter of the fit with the TSIS
model.

It must be kept in mind that the BLG dimers may associate
in the adsorbed state partly to form larger aggregates due to
the lower pH value inside the brush layer.38,39 This association
of BLG in the adsorbed state should be followed by a negative
entropic effect. This indicates that the entropic effect by the
PMPA may be even larger than that originating from the
association of BLG within the brush layer.

The above findings are in accordance with studies by small-
angle X-ray scattering.40,41 These investigations demonstrated
that the proteins are adsorbed inside the polyelectrolyte layer
of the SPB and are closely connected to the polyelectrolyte
chains.40,41 Moreover, the results obtained from these studies
suggest the presence of at least two different binding sites. This

finding could be explained as follows: The inner part of the
polyelectrolyte layer has a higher chain density, resulting from
the spherical geometry. In this inner region the proteins can
interact with more than one chain, leading to a high binding
strength. In the outer part, on the other hand, the bound proteins
will interact only with one chain, which will be followed by a
concomitantly lower binding strength. The present thermody-
namic analysis is the first direct evidence for the existence of
binding sites that differ considerably with regard to the binding
strength.

Additional measurements were performed at higher ionic
strength to prove the entropic origin of the protein adsorption
of BLG on the SPB. These measurements were performed at
30 °C due to the better signal-to-noise ratio that can be achieved
at higher temperature. Figure 3 presents the result for the
adsorption of BLG at an ionic strength of 30 mM. In Figure 3a
the raw data for the adsorption of BLG onto SPB particles
(black) and the dilution of BLG by buffer (green) are shown.
For these experiments the heat of protein dilution cannot be
neglected because the fraction of free protein is much greater
than previously found for low ionic strength. Therefore, this
contribution has to be subtracted to yield the corrected adsorp-
tion enthalpy. Compared with data collected at lower ionic
strength shown in Figure 2, the enthalpic effect is still positive
but much smaller (cf. Figure 3). Hence, the driving force for
the adsorption process is still of entropic nature but much
weaker. This indicates that the effect of the counterion release
is diminished. Evidently, the hydrophobic interaction contributes
as well to the overall measuring signal. The hydrophobic
interaction is known from the literature to be endothermic in
many systems comparable with the present one.30 The overall

Figure 2. ITC data for the adsorption of BLG onto SPB in MES buffer at
pH 6.1 and an ionic strength of 5 mM. The upper panel shows the raw data
of the ITC. Furthermore, the gray line indicates the region where the volume
of titrant was changed to achieve more data points for lower molar ratios.
The integrated heats of each injection (circles) are shown in the lower panel
together with the fit of the two sets of independent binding sites model
(red line).

Table 1. Thermodynamic Data for the Adsorption of BLG on the Spherical Polyelectrolyte Brushes at Low Ionic Strength

N KA (L/mol) ∆HA (kJ/mol) ∆SA [kJ/(mol K)]

1. adsorption step 1800 ( 100 (3 × 107) ( (2 × 107) 155 ( 4 0.68 ( 0.02
2. adsorption step 10300 ( 100 (1.0 × 106) ( (0.1 × 106) 113 ( 3 0.494 ( 0.008

Figure 3. ITC data for the adsorption of BLG onto SPB at 30 °C in MES
bufer at pH 6.1 and an ionic strength of 30 mM. The upper panel shows
the raw data of the adsorption of BLG onto SPB particles (black) and the
dilution of BLG by buffer (green). Furthermore, the blue lines indicate the
regions where the volume of added solution was changed to achieve more
data points for a better resolution. The integrated heats of each injection
(circles) are shown in the lower panel after the subtraction of the protein
dilution by buffer.
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adsorbed amount of protein is significantly lowered, as was
already observed in earlier studies.20 However, the measured
heat is too small for a meaningful evaluation in terms of the
TSIS model. If the ionic strength would still be further increased,
the signal-to-noise ratio would become even worse because of
the reduced interaction between the protein and the polyelec-
trolyte. Therefore, the data shown in Figure 3 presents the
experimental limit for these measurements.

Concluding the experimental part of this investigation, it can
be stated that the entropic origin of the protein adsorption at
low ionic strength has been clearly demonstrated by a direct
caloric experiment. In the following section, we present a simple
electrostatic model that provides a semiquantitative explanation
of these findings.

