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Kinetics and Thermodynamics of Protein Adsorption: A Generalized
Molecular Theoretical Approach
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ABSTRACT The thermodynamics and kinetics of protein adsorption are studied using a molecular theoretical approach. The
cases studied include competitive adsorption from mixtures and the effect of conformational changes upon adsorption. The
kinetic theory is based on a generalized diffusion equation in which the driving force for motion is the gradient of chemical
potentials of the proteins. The time-dependent chemical potentials, as well as the equilibrium behavior of the system, are
obtained using a molecular mean-field theory. The theory provides, within the same theoretical formulation, the diffusion and
the kinetic (activated) controlled regimes. By separation of ideal and nonideal contributions to the chemical potential, the
equation of motion shows a purely diffusive part and the motion of the particles in the potential of mean force resulting from
the intermolecular interactions. The theory enables the calculation of the time-dependent surface coverage of proteins, the
dynamic surface tension, and the structure of the adsorbed layer in contact with the approaching proteins. For the case of
competitive adsorption from a solution containing a mixture of large and small proteins, a variety of different adsorption
patterns are observed depending upon the bulk composition, the strength of the interaction between the particles, and the
surface and size of the proteins. It is found that the experimentally observed Vroman sequence is predicted in the case that
the bulk solution is at a composition with an excess of the small protein, and that the interaction between the large protein
and the surface is much larger than that of the smaller protein. The effect of surface conformational changes of the adsorbed
proteins in the time-dependent adsorption is studied in detail. The theory predicts regimes of constant density and dynamic
surface tension that are long lived but are only intermediates before the final approach to equilibrium. The implications of the
findings to the interpretation of experimental observations is discussed.

INTRODUCTION

Protein adsorption plays a major role in a variety of impor- The adsorption of proteins on surfaces is a complex
tant technological and biological processes (Clerc and Luprocess. The adsorbing particles are large, and, thus, the
kosz, 1997; Denizli et al., 2000; Ghose and Chase, 200Gsurface—protein interactions are usually long range and the
Hlady and Buijs, 1996; Montdargent and Letourneur, 2000strength is many times the thermal energy. Further, due to
Shi and Ratner, 2000; Slomkowski, 1998; Topoglidis et al. the large size and the shape of the particles, the interactions
1998). For example, blood proteins tend to adsorb intdoetween the adsorbed particles on the surface are nontrivial
surfaces of foreign materials. This is the first step on surand can be strongly influentiated by the fact that the parti-
face-induced thrombosis (Andrade and Hlady, 1986; Hor<les may undergo conformational changes upon adsorption
bett, 1993; E. F. and S. 1993; Tanaka et al. 2000). A largéBillsten et al., 1995; Ishihara et al., 1998; Kondo and
number of biotechnological devices include surface-boundrukuda, 1998; Nasir and McGuire, 1998; Norde and Gia-
proteins, e.g., biosensors (Nyquist et al., 2000; Slomkowskgomelli, 1999, 2000; Tan and Martic, 1990; Van Tassel et
et al., 1996; Sukhishvili and Granick, 1999: Zhou et al.,al., 1998; Gidalevitz et al., 1999). Actually, the kinetics and
2000). Separation of proteins by chromatography involveghermodynamics of protein conformational changes on the
the competitive adsorption of the particles (Wang 1993)surface is a very complex subject and their understanding is
The understanding of the fundamental factors that deterat its early stages. The idea behind the work presented here
mine protein adsorption are imperative to improve our abil-Is an attempt to formulate a molecular theoretical approach
ity to design biocompatible materials and biotechnologicalthat can be applied to study both the equilibrium and the
devices. Moreover, protein adsorption is a very importankinetic behavior of protein adsorption.

fundamental problem that involves large competing energy On experimental studies (Green et al., 1999; Malmsten,
scales and conformational statistics that may result in re1997), it has been observed that, when two or more kinds of

versible and irreversible processes. proteins are present in solution, such as in blood plasma, the
adsorption is the result of the competition between the time
scale to reach the surface and the strength of the surface—
protein interaction. For example, in blood plasma solutions
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ments (Lassen and Malmsten, 1997), different adsorptioethylene oxide layers (McPherson et al., 1998; Satulovsky
patterns are observed when the surfaces are changed. On #teal., 2000). The theory was later generalized to study the
hydrophobic PP-HMDSO (hexamethyldisiloxane), surfacekinetics of the adsorption process in the same systems
albumin and 1gG dominate the adsorption. However, on(Satulovsky et al., 2000). The basic idea in the dynamic
hydrophilic PP-DACH (1,2-diaminocyclohexane) and version of the theory is to start with an equilibrium bulk
PP-AA (acrylic acid) surfaces, Fgn is almost exclusivelysystem that, at time zero, is put in contact with a surface.
found on the surface. These experimental observations dernihe presence of the surface induces a distance dependent
onstrate that the incorporation of the solution conditions anadthemical potential of the proteins. The free energy of the
the protein—surface interactions have to be considered farew system is formulated, but instead of minimizing to
the proper understanding and description of the adsorptionbtain the new equilibrium state in the presence of the
process. surface, the time evolution of the density of proteins is
One of the most important contributions to the under-evolved with a diffusion-like equation, with the driving
standing of the kinetics of protein adsorption is the randonforce being the gradient of chemical potentials arising from
sequential adsorption (RSA) model (Feder and Giaeverthe sudden presence of the surface. These chemical poten-
1980; Schaaf and Talbot, 1989). In this approach, the protials are obtained as derivatives of the time-dependent free
teins are assumed to be rigid particles that interact onlgnergy with respect to the local density of proteins. Similar
through excluded volume interactions. The particles arepproaches were used for the adsorption of surfactants
assumed to irreversibly adsorb to the surface, and, thus, th€lpiamant and Andelman, 1996) and polymers (Fraaije,
do not have translational degrees of freedom or desorptioh993; Hasegawa and Doi, 1997). Recently, it has been
on the surface. This model has been very useful in undershown that this kind of dynamic equations can be derived
standing why the kinetics of protein adsorption do notfor the time dependence of the density from density func-
follow the Langmuir predictions. Furthermore, the modeltional theory (Marconi and Tarazona, 1999).
has been extended to consider conformational changes, de-In this paper, we are interested in using the same theo-
sorption, and the treatment of mixtures (Van Tassel et al.etical approach but to the study of protein adsorption on
1994, 1996, 1998). The main limitation of this model is thatbare surfaces. The idea is to understand what are the pa-
it is hard to include detailed molecular information of the rameters that determine the different dynamic regimes. Fur-
proteins and the formulation is based on a kinetic approactiher, we are interested in studying in detail the effect of
Some other studies have assumed that the adsorpti@monformational changes on the kinetics of adsorption and
kinetics is determined by the diffusion of the proteins to thealso the adsorption of proteins mixtures.
surface (lordanskii et al., 1996), whereas others assume that The paper is organized as follows: the next section con-
the dominant regime is the one controlled by a kinetictains a description of the theoretical methodology, including
(activated) process (Chatelier and Minton, 1996; Minton,a detailed presentation of the way the equations are solved.
1999). In a recent study, Cho et al. (1997) formulated arhe following section present a variety of representative
model in which both the diffusion and kinetic processesresults. Finally, the last section includes our conclusions.
were included. Olson and Talbot (2000) studied the equi-
librium and kinetics of adsorption of a polydisperse mix-
ture. Each of these models has provided important insigh
toward the understanding of the adsorption process. Hovtﬁ HEORETICAL APPROACH
ever, none of them can describe both the equilibrium andn this section, we present our theoretical approach to study
kinetics of the adsorption process within the same moleculathe equilibrium and kinetic properties of the adsorption of
approach that can be applied for a large variety of experiproteins to planar surfaces. We will present a general the-
mental systems. oretical framework for the determination of equilibrium
The theory that we use in this paper is based on thadsorption isotherms in the case of protein mixtures. The
formulation of the free energy of the system. The minimi-treatment explicitly includes the possibility that the proteins
zation of the free energy provides the equilibrium state ofhave many different configurations. The second part of this
the system, and, thus, we can study the protein adsorptiogection presents the dynamic theory that we use to study the
isotherms. Furthermore, the free energy formulation enablesinetics of protein adsorption.
the study of possible conformational changes of the protein After the presentation of the general thermodynamic and
on the surface. The equilibrium version of the theory forkinetic approaches, we will show the specific cases for
protein adsorption was originally formulated to study thewhich we present explicit calculations below. Namely, the
ability of grafted polymer layers to prevent, or reduce,adsorption of proteins that are assumed to have a single
protein adsorption (Szleifer, 1997b). The predictions of theconfiguration in the bulk but that can undergo conforma-
theory were shown to be in excellent quantitative agreemertional changes upon contact with the surface and those
with experimental observations for the equilibrium adsorp-assumed to be a mixture of proteins of different sizes for a
tion isotherms of lysozyme on surfaces with grafted poly-variety of different bulk conditions and surfaces. Following
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the model, we present details on the numerical methodologkéw
used in solving the equilibrium and kinetic equations. N EUPPO(Z{M[PF“’(Z)VS]

Equilibrium free energy

, , , i + 2 P(yi; 2[In P(y; 2 + BUin(y) + BUpdvi; 2)
Consider a surface of total aréain contact with a protein {7}

solution, Fig. 1. The solution is composed by a mixture of .

proteins characterized by a bulk chemical potentidF, . I\ profor Ao
with i denoting the type of protein. Equivalently, gi/{vﬁjelkcan * 2‘(% ZJBX‘”NZ z Dpjp (Z)P(y; 2)dz
represent the properties of the protein solution by the den-

sity of moleculespfi;.. Each protein can be in any of its

possible configurations. We denote the set of configurations — Brlbui dz]

of protein of type i by {y;}. Let us define by Py;; 2) the

probability distribution function (pdf) of proteins of type i to

be in configurationy, at distancez from the interface. The N fﬁbs(z) n é.(2) — Bul dz, (1)

pdf can also be thought as the conditional probability that a Vs

protein of type i at distancefrom the surface is in confor-

mation ;. where the first and second terms representztlependent

The relevant surface free energy density (per unit area) dianslational (mixing) and the conformational entropy of the
the system (Rowlinson and Widom, 1982), assuming inhoproteins, respectively. The third term is the intramolecular
mogeneities in density only in the direction perpendicular toenergy of the proteins. The fourth term includes the average
the surfaceg, is given by interaction between the proteinawith the surfacel,(y;;

2) is the interaction between the protein i in configuratigpn
with the surface. The fifth term is the protein—protein at-
tractive interactionsy, (|z— Z|) represents the strength of
the interactions between protein in configuratigrat z and
protein in configurationy; at z'. The sixth term is the
chemical potential term necessary because we consider the
surface in equilibrium with a bulk solution, i.e., the surface
is in contact with a bath of proteins. The last two terms
represent the solvent contribution, which include the trans-
lational (mixing) entropy and the chemical potential terms.
¢{(2 and pg represent the volume fraction atand the
chemical potential of the solvent molecules, respectively.
Note that the argument of the first In term in Eqg. 1 contains
the volume of the solvent to make the product dimension-
less. Further, we will usg, as the unit of volume through-
out.

