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ABSTRACT We simulate the adsorption of lysozyme on a solid surface, using Brownian dynamics simulations. A protein
molecule is represented as a uniformly charged sphere and interacts with other molecules through screened Coulombic and
double-layer forces. The simulation starts from an empty surface and attempts are made to introduce additional proteins at
a fixed time interval that is inversely proportional to the bulk protein concentration. We examine the effect of ionic strength
and bulk protein concentration on the adsorption kinetics over a range of surface coverages. The structure of the adsorbed
layer is examined through snapshots of the configurations and quantitatively with the radial distribution function. We extract
the surface diffusion coefficient from the mean square displacement. At high ionic strengths the Coulombic interaction is
effectively shielded, leading to increased surface coverage. This effect is quantified with an effective particle radius. Clustering
of the adsorbed molecules is promoted by high ionic strength and low bulk concentrations. We find that lateral protein
mobility decreases with increasing surface coverage. The observed trends are consistent with previous theoretical and
experimental studies.

INTRODUCTION

Protein adsorption to solid surfaces is an interesting and
important phenomenon (Andrade and Hlady, 1986; Horbett
and Brash, 1995; MacRitchie, 1978). It plays a major role in
diverse areas ranging from biomaterials selection, through
chromatographic applications, to enzyme-enhanced laundry
detergents (Andrade, 1985). Although many experimental
and theoretical methods have been used to study protein
adsorption, a clear understanding has yet to emerge. The
main reason for the lack of progress is the complex nature
of proteins and their interactions with solid surfaces.

Most of the experimental studies indicate that protein
adsorption is an irreversible process that leads to monolayer
coverage (Ramsden, 1995; Schmitt et al., 1983). With re-
cent advances in experimental techniques one can determine
with precision the number density of adsorbed proteins (to
about670 moleculesmm2) (Ramsden and Prenosil, 1994).
The experiments, however, cannot provide molecular-level
mechanistic information about the adsorption process.

Modeling protein adsorption has also proved challenging.
A variety of approaches, ranging from detailed molecular
models (Lu and Park, 1990; Lu et al., 1991; Lim and Herron
1991) to mesoscopic models (Roth and Lenhoff, 1993;
Oberholzer et al., 1997b), have been used. Detailed molec-
ular approaches are in principle the most realistic and in-
formative for the current problem, but they are computa-
tionally demanding. As a result, simulations have been
limited to low surface coverages, and, even here, one must
resort to approximations, such as omitting the solvent
completely.

Mesoscopic models based on random sequential adsorp-
tion (RSA) (Rényi 1958; Swendsen, 1981; Schaaf and Tal-
bot, 1989a) provide a more accurate description of protein
adsorption than does the Langmuir approach (Langmuir,
1918). The basic RSA model describes the irreversible
adsorption of nonoverlapping particles that are immobile on
the surface once adsorbed. According to the RSA model,
there is a maximum surface coverage (jamming limit) be-
yond which further adsorption becomes impossible (54.7%
coverage for spherical particles). Despite its simplicity,
RSA has been successfully used to explain and understand
many of the experimental results (Ramsden, 1993; Feder
and Giaever, 1980). The basic RSA model has led to nu-
merous extensions and improvements (Adamczyk et al.,
1994; Tarjus et al., 1990; Oberholzer et al., 1997a). Still a
drawback, even of the improved RSA models, is their
failure to account accurately for particle-surface interactions
and surface mobility.

Continuum models based on colloidal principles also
eschew a detailed molecular description and do not consider
the solvents explicitly. Derjaguin-Landau-Verway-Over-
beek (DLVO) theory (Hunter, 1992; Verway and Overbeek,
1948) has been successfully applied to the study of protein
adsorption based on the assumptions that the particles are
rigid, spherically charged objects and their interactions with
each other and with the surface (electrostatic, dispersion,
and solvation forces) are pairwise and additive. The as-
sumption of rigidity is justifiable if the native structure of
the protein is not significantly altered by the protein-surface
interactions. For example, hen egg white lysozyme (HEL),
a compact globular protein, has the same structure in solu-
tion and on the adsorption surface (Kondo et al., 1991;
Robeson and Tilton, 1996; Billsten et al., 1998). Studies
also show that the other forms of lysozyme (T4 and human)
show larger denaturation effects upon adsorption compared
to HEL (Horsley et al., 1991; Billsten et al., 1998). Lenhoff
et al., in a series of studies (Roth and Lenhoff, 1993;

Received for publication 28 May 1999 and in final form 26 August 1999.

