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Abstract. We present molecular dynamics simulations of the interaction of fullerene-like, inhomogeneously
charged proteins with polyelectrolyte brushes. A motivation of this work is the experimental observation
that proteins, carrying an integral charge, may enter like-charged polymer brushes. Simulations of vary-
ing charge distributions on the protein surfaces are performed to unravel the physical mechanism of the
adsorption. Our results prove that an overall neutral protein can be strongly driven into polyelectrolyte
brush whenever the protein features patches of positive and negative charge. The findings reported here
give further evidence that the strong adsorption of proteins is also driven by entropic forces due to coun-
terion release, since charged patches on the surface of the proteins can act as multivalent counterions of
the oppositely charged polyelectrolyte chains. A corresponding number of mobile co- and counterions is
released from the brush and the vicinity of the proteins so that the entropy of the total system increases.

1 Introduction

The study of interactions of proteins with solid surfaces is
an important field of biotechnology [1]. In many biomedi-
cal applications, an adsorption of proteins has to be pre-
vented. Polymer brushes, coated onto substrates, have
been shown to feature such “anti-fouling” properties be-
cause they sterically prevent proteins from approaching
the substrates [2,3]. On the other hand, polyelectrolyte
brushes are capable of adsorbing proteins if the ionic
strength in the system is low [4], and the addition of salt
leads to a subsequent release of these proteins. More com-
plex brushes made of mixed polymers have been used to
reversibly adsorb and release proteins, depending on the
environmental conditions, and may therefore serve as drug
delivery systems [5,6].

An interesting phenomenon is the adsorption of
charged proteins into brushes made of polymers of iden-
tical charge, sometimes named “adsorption on the wrong
side” [4,6-9]. Here, a driving force has to exist that allows
the proteins to overcome both the osmotic pressure of the
brush and the electrostatic repulsion between protein and
polymer. One potential mechanism to drive the proteins
into the brush is based on a charge regulation/reversal
upon the approach of the protein in weakly charged sys-
tems [7,10]. By adjusting the pH in the brush layer at a
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low ionic strength, the pl of protein is higher than the pH
within the brush layer. Hence the net charge of protein is
reversed and a strong unlike-charge electrostatic attrac-
tion arises. This model successfully revealed that pH is an
important parameter in polyelectrolyte-mediated protein
adsorption (PMPA), but fails to explain the experimental
observation of strong protein adsorption at pH values ex-
ceeding the pI [4]. This would indicate that the pH is an
important, but not exclusive or even decisive parameter.
An alternative argumentation has been proposed in which
counterion release plays the central role for adsorption on
the wrong side [4,9, 11, 12]. As an example, negatively
charged polyelectrolyte chains can interact with the posi-
tive charges on the surface of the protein molecules, during
which that protein patch acts like a multivalent counterion
which replaces several monovalent counterions of polyelec-
trolyte chains. The respective counterions of the proteins,
together with the positive counterions of the chains, are
released. The release of ions causes an entropy-driven gain
in free energy which results into an attractive contribution
to the effective interaction between the polyelectrolyte
and the protein [13]. Protein adsorption can be performed
to test the behavior of the mixed polyelectrolyte brushes
in contact with biosystems [6,14]. The high-performance
smart substrates created by mixed brushes could be ap-
plied in domains as diverse as biosensors, drug delivery
and nanotransport [14].
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Fig. 1. Scheme of C60 fullerene-like protein.

2 Simulation methodology

A coarse-grained model was used to investigate the ad-
sorption of neutral and nonuniformly charged proteins
on planar PEBs in salt-free and salt-added solution. The
polyelectrolyte chains were created as a coarse-grained
bead-spring model with negatively charged bead, an-
chored at one end to an uncharged planar surface to form
a regular 8 x 8 square grid. A moderate grafting density
o = 0.05d~2, where d is monomer size. The charged chains
were monodisperse, with the degree of polymerizations
N = 40 and the charge fraction was parameterized by
f = 1. The same number of oppositely charged coun-
terions were added to keep electroneutrality. To model
charged proteins, we utilized the fullerene C60 structure
by rescaling the coordinates of the C atoms in such a way
to set the diameter to 17.4 A (see fig. 1). We choose some
of the 60 beads to be charged negatively or positively ac-
cording to what kind of patten we need. The same number
of cations and anions were added. The protein is treated as
arigid body where hydrogen bonds are neglected. The sol-
vent is assumed to be athermal which induced hydropho-
bic interactions here. The excluded-volume interactions
are introduced via a pure short-ranged repulsive LJ po-
tential, given by
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The cutoff radius was r. = 2'/6d, d being the size of the
bead and e the potential depth.
Beads along the polymer chains were coupled by a

FENE (finitely extensible nonlinear elastic) bond poten-
tial [15]
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with spring constant k = 30¢/d? and maximum bond
length R = 1.5d.
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The wall was modeled as a 9-3 LJ potential