Inspection of Eq. 1 shows that the repulsions between the
molecules are not included in the free energy expression.
These interactions are accounted for by packing constraints.
Namely, for each distancefrom the surface, the volume
available betweerm andz + dzis filled by the proteins or
the solvent molecules. Thus, the volume constraint equation
reads

z A

j [ZPP“’(Z’){% Py Z)V(v:: Z',2) |dZ + ¢2) = 1

forall z, (2)

FIGURE 1 Schematic representation of the system containing a mixture

of proteins dis_solve_d ina Iow-molt_ecular-weight s_olve_nt in coqtact with awhere the first term represents the volume fraction that the
surface. The filled circles are protein molecules with different sizes and the rotein 7 and th nd term is the volum

empty circles are solvent molecules. Thdirection is defined perpendic- pro e S occupy ar, a € seco € S € volu . €
ular to the surface. The protein at positigepresents the molecules with  fraction of solvent. Note that the volume fraction of proteins

their point of shortest distance with the surface beihg includes the sum over all the molecules at different dis-
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tances from the surface'[ that contribute volume ta v(vy;; pP(2)ve
7', 7) dZ' is the volume that the protein in configuratigpat Bulouk = In Tq@ (7)
Z occupies at. '

The next step is to determine the density of proteins andvhich requires the chemical potential of the proteins az all
solvent as a function af and the pdf of protein configura- to be that of the bath, i.e., the value given by the bulk
tions. The systems free energy is a functionalppP(z),  solution. The amount of protein of type i on the surfaze:(
¢4(2), P(v;; 2). These quantities are found by minimization 0) is determined by the value of the partition function on the
of the systems free energy, Eq. 1, subject to the packingurfaceg;(0). Thus, the partition function and the density at
constraints, Eg. 2. The minimization is carried out introduc-the surface, through Eq. 7, will be determined by the inter-
ing a set of Lagrange multipliergm(2), to yield for the pdf  play between the interactions that increase the value of the
of the protein configurations partition function and those that reduce it. The attractive

components (which increasg(0)) are the bare surface—

1 ) protein interaction and the protein—protein van der Walls
g2 exp[ ~BUim{v) = BUpd¥i: 2) attractions. The repulsions (which decregg6)) are those

determined by the pressure—volume-like term (PV), given
by the product of the lateral pressure@) by the volume of
- JBW(Z’)V(%? z,7)dz the protein as a function af This repulsive term is asso-
ciated with the PV work necessary to bring the protein from
the bulk solution to the surface. Thus, it is not enough to
-3 J BXo(|2 = Z Do )P(y; 2) dZ |, (3) have a strong attractive interaction with the surface for a
1 {m protein to preferentially adsorb, its volume distribution
should be such that the repulsions are not too large. The
where g(2) is the normalization constant that ensures forggme type of argument is obtained to explain the preferen-
eachzthatX P(y;; 2 = 1. The partition function is given by tia| adsorption of a given conformation. To this end, it is
the sum over all the configurations of the exponential termygnyvenient to define the density of proteinszah confor-

Plyi; 2 =

in Eq. 3. mation-y;, by multiplying the pdf of that conformation, Eq.
The density profile of proteins of type i is 3, by the density of proteins of type i atEq. 4, to obtain
p"(2)vs = di(2exd Brlpud, (4)  p2(2vs = [pP(2VslP(y;; 2)
and, for the solvent volume fraction, we have = expl Buludexl — BUi(v) — BUpdvi; 2)
¢<(2) = exg —Bm(2)Vs + Bpus]. (5)

- JBW(Z’)V(%; z,7)dz

The only unknowns are the Lagrange multipliers, which are

obtained by replacing the explicit expressions for the pdf

and density profiles, Egs. 3, 4, and 5, into the constraint

equation, Eq. 2. The explicit form of the equations solved - Ezfﬁxyiy,(\z = Z)pP"(Z)P(y; Z) dz' . (8)

will be described below for the specific model systems that G

we present in the Results section. The physical meaning ofpjs expression shows that the condition of equal chemical

the Lagrange multipliers can be understood by looking ajystential at allz has to be fulfilled for each protein config-

the expression for the solvent density profile, Eq. 5. Writingration. Further, note that the value of constant chemical

this expression in the form, potential for each configuration is that of the bulk protein.
Bue = In d(2) + Bm(2)ve, (6) We can rewrite the equilibrium condition for each protein

conformation in the form
shows that the Lagrange multipliers are related to the ( oro pro
dependent) osmotic pressure necessary to keep the chemical Brulbu = IN[pFA2)Ve] + BUm(v:, 2), ©)
potential of the solvent constant at all where
The expressions for the density profiles and the pdf of th AL (s .
proteins enable us to understand what are the factors detng-mf(y" 2) = Un() + Updvi: 2
mining the equilibrium amount of protein adsorbed and the
optimal aqlsorbed copformations. The partitioh of protgins + J m(Z)\V(y; z,Z) dz'
as a function of the distance from the surface is determined
by the thermodynamic equilibrium condition of constant
;:hemical potential at alt. Thus, we can write Eq. 4 in the + jzw vavl(’Z — Z)pP™(2)P(y; 2) dZ, (10)
orm i
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is the potential of mean force (Chandler, 1987) between thsurface). The nonconstant chemical potential of the proteins
protein, in conformationy; at distancez, and the surface. as a function ofz is the driving force for mass transport.
Namely, it is the work required to bring the protein in Further, the protein—surface interaction and the motion to-
conformationy; from the bulk to the distance from the  ward the surface will depend upon the conformation of the
surface. This way of writing the chemical potential enablesprotein.
the understanding of the factors that determine the type of The time evolution of the density of proteins of type i in
conformation and protein that adsorbs on the surface, and @gonformationy; at distancez from the surfacepf(z, 1),
will be useful in the kinetic description presented in the nextcontains two contributions. The first one is the transport of
section. Note that the potential of mean force, and the laghe same conformation from neighboring distances. The
term in the solvent chemical potential Eq. 6, are the excessecond is from conformational changes of proteins at dis-
(or nonideal) contributions to the chemical potential. tancez from the surface. The transport can be described
Using the definition of the potential of mean force, we with a generalized diffusion equation, and the conforma-
can see that the requirement of constant chemical potentidgipnal changes can be written as kinetic master equations.
and thus what determines the amount of proteins in eacfihe result is
conformation that are adsorbed, depends on the cost (or

gain) of bringing a protein from the bulk solution to contact Iz =D 9 Pro(Z 1) IBus(z 1)

with the surface. There are four contributions that determine ot - gz P 0z

the potential of mean force. 1) The internal energy of the

conformation. This term is independent nf2) The bare + ;[k(yi' = WP — v 2p5Az, 1)
surface—protein interaction. This is usually a strongly attrac- '

tive term. 3) The intermolecular repulsive interaction term. = k(yi = ¥)®(vi = i 2p5(z 1], (11)

This term becomes more prominent as the density increase% '
o Where the first term represents the mass transparis the
and therefore favors small densities at the surface. 4) Th P Po)

fiffusion coefficient of proteins of type i in conformatiag
. . . - ,
e oS 4 srelleewhich s assumed o be composion ndepend )
the amouﬂt a)l/ndt e of conformation that will adsorb on theiS the time-dependent chemical potential, defined as an

yp . : . . “extension of the equilibrium quantity. Namely, we define
surface. Further, the manipulation of these contributions

may lead to an enhanced (or decreased) adsorption and thus S(WIA)
control of the amount and type of protein adsorbed (Szleifer, nho(z t) = 57z, 1)" (12)
1997a). Py 15

In the Results section, we will show explicit examples forwhereW/A is the time-dependent free energy per unit area
how the interplay between the different interactions deterof the system. For the time-dependent free energy, we use
mines the optimal protein and conformation adsorbed. Furthe same expression as the equilibrium quantity, but the
ther, we will discuss how this understanding can lead to therotein densities are not the ones that minimize the free
design of surfaces or conditions for optimal adsorption. energy but are given by the values obtained by the time-
evolution equation.

