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Adsorption mechanism, secondary structure and local distribution

of proteins at polyelectrolyte brushes

Claus Czeslik'® - Alexander Wittemann?2

Abstract

In many biomedical and biotechnological applications, proteins are immobilized at aqueous-solid interfaces. Generally, an
adsorption-induced denaturation of the proteins has to be avoided, because it prevents the use of their biological activity or it
might cause adverse effects in living organisms. Furthermore, control over the degree of protein adsorption including protein
desorption is extremely useful. Over the recent years, polyelectrolyte brushes have been examined in terms of protein adsorption,
and the majority of the studies document their biocompatible properties. Moreover, they show a variable protein affinity
responding to the ionic strength of the protein solution. In this short review, selected studies are highlighted that illustrate the
most significant properties of polyelectrolyte brushes as adsorbent interfacial structure for proteins.
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Introduction

In various medical applications, biological liquids and tissues
are exposed to artificial interfaces, for example, when using
contact lenses, dental implants, or stents [1—4]. Then, the ini-
tial adsorption of proteins at these interfaces can induce the
formation of biofilms, which can in turn cause irritations and
inflammations of the human body [5-7]. To increase the bio-
compatibility of artificial interfaces, surface modifications are
helpful that suppress the spontaneous adsorption of proteins,
for example, by grafting poly(ethylene glycol) [8],
glycopolymers [9], fluoropolymers [10], or zwitterionic poly-
mers [11] to the solid support. On the other hand, various
biotechnological applications require efficient binding of pro-
teins to interfaces of solid supports without losing the native
properties of the proteins [12, 13]. This can be accomplished
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by grafting hydrophilic polymers to these interfaces, thereby
creating a brush topology [14—16]. Polymer brushes often
provide control over the degree of protein adsorption, if a
stimuli-responsive polymer is used (Fig. 1).

For example, brushes made of poly(N-
isopropylacrylamide) show some temperature sensitivity
and a concomitant change of protein affinity [15, 17-19].
Moreover, using weak polyelectrolytes, changing the pH
value will alter the charge density of the polyelectrolyte
brush and also the degree of protein adsorption, if electro-
static interactions prevail [20, 21]. Remarkably, the ionic
strength of a protein solution can also affect the protein
affinity of a polyelectrolyte brush [22—24]. This phenome-
non has been reported for poly(acrylic acid) (PAA) brushes
in many studies. At low ionic strength, considerable
amounts of proteins can be adsorbed at PAA brushes,
whereas the release of the adsorbed proteins can be trig-
gered by increasing the ionic strength of the solution to a
few hundred mM [25, 26]. The underlying mechanism of
adsorption has been discussed in the literature over some
years and will be addressed in this short review.
Furthermore, the structure and biological activity of pro-
teins embedded in polymer brushes are of fundamental in-
terest, because they are the key parameters for the potential
application of the brushes in biotechnology. Thus, selected
studies analyzing the secondary structure of proteins in a
polyelectrolyte brush will also be reviewed here.
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Fig. 1 Surface-anchored polymer brushes can provide control over
surface interactions with proteins: (A) Polymer brushes may take up
large amounts of protein, which is incorporated between the polymer
chains. (B) Depending on the nature of the polymer, polymer brushes

The investigation of the structure, dynamics, and activity of
adsorbed proteins at aqueous-brush interfaces can be carried
out applying several methods, which are well established in
the biosciences. A few of these methods will be listed here to
address readers not familiar with proteins. High-resolution
structures of proteins are generally obtained by applying X-
ray crystallography or multidimensional nuclear magnetic res-
onance (NMR) spectroscopy [27-29]. However, these
methods are not suitable so far to study proteins in polymer
brushes, because high-quality crystals, as required for X-ray
crystallography, cannot be produced. Also, the complexity
and size of the protein-laden polymer brushes make the inter-
pretation of NMR spectra rather difficult. Hence, high-
resolution techniques are not generally feasible, which has
stimulated continuous development of many powerful low-
resolution techniques. To analyze the secondary structure of
proteins, free in solution or adsorbed at colloidal particles,
circular dichroism (CD) and Fourier transform infrared
(FTIR) spectroscopy are the methods of choice [30—32]. The
latter can also be applied to study planar interfaces utilizing
the attenuated total reflection (ATR) mode. The determination
of the secondary structure elements and their relative fractions
by CD and FTIR spectroscopy is achieved via reference spec-
tra [33-37]. In FTIR spectroscopy, the amide I band, located at
17001600 cm ™, can be decomposed into sub-bands that can
be assigned to particular secondary structure elements (Fig. 2).
Similarly, experimental CD spectra of proteins can be
regarded as superposition of spectra associated with the vari-
ous secondary structure elements of the protein.

