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ABSTRACT The kinetics of protein adsorption are studied using a generalized diffusion approach which shows that the time-
determining step in the adsorption is the crossing of the kinetic barrier presented by the polymers and already adsorbed
proteins. The potential of mean-force between the adsorbing protein and the polymer-protein surface changes as a function of
time due to the deformation of the polymer layers as the proteins adsorb. Furthermore, the range and strength of the repulsive
interaction felt by the approaching proteins increases with grafted polymer molecular weight and surface coverage. The effect of
molecular weight on the kinetics is very complex and different than its role on the equilibrium adsorption isotherms. The very
large kinetic barriers make the timescale for the adsorption process very long and the computational effort increases with time,
thus, an approximate kinetic approach is developed. The kinetic theory is based on the knowledge that the time-determining
step is crossing the potential-of-mean-force barrier. Kinetic equations for two states (adsorbed and bulk) are written where the
kinetic coefficients are the product of the Boltzmann factor for the free energy of adsorption (desorption) multiplied by
a preexponential factor determined from a Kramers-like theory. The predictions from the kinetic approach are in excellent
quantitative agreement with the full diffusion equation solutions demonstrating that the two most important physical processes
are the crossing of the barrier and the changes in the barrier with time due to the deformation of the polymer layer as the
proteins adsorb/desorb. The kinetic coefficients can be calculated a priori allowing for systematic calculations over very long
timescales. It is found that, in many cases where the equilibrium adsorption shows a finite value, the kinetics of the process is so
slow that the experimental system will show no adsorption. This effect is particularly important at high grafted polymer surface
coverage. The construction of guidelines for molecular weight/surface coverage necessary for kinetic prevention of protein
adsorption in a desired timescale is shown. The time-dependent desorption is also studied by modeling how adsorbed proteins
leave the surface when in contact with a pure water solution. It is found that the kinetics of desorption are very slow and depend
in a nonmonotonic way in the polymer chain length. When the polymer layer thickness is shorter than the size of the protein,
increasing polymer chain length, at fixed surface coverage, makes the desorption process faster. For polymer layers with
thickness larger than the protein size, increases in molecular weight results in a longer time for desorption. This is due to the
grafted polymers trapping the adsorbed proteins and slowing down the desorption process. These results offer a possible
explanation to some experimental data on adsorption. Limitations and extension of the developed approaches for practical
applications are discussed.

INTRODUCTION

Flexible polymer molecules grafted to surfaces or interfaces

impose a steric barrier that can be tuned depending upon the

polymer molecular weight, surface coverage, and type of

chemical structure (1–3). These interactions are widely used

in colloidal stabilization (4–6) and in the last few years have

found application on the development of biocompatible

materials and drug carriers (7–25). The basic idea is that the

grafted polymer layer prevents nonspecific adsorption of

proteins on the surface of the biocompatible material or drug

carrier, reducing the immunological response (7,8,15,26–

29). The understanding of the kinetics of protein adsorption

and its reduction/prevention by grafted polymer layers is

therefore very important for the design of materials inter-

acting with biological systems. In this work we present a

thorough theoretical study of the kinetics of protein ad-

sorption on surfaces with grafted polymers, which comple-

ments our earlier work on both the thermodynamics and

kinetics of protein adsorption (30–34).

Adsorption of proteins on surfaces is a complex process

that involves very large energy scales and the ability of the

proteins to change their conformation upon contact with the

surface (26,35–38). Moreover, the timescale of the adsorp-

tion process can be very long and in many cases the ad-

sorption is irreversible (31,33,39–41). It is important to

differentiate between the equilibrium isotherms and the

kinetics of the adsorption process. This is an important dif-

ference both in the practical applications of protein adsorp-

tion (or prevention of it) and in the fundamental studies of

the understanding of the adsorption process. For example, in

the design of biocompatible materials to be used for artificial

organs it is important to completely prevent adsorption of

proteins. Thus, thermodynamic control is necessary, mean-

ing that for the given conditions, the equilibrium amount of

proteins adsorbed on the surface is zero. On the other hand,

drug carriers need to survive in the blood stream for the time
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necessary to deliver the drug to its target. In this case, control

of the kinetics of adsorption, so that it is delayed beyond the

timescale for drug delivery, is the necessary design criteria.

During the last few years we have developed and applied

a molecular theoretical approach to study the thermodynam-

ics and kinetics of protein adsorption on surfaces with and

without grafted polymers (21,24,30–33,42–45). The predic-

tions from the theory are in excellent quantitative agreement

for the adsorption isotherms of lysozyme and fibrinogen on

surfaces with short- (31) and long-grafted polyethylene

oxide (PEO) chains (21,32). In all these cases we studied

systems in which the reduction of protein adsorption is due

to the steric repulsion induced by the polymer layer, i.e., by

flexible polymer and not by chemical modification of the

surface, as in the case of high density self-assembled mono-

layers with functional end-groups (46). We have found that

the grafted polymer layers properties that are optimal for

thermodynamics control are different than those controlling

the kinetic process (31,33). For example, for thermodynamic

control of protein adsorption the polymer surface coverage is

the most important factor in determining the reduction of pro-

tein adsorption (30). These predictions have been confirmed

by experimental observations (16,47). For the kinetics of

adsorption, though, we have predicted a very strong effect on

molecular weight; however, its role for the equilibrium

isotherms is only secondary (31,33).