Address reprint requests to Dr. S. Ravichandran, Department of Chemistry
and Biochemistry, Duquesne University, 600 Forbes Ave., Pittsburgh, PA
15282. Tel.: 412-396-1670; Fax: 412-396-5683; E-mail: ravi@space1.
chemistry.duq.edu.

© 2000 by the Biophysical Society

0006-3495/00/01/110/11 $2.00

110 Biophysical Journal Volume 78 January 2000 110–120



Johnson et al., 1994; Roth et al., 1998), found that the
charged spherical model works extremely well for the ad-
sorption of hard proteins like HEL. Recently, Oberholzer et
al. (1997b), using this model, studied HEL adsorption on
mica with a combined grand canonical Monte Carlo
(GCMC) and Brownian dynamics (BD) simulation proce-
dure. Their results agree well with the available experimen-
tal data, showing that the colloidal approach to the modeling
of hard proteins is a reasonable approximation.

Several experimental studies (Michaeli et al., 1980;
Burghardt and Axelrod, 1981; Chan et al., 1997; Tilton et
al., 1990a) have confirmed the mobility of adsorbed pro-
teins. Protein adsorption experiments also report surface
coverages that are significantly greater than the RSA jam-
ming limit, providing indirect evidence for lateral mobility
(Norde and Lyklema, 1978). Protein mobility plays an im-
portant role in several areas. For example, it enhances the
reaction rate in enzyme catalysis and receptor-ligand bind-
ing (Tilton, 1998). In general, surface diffusion will result in
more efficient packing compared to a situation in which the
adsorbed particles are immobile.

If the protein-protein interactions are favorable, surface
diffusion may also lead to clustering. Haggerty and Lenhoff
(1993), using scanning tunneling microscopy (STM), ob-
served that lysozyme adsorbed to graphite surfaces forms
ordered arrays, with lattice spacings that depend on both the
bulk protein and the salt concentrations. Experiments per-
formed on a hydrophobic adsorption surface also report
similar findings (Shibata and Lenhoff, 1992).

Ramsden et al. (1994) studied the adsorption of two
different forms of cytochrome P450 adsorbing on lipid
bilayer membranes. At high bulk concentrations they ob-
served adsorption kinetic behavior consistent with the RSA
model, while at sufficiently low bulk concentrations Lang-
muir-like kinetics emerged. The authors attributed this
switch to surface clustering resulting from translational mo-
bility in the low bulk concentration case.

Nygren and Stenberg (1990), using transmission electron
microscopy (TEM), studied the kinetics of ferritin adsorp-
tion on a hydrophobic quartz grid. They found that the
initial adsorption proceeds with the formation of molecular
clusters. The fractal dimension of the clusters suggests that
they are not formed by diffusion-limited aggregation. In-
stead Nygren and Stenberg proposed that some restructuring
of the clusters takes place.

Relatively few theoretical studies have attempted to in-
vestigate the role of surface mobility. Ansell and Dickinson
(1985) reported a BD study of coagulation kinetics using 49
spherical colloidal particles interacting with a DLVO po-
tential. Only irreversible cluster formation was allowed, and
the clusters were assumed to have no internal degrees of
freedom. Tarjus et al. (1990) showed how to incorporate
diffusion into a generalized RSA model, but the equations
can only be solved at low coverages. Moreover, clustering is
not possible in this class of hard particle models.

While both the experimental and theoretical studies dem-
onstrate the importance of lateral mobility under appropriate
conditions, the following questions remain unanswered.
First, how does lateral diffusion affect the surface coverage
and adsorption kinetics? Second, what is the structure of the
adsorbed layer that results from surface diffusion, and how
does it depend on the ionic strength and bulk concentration?

Although a number of numerical studies have attempted
to understand the role of hydrodynamic interactions in ad-
sorption (Bafaluy et al., 1993; Pagonabarraga and Rubi,
1994), the influence of surface diffusion has been totally
neglected.