The last two terms in the kinetic equation, Eq. 11, rep-
resent the time-dependent conformational changes. There is
We now treat the process of how the proteins in solutiora gain and a loss term. The gain term arises from all the
adsorb into the surface. Consider a solution containing @onformationsy; that can undergo a conformational change
mixture of proteins at bulk densitigs;,, (or equivalently  to configurationy;. The last term represents the conforma-
chemical potentialulyy,) dissolved in a low molecular- tional change fromy, to any possible configuration. The
weight solvent. This homogeneous solution is in equilib-constantk(y; — +,) represent the intrinsic rate of confor-
rium, and, at time = 0, is brought in contact with a layer mational change of the protein frowj to ;. Namely, it is
of pure solvent that is in contact with a surface on the othethe rate associated with the conformational change of the
end. The direction perpendicular to the surface is denoted gwotein in the presence of pure solvent. The fadéy, —
thez direction. A schematic view of the system is shown in v;; 2) represents the effect of the intermolecular and surface
Fig. 1. interactions to the rate of conformational change frgtto

The contact between the pure solvent and the protein,;. This term can be interpreted as the probability of finding
solution induces the diffusion of the proteins toward thethe necessary space for the conformation to change fom
pure solvent. Further, the sudden presence of the surfade -y, modulated by the appropriate energetic gain or loss.
implies that the proteins now feel an anisotropic interactionThis probability is related to the work necessary to change
due to the bare protein—surface attractions. Therefore, thihe conformation in the given environment. In the terms
chemical potential of the proteins closer to the surface is nodlefined in the previous section, this quantity will be the
the same as that of the proteins in the bulk (far from theBoltzmann factor of the interaction difference between the

Equations of motion
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two conformations in the given environmentzaandt. This  the gradient in (time-dependent) chemical potentials. We
quantity is readily obtained from the theory by using thecan use the analog of Eq. 9 for the time-dependent chemical
third term in Eq. 10 with the temporal densities obtainedpotential to obtain

from the dynamic equations. Note that this term will depend

very strongly on the density distribution, and, therefore, will Bz t) = S(BW/A)
be a function of time. We will show some explicit examples' " " 3ph°(z, 1)
below.
The boundary conditions to solve the dynamics equation = In[p5%(z, YVs] + BUni(vi; Z 1).  (14)

is that the gradient of chemical potential at the surface (an

. . . g?e lacing this expression into the transport part of the
in the bulk solution) is zero. Namely, P g P port p

equation of motion, we obtain

aBub(z 1) pro 2_pro(.
{ 5 . 13 P 5 [ (z 1)
dz 2=0,2= at 92

This boundary condition &= 0 is, in reality, the condition 9 3BUmivi: Z 1)
that the molecules cannot diffuse behind the surface, i.e., to +t3; (P'i.m z t) az)] . (15)
negative values of.

At this point, it is important to emphasize the difficulties The first term in the rhs of the equation is the regular
associated with treating realistic proteins. Eq. 11 requiregliffusion term and it arises from the ideal term in the free
the knowledge of the rate of change of the protein conforenergy. The fact that we explicitly consider the interactions
mations from one to another. This is a formidable taskbetween the molecules and between the proteins and the
considering the fact that even the conformational space ddurface results in the additional term to the transport equa-
real proteins cannot be properly sampled with the techtion. Thus, the motion of the proteins is driven by the
niques and computer resources available today (Chan areffective interactions between the particles and the surface.
Dill, 1998; Scheraga, 1996; Yue et al., 1995; Brooks et al.,The time scale for the diffusion process will depend on the
1998). Thus, we need to use simplified models. Howeverexplicit form of the potential of mean force,«(v;; z t). As
these simplified models are based on the behavior of realie will show, this quantity undergoes dramatic changes as
proteins. For example, in many cases, proteins in bulk exisa function of time, and, thus, the adsorption process changes
in a small set of conformations that are close to the nativeharacter.
structure. Thus, the description of a single conformation of Throughout the discussion in the Results section, we refer
the protein in bulk is a reasonable approximation. There igo two distinct dynamic regimes. We call them diffusion-
clear experimental evidence that proteins undergo conforeontrolled regime and kinetic (or activated) regime. The
mational changes upon adsorption on surfaces and intediffusion-controlled regime refers to the dynamic processes
faces (Billsten et al., 1995; Ishihara et al., 1998; Kondo andhat are dominated by the first term in the rhs of Eq. 15. This
Fukuda, 1998; Nasir and McGuire, 1998; Norde and Giawill be the “ideal” diffusion driven exclusively by the
comelli, 1999, 2000; Gidalevitz et al., 1999; Tan and Mar-gradient of densities. We also include in this regime the
tic, 1990; Van Tassel et al., 1998). There are two kinds of'driven” diffusion, which represents the motion that arises
configurational changes that can happen upon adsorptioftom the bare surface—protein interactions. The kinetic or
One of them corresponds to the denaturation of the proteiactivated regime is the one dominated by the nonideal
from the native configuration to a random coil. In the contribution to the chemical potential arising from the in-
second, the protein undergoes a conformational change totarmolecular interactions. This term contains in it any ki-
very small subset of conformations that are as unique as theetic barriers that appear in the system due to the repulsive
native configuration but with a different structure. Recentinteractions between molecules.
extensive calculations in a simple model system strongly At this point, it is important to emphasize one of the main
suggests that the second one is the most common case fdifferences between our approach and the purely kinetic
solid surfaces (R. Abdulla, Jr. and I. Szleifer, manuscript inapproaches that can be found in the literature. Even for the
preparation). The calculations presented below correspongure transport process, our theory describes the adsorption
to this second case. It is important to emphasize that the ra@nd desorption process at once. We do not need to include
constants and the protein conformations are input to than explicit term that considers the possibility of desorption.
theory. Thus, even in the case of multiple adsorbed configFurthermore, according to our theory, there is only one
urations, if those data are available, the kinetic theory can belementary time scale measured by the diffusion constant.
applied without any major additional complications. The different time scales for adsorption and desorption will

To understand the time-dependent adsorption, it is usefudepend upon the time armdependence of the potential of
to look at each of the contributions separately. We start withmean force. Further, our approach warrants the approach to
the mass transport part. The driving force for this motion isequilibrium. However, some types of irreversible adsorption
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can also be treated within the same framework, because, in The mixtures are composed by two protein-like particles.
that case, the time scale of the adsorption process will bBecause both particles can exist in only one configuration,
slow in the experimental time scale. we takeU,,(y;) = 0. The larger particle is the same size as
It should be noted that, although we have emphasized theur previous model for lysozyme (McPherson et al., 1998).
advantages of our approach, there are many limitations asamely, it is a particle with a radius of 15 A. The potential
well. The main one that we comment upon here is that thef interaction between this protein and the surface is shown
lateral dynamics (within a giverz) are assumed to be in Fig. 2. The distance dependence of the protein—surface
instantaneous as compared to the diffusion to the surfacéteraction is taken from the atomistic calculations of the
Namely p(x, y, z t) = p(z t) for all x, y. Although recent interactions between lysozyme and hydrophobic surfaces as
Brownian dynamic simulations have shown that this is acalculated by Lee and Park (1994). However, the strength of
reasonable approximation (Ravichandran and Talbot, 2000}he attraction is taken to 3& of the original calculated one.
it is important to keep its limitation in sight. Additional The reason for this choice is that the extensive kinetic
important limitations will be discussed in the Conclusionscalculations that will be shown in the next subsection are
section. less computationally demanding for a weaker potential.
The second contribution to the time-dependent adsorpFurthermore, we have found that the predictions of the
tion, see Eq. 11, arises from the ability of the molecules tckinetic and thermodynamic behavior is qualitatively the
undergo conformational changes. As mentioned above, thisame, and, therefore, we can perform more systematic stud-
is a rather complex and yet barely understood process. Thuigs with the weaker attractive potential.
we will use a simple model to understand the effect of The small particle has a radius thagtsthat of the large
conformational changes on the kinetics of adsorption. Thigprotein. The distance dependence of the attractive interac-
will be the case in which the conformational change cartion between the surface and the small protein is the same as
only occur upon contact of the protein with the surface. that shown in Fig. 2. However, we vary the strength of the
Eqg. 11 shows the need to provide the rate constants faattraction in a wide range of values, as will be explicitly
conformational transformationg— vy’ andy’" — . How-  shown in the Results section. We assume that the solvent is
ever, because the system will reach thermodynamic equiequally good to both proteins. Thus, we model the intermo-
librium, only one is needed. The ratio of the rate constantsecular, protein—protein and protein—solvent interactions as
is proportional to the product of the ratio of the conforma- purely repulsive. Namelyxwj = 0 for all ;.
tion populations and the ratio of the repulsive factors at Some comments are needed here. The choice of purely
equilibrium. repulsive interactions implies that all the attractive intermo-
In the next subsection, we describe in detail the modelecular interactions are the same and not that they are absent
systems that we will study and the parameters used in thim the system. One can question the validity of this approx-
calculations. Further, we present the explicit sets of equaimation merely on the basis of colloidal interactions, where
tions that we solve and the numerical methodology used. it is known that the strength of the attractive interactions
between particles is a function of the size of the particles

Model systems

We consider a set of simple systems to apply the theory
developed above for the study of the thermodynamic and
kinetic properties of protein adsorption. We study two dif-
ferent kinds of systems. The first is a binary mixture of
model proteins. Both proteins are modeled as spherical in
shape and they differ in size and in their interactions with
the surface. These proteins can exist in a single configura-
tion even when they are adsorbed on the surface. The
motivation to study this mixture is to understand competi-
tive adsorption in which the proteins differ in size and
surface interaction. Namely, we want to understand the
underlying physical process that is responsible for the Vro- -25 ‘ ' : . :
man sequence (Green et al., 1999). Further, we are inter- 0 10 20 30

ested in the general properties of competitive adsorption and /0

under what condition one should expect adsorption of one

or the other species. Thus, we chose a model that Contail}l:éGURE 2 The distance dependence of the attractive interaction be-

tween one large protein particle and the surface in a binary mixture of

the minimal ingredients to study these effects, without toomodel proteins. The interactions are measured in unit8 ef 1/KT, the

many complications'that may cloud the physical origin of gistances are measured in unitssof D/5, whereD is the diameter of the
the observed behavior. largest protein that we model.