To assess the tertiary structure of proteins and their
native activity, such as conformational changes upon
ligand binding and enzymatic conversion of substrates,
various fluorescence techniques have been established
[38—43]. There are also surface-sensitive methods, such
as the total internal reflection fluorescence (TIRF) spec-
troscopy [44]. Although crystals of protein-laden poly-
mer brushes are not available, scattering of X-rays and
neutrons still provides essential structural information
about protein-laden polymer brushes, in colloidal
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can also serve as protein-resistant surface. Using stimuli-responsive
polymers, the degree of protein loading can be controlled between (A)
and (B) by varying the ionic strength, the pH value or the temperature

solutions and at planar interfaces [45-47]. Scattering
length density profiles are obtained from these methods
showing the distribution of proteins inside the polymer
brush. Direct visualization of protein adsorption at poly-
mer brush particles is achieved applying confocal laser
scanning fluorescence microscopy [48], atomic force mi-
croscopy (AFM) [49], and cryogenic transmission elec-
tron microscopy (cryo-TEM) [50], among others.
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Fig.2 Schematic representation of the IR absorption of typical secondary
structure elements of proteins in the amide I region. The shape of the
experimentally obtained protein amide I band depends on the
contribution of these elements. Reproduced with permission from
Bruker Optics Ettlingen, Germany



There are many studies in the literature that report on con-
formational changes of proteins that adsorb at various
aqueous-solid interfaces documenting the importance of the
careful characterization of adsorbed proteins, when these shall
be used in biomedical or biotechnological applications
[51-54]. Notably, adverse effects on the native structure of a
given enzyme can be caused by the interaction with the
supporting surface, thereby hampering severely its activity
[55, 56]. Moreover, from an academic point of view, the de-
tailed understanding of protein adsorption mechanisms is of
utmost importance. In this short review, we will limit these
aspects to polyelectrolyte brushes that have turned out to be a
promising interfacial structure for protein immobilization.

Polyelectrolyte brushes can be realized in spherical or pla-
nar geometries. In both cases, long polyelectrolyte chains are
bound to a solid support, a poly(styrene) bead, as shown in
Fig. 3, or a poly(styrene) film, with a high grafting density that
limits the conformational freedom of the chains. The prepara-
tion of spherical polyelectrolyte brushes (SPB) has been car-
ried out by surface-initiated polymerization of water-soluble
monomers, such as acrylic acid or sodium styrene sulfonate
[57, 58]. Because of this preparation route, the SPB exhibit
well-defined core-shell morphologies. This was experimental-
ly shown by scattering techniques such as SAXS, ASAXS,
and DLS [59]. Alternatively, planar polyelectrolyte brushes
have been prepared by transferring diblock copolymers, such
as poly(styrene)-poly(acrylic acid), onto a poly(styrene) film
using a modified Langmuir-Schéfer technique. The poly(sty-
rene) film can be deposited on various supports, such as silica
wafers or quartz prisms, depending on the method applied to
study these interfacial structures [60].

Adsorption of proteins at spherical or planar polyelectrolyte
brushes (“polyelectrolyte-mediated protein adsorption,”
PMPA) is usually observed, when the packing of the chains is
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Fig. 3 Schematic representation of spherical polyelectrolyte brushes
(SPB) for the adsorptive immobilization of proteins. Long chains of
poly(acrylic acid) or poly(styrene sulfonate), among others, can be
densely attached to narrow-dispersed polystyrene (PS) particles.
Adapted with permission from Ref. [81]. Copyright 2004, American
Chemical Society
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sufficiently dense, i.e., the dimensions of the chains must be
much larger than the distance between two neighboring chains
[59, 61, 62]. A remarkable characteristic of these brushes is the
almost complete entrapment of counterions within the brush
layer. The high osmotic pressure thus created within the brush
determines the structure and the properties of the brushes in
solution, such as their interaction with proteins [59].

Adsorption mechanism of proteins
at polyelectrolyte brushes

Figure 4 schematically summarizes the uptake of proteins by
and the release of proteins from polyelectrolyte brushes.
Interestingly, SPB that possess poly(acrylic acid) (PAA)
chains strongly adsorb proteins, if the ionic strength is low
regardless of the net charge of the protein molecules [23].
The amount of protein varies largely linearly with the concen-
tration of protein in solution. With increasing ionic strength,
the brush layer becomes more and more protein-resistant [23,
24, 61]. In this regime, the steric repulsion between the
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Fig. 4 Polyelectrolyte-mediated protein adsorption (PMPA): Large
amounts of proteins can be adsorbed onto particles bearing dense
spherical polyelectrolyte brushes (SPB) by direct uptake from the solution
without impeding the excellent colloidal stability brought by the attached
polyelectrolyte chains. Protein uptake into the brush layer only occurs at
low ionic strengths, whereas proteins are repelled at ionic strengths higher
than 0.1 M. Moreover, proteins bound at low ionic strength can be quan-
titatively re-liberated by raising the ionic strength. Hence, the SPB can
reversibly be loaded with protein molecules. Adapted from Ref. [61] with
permission from the PCCP Owner Societies
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dissolved proteins and the brush layer of the SPB becomes
operative, so that only marginal adsorption takes place.
Therefore, it is possible to release proteins bound at low ionic
strength by gradually increasing the ionic strength to a few
100 mM (Fig. 4) [23].