Here we present a simulation study of lysozyme at a solid
interface. The effect of lateral diffusion on the adsorption
kinetics and structure of the adsorbed layer are investigated.
The bulk protein concentration and the ionic strength are the
independent variables. We show that the presence of surface
diffusion does influence the adsorption kinetics and leads to
cluster formation at high salt concentrations.

MODEL

In this work the hen egg white lysozyme molecules are
modeled as charged spheres. Based on the experimental
studies, the net charge (Z) on the protein is fixed as18
(Roth and Lenhoff, 1993; Oberholzer et al., 1997b). The
particle-particle interactions are modeled using the ideas of
colloidal chemistry: the effect of solvent plus ions is taken
into account, using a continuum approach through the ionic
strength and dielectric constant.

The pair potential is a sum of electrostatic, van der Waals,
and repulsive contributions:

Upp 5 Uel 1 Uvdw 1 Urep (1)

The electrostatic contribution depends on the ionic
strength,I, of the solution. The functional forms of these
contributions are taken from Oberholzer et al. (Oberholzer
et al., 1997b) and are given in Appendix A. Note that the
potential form is based on continuum models and does not
have a rigorous theoretical basis. Three widely different
ionic strengths were chosen to study how these affect the
adsorption kinetics (see Fig. 1). This plot shows that the
interaction is highly repulsive at short distances, attractive at
intermediate distances, and negligible at large distances.
The figure also shows that the intermediate minimum is
preceded by a potential barrier. The barrier height (U*) and
its peak position (r*) also depend on the ionic strength of
the medium (seeinsetof Fig. 1).

SIMULATION PROCEDURE

A BD code has been developed to study protein adsorption
to a surface. The simulations were performed in a square
cell of sideL* 5 L/a 5 40 with periodic boundary condi-
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tions. The potential was cut at a distance ofr*c 5 rc/a. The
value of ther*c was chosen based on the choice of ionic
strength (see Fig. 1). The BD algorithm (Ermak and Mc-
Cammon, 1978) for updating the particle positions is given by

r i~t 1 Dt! 5 r i~t! 1
D0

kBT
Fi~t!Dt 1 Ri~Dt! (2)

wherer (t) denotes the position of the particle at timet, kBT
is the Boltzmann constant times the temperature,Fi is the
total force acting on particlei, andDt is the time step.D0 is
the lateral diffusion coefficient at zero coverage. The ran-

dom displacement vectors,Ri, are assumed to be normally
distributed with zero mean and variance, given by^RiRj& 5
2D0Dtdij , wheredij is the Kronecker delta.

The equations of motion were solved numerically with a
reduced time step ofDt* 5 D0Dt/a2, wherea is the protein
radius (1.5 nm for lysozyme). The value ofD0 was taken as
1 3 1028 cm2 s21, which is consistent with the experimen-
tally available values (Tilton et al., 1990b). Usually simu-
lations were performed for 107 Dt*, where DL* 5 7 3
1026. The temperature of the system was 298 K, and the
solvent was water with a dielectric constant of 80.

The overall simulation procedure has three steps:

1. Each simulation run is started from a bare adsorption
surface.

2. An attempt is made to insert a new protein into the
surface configuration, using an algorithm described be-
low.

3. Irrespective of the outcome of the second step, BD
simulation is performed on the adsorbed particles of the
system. After everynins BD steps the simulation is
interrupted and a new insertion attempt is made.

4. Steps 2 and 3 are repeated until the system saturates

Fig. 2 illustrates the different steps involved in the sim-
ulation. The results presented in this study were usually
averaged over 40 separate runs. But the asymptotic cover-
ages were calculated from the average of three individual
runs.

In the absence of desorption, the adsorption kinetics can
be described with an equation of the form

du

dt
5 kacF (3)

FIGURE 1 Pair potential used to model the lysozyme-lysozyme interac-
tion for three different salt concentrationsI 5 0.0015 (solid line), 0.01
(dotted line), and 0.3 (dashed line). Note thatr is scaled by the particle
radius,a. Inset: Illustration of the barrier,U*, in the pair potential. The
ionic strength isI 5 0.01 M.