-15 -

BU (/%)
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(Israelachvili, 1991). We have carried out some calculations \ypre
for both the kinetic and the thermodynamic properties of Brlouk = IN[pouvs] — o In ¢, (18)
mixtures of model proteins where the attractive interaction *
was explicitly considered. We found that, unless we arevhereVPis the total volume of the protein arf"'* is the
close to a phase separation region, i.e., the two-phase regidilk volume fraction of the solvent. Eq. 18 is obtained from
where the mixture separates into two solutions with differ-Eq. 16 by consideringm(2vg = By = —In $2** and
ent miscibilities for the proteins, the qualitative results areUp{bulk) = 0.
very similar to the ones obtained for the athermal (good It should be noted that, due to the volume-constraint
solvent) systems. Therefore, we decided to concentrate o@quations, we have reduced the number of independent
attention on these simpler systems. thermodynamic variables by one. Namely, we cannot vary
The equations necessary to study the kinetic and thermdhe volume of the system at a fixed number of proteins and
dynamic behavior of the mixtures just defined are obtainedsolvent molecules. Therefore, we do not have absolute
from the general equations derived above. Because there agbemical potentials, but the chemical potential of the pro-
no conformational changes, only the densities of the protein is, in reality, an exchange chemical potential that mea-
teins as a function of the distance from the surface (angures the work related with changiMj /v, solvent mole-
time) are relevant quantities. The density of particles of typecules by one protein molecule of type i. Although we do not
i at equilibrium is given by explicitly write the chemical potentials as exchanges, it
should be clear that this is the quantity that we are calcu-
lating throughout this work. Further, for the same reason,
pP(2)vs = exd Bulbulex —BUips(z) the value of the chemical potential of the solvent is not a
relevant quantity and therefore is not needed (Carignano
and Szleifer, 1994), or, in other words, the chemical poten-
z+2R tials of the proteins and the lateral pressures are measured
- f Bm(Z')vi(z,z’)dz' |, (16)  with respect to the solvent chemical potential.
z For the kinetic equations, we can write for protein of type
I
wherev,(z, ') dZ' is the volume that the protein (sphere) of
. . . . . pro pro( --
type i, with its point of closest distance to the surface,at apP(zt) b [ oz 1 IBr(z 1)
occupies atz/, and U,(2) is the attraction between the st Diaz|P P 0z '
surface and the protein (sphere) of type i shown in Fig. 2 or . . e
its appropriate rr?odificat(io% (se; abg\?R).is the radiusgof where the time-dependent chemical potential is given by
the protein of type i. To determine th_e Lagrange multipliers,BMipm(Z; t) = In[p"(z; t)ve] + BUL(2)
Bm(Z'), we need to solve the constraint equations, which for
the binary mixture considered here, is (see Eq. 2)

(19)

z+2Ri
+ J’ Bm(Z'; t)vi(z, ') dz', (20)

f P (Z)i(Z'2) dZ'

and the time-dependent Lagrange multipliers are obtained

o from the time-dependent constraint equation,
+ BZ)Wy(Z',2) dZ + ¢2) =1 z
JZR & (v ) . : f P’Iro(z,; tvi(Z', 2) dZ’
‘ : z—2R;
forallz, (17)

which is solved by replacing Eq. 16 for each density and T pe(Z'  Va(Z', 2) dZ' + exd —Bm(z hve] = 1
then by discretization of thedirection into finite elements. Z-2R,

The volumesv(Z, 2) dZ' are given by the cross-sectional forallz. (21)

area of the sphere atwhen the bottom of the sphere is at

Z.Namely,v(z,2) dz = 7{R? — [R — (Z — 2)]% dZ. The The procedure to integrate the equations of motion, Eq.
discrete version is obtained by integrating the cross-sect9, is to start with the initial condition of a homogeneous
tional area over the thickness of the discrete layer. Thevery low,p = 10719 density forz=< L, and, forz > L, the
solution of these equations is straightforward, and, fronproteins are at bulk density and do not change that density
them, we obtain the equilibrium adsorption isotherms. Theover time. This is to represent a flow cell (Calonder and Van
bulk conditions of the solution are introduced in the chem-Tassel, 2001). At = 0, the surface—protein interactions are
ical potentials,uPiy., which are explicitly given by turned on. Then, using Eq. 20 for each protein, one obtains
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the chemical potential profiles that are needed for a time ,
iteration of the densities. After the densities for the new time
are obtained, Eq. 21 is used for the time-dependent La- -5 i
grange multipliers so that the new chemical potentials can
be obtained to perform the next time iteration. This proce-
dure is continued until all the chemical potentials are the
same, which corresponds to the new equilibrium condition.
The very low density used in the closed vicinity of the

surface, instead of pure solvent, is for numerical conve-
nience. Further, the diffusion of the proteins from the bulk
into the pure solvent region can be calculated analytically . | . | .
and added to the time-dependent adsorption that we calcu- =25 0 10 20 30
late. However, the time scale of this process is so fast, /5

compared to the processes calculated here, that its inclusion

does not change any of the behavior presented. FIGURE 3 The distance dependence of the attractive interaction be-

An eXpe”m_en_ta”y measurable q_uantlty_ tha_t we can Calyyeen the surface and one spherical protein for the case of proteins that
culate at equilibrium and as a function of time is the surfacamay undergo conformational changes upon contact with the surface. Units

tension. The thermodynamic potential that we use in derivare as in Fig. 2.

ing the theory is exactly the free energy per unit area that

corresponds to the surface tension (Rowlinson and Widom,

1982) when the bulk value is subtracted. We use the SAME more disk-like one, can be related to the conformational
excess free energy to calculate the dynamic surface tensio
This is given (for both equilibrium and dynamic surface
tension), by Eq. 1, which, for the binary mixture just pre-
sented, becomes

Qhanges observed experimentally in studies of lysozyme
adsorption (Billsten et al., 1995).

As in the case of the binary mixture, we assume that
Xvy, = 0 for all v;y;. Further, because there is only one
relevant energy difference, we can talig,(y;) = 0. Recall

” that the protein is allowed to change its configuration only
BIL(t) = f [(pﬁ“’(z; ) — 2w + (p5°(z V) — pEibu atz = 0. The differencdJy, {0) — U,...{0) contains in it
0 any difference in the internal energy between the two con-

bz t) & figurations.
* ( Sv, B ?/bu”() + (Bm(z 1) — By | dz,  (22) The equations that are solved for the equilibrium system
S S

are

where the values at equilibriunt £ «) provide the ther-
modynamic surface tension. psp2)Vs = exp Bubidexp —BUspn-{2)
The second system on which we report calculations is
aimed at looking at the effect that surface-induced confor-
mational transitions of the protein have on the equilibrium z+2R
and kinetic process of adsorption. - f Bm(Z')Vsp(z, 2') dZ' |, (23)
The bulk solution is composed by spherical model pro- z
teins with a radiu® = 15 A, which interact with the surface ) . .
with the potential shown in Fig. 3. Upon contact with the for all z, and there is an additional equation for the pancake
surface, the protein may undergo a conformational changgonformation,
to a configuration that we call pancake. This conformation
has the shape of a disk with a height equéaldthe diameter _ pro _
of the spherical conformation. The cross-sectional area o‘f?par(o)vs = eXHAubilexp ~BUpand0)
the disk is such that the volume of the protein is the same in
the spherical and in the pancake configurations. The attrac- h
tion of the pancake conformation with the surface is larger — f
than that of the sphere. The motivation for studying this case
is that, if the pancake conformation would not be more
favorable on the surface, there will be no reason for thevhereU,,, {0) is the pancake—surface attraction. The equa-
protein to undergo the conformational change upon contadion for the density of pancake conformations is only at
with the surface. It is important to note that this type of 0 because this configuration is assumed to exist only upon
configurational change, from a sphere-like conformation tocontact of the protein with the surface.

Bm(2)Vpad2) dz|, (24)

0
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The constraint equations to determine the lateral pres- h
sures forz < h are Uep(pan;t) = J' 7(Z; t)Vpad(2) dz, (32)
0
Ppan(o)vpar{Z) + f Psph(Z’)Vspl{Z,v z)dz' + d’s(z) =1, for the pancake, and
0
(25) 2R
Uel(sph;t) = 7(Z; t)Vsp(2) dz, (33)
and, forz > h, 0

2 for the sphere, wherR is the radius of the spherical protein.
j PspiZ Wsp(Z', Z)dZ' + be(2) = 1. (26) The intrinsic rates of conformational chandépan —

S 2R sph) andk(sph — pan) are input for the theory. However,

due to the condition of thermodynamic equilibrium, we only

Again, as described above, these equations are solved nged to provide one. The equilibrium condition from which

discretization of thez direction. the constant is determined is
The kinetic equations for the sphere configuration are, for i ,
740 . P g Ppa0, €quil)  k(sph— pan®(sph— pan; equil)
psp0, equi) — k(pan— sph®(pan— sph; equily
dpeor(Z, t d Bz t (34)
M = Dsphi |:pspt(2; t)BMF)h()] ) (27)
at 9z 0z where the equilibrium values of the densities and potentials

of mean force for the blocking functions are determined
from the equilibrium lateral pressures and chemical poten-
0: tials as shown above (see Egs. 23-26). In the results pre-
aBIJ“sph( ) t)]

and, forz = 0,

9pspr(0, 1) ]

ot = Dspha—z [psph(o; t)T sented below, we provide, as inpl(sph — pan).