When positively charged proteins adsorb at a negatively
charged polyelectrolyte brush, there are favorable Coulomb
interactions that drive this adsorption. In addition, both the
protein and the brush will release some of their counterions
which represents an additional entropic driving force.
However, even proteins with a negative net charge adsorb at
a PAA brush. Model calculations have shown that, as long as
the negative net charge of the protein is not too high, a charge
reversal of the protein inside the brush can take place due to a
lowered pH value [63—65]. Then, the protein adopts a positive
net charge inside the brush and will again interact with the
PAA brush via favorable Coulomb forces. However, this
charge reversal cannot be assumed as the dominant driving
force for adsorption, when proteins with a higher negative net
charge adsorb at a PAA brush, such as BSA at pH 7, two pH
units above its isoelectric point. Hence, a different mechanism
has been proposed which is mainly based on the entropy gain
upon the release of counterions [61, 66—68]. The main require-
ment for this explanation is the presence of positively charged
patches on the surface of the protein (Fig. 5). The charged
patches have to be of a minimum size to ensure strongly as-
sociated counterions, because a single charge on the surface
cannot confine its counterion, and there would be no net in-
teraction upon putting the protein into the brush layer.
However, patches of several charges will bind their counter-
ions more strongly and become multivalent counterions in
turn, when the protein is embedded into the brush layer. As
a consequence, positive counterions previously immobilized
within the brush layer as well as an equal number of negative
counterions formerly associated with the protein in solution
are released (Fig. 5). On the other hand, the negative charges

Fig. 5 Counterion release during
uptake of a protein molecule into
a brush composed of polyanions:
above its isoelectric point, the net
charge of the protein is negative,
but there are always positively
charged surface patches. These
will act as multivalent counterions
of the brush chains leading to a
release of confined monovalent
counterions upon protein
adsorption. This lowers the
osmotic pressure in the brush and
raises the entropy of the system,
which serves as the main driving
force for the PMPA. Adapted
from Ref. [61] with permission
from the PCCP Owner Societies

on the surface of the protein carry along their positive coun-
terions which will further increase the number of small ions
within the brush layer. The balance between release and up-
take, however, is positive. This results in the lowering of the
osmotic pressure within the brush layer. The gain in entropy
by the release of counterions was measured by isothermal
titration calorimetry (ITC) [69, 70]. This analysis demonstrat-
ed that the PMPA can be driven by a gain in entropy while the
enthalpy increases, which is in full accord with the mechanism
of counterion release. It is remarkable that a cancelation of
enthalpy and entropy is coupled with the PMPA [70]. A de-
tailed theoretical description of the PMPA is given in Refs.
[66, 67]. Moreover, the central findings of the PMPA were
reviewed in Ref. [26].

Further experimental support for the abovementioned ad-
sorption mechanisms of proteins at PAA brushes has been
provided in recent high-pressure studies [71, 72]. Pressure
favors any process that is accompanied by a volume reduction
of the system. The majority of proteins undergoes conforma-
tional changes and even unfolding in the pressure range of 5—
10 kbar due to the penetration of water into cavities, whereas,
in the lower pressure region, up to 2 kbar, pressure effects on
electrostatic interactions and the hydration of protein side
chains play an important role [73, 74]. Thus, as an important
process in aqueous solution, the dissociation of ionic bonds
and the subsequent hydration of the separated charges is
known to proceed by a volume reduction [73, 74], which
can be estimated to about — 10 mL mol ' of generated charges
[75]. Thus, ionic bonds can be dissociated by pressure, which
is observed in the pressure range up to 2000 bar. Indeed,
applying neutron reflectometry, the degree of adsorption of
positively charged o-chymotrypsin at a negatively charged
PAA brush could be reduced by increasing the pressure, be-
cause the ionic bonds between the protein and the brush are
dissociated by pressure (Fig. 6a, reverse direction) [71]. In
contrast, holo-calmodulin has a negative net charge at pH 7