Theoretical Considerations

We consider a simplified model of a protein depicted in Figure
4. The protein is modeled as a sphere of radius RP and its surface
has one negative patch with N- charges and one positive patch
carrying N+ charges. Since the present modeling refers to a pH
greater than the isoelectric point pI, the overall charge is negative
and N- > N+. The charge of both patches is balanced by an
equal number of counterions with opposite charge.

The decisive assumption for the present model is that the
size of these patches, and their charge is high enough to localize
a significant part of the counterions. In other words, the charge
of a given patch must be sufficiently large in order to localize
its counterions within a Gouy-Chapman length λ (counterion
condensation). The electrostatic interaction in a system with a
dielectric constant ε can be characterized in terms of the Bjerrum
length lB ) e2/4πε0εkT, where e is the elementary charge and
ε0, k, and T have their usual meanings. Since we present a

semiquantitative approach only, we omit numerical factors on
the order of unity in the following. If σ denotes the number of
elementary charges per unit area, the Gouy-Chapman length
λ can be estimated as42,43

With these definitions, we now can distinguish two different
cases: (1) λ . RP: This condition refers to a weakly charged
protein surface; thus, there is no localization of the counterions
in this case. (2) λ , RP, which follows if RPlBσ+ ≈ RPlBσ- > 1,
where σ+ and σ- refer to the number of charges per unit area
of the positive and the negative patch, respectively. In this case,
there is a localization of the counterions at a given patch.

Evidently, counterion release can only take place for case 2,
that is, if a certain fraction of the counterions of the protein are
localized near a patch. Hence, we shall consider this case in
the following, that is, RP > λ. Moreover, we shall consider an
“osmotic” brush33 in which practically all counterions are
localized within the surface layer of polyelectrolyte chains. As
discussed above, the case refers to a low (monovalent) salt
concentration, csalt, in the protein solution in which a strong
adsorption of proteins onto the brush particles is observed.

We now consider the transfer of one protein molecule from
the solution to the brush layer and estimate the change of free
energy, ∆F, for this process. Given the above premises, we
assume that the N- positive counterions of the negative patch
are fully localized and thus carried into the brush layer.
Moreover, the positive patch of the protein becomes the
counterion of the polyelectrolyte chains within the brush layer,
thereby releasing the N+ negative counterions that previously
balanced the charge of the positive patch. In addition, N+
positive counterions that previously balanced the charge of the
polyelectrolyte chains are released from the brush as well (see
Figure 4). Then the change of free energy ∆F effected through
introducing one protein into the brush layer is given by three
contributions, ∆F ) ∆F1 + ∆F2 + ∆F3. The first term, ∆F1, is
given in units of RT by

where cbrush is the salt concentration within the brush layer. The
term ∆F2 is the gain in free energy by the adsorption of the
polyelectrolyte chain on the positive patch of the protein. Finally,
∆F3 is related to the release of the N+ negative counterions from
the positive patch to the solution. Given the various approxima-
tions used so far, it is reasonable to assume that

where csi denotes the concentration of the counterions near the
surface of the positive patch. The Coulombic contribution of
the protein double layer is
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Figure 4. Schematic illustration of the electrostatic model used for the
description of the protein interaction with polyelectrolyte brushes. The
protein surface carries negatively charged groups. The number N- of these
groups is slightly greater than the number of positive charges N+ (if pH >
pI). During the adsorption process the positive patch on the protein surface
becomes a N+-fold counterion of the polyelectrolyte chains in the brush
layer. This releases N+ negative counterions of this positive patch together
with N+ positive counterions of the brush layer. The Gouy-Chapman length
of the dissolved protein is λ. This is depicted in the bottom of the left panel.
The thickness of the adsorbed polyelectrolyte layer on the protein surface,
D, is illustrated in the bottom of the right panel.

λ ≈ 1
lBσ

(1)

∆F1 ) N+ ln( csalt

cbrush
) (2)

∆F2 + ∆F3 ≈ N+ ln(csalt

csi
) (3)

FCoulomb double layer ) lBσ2λ (4)
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Furthermore, the Coulombic contribution of the adsorbed
polyelectrolyte layer is

where D is the thickness of the adsorbed polyelectrolyte layer
on the protein surface (cf. Figure 4). Equation 3 thus amounts
to the assumption that all energetic contributions are ap-
proximately canceling each other. This is justified if λ is equal
to D. Moreover, it is assumed that the N- ions attached to the
negative protein patch have no contribution to ∆F. This
assumption is valid if λ is smaller than the screening length in
the brush layer or cbrush is smaller than csi. Moreover, the distance
d between two polyelectrolyte chains is much larger than λ,
unless the protein is adsorbed near the grafting points of the
chains.