Uwail = € [% (g)g - (g)gl ) (3)

with d being the particle size. One wall was located at
z = 0, the same height as the substrate to which the chains
were grafted. The Coulomb interaction was of long range
and had to be addressed with particular care. The simula-
tion package LAMMPS includes the implementation of the
particle-particle/particle-mesh (PPPM) algorithm [16-18]
that solves the field equation on a lattice through fast
Fourier transformation. In this way, the influence of pe-
riodic images of charged particles (that show up in both
horizontal x- and y-directions) were properly accounted
for. Formally, the Coulomb potential is written as
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where ¢; and g¢; are the corresponding charges and
Ip = e?/(4mepekpT) the Bjerrum length, that defines the
distance at which both Coulomb energy and thermal en-
ergy (kgT) are of the same magnitude. e, and e, are unit
vectors in z-y direction, and the indices n, and n, run over
the periodic images of the simulation box. Ny is the total
number of charges and L the box-size in xy-directions.

The total interaction potential was composed of four
contributions:

Utot = UreNE + ULy + Uyall + Ucoul- (5)

The equation of motion was defined as a Langevin
equation:

dzI'i + dI‘i -
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where m is the particle mass and ¢ the friction constant.
F; is a Gaussian random force that was used to couple the
system to the heat bath, with the correlation function

The temperature was kT = 0.6, and the damping
constant ¢ = 0.57;', with 71,5 = (md?/e)*/? being the
Lennard-Jones time. Each simulation contains 8 x 107
steps for equilibration of system, and the following 8 x 10°
steps for the ensemble average.

3 Polyelectrolyte-mediated protein
adsorption: Survey of simulation results

Protein adsorption on flat and fixed surfaces is relatively
easy to analyze. This simultion paper analyses the ques-
tion whether a counterion release mechanism is sufficiently
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Fig. 2. Charge distributions on the fullerene-like protein models: (a) Randomly charged beads, yielding a negligible dipole
moment. (b) Positive and negative surface patches with a considerable dipole moment. Both proteins are electroneutral.

Fig. 3. Snapshot of a polymer brush (red) with partially ad-
sorbed proteins (green). Mobile counterions are white.

effective to grant the protein adsorption of condensation is
possible. While there is clear experimental evidence for the
PMPA, a corresponding computer simulation is still lack-
ing. Here, we perform molecular dynamics simulations of
coarse-grained protein and brush models to study PMPA.
The adsorption behavior is separately investigated under
conditions of proteins which are neutral, of vanishing total
charge but with oppositely charged patches, as well as pro-
teins with a nonvanishing net charge, aiming at finding the
condition in which the proteins begin to adsorb. Figure 3
displays a snapshot of a typical system after equilibration.

The protein is modeled as a fullerene-like sphere made
of coarse-grained beads, as shown in fig. 2. The distri-
butions of charges vary: Figure 2(a) shows a randomly
distributed charge pattern which yields a negligible to-
tal dipole moment of the molecule, while in the case of
fig. 2(b), the opposite charges are forming clusters or
patches. Since these patches occupy opposite poles on the

molecule, they lead to a significant dipole moment. Details
about the protein models are summarized in table 1.

Density distributions of monomers and proteins af-
ter an equilibration of each system are shown in fig. 4.
The protein model corresponding to each subgraph is pre-
sented in table 1.

We shall first focus on fig. 4(a) and (e): the amount of
adsorbed proteins in fig. 4(a) is nearly five times as high as
in fig. 4(e). The electroneutral proteins of the system sim-
ulated in fig. 4(a) has two domains (see fig. 2(b)), one with
positive charges and the other one with negative charges,
which together form an electric dipole. In fig. 4(e), the
proteins have zero net charges as well, but the charges are
randomly distributed (see fig. 2(a)), corresponding to a
multipolar charge distribution.

The major difference between both protein types lies
in the counterion condensation that occurs with the free
(non-adsorbed) protein, when the charges on its surface
form well-defined and separated patches with locally high
charge densities. Figure 7 shows the protein-counterion
correlation functions of both protein models, for the case
of free proteins: The charged patches allow for a counte-
rion localization which reduces the entropy of the involved
counterions (black squares). If the charges on the protein
surface are randomly distributed, the electrostatic interac-
tion is insufficient to localize the counterions, which thus
remain delocalized in the solvent.

Once a protein with its counterion cloud is inserted
into the brush, negatively charged monomers are getting
attached to the positive patches of the proteins. As a re-
sult, the counterions of both the protein patch as well
as those from the PEBs are released. This process is en-
tropically favorable, because the released counterions be-
come fully delocalized and hence they reduce the free en-
ergy of the system by an amount of the order of kgT per
counterion.