Fig. 6 Volume changes upon
interaction of a protein with
polyelectrolyte chains, charge
reversal and counterion release.
The formation of new charges
(ions) and the subsequent
hydration is known to lower the
volume. Reproduced from Ref.
[72] with permission from
Elsevier
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(the isoelectric point is 4.6). Remarkably, a pressure-induced
increase of the degree of adsorption of holo-calmodulin at a
PAA brush has been reported recently in a TIRF spectroscopy
study [72]. It has been argued that this experimental observa-
tion is in conflict with a charge reversal mechanism for protein
adsorption, because a charge reversal of a protein from nega-
tive to positive is associated with a volume increase (Fig. 6b).
However, the formation and subsequent hydration of free ions
upon protein adsorption, as proposed in the counterion release
mechanism, is in line with a volume reduction (Fig. 6¢). Thus,
the observed pressure-driven adsorption of negatively charged
holo-calmodulin at a like-charged brush can only be explained
by a release of counterions. Evidently, the release of hydrated
counterions is associated with a liberation of water molecules.
This is reflected by the volume reduction observed in the
pressure-dependent studies. Whether and how far liberation
of water molecules facilitates the PMPA need to be clarified
by further investigations.

Microscopic visualization of protein-laden
spherical polyelectrolyte brushes

The adsorption of proteins at SPB has been visualized using
various microscopic techniques, such as atomic force micros-
copy (AFM) [49], confocal laser scanning fluorescence
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microscopy [48], and cryogenic transmission electron micros-
copy (cryo-TEM) [50]. In Fig. 7, selected micrographs are
shown that document the effect of ionic strength on the degree
of protein adsorption and the brush structure. Using a fluores-
cent protein, the strong adsorption of the protein at low ionic
strength is clearly visible (Fig. 7b). Only little fluorescence is
left, when the protein is desorbed from the SPB upon increas-
ing the ionic strength of the solution (Fig. 7c).

A visual impression of the core-shell morphology of SPB
can be obtained by AFM. In this case, the polyelectrolyte
corona of the particles shows a hit-stick behavior on an oppo-
sitely charged support, so that the polyelectrolyte layer cannot
retract [49]. The phase-sensitive detection in AFM analysis is
able to directly visualize the corona surrounding the colloidal
support. It is clear that the strong electrostatic interaction with
an oppositely charged support comes along with a distortion
of the geometry of the brush. For this reason, the morphology
of the brush particles was also explored by cryo-TEM (Fig.
7d—£) [50]. This technique allows for the observation of col-
loids that are not fixed in any way, showing them in their
native environment. Minute amounts of SPB suspensions are
spread onto electron microscopy grids. The specimens are
transferred to a frozen-hydrated state by rapid vitrification in
liquid ethane. While maintaining the specimens at liquid ni-
trogen temperature, they are introduced into the high-vacuum
of'the electron microscope column. Because a layer composed
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Fig. 7 Microscopic visualization of SPB. a—¢: Confocal laser scanning
fluorescence micrographs demonstrating the reversible uptake of a
fluorescent protein (mEosFP) onto SPB [48]. SPB without protein are
barely visible because of their poor autofluorescence (a). SPB in the
presence of the fluorescent protein at low ionic strength exhibit strong
fluorescence and indicate marked binding of the protein (b). Fluorescence
emission decreases to < 1% after exposure to high ionic strength,
indicating efficient release of the protein (¢). d—f: Cryo-TEM
micrographs of vitrified suspensions of SPB [50]: At low ionic strength
(7 mM), the huge osmotic pressure of the confined counterions leads to

of single polyelectrolyte chains is extremely radiation sensi-
tive, the specimens were imaged applying a reduced-dose
technique. The low temperature presents an additional protec-
tive factor against radiation damage. It is evident that the res-
olution of cryo-TEM is not sufficient to monitor individual
polyelectrolyte chains. However, we could monitor bundles
of polyelectrolytes that result from frozen fluctuations of chain
density within the brush. Moreover, we could enhance the
contrast by replacing the sodium counterions of the polysty-
rene sulfonate chains by cesium ions [50].

As mentioned above, large amounts of proteins, such as
bovine serum albumin (BSA), can be entrapped within the
brush layer. Oppositely charged patches on the protein act as

strongly stretched polyelectrolyte chains (d), whereas the chains are
coiled at high concentration of added salt (507 mM) (e). When two
SPB approach each other, a distortion of the brush layer results, which
seems to be associated with back-bending of the polyelectrolyte chains
(f). The contrast along the chains is enhanced by cesium ions and BSA
molecules, which are adsorbed in close correlation to the polyelectrolyte
chains. a—c: Reproduced with permission from Ref. [48]. Copyright
2005, American Chemical Society. d—f: Reproduced with permission
from Ref. [50]. Copyright 2005, American Chemical Society

multivalent counterions for the brush layer, which leads to
close correlation of the protein molecules and polyelectrolyte
chains. Indeed, the excellent contrast of BSA in TEM provid-
ed a breakthrough in contrast enhancement [50]. The poly-
electrolyte chains are clearly visible in the micrographs (Fig.
7d). Moreover, the thickness of the brush layer is close to the
value known from DLS, even though DLS is governed by the
longest chains of the brush [58]. At low concentrations of
added salt, the ionic strength inside the brush exceeds the ionic
strength outside the brush, because of the confined counter-
ions within the brush layer [76]. The osmotic pressure created
by the confined counterions creates a huge osmotic pressure,
which in turn results in a marked stretching of the



polyelectrolyte chains (osmotic brush) [59]. This effect is well
understood from theoretical considerations and was proven
experimentally by both scattering experiments and direct mea-
surements of the osmotic pressure of the counterions [59].
However, the cryo-TEM micrographs provided for the first
time a direct visual proof of the strongly stretched chains.