FIGURE 2 Schematic diagram of the different steps
involved in the simulation. Spheres with slanted and
straight design correspond, respectively, to the particle
position before and after a period of BD simulation. The
curved arrows show the path traversed by the particles
during the BD simulation.
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whereu 5 Npa2/(L2) is the coverage,N is the number of
adsorbed particles,ka is the adsorption rate constant, andc
is the bulk concentration. The available surface function,F,
represents the blocking effect of the adsorbed particles. The
bulk concentration is inversely related to the insertion in-
terval, nins. More specifically, one can show that (see Ap-
pendix B)

nins 5
pa2

L2Dtkac
(4)

The algorithm for particle insertion is shown schemati-
cally in Fig. 3. The acceptance of a trial particle depends on
its interaction energy with the rest of the system,Uacc. A
trial particle is accepted with a probability exp(2Uacc/kT),
whereUacc is essentially the maximum interaction of the
trial particle with the remainder of the system as it ap-
proaches the surface. In some cases the maximum occurs
when the particle reaches the surface, while in others the
position of maximum energy is above the surface as the
particle crosses a potential barrier. In this way one accounts
for the fact that particles placed anywhere in the range of
2 , r , r*s (see Fig. 1) have to overcome the potential
barrierU*. So, in such cases it is the barrier height, rather
than the total interaction energy, that is the deciding factor
for particle acceptance. This choice also avoids particle
clustering at the level of insertion. Particle-surface interac-
tions are not explicitly included in our model. They play a
major role, but under most conditions they can be regarded
as a constant background and will not affect the adsorption
kinetics.

The lateral diffusion coefficient and the insertion interval
(nins) introduced earlier can be used to define the charac-
teristic diffusion (td 5 a2/D0) and characteristic adsorption
times (ta 5 [kacF]21), respectively (Schaaf and Talbot,
1989b). One can envisage two extreme situations:

1. The adsorbed particles diffuse rapidly on the surface. In
such a case the characteristic diffusion timetd will be
much smaller than the characteristic adsorption time.
This situation corresponds very well to the low bulk
protein concentration and low surface coverages.

2. The adsorbed particles are immobile on the adsorption
surface. This situation can be described by a very large
characteristic diffusion time compared to the adsorption
time.

The effect of translational mobility on the adsorption
kinetics can be studied by performing simulations with
varying insertion intervalnins values. A small value ofnins,
corresponding to a high bulk protein concentration, will
tend to limit surface diffusion because of a rapid build-up of
surface coverage. Three widely different values ofnins (5
50, 1000, 2000) were chosen to study the effect of this
parameter on the kinetics.

We also performed some runs using a larger adsorption
surface [(L*)] 2 5 80 3 80)], whereL* 5 L/a is the reduced
cell side, and found that there is no significant system size
effect compared with the (403 40) system used in this
study.

RESULTS AND DISCUSSION

In Fig. 4, we present the kinetics for three different ionic
strengths atnins 5 1000. The results show that at a given
time, the surface coverage increases with an increase in the
salt concentration. A similar trend is seen with othernins

(not shown). At high salt concentrations the net charge is
effectively screened, leading to less repulsive protein-pro-
tein interactions, which allows a higher surface coverage.
This behavior is reflected in the effective hard sphere radius
reff (Adamczyk et al., 1994), chosen so that second virial
coefficient of a hard disk fluid is the same as that of the

FIGURE 3 Particle insertion algorithm.Utrial is the
energy of interaction of the trial particle with all ad-
sorbed particles,rmin is the distance between the trial
particle and its nearest neighbor, andU* corresponds to
the barrier height of the pair potential (see Fig. 1) at a
reduced distancer*. z is a uniformly distributed random
number between 0 and 1.
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actual system. Specifically, the expression is

reff
2 5 21/2E

0

`

~e2bUpp(r) 2 1!r dr (5)

whereb 5 1/kBT, Upp corresponds to the pair potential, and
r is the reduced interparticle distance.

Fig. 5 shows a plot of the effective radius as a function of
ionic strength. As the salt concentration decreases the ef-
fective radius increases, rapidly leading to more blocking,
more repulsion, and less surface coverage. Note that the
effective radius at the highest ionic concentration studied
(I 5 0.3 M) reduces to almost the radius of the particle. This
essentially means that the particles can be more efficiently
packed compared to the low salt concentration case. A

similar trend has been observed for the adsorption of poly-
electrolytes on silica surfaces (Bauer et al., 1998).