Since we assume that the ions of a patch are confined within
the length λ, csi ≈ σ2lB. Thus, in units of RT

The concentration cbrush can be calculated from the Donnan
equilibrium through (see refs 20, 34 and further references given
there)

where cp is the concentration of charged monomers within the
brush layer.

Equation 6 demonstrates that the change of free energy ∆F
calculated under the above assumption is mainly of entropic
origin inasmuch as all energetic contribution caused by Cou-
lombic interaction are canceling each other within the limits of
accuracy of the present model. Also, possible contributions of
the hydrophobic interaction are neglected in this simple
electrostatic model, too. Thus, the free energy can directly be
converted to the entropy:

where R is the gas constant. Thus, Equation 8 predicts that the
entropy of protein adsorption is related to the difference of the
salt concentration csalt in the solution by two different terms:
The first term in Equation 8 is determined by the ratio of csalt to
cbrush, that is, to the salt concentration within the brush layer
adjusted through the Donnan equilibrium (Equation 7). It
provides a quantitative correlation for the successful correlation
of the amount of adsorbed protein to the Donnan pressure within
the brush layer suggested in ref 20 recently. It should be noted
that this term gives always a positive contribution to ∆S, that
is, even when λ > RP, the only condition being that multivalent
patches are localized on the surface of the protein. The second
term is related to the concentration csi of ions condensed directly
on the positive patches of the protein. Depending on the size
of the patches, it may be even more important than the first
term. Furthermore, Equation 8 shows that ∆S ) 0 for higher
salt concentrations csalt, since in this case cbrush ≈ csalt ≈ csi.

A comparison of Equation 8 with experiments can be done
in different ways: For a given protein with known patch size,

one may estimate the change of ∆S and compare this to
experimental data. Here we estimate the number N+ by Equation
8 from the measured ∆S with the following parameters referring
to the present system: csalt ) 0.005 mol/L; cp ) 0.08 mol/L;
cbrush ) 0.08 mol/L. The parameter csi ≈ σ2lB can be estimated
to 0.3 mol/L if a reasonable value of σ, namely, 5 × 1015 dm-2,
is assumed. This charge density follows from a positive patch
on the surface of the BLG dimer with a size of 10 nm2 carrying
five positive charges. Such a value of σ can been estimated from
the crystal structure of BLG.44 lB is 0.714 nm in water at 298.15
K. Given these numbers, N+ is determined to be 12 using the
experimental ∆S ) 0.68 kJ/(mol K) for the first adsorption step.
In the second adsorption step, N+ is 9, as calculated from the
experimental ∆S ) 0.494 kJ/(mol K). The present result thus
indicates that several positive patches interact with the brush
layer. The protein BLG contains a total of 36 positive charges
on its surface. Thus, N+ is on the order of 10, which appears to
be a reasonable figure. Since the total number of counterions
released is twice this figure, ca. 20 counterions are released in
total for the uptake of one protein molecule. This underscores
the enormous gain of entropy reached during the uptake of
protein if the ionic strength in the system is low.

Conclusion

We have presented an investigation of the adsorption of
�-lactoglobulin onto spherical polyelectrolyte brushes (SPB).
Two limits of the polyelectrolyte brush have been considered:
(i) the osmotic brush resulting for low ionic strength in the
system and (ii) the salted brush resulting for a high ionic strength
in solution. Isothermal titration calorimetry demonstrated that
the adsorption of �-lactoglobulin onto the SPB in the osmotic
limit is accompanied by a positive enthalpy. The subsequent
analysis of the adsorption isotherm demonstrates in a quantitative
fashion that the protein adsorption is driven by an increase of
entropy. If the salt concentration is raised (salted brush limit),
the amount of adsorbed protein is greatly diminished. A simple
theoretical model shows that the protein adsorption in the
osmotic limit is indeed of entropic origin inasmuch as possible
Coulombic contributions cancel each other. The entire analysis
demonstrates the importance of the counterion release force for
protein adsorption. Hence, the counterion release should be
considered for all systems characterized by a lower ionic
strength. In general, the present results demonstrate clearly that
effects due to the surface charges of the proteins must be taken
into account in addition to hydrophobic forces when considering
protein adsorption. Hence, possible contributions due to coun-
terion release may play an important role in various fields, e.g.,
nanomedicine or biotechnology.
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