In this article we present a kinetic theory that borrows

from our previous work (31) and the insights learned from

the theory of Halperin (48) and we develop a computational

feasible molecular approach that enables the study of the

whole kinetic process explicitly accounting for the deforma-

tion of the polymer-protein layer as the adsorption process

takes place. The basic idea of the approach is to use the

physical insights learned from the generalized diffusion ap-

proach to determine what the relevant steps are in the kinetic

process. Then, we use the theoretical ideas of the Kramer-

like approach developed by Halperin together with our

molecular theory to construct a kinetic model that enables the

study of both adsorption and desorption processes.

The next section, Molecular Theory, starts with a review

of the generalized diffusion approach and the molecular theory

that serves as basis for the kinetic approach. After that, we

present the kinetic theory used, with examples of the kinetics

of adsorption and desorption as a function of the grafted

polymer chain length and surface coverage; this is then fol-

lowed by our concluding remarks.

MOLECULAR THEORY

The system of interest here is composed of a surface of total

area A spanning the x, y plane. The surface has Ng polymer

molecules grafted at one of their ends (see Fig. 1). Each poly-

mer has ng segments, each of length l. The polymer-modified

surface is put, at time t ¼ 0, in contact with a solution con-

taining proteins dissolved in water. The protein solution is

characterized by a bulk density rp,bulk or equivalently a

chemical potential mp,bulk. When the surface is put in contact

with the solution the proteins ‘‘feel’’ anisotropic interac-

tions, induced by the presence of the surface, which are the

driving forces for the adsorption process.

The basic idea to determine the time- and distance-de-

pendent interactions between the surface and the proteins is to

take advantage of the very different timescale for the diffusion

of the protein as compared to the fast local motions of the

polymer monomers and the solvent molecules. Therefore, we

can consider that for each configuration in space of the pro-

teins, the polymer and solvent can equilibrate around the

larger, slower, particles. This assumption is common to our

generalized diffusion approach that we present here and the

kinetic model in next section. We start reviewing the gen-

eralized diffusion approach followed by the free energy func-

tional molecular theory approach.

In this work we concentrate our attention only on cases in

which the protein does not change its conformation upon

adsorption. The generalization of the theory to more general

cases has been presented elsewhere for bare surfaces (33). It

will be shown in future work for surfaces with grafted

polymers.

GENERALIZED DIFFUSION APPROACH (GDA)

The basic assumptions of separation of timescale present

a natural scenario for the use of dynamical self-consistent

theory or the dynamical density functional approach (31,49–

51). This is effectively what we call the generalized diffusion

approach (GDA), when the free energy used is from our

FIGURE 1 Schematic representation of the system containing proteins in

their native conformation dissolved in a low molecular-weight solvent, and

in contact with a surface with grafted polymers. The large solid circles are

the proteins and the small open circles are the solvent molecules. The strings

of small solid circles, tethered to the surface, represent the grafted polymers.

The z direction is defined perpendicular to the surface. The position of

a protein, z9, refers to the lowest point of the protein, whereas the volume

that a protein contributes to z refers to the volume that the protein occupies

between z and z 1 dz. The two rate coefficients represent the kinetic

processes involved in the adsorption of proteins onto the surface with grafted

polymers. The right of the figure represents schematically the potential of

mean-force felt by the adsorbing/desorbing proteins (see text).
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molecular theory (33). We write a time-evolution equation

for the density profile of the proteins with a diffusion equa-

tion of the form

@rpðz; tÞ
@t

¼ Dp

@

@z
rpðz; tÞ

@

@z
mpðz; tÞ

� �
; (1)

with Dp the diffusion coefficient of the proteins. (Please note

that, for simplicity, we assume that the diffusion coefficient

is independent of position. The reason is that the kinetic

slowdown induced by the interactions, through the chemical

potential gradients, is the dominant effect in the cases of

interest here.) The time- and position-dependent chemical

potential is defined as

mpðz; tÞ ¼
dW=A

drpðz; tÞ
: (2)

W/A represents the free energy density (per unit area) of

a system of frozen configuration of the proteins. This means

it is the minimal free energy with respect to the polymers and

the solvent for the given distribution of proteins. It is con-

venient to write the chemical potential as the sum of an ideal

term and a potential of mean-force Umf (z;t), i.e., the nonideal
contribution. Then

mpðz; tÞ ¼ kBT ln rpðz; tÞ1Umfðz; tÞ; (3)

where kB is the Boltzmann constant and T is the absolute

temperature. Using the potential of mean-force definition,

Eq. 3, on the diffusion equation, Eq. 1, we obtain

@rpðz; tÞ
@t

¼ Dp

@
2
rpðz; tÞ
@z

2 1
@

@z
rpðz; tÞ

@Umfðz; tÞ
@z

" #
: (4)