The effect of translational mobility on the adsorption
kinetics can be studied by comparing the kinetics at differ-
ent insertion intervals. To make the comparison meaningful,
we have introduced a scaled time defined by

t* 5 kact (6)

This allows us not only to compare the results for different
nins, but also to quantify the effect of lateral mobility on the
adsorption kinetics.

The idea of time scaling can be understood by consider-
ing the RSA process. The kinetics of an irreversible adsorp-
tion process can be described by Eq. 3. For RSA,F is
accurately represented by

F~x! 5
~1 2 x!3

1 1 a1x 1 a2x
2 1 a3x

3 (7)

wherex 5 u(reff
2 /a2)/u`, u` is the surface coverage at the

jamming limit, a1 5 20.8120, a2 5 0.2336, anda3 5
0.0845 (Schaaf and Talbot, 1989b). The time-dependent
surface coverage can be computed by numerically integrat-
ing Eq. 3. In Fig. 6 we show the surface coverage as a
function of time for a RSA process at three different arbi-
trary bulk concentrations (} nins

21). After scaling, the indi-
vidual curves corresponding to different bulk concentrations
collapse onto a single curve. It is the absence of competing
processes (e.g., translation or desorption) that results in this
simple time scaling.

FIGURE 4 Plot of surface coverage against reduced time for three ionic
strengths. The insertion interval isnins 5 1000.

FIGURE 5 Effective radius (in units ofa) as a function of ionic strength.
The dashed line represents the particle radius.

FIGURE 6 Plot illustrating the reduced time (a) time evolution of sur-
face coverage of an RSA process for three differentnins. These calculations
were done for the adsorption surface length (L* 5 40) and correspond to
kac 5 2.81, 0.56, and 0.28, respectively. (b) Surface coverage against
scaled time. Note that the three curves ina have collapsed into a single
curve after scaling.
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Fig. 7 shows the plot of surface coverage forI 5 0.3 M
against scaled time for differentnins. It is clear that at a
given time the surface coverage increases asnins increases.
If lateral diffusion were insignificant, then one would expect
the same coverage for differentnins. But the different kinetic
behavior in scaled time for differentnins shows the impor-
tance of lateral diffusion, at least for this model. Why is the
surface coverage for largenins more compared to the small
nins case? The reason can be understood by the following
argument. Smallnins essentially means the characteristic
adsorption time is much smaller than the diffusion time. If
particles adsorb often (smallnins), then the adsorbed parti-
cles will not move much on the surface before the arrival of
new particles and the situation will be like that of RSA. On
the other hand, if insertions are attempted less often (high
nins), then the adsorbed particles have more time to diffuse,
which partially relaxes an inefficiently packed configuration.

The effect of translational mobility on the adsorption
kinetics can be better understood if we compare the results
of the present simulation with the predictions of both the
RSA and Langmuir models (see Fig. 7). Langmuir models
are based on independent adsorption sites, and each mole-
cule is assumed to interact only with one site. One can see
that the Langmuir model agrees with the simulation results
at very low surface coverage, and at higher coverages there
is a considerable deviation. The RSA model predicts the
lowest coverage at all times because of the absence of
lateral diffusion.

One expects strong clustering to extend the range of
validity of Langmuir theory because it is accompanied by an
increase in the available surface. Moreover, if low bulk
concentrations favor clustering, the Langmuir theory should
provide a better description at highernins (or low bulk
concentrations), as was observed by Ramsden et al. (1994).
We are not able to confirm this with the present model,
perhaps because the clustering effect is not strong enough.

In Fig. 8 we plot the kinetics at low ionic strength (I 5
0.0015 M). The trend is the same as at high ionic strength,
but weaker. Based on the available results, we conclude that
neither the RSA nor the Langmuir theory agrees with the
simulation results. For example, RSA theory predicts the
lowest coverage at all times for the different ionic strengths
considered in this study, and the Langmuir theory overes-
timates the surface coverage. The reason for the difference
between the simulation and the model predictions can be
due to both the surface exclusion effects and the absence of
lateral diffusion, the latter being the main focus of this
study.