* k(pan— sph®(pan— sph;t)ppa0; ) Numerical methodology

— k(sph— pan®(sph—pan;ps(0; 1), (28)  The equilibrium equations require the discretization of

space in the direction. The way these equations are solved
‘has been presented in detail in Szleifer (1997b). For clarity,
we just mention some of the most important points. We
(Z 1) = In[pe(Z V] + BU.(2) d!scretlzezmto layers of thlckpesé = D/5, whereD is the '
Busp Lpss s+ BUss diameter of the largest protein that we model. This partic-

with the time-dependent chemical potential of the spher
given by

7+2R ular choice of the discretization has been shown to provide
+ J Bm(Z'; Vepr(z, Z') dZ'.  (29)  excellent results for the solution of the equilibrium equa-
z tions (Szleifer, 1997b; McPherson et al., 1998; Satulovsky
et al., 2000). Further, changes in the valuedafloes not
The dynamic equation for the pancake configuration conchange any of the results presented throughout this paper.
tains no mass transport component because it can only exigf the unit length used throughout.
on the surface and as a transformation from an already With this discretization, we call layer i as the region
adsorbed spherical conformation. Thus, we have betweeni(— 1)6 = z < i8. Thus, all the integrations along
Do (0:1) z are transformed into sums ovér The next step is to
PpardV; ) ) . determine the volume that a protein at lagerontributes to
at = ~k(pan— sph®(pan— sph;t)pad0; 1 layerj. We consider a protein at laykras the particle that
has its point of closest approach to the surfac&at ()3.
Then the volume that it occupies at layetepends upon the
eqeometry of the protein, as described in the Model Systems
section. For example, for a spherical protein with= 58
the volumes arer,(1)Ns = V,(S)vs = 23.5488;v,(2)Ng =
d(pan— sph;t) = exp B(U,eg(pan;t) — U (sph;t))], Vo(ANs = 56.1547; and/p(S)./vS = 67.0234. The unit vol-
(31) ume used in all the calculation is the volume of the solvent,
which is taken as, = §%1.86.
with the repulsive contribution to the potentials of mean To exemplify a case of what the discrete equations that
force given by we solve for the equilibrium adsorption look like, we show

+ k(sph— pan®(sph— pan;t)p,{0; ), (30)

where for both Egs. 28 and 30, the blocking functions, ar
given by
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the example of a single type of spherical protein of diameter wPi + 1,0 — wloi, 0]
D = 55 that is in solution with chemical potential,. The [ 52 ] =1 (39)
discrete equations are
and

> : Vo(K) : : ,
24007 — k+ D[~ — | + exd—Bm()ve] = 1 P + 1,0 — pf"(, 1)
k=1 Vs f(t) = Di 8

1<) =jne (35) o410 w0

peeG + 1,1 — g, t o
where X 5 } + Dip™(, 1)
. . > . Pro(y _ prog; pro(i __
pPe(i)vs = exp[BMp — BULi) — l;[w(l +1 -1y X V' U+ 18- 2 89’ H+ 1'0] j>1,
A(
X( F\,/())] (36) (40)

where we have used the dimensionlgs®® and pP™.
- . . pro _ pro _pro _ _pr H
whereU, (i) is the strength of the protein-surface interac-Namely, uP™ = Bu™, p"™® = pf"vs The chemical poten-
tion at distancei(— 1) from the surfacep®(i)v, is the tlals.a_re given by _the discrete yersmns_of Eq. 20. In this
dimensionless density that we use throughout the Resulf@XPlicit way of solving the dynamic equations, all the values
. . ro
section. In particular, what we ca(0) in all the figures at timetare known. Using Eq. 38, we obtgiff(z t + At).
refers topP°(0)v, The most important issue to consider now is how to choose
s* . . .

Egs. 35, with Eq. 36, represent a set jpf,-coupled the properAt_so that thgllntegratlon is corr_ect.
nonlinear equations for the(j) that are solved by numerical ~ Under optimal conditions, one would like to choose a
iterative methods (IMSL, 1989, Press et al., 1990). In most€ry small time stepit so that the finite difference is as
applications, we usg,., = 30. In practice, it is actually close as possible to the derivative. HoweverAtfis too
more convenient to solve fox() = exp[—Bm()v]. The small, it will take a long time to integrate the equations up
reason being thaba(j)v, is a positive quantity, and, there- _to the new equnlbrlu_m state. No_te that, in some cases, we
fore, x(j) is bound between 0 and 1. The explicit set of Integrate the equations of motion over many orders of
equations that we solve are magnitude in time. Thus, the proper balance needs to be
found when choosing a goofit. The way we obtain the

5 5 optimal At is by an adaptive method that is schematically
> expBu, — BUj — k+ 1)] [TIxG -k shown in Fig. 4. The basic idea is to attempt to integrate
k=1 =1 with the largest possible time step for which the integration

is correct. We found that the particular choice of the incre-
)]s Vp(k)] tx() =1 1=j=jom (37) ment pfAt shown i.n th_e figure enables the integration of the
Vs equations of motion in a reasonable amount of computer
time for our calculations.

For the dynamic calculations, we can solve the kinetic Using this procedure and its straightforward generaliza-
equations, Eqg. 19 and its analogs, Egs. 27 and 28, btion for the case of conformational changes, we calculated
discretizing space as explained for the equilibrium equaall the dynamic results presented in this report. It should be
tions and finite difference for the time domain. Namely, we stressed that we have not attempted to optimize the method
calculate the rhs of the kinetic equations at tinaad use it  to achieve optimal computational performance. Our main

to solve for the values at the next time+ At. concern in all the calculations was the correct integration of
For example, Eq. 19, for laygr using finite differences the equation of motions in a reasonable amount of computer
for the time derivative, becomes time. Future work, including proteins and polymers at sur-
faces, may require the optimization of the methodology,
p", t+ At — ", 1) because the integration will need to be carried out over
At =), (38) many more orders of magnitude in time, as a recent example
with shows (Satulovsky et al., 2000).
f(t) = Di[p i t; P t)] RESULTS

Thermodynamic behavior

X[M%+1ﬁ—uwmo

5 } + Dipf™(j, t) We first present the results of the calculations for the

equilibrium adsorption isotherms. For the binary mixture,
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* FIGURE 5 The equilibrium amount of large and small proteins adsorbed
as a function of the mole fraction of the large protein in bulk. The different
(1) <—| curves in each graph represent different ratioUgfo7Usr®", for fixed
large protein—surface attractiod;®®is as shown in Fig. 2. The different
A=At * 0.9 ratios are:solid ling UZ99Usr@! = 5; dashed ling UZ9UsT™" = 3;

long-dashed linpUa99UST" = 2; dot-dashed lineUiZ99usr®! = 1.67.

Pz, tyHt) At yes
*10<0
teins adsorb in much larger amounts for all compositions.
This shows the dominant effect of the repulsive interactions
in determining the amount of protein adsorbed for this
t=tHAL, particular mixture.
int = int+1 Decrease of the strength of the small protein—surface

attraction (increase of the ratio) results in an increase of the
amount of large proteins adsorbed at the expense of the
. small ones. Note, however, that the change in the number of
large proteins adsorbed going from a ratio of 3 to 5 is not
FIGURE 4 Flowchart representing the adaptive method used in thevery large. The main effect is to replace small proteins. This
dynamic simulations. effect is best seen by showing the adsorption isotherm of the
mixture in the form of surface mole fraction against the bulk
mole fraction. This is shown in Fig. 6. For a ratio of
Fig. 5 shows the equilibrium amount of large and smallattractive interactions of the order 2.5 and larger, the surface
proteins adsorbed as a function of the bulk composition ofs dominated by the attractive strength of the large protein.
the mixture. The different curves in each graph represent It is clear that the amount of protein adsorbed at equilib-
different ratios of the strength of the protein—surface attracfium is the result of the balance between three competing
tion for the small protein, for fixed attraction of the large thermodynamic forces. There is the bare surface—protein
one. The lowest ratio is 1.67, which is exactly the ratio ofattraction that will favor the largest proteins. There is the
the radii of the proteins. The reason for considering thisentropy of mixing that will favor an equimolar mixture (this
particular ratio is that, if the surface—protein attraction wereis not a major contribution but it cannot be neglected). The
dominated by van der Walls interactions, then the strengthast contribution is the repulsive interactions between the
of these interactions is proportional to the radius of theadsorbed proteins. The larger proteins feel a stronger repul-
particle (Israelachvili, 1991). For this case, even though theive interaction upon contact with the surface due to their
attraction is stronger for the large protein, the smaller prodarger volume. These three contributions are further con-
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FIGURE 6 The surface mole fraction of the large protein as a function of ~—,
the bulk mole fraction of the large protein. The different curves are as in jg 0.002
Fig. 5. a i ]
0.000 ' : '
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strained to the need to have the protein chemical potential ° buik

on the surface equal to that in the bulk. Figures 5 and 6 show o '
examples in which each of the different contributions dom-F'GURE 7 The equilibrium density of adsorbed sphere, pancake, and