At high concentration of added salt, the brush resembles a
neutral polymer brush, because the ionic strength inside and
outside the brush layer are similar (salted brush) [59]. Cryo-
TEM micrographs reveal an almost collapsed polyelectrolyte
layer at high salt conditions (Fig. 7e). Hence, cryo-TEM pre-
sents a straightforward method to study the properties of the
SPB in solution. Remarkably, many configurations were
found where two or more SPB were close together (Fig. 71).
In this regard, the study contributed to an interesting question
that is central to a fundamental understanding of steric repul-
sion. Van der Maarel and co-workers wondered if the poly-
electrolyte chains bend back upon approaching or interdigitate
[77]. The same question was also examined by Matsen [78].
While van der Maarel and co-workers concluded from their
experiments that the chains will interdigitate, Matsen predict-
ed that the chains are tilted outward the zone of maximum
compression. A retraction of the chains was also predicted
by Ballauff and co-workers [79]. This is in accord with the
cryo-TEM micrographs, which support back-bending of the
polyelectrolyte chains (Fig. 7).

Secondary structure analysis of proteins
embedded in polyelectrolyte brushes using
FTIR spectroscopy

FTIR spectroscopy has become a routine technique for second-
ary structure analysis of proteins in solution [30-32]. However,
in contrast to CD spectroscopy, this technique was hardly applied
to the study of adsorbed proteins so far. Protein solutions are
often prepared in D,O to avoid strong IR absorption of H>O in
the amide I band region of the protein. It must be born in mind
that D,O might alter the secondary structure of a given protein.
Also, limited accuracy can arise in the analysis of protein/D,O IR
spectra when pattern recognition methods are used [30]. These
problems can be remediated by recording protein IR spectra in
H,O0. The strong absorption of IR light by H,O molecules has to
be circumvented by a small path length of the sample cell, which
is typically 67 pm [80]. For comparison, typical path lengths in
D,0 are 50 um. Hence, the small path length must be compen-
sated by a quite high concentration of protein for a meaningful
analysis, at least 5 mg mL . This high value explains the limited
number of FTIR studies on adsorbed proteins. Although colloi-
dal carriers provide large adsorbent surfaces, their diameter
should not much exceed the diameter of the protein molecules
to ensure such a high concentration, which in turn complicates
the separation of non-adsorbed free proteins from the loaded
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nanoparticles. However, it is feasible to study proteins that are
adsorbed at SPB particles by FTIR spectroscopy. As main ad-
vantage, the SPB provide a large protein binding capacity, be-
cause the proteins are dispersed within the polyelectrolyte brush
layer (Fig. 1). As discussed below, scattering techniques like
small-angle X-ray scattering (SAXS) and neutron reflectometry
clearly show a close correlation between an adsorbed protein and
the polyelectrolyte chains.

A series of proteins (Fig. 8) was studied by FTIR spectros-
copy, while the proteins were adsorbed at a PAA brush [81,
82]. In the case of SPB, transmission mode FTIR spectrosco-
py was applied, whereas ATR-FTIR spectroscopy was used
for planar PAA brushes. For comparison, solution spectra
were also recorded. Generally, very smooth spectra can be
obtained after background subtraction, with the amide I band
as the dominant feature (Fig. 9). The amide I band mainly
reflects the C=0 stretching vibration, whereas the amide 11
band contains the N-H bending vibration of the peptide bonds
in the protein molecules. As outlined in the introduction, dif-
ferent sub-bands, which can be assigned to the various sec-
ondary structure elements, contribute to the amide I band. The
FTIR spectra of adsorbed proteins are often found to be almost
identical to the corresponding solution spectra indicating that
the uptake into the brush did not alter the secondary structure
of the proteins (Fig. 9). This was corroborated by a quantita-
tive evaluation of the a-helix and [-sheet fractions of
adsorbed and dissolved BSA [81]. The obtained deviations
are rather small and within the limit of experimental error.
Even after the release of BSA from the PAA brush by raising
the ionic strength of the solution, the FTIR analysis showed an
intact native secondary structure of BSA. Hence, PAA brushes
allow for a mild immobilization of proteins in large amounts.