To quantify the structure of the adsorbed layer, we have
computed the radial distribution function (RDF) of config-
urations close to saturation for different ionic strengths and
nins. The RDF plot (Fig. 9) clearly shows that the highest
ionic strength studied (I 5 0.3 M) leads to the greatest

FIGURE 7 Surface coverage against scaled time forI 5 0.3 M.

FIGURE 8 As in Fig. 9, except atI 5 0.0015 M.

FIGURE 9 Radial distribution function as a function of particle particle
separation,r, for three different ionic strengths andnins 5 1000.
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degree of local order. The same trend persists for othernins

studied in this work. In Fig. 10a we show the final con-
figuration of one of the simulation runs forI 5 0.0015 M,
which shows no evidence of clustering. The configurations
corresponding to othernins for I 5 0.0015 M andI 5 0.01
M are similar and are not shown. In Fig. 10,b and c, we
show the configurations of the same number of particles at
I 5 0.3 M, for small and large insertion intervals. Unlike the

low-ionic-strength case, there are some compact clusters as
well as chains. Most significantly, these features are en-
hanced in the highernins system (see Fig. 12). Configura-
tions of intermediate coverage were intentionally chosen to
show clearly the effect of translational mobility on the
adsorption kinetics. It appears that at both high ionic
strength and surface coverage the preformed smaller clus-
ters coalesce to form bigger clusters, with the enhancement

FIGURE 10 Simulation snapshot of the adsorbed particles at (a) I 5 0.0015 M,N 5 30, andnins 5 1000; (b) I 5 0.3 M, N 5 202, andnins 5 50; and
(c) I 5 0.3 M, N 5 202, andnins 5 1000.
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in the chain length (see Fig. 11). Unlike the intermediate
case, it is not easy to observe a difference in the structure of
individual configurations at high concentrations for differ-
entnins. However, the difference in structure is evident from
the RDFs, which are averaged over many configurations.
The RDFs are also consistent with this observation in that
the peaks are sharper and the minima deeper in the config-
urations with the larger insertion interval (see Fig. 12).

In both experiments and simulations the adsorption ki-
netics are typically very slow at long times. To estimate the
saturation coverage, one must rely on a model prediction.
RSA provides one limiting situation in which the adsorbed
particles are immobile: in this case the surface coverage
approaches the jamming limit,u`, according to the power
law form

u` 2 u~t! 5 K/Ît (8)

where K is a constant (Pomeau, 1980; Swendsen, 1981).
The other limit is provided by the work of Privman and
Barma (1992), who studied the irreversible deposition ki-
netics of k-mers on a linear substrate. The limitk 3 `
corresponds to rods adsorbing on a continuous surface. At
long times the surface coverage evolves according to

u9̀ 2 u~t! 5 K9@ln~t!#21. (9)

In Fig. 13 we compare the asymptotic surface coverage
from simulations for three different salt concentrations,
using this functional form. At long times the simulation
results are indeed linear; the surface coverages in the jam-
ming limit, obtained by extrapolating the results to infinite
time, are shown in Table 1. The asymptotic value fornins 5

1000 is larger thannins 5 50, in accord with the earlier
results. The predicted values of the asymptotic coverage
depend on the form selected for the asymptotic kinetics.
Equation 9 follows from the assumption of fast surface
diffusion, but it was derived for a 1D system, and it is not
yet clear that a similar form applies in higher dimensions.
We note that the maximum possible coverage for this model
is 0.906, in all cases, corresponding to a hexagonal array of
close-packed disks. To reach this state, however, a signifi-
cant energy barrier must be overcome, particularly at low
ionic strengths. One might reach this state, however, in the
hypothetical case of infinitely long simulation.

We also fitted the simulation results to the power-law
behavior predicted by RSA (Eq. 8). The long time fit is also
reasonable, and the extrapolated coverages are, as expected,

FIGURE 11 Simulation snapshot atI 5 0.3 M, N 5 300, andnins 5 50.

FIGURE 12 Comparison of radial distribution functions forI 5 0.3 M.