. . . . total (spheret pancake) as a function of the bulk concentration of proteins
inate the adsorptlon. The_ISOthermS can be “Se‘," to des'dg]r four different strengths of the pancake—surface interaction. In all cases,
the proper surface chemistry to tune the protein—surfacge sphere-surface attraction is fixed and as shown in Fig. 3. The four

interaction, and the compositions that are optimal for pref-ifferent pancake-surface interactions aetid ling Up,, {0) = 4Ugy,.
erential equilibrium adsorption of small or large proteins. s0); dashed ling Up,,.{0) = 3Ug, {0); long-dashed lingU,,.{0) =
We now turn to the equilibrium adsorption isotherm of 2Uspn-{0); anddot-dashed lingU;, {0) = U1 {0)-
the protein that may undergo a conformational change upon
adsorption on the surface. Figure 7 shows the density of
sphere and pancake conformations adsorbed as a function ¥ns at a distanck from the surface, which is larger than
the bulk concentration of proteins for 4 different strengthsthe thickness of the pancake. Further, due to the volume
of the pancake—surface interaction. As the attraction bedistribution in the sphere, the repulsive interactions are
tween the pancake and the surface increases, there is a larggaller than for the pancake. Thus, as the concentration
number of pancake configurations on the surface. Notelncreases, the sphere becomes more favorable than the pan-
however, that the slope of increase of the pancake configcake, even though the latter has a stronger bare surface—
uration as a function of the bulk concentration of proteins isProtéin attraction.
smaller than that of the spherical conformation. Therefore, An easy way to visualize the strength of the repulsive
as shown in Fig. T, the total number of adsorbed proteins interactions is by considering only the adsorbed molecules
is not always larger when the pancake—surface attraction it the surface and looking at the excluded volume of each of
maximal. Recall that all these calculations are for fixedthe conformations. As can be seen from Fig. 8, the pancake
sphere—surface interaction. At very low bulk concentrationd’@s & much larger excluded area than the sphere. Further,
of proteins, the maximal number of proteins on the surface
corresponds to the case of maximal pancake—surface attrac-
tion. As the concentration of bulk protein increases, the
amount of adsorbed proteins increases in all cases. How-
ever, the rate of increase of adsorbed proteins with bulk
concentration is larger for the smallest pancake—surface =/~ il i Vil L 2]
attraction. The reason is that the pancake configuration has
a much stronger repulsive component because most of ifgGURE 8 Schematic representation of the relevant repulsive interac-
volume is localized in the close vicinity of the surface. (A tions for the pancake and spherical configurations. The pancake has the

h fi tati f the diff ¢ Isi in th strongest repulsion in the close vicinity of the surface. The sphere confor-
schematc representation 0 € I. eren, reP“ sions in ?nation has the strongest repulsions at a dist&item the surface, which
pancake versus the spherical configuration is presented i jarger than the thickness of the pancaRas(the radius of the spherical

Fig. 8.) The sphere conformation has the strongest repukonfiguration).
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the relevant excluded area of the spherical configuratioronly on computational convenience. However, moving that
with respect to the pancake is smaller than that with respedistance to larger values will have an effect only on the
to the sphere. This is because the cross-sectional area of tHéfusion-controlled regime of the kinetics. Recall the def-
sphere interacting with the pancake is at a distance from thimition of the different kinetic regimes defined following
surface that is smaller than the sphere radius. Eq. 15. We believe that the qualitative features that we
From the examples on the binary mixture and the conpresent below will not change. Only the time at which the
formational preferential adsorption, we see that it is verykinetic-controlled regime stars will be modified. However,
important to include the strength of the surface—proteirbecause the most interesting part is in the kinetic-controlled
attraction and the intermolecular repulsions. Further, theegime, and also the diffusion controlled-regime could be
repulsions depend very strongly on the shape and size of tredded analytically, we have chosen to keep the distance
molecules, and, therefore, a proper treatment of the equfixed at this relatively small value.
librium adsorption isotherms requires a theoretical descrip- Figure 9 shows the time-dependent adsorption for each of
tion that is able to include all these components at thehe two proteins and the total amount of protein on the
molecular level. Thus, we expect the theory to providesurface for three different bulk compositions for the largest
accurate adsorption isotherms if explicit information on theattraction difference between the two proteins that we stud-
size and shape of the adsorbing proteins is given as inpuigd in the equilibrium case. For an equimolar solution, the
when they become available. kinetics show that the two proteins start to adsorb together.
We now have an understanding of what is the optimalAfter a relatively short time, the small proteins’ rate of
final amount of protein adsorbed. The next step is to studydsorption decreases while that of the large protein contin-
how the system can reach that condition. We now presenies to increase. The initial increase in the amount of small
results for the kinetics of protein adsorption for the differentproteins adsorbed is because there is plenty of free surface
cases of interest. accessible to the proteins. Once there are enough large
proteins to exert a significant repulsive interaction on the

Kinetic adsorption

We start the discussion of the time-dependent adsorption for

the case of mixtures. There is clear experimental evidence 0.0015 B //” |
that, in the adsorption of blood proteins, there is exchange. __ 00010 7 |
In some cases, the smallest protein adsorbs first and, later, 2 i /,;’ |
it is replaced by a larger protein. This kind of sequential & 0.0005 S/ |
adsorption is called the Vroman sequence (Green et al., L A iy 1
1999). We have seen that, from the equilibrium point of 0.0000 RN = T —
view, the optimal partition of the proteins on the surface 0.0015 L™ __ T __ T 1T
depends upon the size of the particles, the bulk composition, - ,/r” g
and the surface—protein interaction. We expect these vari- = 0.0010 - //4 -
ables to be also important for the kinetic sequence, and we g - ,—"’/ i
present the most representative results now. For all the 0.0005 - ‘ .
mixtures that we show below, we consider the ratio of the - B s L
diffusion coefficients to be inversely proportional to the 0.0000 =mem=s=emmmmE——at

ratio of the radius of the spheres. Namely, we use the 0.0015 [ T T
Stokes-Einstein relation between the diffusion constant and i
the radius and assume that the viscosity coefficient is con- @ 0.0010

stant at all compositions. Q 0.0005

Before we present the results, it is important to remember )
what is the initial condition in our system. In our kinetic 0.0000

studies, we assume that, at titne O in the vicinity of the
surface, the solvent molecules are homogeneously distrib-
uted at allz(z < 6D,,49 and the density of the protein is
very small. Furthe.r,. we assume that, at_a cﬁstance FIGURE 9 The time-dependent adsorption of larget{dashed ling
6D,arqe the composition does not change with time. In otherand small ¢olid ling) proteins on the surface for three different bulk
words, at that distance, it is assumed that the proteins amposition and forUi99UzT" = 5. The total density of adsorbed
always at their bulk composition. This is aimed to represem)rotems is represented by the dashed line. The bulk compositionsAare: (

. ts of ad i h the bulk soluti is dri re/ = 0.5; B) y = 0.05; C) y = 0.005, wherey is defined as the mole
éxperiments of adsorption W ere the bulk solution 1s drive raction of the large proteins in bulk. The time is measured in units of the
by a f|OW CQ”. Clearly, Fhe distance from the Surf'ace' wheregiffusion coefficient of the small protei, D = 93Djarge The time axis is
the density is constant is not known, and our choice is baseid a logarithmic scale.
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small proteins, the smaller particles start to desorb. For this § w 10

equimolar mixture, there are plenty of large proteins close to S 8 ¢l
the surface to adsorb at the initial steps of the adsorptior 6 * 1
process. Thus, there is no real competitive adsorption, but,g~ 5 6 I ]
essentially, free adsorption of the two different proteins < 4} i
until the repulsive interactions are strong enough that there\o'_z é\ 1
is no gain for the small proteins to reach or stay on the = 2r ]
surface. Recall that the large protein—surface attraction is () usslslus_Lu TR J S

rather large. 100 10 10° 10 0 1 » ) 8

The other two bulk compositions show a rather different Dt Dt*10 p(0)*10

kinetic behavior. Namely, there is an initial large adsorption
of the small particles before the large proteins start to adsorblGURE 10  The time-dependent adsorption of pure small protek)s. (
and displace the small ones. This is the result of the Sma”é?ensny of proteins adsorbed on the surface as a function of tiB)ehé

b £l tei in the bulk luti d. th rate of adsorption as a function of timeg)(the rate of adsorption as a
num gr Ol large proteins in the ) ulk solution, and, tUS.q,,qion of the density of adsorbed proteins. The time is measured in units
there is a delay for the larger particles to reach the surface the diffusion coefficient of the proteir). The time axis in Panel A is
These cases are in line with the experimentally observeoh a logarithmic scale.
Vroman sequence. Thus, we conclude that, to observe the
Vroman sequence, the necessary conditions are that the bulk o . )
solution is at a composition with an excess of the smalsurfaces, so that there are no repulsive interactions acting on
protein, and that the interaction between the large proteif’® System.

and the surface is much larger than that of the smaller AS Proteins adsorb, the repulsive term due to the already
protein. adsorbed proteins becomes more important, and there is a

gnaximum in the rate followed by a long tail of decreasing

The question that arises is what is the driving force for th h lsi b q domni h
desorption of the small proteins. Recall that, in our theoret!at€ @ the repulsions become more and more dominant. The
te, however, remains positive at all times. This is the same

ical approach, the desorption is not added as a term in g’l . .
kinetic equation, but, if observed, it is the result of the ehavior as has been recently observed experimentally by

competing interactions that determine the dynamic pathc" Calonder and P. R. Van Tassel (2001) for the adsorption

. S . . . of human fibronectin.
The motion of the proteins is driven by the gradient in : -
. . . . . In the case of mixtures, as shown in Fig. 9, at the
chemical potential. The chemical potential has three contrl-be innina of the adsorption process. the adsorbing small
butions (see Eg. 20). The contribution of the surface—protein g g b b ' g

; . . L i feel Ilth fthe |
attraction to the gradient of chemical potential is |ndepen-pr0temS do not feel at all the presence of the large ones, and,