Figure 4(d) and (c) indicate that the driving force gen-
erated by the counterion release is effective even when
the proteins are overall negatively charged, which is the
same charge as the monomers. Once again, more pro-
teins are adsorbed if they feature charged surface patches,
fig. 4(d), compared to the alternative model in which the
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Table 1. Protein configurations.
Sequence number
Parameters fig. 4a fig. 2b fig. 4b fig. 4c fig. 4d fig. 4e fig. 2a fig. 4f
Number of positive charges 3 0 3 3 3 3
Number of negative charges 3 0 4 4 3 3
Total charge 0 0 -1 -1 0 0
Charge distribution patch random patch random patch
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Fig. 4. Normalized vertical density distributions of proteins (black) and brush-monomers (red). The proteins are: (a) elec-
troneutral with positive and negative surface patches; (b) neutral; (c¢) negatively charged, with randomly distributed charges;
(d) negatively charged, with positive and negative surface patches; (e) electroneutral, with randomly distributed charges; (f) like

(a), but in salt solution, Cs = 0.03 M /L.

charges are distributed randomly, fig. 4(c). For a compari-
son, fig. 4(b) displays the situation of fully neutral proteins
in the absence of any charges. Due to the steric repulsion
caused by the compression of stretched chains, protein ad-
sorption is strongly suppressed in this case. Note the com-
parison with the system shown in fig. 4(d), in which the
adsorption which is enthalpically less favorable, yet some-
what more pronounced as a result of the charged patches
and the corresponding counterion release.

In order to approach a quantitative understanding of
the counterion release, we are now going to count the aver-
age numbers of counterions in the vicinity of the proteins,
before and after protein adsorption(fig. 5 and fig. 6).

To define the coordination number, we have calculated
the radial distribution g(r). The positions, labeled by dot-
ted line in fig. 5, which separates the first and the sec-
ond peak are thus assumed to comprise the first nearest

neighborhood of given protein. Therefore, the number of
neighbors of each protein within this position determines
the coordination number. From fig. 5(a), it was found
that each protein with two surface patches is surrounded
by 5 counterions before adsorption. Figure 6(a) indicates
that some counterions of proteins are released and pro-
teins replace the counterions of polyelectrolyte chains af-
ter adsorption, that the neighbor number for counterion
drops to 2 and that the neighbor number for monomers is
about 2. For the model that charges are randomly dis-
tributed on protein surface, we observed that the pair
correlation function profile did not show the obvious gap
due to low charge density. Before adsorption, proteins
only can hold about 2 counterions surrounded them (see
fig. 5(b)). After adsorption, these two counterions are re-
leased and replaced by 2 monomers which can be found
in fig. 6(b).
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Fig. 7. Protein-counterion correlation function.

Note that any effects of varying pH values are excluded
in our simulations. Yet, the adsorption on the wrong side
occurs, which supports the assumption that the mecha-
nism of counterion release is sufficiently effective to facil-
itate the protein adsorption. That does not exclude the

possibility of pH effects being the driving force of the
observed protein adsorption in some of the experimen-
tal setups. The data presented in this paper are not yet
sufficiently quantitative to allow for an accurate compu-
tation of the free energies of the systems, prior and af-
ter protein adsorption, but large scale numerical simula-
tions seem feasible in the future to complete our knowledge
about these phenomena. Although the calculation of the
free energy is not feasible based on the current data, we
can calculate the Coulombic energy change upon adsorp-
tion which was taken directly from Coulombic pairwise
energy in the simulation. The Coulombic energy based on
the protein model used in fig. 4a are —1587kcal/mol to
—1617 keal/mol separately for prior and after adsorption.
It seems that Coulombic interaction does not favor adsorp-
tion strongly. Therefore, to a certain extent, it is proving
that entropy dominates the adsorption mechanism.

The addition of salt to the system shown in fig. 4(a)
results to density distributions as shown in fig. 4(f).
A smaller number of proteins is adsorbed in the latter
case. Note that the salt concentration, ¢s = 0.03M/L, is
still smaller than the counterion concentration (inside the
brush), and the Debye length, Ap = 10 A, is larger than
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the monomer size. These two parameters define that the
polyelectrolyte brush has not yet entered its salted brush
regime. The salt concentration is sufficiently high to re-
lease a considerable amount of adsorbed proteins, a phe-
nomenon that has been found before in experiments [12].
When a finite concentration of salt is added to the sys-
tem, counterions are released from the brush and from
the free proteins as a result of Debye screening. Once the
ionic strength is sufficiently high, the system approaches
its neutral charge limit in which steric repulsion prevails,
so that the proteins do not adsorb anymore.

4 Conclusions

In summary, we have presented simulations for the inter-
action of fullerene-like inhomogeneously charged proteins
with a layer of densely grafted polyelecrolytes. The simu-
lations are able to reproduce the experimental observation
that proteins can be adsorbed on polyelectrolyte brushes
even on the “wrong side” and that the polyelectrolyte-
mediated protein adsorption leads to strong adsorption if
the protein has two unlike-charged patches at low ionic
strength. These results can be understood with the model
of an entropic driving force due to the release of counte-
rions, that are localized about the charge patches of the
free proteins, and are released once these proteins enter
the brush. Simulations with an alternative protein model
with randomly distributed charges, which do not show any
counterion condensation, support the claim that counte-
rion release is an important driving force for the protein
adsorption. A significantly reduced adsorption takes place
at high salt concentrations, so that once adsorbed proteins
can be released by the addition of salt to the system.
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