FIGURE 13 Surface coverage against [ln(t)]21 for three different ionic
strengths andnins 5 1000. The dashed line shows the extrapolation to
infinite time. Note that the results are obtained by averaging over three
separate runs.
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smaller than the corresponding values obtained by fitting
Eq. 9. The RSA kinetics (Eq. 8) is specifically for the
irreversible adsorption of spherical particles on a two-di-
mensional (planar) surface, but without surface diffusion.

We have also computed the lateral diffusion coefficients,
DT, via mean square displacement calculations. In Fig. 14
we plot the diffusion coefficients scaled by the zero surface
coverage,D0, against surface coverages forI 5 0.3 M. The
reason for choosing the high ionic strength is that significant
coverages can be achieved, so that interaction effects can
easily be observed. As expected, one can see that the dif-
fusion coefficient of the particle decreases with increasing
surface coverage.

Minton (1989) has proposed a simple model for the study
of the effect of surface coverage on the lateral mobility of
adsorbed proteins. The proteins are modeled as hard spheres
and, using scaled particle theory (SPT), Minton obtained a
simple analytic expression for the lateral diffusion coefficient,

DT 5 D0e
2@~y214y!Q1~y212y!Q2# (10)

where y is the constant Brownian jump factor andQ 5
u/(1 2 u). The model predicts a decrease in the lateral
diffusion with an increase in the adsorbed protein concen-
tration. The reason for this behavior is attributed to the
decrease in the probability of finding a vacancy in the
immediate neighbor region. ForI 5 0.3 M we find the
simulated value ofy, or the average scaled distance the

protein diffuses in one simulation step, to be 0.015. Fig. 14
shows the comparison of diffusion coefficients obtained
from simulation and theory. The simulation result agrees
qualitatively with the model for this value ofy. The best fit
of the model is obtained with a large value,y 5 0.07 (see
Fig. 14). It is not clear why the theory shows better agree-
ment for a large Brownian displacement jump factor. But
the SPT involves a number of assumptions, including that
the close-packed coverage is unity (in reality, it is 0.906).
The trends observed in the simulations are in accord with
the available experimental (Tilton, 1998) and theoretical
studies (Pink, 1985; Minton, 1989).

CONCLUSION

We have examined the effects of lateral mobility and inter-
particle interactions on lysozyme adsorption kinetics, using
BD simulations. The results discussed in the previous sec-
tion show that the adsorption is strongly influenced by
double-layer screening effects, which is consistent with an
experimental study of lysozyme adsorption on silicon oxide
surfaces (Wahlgren et al., 1995). Similar results are avail-
able for other systems (Ramsden and Prenosil, 1994). Un-
like the studies of Haggerty and Lenhoff (1993), we do not
observe the formation of extended arrays of molecules on
the surface. There is evidence, however, for localized clus-
tering at high salt concentrations. The asymptotic kinetics
are consistent with 1/ln(t) behavior (Privman and Barma,
1992), but also with a power law. Significantly longer runs
with a simpler potential may be able to distinguish between
these two kinetics.

The simulations show that mobility of the adsorbed pro-
teins enhances the surface coverage compared with strictly
localized adsorption (RSA), leading to an increased rate of
adsorption. There is some evidence for increased order in
the adsorbed layer with decreasing bulk concentration. This
result is in qualitative agreement with the study of Ramsden
et al. (1994), but we do not observe the extended validity of
the Langmuir kinetics, as was observed by these authors and
described by them as due to enhanced clustering at low bulk
concentrations.

The lateral diffusion coefficients, calculated from mean
squared displacement, decrease with increasing surface cov-
erage, as in the theoretical model of Minton (1989). Tilton
et al. (1990a) calculated the long-time diffusion coefficient
of irreversibly adsorbed bovine serum albumin on poly(m-
ethylmethacrylate) and found that it decreased by approxi-
mately one order of magnitude asu increased from 0.1 to
0.7. As far as we know, this was the first experimental study
to calculate the diffusion coefficient over a wide range of
surface coverage. The presence of both individual mole-
cules and clusters, seen in the high surface coverage con-
figurations for high ionic strength, is consistent with the
idea of mobile (single molecules) and immobile fractions
(clusters) proposed by Tilton (1998). Other possible mech-

TABLE 1 Asymptotic surface coverage values
from the simulation

nins I 5 0.0015 M I 5 0.01 M I 5 0.3 M

50 0.079 0.226 0.693
1000 0.082 0.236 0.744

The values are obtained by extrapolating the data in Fig. 13 to infinite time.