. L . o thus, the adsorption rate and total adsorption is very similar
dent of time, and it is at all times the driving forces for the P b y

teins t o th ‘ The d tion is th it that of the single small protein in solution, shown in Fig.
proteins to go to the surtace. The desorption IS the result of However, as the large proteins start to adsorb, the

the other two contributions and the changes in these quans, ironment for the small ones changes completely as com-
tities when the large proteins start to adsorb on the surfac%ared to the single-component case. We find that the main
It turns out that the repulsive potential of mean force IS an4e that drives the desorption is the result of the pushing
relatively small in magnitude compared to the other contri-o¢ e small proteins that are close to the surface but not yet
butions under these conditions. The term arising from theygorhed by the large adsorbed proteins. This results in a
ideal translational entropy is large. This term, which by g|atively large gradient of the density of small proteins that
itself will tend to drive the motion to have a uniform density §ives the small adsorbed proteins out of the surface.
profile (maximal entropy), acts in opposite direction to the  An interesting aspect of the different kinetic behavior
attractive interaction term. observed for the different compositions can be obtained by
To see the differences with single-protein adsorption angpoking at the total surface density (adsorption) as a func-
to understand the origin of the desorption process in mixtion of time. This is shown in Fig. 11, together with the
tures, we show, in Fig. 10, the adsorption of a single proteirthange in the dynamic surface tension for the three cases.
from solution. In this case, the amount of protein at thewe see that, in the case where the large proteins replace the
surface as a function of time is monotonic (as shown in Figadsorbed small ones, the total adsorption shows a plateau
10 A). The rate of adsorption is not monotonic, and, as isregion. This is also observed in the dynamic surface tension.
shown in Fig. 10B, it has a very fast regime at short times. The duration of the plateau depends upon the rate of ex-
The fast regime is dominated by the time that it takes thechange between the large and the small proteins. Note that,
proteins to reach a distance of the order of the proteirin both cases, the plateau is at exactly the same total density,
diameter from the surface. At this distance, the strength oéind also total lateral pressure.
the attractive interaction is very large and thus the surface The results presented in Fig. 11 suggest that experimental
acts as a sink. Note that this will be the case only for diluteobservations of the dynamic surface tension in protein mix-
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FIGURE 12 The time-dependent adsorption of lardet{dashed ling
0.000 small solid line), and the total amountdashed ling of proteins on the
: 1 surface, for fixed bulk compositiory = 0.005) and four different ratios of

strength of protein—surface attractions between large and small proteins:
(A) Uo9Use! = 1.67; @) USoTUZT™" = 2; (C) U9YUZT™! = 3; and

(D) U99usT@ = 5. The time is measured in units of the diffusion
FIGURE 11 The dynamic surface tension as a function of titog) @nd coefficient of the small proteirD. The time axis is in a logarithmic scale.
the total amount of proteins adsorbed as a function of tibwt¢mn) for

three different bulk compositions of mixtures of proteiSglid ling y =

0.005;dashed linegy = 0.05; anddot-dashed lingy = 0.5. The time is o . . . .
measured in units of the diffusion coefficient of the small prot@inThe equilibrium and in the kinetic adsorption. In all cases there

time axis is in a logarithmic scale. is a much larger concentration of small particles in the bulk
solution, and, thus, they adsorb first at a fast rate. Only after
the large proteins start reaching the surface do the small
tures should be interpreted with special care. In particular, iproteins start to desorb to leave enough room on the surface
is clear that the presence of a constant surface tension ovéar the large proteins. Note that, even though, in all cases,
a relatively long time is not necessarily an indication of thethere is an overshoot of the small proteins on the surface at
system reaching thermodynamic equilibrium. Our calculaintermediate times, only at the smallest surface—small pro-
tions suggest that a way to check whether constant surfadein interactions does one see the typical Vroman sequence
tension indicates equilibrium is to carry out the experimentghat results in more large proteins adsorbed at the end of the
at a different bulk composition. The reason being that theprocess.
equilibrium surface tension depends upon the composition, The results presented in Fig. 12 show that one could
whereas the plateau is independent of the bulk value and @ontrol the temporary composition of proteins on the sur-
is the same for all compositions. The value of the plateadace by controlling the flow of proteins and the surface—
seems to depend only upon the kinds of proteins in therotein interactions. Furthermore, surface modification can
mixture and the protein—surface interactions. lead to yet another degree of freedom to control the equi-
The next question that we address is the effect of théibrium and kinetic composition of the adsorbed layer.
strength of the protein—surface interactions on the kinetics A detail understanding of the different stages of adsorp-
of adsorption. Figure 12 shows the amount of protein adtion for both types of proteins can be obtained by looking at
sorbed as a function of time for four different strengths ofthe potential of mean force (see Eq. 10). Figure 13 shows
the small protein—surface attraction. The different interacthe average potential felt by the large and small proteins at
tions are as those used in the equilibrium calculations showtwo different times in the adsorption process, for the cases
in Fig. 5. For the largest attraction for the small protein,shown in Fig. 12C andD. For the case with the smallest
there is almost no large protein adsorption. The time-deperstrength of interaction between the small protein and the
dent adsorption looks very similar to that of the pure smallsurface, the potentials of mean force at relatively short times
protein (Fig. 10). The reason is that, under these conditiongpoks very similar to the bare surface—protein interaction.
there is a very small amount of large proteins reaching th&his is basically the diffusion-controlled regime where the
surface both in the equilibrium structure and on the kineticdriving force for adsorption is just the strong protein—
pathway. As the interaction of the small protein decreasessurface attraction. The potentials for the latter time show a
there is a more important presence of the large protein ajualitative different behavior. For both the small and large
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FIGURE 13 The potential of mean force felt by the larget(dashed
line) and small §olid line) proteins at two different times in the adsorption
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Fang and Szleifer

We now turn to the problem of the kinetics of adsorption
on systems that the proteins may undergo conformational
changes upon adsorption on the surface. We will consider
solutions with a single kind of protein that, upon adsorption,
can transform from its spherical conformation to the pan-
cake. We have shown in Fig. 7 what is the partition between
the two configurations at equilibrium. How the system
reaches that equilibrium depends upon the rate of change
from one conformation to the other. Inspection of Eq. 28
shows that there are two factors that determine the rate of
change from the sphere to the pancake configuration. The
first is the intrinsic rate of changk(sph — pan), which
measures the rate of conformational transformation for the
isolated molecule. The second is the factor that depends
upon the environment on the surfack(sph — pan; t).
From these two factors, only the first one can be changed a
priori to check the effect of different intrinsic rates on the
kinetics of adsorption. The effect of the environment de-
pends on the time evolution of the density of the different
species on the surface, and, thus, it is, in essence, the result
of how the system evolves in time.

Figure 14 shows the adsorption as a function of time for
four different values of the intrinsic rate of change from the

Dt = 1202541. The time is measured in units of the diffusion coefficient sphere to the pancake. The change in rate results in dramatic

of the small proteinD. The dashed line corresponds to zero potential.

proteins, there is a maximum in the potential of interaction

changes in the qualitative shape of the adsorption curves.
For very fast intrinsic rates of transformation from sphere to

pancake, the proteins change their configuration in a time
scale faster than they are adsorbed. Thus, uptte= 10%,

For the smallest protein, this is a repulsive maximum thathere are only pancake configurations on the surface. Recall

makes the dynamic process to be now kinetically controlled.
The time-dependent behavior is dominated by the time scale
of crossing the barrier. Note that, even for the large protein,
the approach to the surface requires a “jump” over a max-
imum in the potential. The position of the maxima in the
potential corresponds to the size of the small proteins, and~
its presence reflects the repulsive interactions that the al%
ready adsorbed small proteins present to the proteins at-
tempting to reach the surface from the solution.

The shape of the repulsive potential reflects the molecular
structure of the adsorbed proteins and their organization on
the surface. This can be seen in the cases shown in Fig. 13
C, where the barriers are more pronounced due to the larger
density of molecules already adsorb at the times shown. In
all cases, the presence of the barriers due to the already
adsorbed (mostly small) proteins makes for the slow kinet-
ics of the system to achieve final equilibrium. The shape and
size of the potential of mean force is seen to change with
time. This has two very important consequences. The first is
that the type of kinetic process that determines the adsorp-
tion depends upon the molecular organization of the pro-
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teins close to the surface and the specific properties of thEIGURE 14 The time-dependent adsorption of sphdot-@lashed ling
adsorbing proteins Second. it demonstrates Why the kinep_ancake golid ling), and their sumdashed ling for four different values

ics of protein adsorption is not a simple kinetic process

of the intrinsic rate of conformational change from sphere to pancake. (
KD = 4.85% 10% (B) kiy/D = 4.85% 10 (C) kiyD = 4.85% 10~% and

since the effective size and shape of the protein—surfacg) KPYD = 4.85+% 1072 D is the diffusion coefficient of the spherical

potential changes as a function of time.
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that the pancake has a much stronger attraction with the 0.002
surface than does the sphere. At this time there is a large
enough concentration of proteins adsorbed (all in pancake .
configuration) that the rate of transformation from sphere to fom T
pancake decreases dramatically due to the excluded volume 0.001
term. Namely, the pancake requires more free space on the )
surface than does the sphere. Thus, the relatively high
density on the surface prevents the fast transformation, and,
thus, the spheres’ density starts to increase up to the point
that the system reaches equilibrium with the ratio of sphere 0.000
to pancakes that minimizes the free energy. AL S L B AL B L S L

When the raté&k(sph— pan) is decreased by four orders 0.000 . —
of magnitude (Fig. 14B), it can be seen that the beginning \
of the adsorption process is very similar to the faster one _0.010 - ‘\\
(Fig. 14 A). However, once the density on the surface is B ) RN
large enough for the excluded volume term to become i\ T~
relevant, the compound rate of transformation is slow -0.020 RN ST
enough that there is an overshoot on the adsorption of the e T e
spherical configuration that decays over two orders of mag- ~0030 Lo Lo Lo Lo Ly
nitude in time until the system reaches thermodynamic 00 100 100 108 10"
equilibrium. Note that the time to reach equilibrium is two Dt
orders of magnitude slower than that in the case shown in
Fig. 14A. FIGURE 15 The total amount of protein adsorbagger grapf) and the