For comparison, proteins were also studied at SPB particles
carrying PSS chains. In this case, hydrophobic interactions
will contribute in a major way to the uptake of the proteins.
As a result, only a small portion of BSA can be released at
high ionic strength. Furthermore, conformational changes of
BSA occur, when this protein is adsorbed at SPB particles
with PSS chains [81]. While this finding can be explained
by the hydrophobic nature of PSS and the flexible structure
of BSA [83], other globular proteins, such as S-lactoglobulin
(BLG) or ribonuclease A (RNase A), maintained their native
secondary structure within PSS brushes [81]. BLG and RNase
A are considered as “robust” proteins [84]. These two proteins
can also be quantitatively re-liberated from PSS brushes.
Hence, the protein itself plays a decisive role. It is noted that
the generally observed preservation of the secondary structure
of proteins at polyelectrolyte brushes is in accordance with a
high catalytic activity of enzymes that are adsorbed at spher-
ical or planar polyelectrolyte brushes [71, 85-88]. It becomes
thus evident that entrapment into polyelectrolyte brushes pre-
sents a very mild way of immobilizing proteins which circum-
vents denaturation that may easily occur on solid surfaces.
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Fig. 8 Secondary structures of
some proteins according to their
crystal structure. From left to
right, lysozyme, ribonuclease A
(RNase A), and bovine
hemoglobin (BHb). The latter is
composed of two pairs of
nonidentical x-helix-rich subunits
with tetrahedral arrangement. The
images were prepared with
Chimera 1.10.2 using PDB IDs
1LYZ, 1C9X, and 2DN2

To further study the effect of polyelectrolyte brushes on the
conformation of proteins, thermal unfolding is a crucial test.
RNase A is a frequently studied model system for protein fold-
ing (Fig. 8). Its amino acid sequence and 3D structure are well-
known [89]. An intriguing feature of this protein is its ability to
refold into its native conformation after thermal unfolding,
when it is free in solution. Although many other proteins also
unfold reversibly at low concentration, the formation of inter-
molecular -structures can prevent refolding after thermal de-
naturation at higher concentrations. In contrast, disulfide bonds
locally preserve some ordered structure of RNase A even in the
unfolded state thus preventing efficiently inter- and intramolec-
ular (-structures [90]. RNase A was adsorbed at SPB particles

at pH 9.3, which is close to its isoelectric point of 9.6 [91]. This
provides a high loading with protein without impeding the col-
loidal stability of the suspension. For comparison, folding stud-
ies were also performed on RNase A in solution. In Fig. 10,
thermal unfolding and refolding of the protein upon heating to
75 °C and cooling back to 25 °C is monitored via the IR ab-
sorption at 1643 cm ™' [91]. Furthermore, the wavenumber shift
of the amide I peak and the fractions of a-helical and 3-sheet
structures were recorded with temperature. All data confirm that
the thermal unfolding of RNase A is highly reversible, when the
protein is free in solution (Fig. 10), in agreement with a simple
two-state model [92]. The unfolding is mainly characterized by
a decrease of [3-sheet content which is compensated by the
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Fig. 10 Thermal unfolding of RNase A (pH 9.3): The change in the IR
absorption at 1643 cm ' (maximum of the amide I band of native RNase
A) reflects the decrease in a-helical and 3-sheet structure during thermal
unfolding (upon heating from 25 °C to 75 °C) and reformation of these
elements upon cooling (back to 25 °C). The course of the absorption
demonstrates that the unfolding of native RNase A in solution (orange
symbols) is fully reversible. When embedded into SPB, the protein
unfolds at lower temperatures (black symbols). Moreover, it can only
partially refold into its native conformation upon cooling. Adapted from
Ref. [91] with permission. Copyright 2005, Wiley-VCH Verlag,
Weinheim, Germany

formation of turns rather than random coil structures. Thermal
unfolding of free RNase A is observed at 62-63 °C, in agree-
ment with earlier studies [93], and characterized by a van’t Hoff
enthalpy in the range of 420430 kJ mol .

Upon adsorption at SPB particles with PSS chains at room
temperature, the secondary structure of RNase A was not
found to be altered significantly. However, the secondary
structure of thermally unfolded RNase A at 75 °C is somewhat
different in the adsorbed state as compared to the free state in
solution [91]. Within the brush, the «-helical structure is lack-
ing, whereas the 3-sheet structure is partially preserved.
Adsorbed RNase A already unfolds at 50 °C (Fig. 10) with a
van’t Hoff enthalpy change being lowered by almost 50%.
Notably, the protein cannot refold into its native conformation
upon cooling within the polyelectrolyte brush (Fig. 10). This
irreversibility of unfolding inside the polyelectrolyte brush
layer points to the nature of adsorption, which is brought about
by positive patches on the surface of the protein (Fig. 5).
Thermal unfolding helps to optimize the interaction of these
binding sites with the polyelectrolyte chains, which in turn
tightens the binding of the protein.