FIGURE 14 Relative diffusion coefficient,DT/D0, whereD0 is the zero-
coverage surface diffusion coefficient, against surface coverage forI 5 0.3
M. The solid and dashed lines show Minton’s model (Eq. 9).
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anisms for heterogeneous diffusion include orientational
and conformational effects that are not present in the current
model.

Modeling protein adsorption is a challenging and difficult
endeavor for reasons already mentioned. The simple spher-
ical charge model used in this study has already been
successfully used to model lysozyme (Oberholzer et al.,
1997b; Roth and Lenhoff, 1993; Roth et al., 1998) and to
understand the different energy contribution involved in
lysozyme adsorption (Roth and Lenhoff, 1993; Roth et al.,
1998). But there are certain limitations: the model cannot be
used to understand the conformational changes (Robeson
and Tilton, 1996; Asthagiri and Lenhoff, 1997) that accom-
pany the adsorption process. The spherical shape and uni-
form charge assumption will also break down when the
protein is significantly nonspherical with an anisotropic
charge distribution (Asthagiri and Lenhoff, 1997). Currently
we are developing models incorporating shape and charge
anisotropy to study protein adsorption at infinite dilution.

APPENDIX A: POTENTIAL MODEL

The electrostatic interaction energy is assumed to consist of a pairwise sum
of protein-protein (pp) terms of the form

Upp
el ~r! 5

Bpp

r
exp@2ka~r 2 2!# (A1)

wherea is the particle radius andr is the center-center distance between the
adsorbed particles expressed in units ofa. The influence of the electrolyte
concentration on the interaction is incorporated into the model, using the
Debye parameter,k, which is proportional to the square root of the ionic
strength,I.

The Yukawa coefficientBpp is obtained using a superposition approx-
imation (Sader, 1997) and is given as follows:

Bpp 5 S4pkTee0a

e2 DScp 1 4gVka

1 1 Vka D2

(A2)

where e is the dielectric constant of the solution,e0 is the dielectric
permittivity of free space,e is the electronic charge,k is Boltzmann’s
constant, andT is the absolute temperature.cp represents the electrostatic
potential of the particle, andg andV are given by

g 5 tanhScp

4 D and V 5 Scp 2 4g

2g3 D
Note thatcp is scaled bykT/e and is a dimensionless quantity. It can be
obtained as follows (Sader, 1997):

s*s 5 cp 1
cp

ka
2

t1
2ka

t2 2 t1ka
(A3)

wheres*s 5 ess/(ke0ekT) is the reduced surface charge density andss is
related to the net charge of the protein byss 5 Ze/4pa2. The quantitiest1

andt2 are given by

t1 2 2 sinhScs

2D 2 cs t2 5 4 sinhScp

4 D 2 cp

The van der Waals interaction energy is also assumed to be a pairwise
sum of protein-protein terms:

Upp
vdw~r! 5

App

6kTF 2

r2 2 4
1

2

r2 1 lnS1 2
4

r2DG (A4)

The Hamaker constant (Hunter, 1992),App, which characterizes the
interaction between particles in the presence of an intervening medium, is
chosen to be 23 10220 J (Hunter, 1992).

Finally, the repulsive interaction between protein molecules is modeled
using a short-range form,

Upp
rep~r! 5

f

~r 2 2!g (A5)

wheref andg are constants with values of 43 1027 and 6, respectively.
This repulsive interaction is essential for stabilizing the system of proteins,
particularly at high ionic strength (Oberholzer et al., 1997b).

APPENDIX B: RELATION BETWEEN INSERTION
INTERVAL AND BULK CONCENTRATION

At zero coverage the rate of adsorption is given by

Du

Dt
5

pa2

DtL2nins
5 kac (B1)

The time interval between two insertions is given by

Dt 5 ninsdt (B2)

wheredt is the BD time step. Combining Eqs. B2 and B3 leads to

nins 5
pa2

L2Dtkac
(B3)

which shows that the bulk concentration is inversely related to the insertion
interval,nins.
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