A further decrease of the bare rate constant makes th&mnamic surface tensiorlogver graph as a function of time for four
diffusion of the particles to the surface much faster than th%;ftetrzntllvalukgfl I;Jf th64 ig;finsilco‘{at: 0:] Cgalt_nge kirggl Spf:le;es to fgoncake-

g H H e ne p = 4. * , dashe: ne p = 4. * )

e e I o inio 4. 10 - i o 45510

! " The time is measured in units of the diffusion coefficient of the spherical
pared to the faster ones, because the number of spheriGabteinsD. The time axis is in a logarithmic scale.
proteins is larger than those of pancake for a very long
period of time. Actually, the number of pancake configura-
tion becomes equal to that of spheres only aber= 10°, plateau that may be confused with the system reaching
which corresponds to a time longer than what the systems ithermodynamic equilibrium.
Fig. 14,A andB, take to reach thermodynamic equilibrium.  The results of Fig. 15 are interesting because they show

Figure 14D shows the adsorption in the case of a verythat measurements of the dynamic surface tension may
low value for the rate constak{sph— pan). As can be seen provide indications that the proteins undergo conforma-
up to Dt = 10°, the system behaves as if there are onlytional changes upon adsorption. This is particularly evident
spherical proteins. Our calculation did not reach equilib-in the case of relatively slow rate of conformational change,
rium, and we believe that the system is several orders dbut fast enough that the system reaches equilibrium in a
magnitudes off equilibrium. The reason that we show thisreasonable amount of time.
example is that it represents an interesting case where the The total rate of conformational change, and, thus, the
system shows indications of irreversible behavior, evertime that it takes the system to reach equilibrium, is deter-
though the formulation of the theory is such that the systemsnined by two factors. The first is the absolute rate of
eventually will reach thermodynamic equilibrium. An inter- conformational transition, and it is independent of the state
esting result of this behavior is shown in Fig. 15, where theof the surface. The second is the effect of the surface
dynamic surface tension is shown as a function of time fodensity, and it measures the repulsive interactions differ-
the same cases shown in Fig. 14. The initial fast decrease ehce between the two configurations and the neighboring
the dynamic surface tension is determined by the diffusionmolecules. This second factor is a strong function of the
controlled regime of the adsorption, namely, the time that itsurface density and composition and it varies with time.
takes the particles to diffuse to the surface. If the rate ofThis is the term that is responsible for the sharp slowdown
transformation to pancake is fast enough, then there is nand for the change in the rate of adsorption. To visualize this
change in the curvature of the dynamic surface tensioreffect, Fig. 16 shows the variation of the repulsive term as
However, once the rate of transformation is small enougha function of time for the four cases shown in Fig. 14. The
that the lateral repulsive interactions play a role, there is digure clearly demonstrates the decrease by more than five
slowdown on the decrease of the dynamic surface tensiorerders of magnitude in the rate due to the repulsive inter-
In the limiting case of very slow transformation, we see aactions. It is interesting to note that, as the population of

p(0)

| o [ L i il
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10° The theory requires, as input, the intermolecular and
surface—protein interactions, and the possible conformations
of the proteins. The intrinsic rate of transformation from one
conformation to another also needs to be given. These are
- very difficult quantities to obtain, and, therefore, we applied
the theory to simple systems to study the main factors
determining the adsorption behavior. Although the applica-
tion of the theory was done for simple geometries for the
. proteins, the real configuration of the protein could be
~. included if they are known. As more microscopic under-
standing of the structure and conformational properties of
proteins are learned, they can be incorporated into the
theoretical framework. Actually, the lack of knowledge of
Dz the conformational properties of proteins may be one of the
most important limitations in the application of the theory.
FIGURE 16 The variatiqn of_the blocking fun_ction asafun_ction_oftime The complete understanding of the adsorption process
for the four cases shown in Fig. 15. The time is measured in units of the . . LT .
diffusion coefficient of the spherical proteinB, The time axis is in a should optimally permrg description OT th? dynamlc changes
logarithmic scale. from the nanosecond time scale, which is the time scale for
local conformational changes, to hours, which is the time
scale of the whole adsorption process. Clearly, this is an
pancake on the surface increases, there is a very shaimpossible computational task with current methodologies
decrease of the rate. This is because the pancake conformaad hardware. Note that atomistic simulations can be run for
tion occupies more surface area than does the sphere. a single solvated small protein for nanoseconds. The theory
presented here is aimed at bridging the gap between micro-
CONCLUSIONS _s;econds and _hours. We hope, in the future, to be able to
introduce the input necessary for the theory from molecular
We have presented a general theoretical approach to studlynamic simulations of single proteins and, thus, bridge the
the thermodynamic and kinetic behavior of adsorbing pro-gap between the atomistic time scale to the macroscopic
teins on solid surfaces. We have derived the theory in it®ne. It is important to emphasize that, to describe the very
most general form for both the equilibrium and kinetic large range of time scales that the theory can treat, one
studies. The theory was then applied to simple cases toeeds to compromise in atomistic detail. Thus, the descrip-
study the effect of size, composition, surface—protein intertion of the solvent and basic elements forming the proteins
actions, and protein conformational changes to the adsor@re coarse grained. The level of coarse graining depends
tion isotherms and the kinetics of protein adsorption. upon the level of detail that is of interest and the time scale
The formulation of the theory does not require the spe-of the overall process.
cific introduction of the kinetic pathways that may happen It is important also to emphasize the limitations of the
through the adsorption process, but it predicts them. Foapproach presented here. First, although the theory has
example, adsorption and desorption will be predicted if theshown the ability to quantitatively predict the adsorption
local thermodynamic environment is optimal for that pro- isotherms of lysozyme and fibrinogen on hydrophobic sur-
cess. Further, the kinetic version of the theory is formulatedaces with grafted PEO (McPherson. et al., 1998; Satu-
such that the system will eventually reach thermodynamidovsky et al., 2000), it is still a mean-field theory with all its
equilibrium. However, the theory is capable of predictinglimitations, in particular with respect to the lateral interac-
some kind of irreversible adsorption for cases of very slowtions. The applicability of the theory can be improved by
dynamic processes. The theory describes the adsorptiaonsidering inhomogeneous densities in all three dimen-
process from the bulk solution to the surface, including asions, (see, e.g., Seok et al., 2000). However, even though
detailed description of the region in the vicinity of the some correlations will be accounted for, the theory will
surface. Further, although the theory was presented heremain, in essence, a mean-field approach. Second, for the
assuming that the only inhomogeneous direction is thakinetic behavior, we have assumed that the diffusion in the
perpendicular to the surface, it can be easily extended tplane of the surface is much faster than the motion perpen-
treat inhomogeneous three-dimensional systems (Seok et aicular to it. Although Brownian Dynamics simulations
2000). The theory enables the study of the changes of thé&Ravichandran and Talbot, 2000) show that this is a valid
structure of the adsorbed layer, with molecular detail, as approximation for layers that are not very dense, we cannot
function of time. This molecular description allows the predict a priori whether this is going to be the case gener-
understanding of the factors that determine the differenglly. Again, this limitation may partially be overcome by
kinetic regimes. considering the motion in all three directions. However, this

O(sph—>pan,t)
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will require an extremely large computational effort. Third, interactions, in turn, depend on the population of different
the theory requires, as input, the information on the moleceonformers on the surface. Our findings suggest that mea-
ular details of the proteins. This information has to be coarssurements of dynamic surface tension versus time may give
grained to be able to integrate the equations of motionan indication of possible conformational changes upon ad-
Therefore, some of the detailed structural information issorption. Slow conformational changes seem to be associ-
lost. Fourth, the theory assumes that there is a separation afed with changes in the slope of the dynamic surface
time scales between the diffusion of the proteins (slowtension versus time. Further, the intermolecular interactions
motion) and the rearrangement of the solvent moleculeplay a key role in the rate of conformational transformation
(fast motion). Although this is generally a reasonable ap-once a certain density threshold of proteins is found on the
proximation, it may have important consequences, in parsurface. These results may lead to ways of surface modifi-
ticular regarding solvent rearrangements upon conformaeation that can be used to selectively adsorb proteins in a
tional changes of the protein. Atomistic studies of singlegiven configuration.
proteins in solvents may shed light on the cases in which To summarize, the work presented here is one more step
this approximation breaks down. Fifth, we have assumedoward the systematic understanding of the molecular fac-
that the diffusion constant of the protein does not changéors that determine the adsorption of proteins on surfaces.
with composition. Further, the approach assumes that therehe complexity in the dynamic and equilibrium behavior
are no flow effects. calculated even for our simple protein models are compa-
The advantages of the theory, such as the ability to studyable to those observed experimentally. Further, it demon-
kinetic processes over many orders of magnitude in timestrates that explicit incorporation of the size, shape, com-
the ability to follow the adsorption with a large degree of position, and strength of the intermolecular and surface
molecular detail, and the wide range of applicability of theinteractions are necessary for the proper description of these
approach, should be balanced against its limitations to applgomplex systems. For example, the complex and time-
this approach in the appropriate cases where the theory @ependent shape of the potentials of mean force demon-
valid. The conclusions presented here are kept within thastrate that the kinetics of adsorption is a process associated
context, and we believe that the generic behaviors that wevith multiple relaxation times that are strongly dependent
have found are applicable in a large range of systems itpon the size and shape of the molecules.
which adsorption of proteins takes place. We are currently working on simple detailed models of
We have found that the competitive adsorption of pro-proteins that will enable us to include more molecular and
teins from solution can show a variety of different behaviorsconformational detail as input to the theory. In parallel, we
depending upon the protein—surface interactions, the conplan to compare the predictions of the theory with available
position of the bulk solution, and the ratio of sizes betweerexperimental data to build up a database of useful models of
the proteins. We found, in agreement with experimentaproteins with which the theory can predict the behavior of
observations, that the Vroman sequence is obtained whewal systems.
the large proteins have a much stronger attractive interac-
tion with the surface than the smaller ones and the bulk _ _ _
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