It is noted that similar investigations have been made with non-
brush systems, where electrostatic interactions between a polymer
and a protein are dominating, such as polyelectrolyte multilayers
[94] and water-soluble polyelectrolyte complexes [95, 96].

Finally, a protein of higher structural complexity has also been
studied in terms of adsorption at SPB particles with PSS chains:
bovine hemoglobin (BHDb). It is a tetrameric protein (Fig. 8) and
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tends to disassemble into its subunits at low pH or high ionic
strength [97]. Hence, disintegration of BHb might take place
within dense polyacid brushes where the pH is lowered and the
ionic strength is increased due to the confined counterions.
Hemoglobin plays a central role in the storage of oxygen in
vertebrates. For this reason, the protein has received considerable
interest as a substitute for red blood cells [98]. However, direct
application may cause side effects, such as renal toxicity or va-
soconstriction [99]. One solution is the immobilization of the
protein onto suitable transport vehicles [100].

The adsorption of BHb on SPB was studied using a combi-
nation of FTIR spectroscopy and small angle X-ray scattering
(SAXS), because this provides insights into both secondary
structure and localization of the adsorbed protein (the latter is
discussed in the subsequent section) [101]. In Fig. 11, the amide
I band in the FTIR spectrum of BHD is shown that was mea-
sured under different conditions. Free in solution, the high o-
helical content of the secondary structure is evident by a strong
absorption centered at 1655 cm™'. However, marked structural
changes are observed upon adsorption of the protein at the PSS
brush. The content of a-helical structure was reduced to its half,
as compared to that of the native protein. Hydrophobic interac-
tions of the protein with the PS core and the PSS chains of the
SPB might cause the loss of helical structure. Moreover, 3-sheet
structure, which is absent in native BHb, was formed upon
adsorption. It is known that association among protein mole-
cules can come along with the formation of intermolecular [3-
sheets. This mechanism, which is referred to as “(-aggrega-
tion,” can be induced by hydrophobic interactions [102]. In
the present case, J-aggregation could be triggered by the dense
packing of the protein near to the hydrophobic PS core.

0.20 -

o 016

e

|

§ 0.12 4

(1]

£

§ 0.08 -

(1]

ol

©  0.04

= fsheet a-helix psheet

@
0.00 - A l 4
-0.04

1720 1700 1680 1660 1640 1620 1600
wave number [cm']

Fig. 11 IR absorption in the amide I region of free BHb in solution
(orange line) and adsorbed BHb (black line) after subtracting the
absorption of the supporting SPB. The difference spectrum (blue line)
reflects conformational changes that stem from the interaction with the
colloidal support. The highlighted areas are indicative for specific
secondary structure elements. Uptake of BHb leads to a marked
decrease in a-helicity. Moreover, the difference spectrum reveals the
formation of 3-sheet elements that are absent in the native protein
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Local distribution of proteins
in polyelectrolyte brushes monitored by X-ray
and neutron scattering

Using scattering techniques, such as small-angle X-ray scat-
tering (SAXS) and neutron reflectometry, density profiles
across a polyelectrolyte brush with or without embedded pro-
tein can be obtained [22, 60, 71, 101, 103—105]. There is no
atomic resolution, but the profiles show structural details on
the nm-scale. Considering that polyelectrolyte brushes have a
thickness on the order of several tens of nanometers and pro-
teins have diameters of a few nanometers, detailed structural
information about the polyelectrolyte brush in terms of thick-
ness and density and about the local distribution of the protein
molecules inside the polyelectrolyte brush is available. In the
case of X-rays, electron densities are obtained. Alternatively,
scattering of neutrons yields neutron scattering length densi-
ties that reflect the nature of the atomic nuclei. Thus, contrast
variation can easily be achieved by deuteration of sample
components or simply by H,O-D,0 exchange.

Applying SAXS to study an SPB sample with adsorbed
protein, there is sufficient contrast, i.e., difference in electron
densities, between the PS core and the polyelectrolyte shell
[103, 104]. Furthermore, proteins like BHb that bind metal
ions show an excellent contrast to water. Thus, the local dis-
tribution of BHb in SPB can be determined with high spatial
resolution by SAXS [101]. The uptake of the protein increases
the electron density within the brush layer, which can be mon-
itored by an increase in scattering intensity and a shift of the
intensity maxima to smaller scattering vectors. By analyzing
the SAXS data, the radial excess electron densities are obtain-
ed which reflect the distribution of BHb throughout the brush,
which is illustrated in Fig. 12. Here, SPB particles with PSS
chains were used. It is evident that the protein density parallels
the density of the brush with a maximum protein concentra-
tion close to the PS core of the SPB particles. This local dis-
tribution of BHb can be attributed in part to hydrophobic
interactions between the PS core and the protein. Close to
the PS core, the protein is also exposed to the lowest pH and
the highest ionic strength within the brush. However, the ma-
jority of the protein (~70%) is found closely correlated with
the PSS chains documenting the binding of the protein by the
PSS chains of the SPB particles. Apparently, BHb deeply
penetrates the polyelectrolyte brush, albeit prepared with high
grafting density.

SAXS studies of other proteins, such as BSA and RNase A,
adsorbing at SPB particles did not show a protein accumula-
tion in the innermost part of the brush [103]. Moreover, no
significant change of their secondary structures upon adsorp-
tion was observed. In contrast, FTIR data of adsorbed BHb
(Fig. 11) indicate some conformational changes inside the
polyelectrolyte brush. The SAXS data of BHb suggest that
the tetrameric protein also disassembles at least partially into

Fig. 12 Representation of BHb adsorption onto a spherical PSS brush:
The dimensions of the brush particles are to scale. The distribution of the
protein molecules within the brush layer was derived from the radial
distribution of the excess electron density as obtained from SAXS
measurements. Reproduced with permission from Ref. [101]. Copyright
2007, American Chemical Society

its subunits when entering the PSS brush. This will facilitate
diffusion through the brush resulting in a preferential accumu-
lation near the hydrophobic PS core, which presents the mi-
croenvironment with the lowest pH and highest density of
counterions. Furthermore, the subunits might have a lower
conformational stability inside the PSS brush, whereas the
disassembly of BHb into subunits does hardly change the
secondary structure, when the protein is dissolved in solution
at low pH and high ionic strength.

In Fig. 13, volume fraction profiles across a planar PAA
brush are shown. These data were obtained using neutron
reflectometry making use of contrast variation [60]. The
supporting PS film was fully deuterated (dPS), and D,0 was
used as the solvent. In this way, a huge contrast to the PAA
chains and any adsorbing protein is created relative to dPS and
D,0, and the protein can be detected with high sensitivity. The
profiles in Fig. 13 indicate that the protein x-lactalbumin
(xLA) with a negative net charge is deeply penetrating the
like-charged PAA brush. Because of the planar geometry,
the density of the PAA chains is more uniform across the
brush layer as compared to the SPB particles. The measured
volume fraction profiles clearly show that the protein is locat-
ed where the PAA chains have the highest density suggesting
a strong interaction. No accumulation of the protein at the
surface of the dPS film is observed. Hence, structural studies
using scattering techniques like SAXS or neutron reflectome-
try confirm the adsorption mechanism discussed above, where
the driving force of protein adsorption at a polyelectrolyte
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brush is based on the protein-polyelectrolyte chain interac-
tions via a release of counterions.

Conclusion

Proteins bound to mesoscopic supports are much easier to
handle than proteins in solution. This can be accomplished
by incorporating them into polyelectrolyte brushes. These
can be grafted to PS core particles, forming so-called spherical
polyelectrolyte brushes (SPB), or to planar PS films. In both
cases, the polyelectrolyte brushes directly adsorb considerable
amounts of proteins from solution as long as the concentration
of added salt is kept low. On the other hand, raising the ionic
strength above a threshold allows for triggering the release of
the protein molecules from the polyelectrolyte brushes com-
posed of PAA or PSS chains. There is convincing theoretical
and experimental evidence that the binding of proteins to like-
charged polyelectrolyte brushes is mainly driven by a release
of counterions.

So far, the adsorption of proteins at spherical or planar
polyelectrolyte brushes has been studied using a series of ex-
perimental techniques. Very powerful methods to determine
the structure of protein-polyelectrolyte brush systems include
cryo-TEM, FTIR spectroscopy, SAXS, and neutron reflec-
tometry. For example, imaging SPB using cryo-TEM clearly
shows a close correlation of the protein molecules and the
polyelectrolyte chains. A deep penetration of proteins into
polyelectrolyte brushes, even under net electrostatic repulsion,
was also inferred from SAXS and neutron reflectometry. The
secondary structure of many different proteins, which are em-
bedded in polyelectrolyte brushes, has been studied by FTIR
spectroscopy. Generally, the polyelectrolyte brush
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environment has little or no measurable effect on the second-
ary structures of the proteins. However, deviations from the
solution behavior have been observed, when a protein is ther-
mally unfolded inside a brush, and in the case of complex
proteins with quaternary structure, such as hemoglobin.
Thus, some care has to be taken, when proteins of weak con-
formational stability are adsorbed at a polyelectrolyte brush or
when they are exposed to denaturing conditions, such as ele-
vated temperatures.

To summarize, the immobilization of proteins at polyelec-
trolyte brushes provides a promising tool to use proteins in
biomedical or biotechnological applications. The preservation
of the protein native structure inside the polyelectrolyte
brushes and the control over the degree of adsorption by
adjusting the ionic strength of the solution are of unmatched
advantage.
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