The first term is the ideal diffusion, whereas the second

represents the motion due to the interactions between the

proteins and all the other molecules in the system, including

the surface. Consider for example the case in which, at time

t ¼ 0, a solution with homogeneously distributed proteins is

put in contact with the surface. The main driving force for

adsorption has to be the potential of mean-force, since there

is no gradient of density. However, because proteins adsorb,

the two terms contribute until the chemical potential (due to

the balance of density and potential of mean-force) becomes

constant and the new equilibrium with the adsorbed proteins

is reached. Clearly, if there is a strong attraction between the

proteins and the surface the new equilibrium corresponds to

an inhomogeneous distribution of proteins, due to the aniso-

tropic interaction potential that results from the presence of

the surface.

At this point we should remark that the concept of chemical

potential and potential of mean-force are defined as general-

izations of the equilibrium (true thermodynamic) properties

(52,53). We refer to the time- and distance-dependent quan-

tities in the same way as in the equilibrium cases. That is, they

are formally defined in the sameway, but do not correspond to

the quantities for when the system is in true thermodynamics

equilibrium. Instead, they correspond to the minimal free

energy under the constraint of frozen distribution of protein as

given at that time by the dynamic equation.

FREE ENERGY FUNCTIONAL
MOLECULAR THEORY

The understanding of the adsorption process from one

equilibrium state to a new one, requires the variation of the

free energy,W. To this end, we use the molecular theory that

we originally developed to treat the structural and thermo-

dynamic properties of tethered polymer layers and later

generalized to treat protein adsorption on surfaces with and

without grafted polymers (3,24,30–33,42–45,54–57) . The

basic idea is to write the free energy as a functional of the

density of proteins and the conformational probability dis-

tribution of the grafted polymer chains and the proteins. To

write the free energy we consider each molecular species

exactly (within the chosen model to describe the molecular

system) in terms of the intramolecular and surface inter-

actions. The intermolecular interactions are considered within

a mean-field approximation.

The presence of the surface induces an inhomogeneous

distribution of all the molecular species. Therefore, the mean-

field felt by the molecules in each of their conformations is

a function of the spatial distribution of its units and the average

distribution of all the other molecular species. For simplicity

we consider that the only inhomogeneous direction is the one

perpendicular to the surface, i.e., the z direction.
We derive the free energy for a simple case of a mixture of

polymers and proteins in which the solvent is equally good

for both molecular species. Further, we assume that the pro-

tein can only be in its native conformation and does not

change its conformation upon adsorption to the surface. The

generalization to the cases in which conformational changes

upon adsorption are considered (34), as well as different in-

termolecular interactions, has been treated elsewhere (30).

The free energy per unit area of the equilibrium combined

protein-grafted polymer system is given by

bW

A
¼ s+

g

PgðgÞ lnPgðgÞ

1

Z N

0

rpðzÞ½ln rpðzÞvs � 11bUpsðzÞ � bmp�dz

1

Z N

0

rsðzÞ½ln rsðzÞvs � 1�dz; (5)

where b ¼ 1/kBT. The first term represents the conforma-

tional entropy of the tethered polymers, where s ¼ Np/A is

the polymer surface coverage and Pg(g) (pdf) is the

probability of finding a grafted polymer in conformation g.
The second term is the protein contribution, including:

1. A z-dependent mixing (translation) entropy with rp(z)
representing the protein density profile; vs is the solvent

volume which is used as the unit of volume throughout.
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2. The distance-dependent bare protein-surface attraction,

Ups(z).
3. The chemical potential term to ensure equilibrium with

the bulk, i.e., constant chemical potential of the proteins

at all z with mp ¼ mp,bulk.

The last term represents the z-dependent mixing entropy

of the solvent where rs(z) is the solvent density at z.
Inspection of Eq. 5 shows that the intermolecular repulsive

interactions are not included. We assume that the repulsive

interactions are of the excluded volume type and thus we

include them through packing constraints. That is, at each

distance z from the surface the volume accessible to the

molecules in the layer between z and z 1 dz is completely

occupied by a sum of contributions from the polymers, the

proteins, and the solvent molecules. This is expressed in the

form

sÆvgðzÞæ1
Z

rpðz9Þvpðz; z9Þdz91fsðzÞ ¼ 1; (6)

where the first term is the volume fraction of polymers in

layer z, with ÆvgðzÞæ ¼ +PðgÞvgðz; gÞ being the average

volume that a grafted polymer occupies at z. The second term
is the volume fraction of protein. This term includes the

integral over z9 since we need to consider the contribution to
the volume at z from proteins everywhere. The term vp(z;z9)
is the volume that a protein with its point of closest distance

at z9 contributes to z (see Fig. 1). The last term is the solvent

volume fraction with fs(z) ¼ rs(z)vs. The packing constraint

explicitly includes the size and shape of each of the

molecular species in the system, as well as the spatial dis-

tribution of volume for each polymer conformation.

We now can find the explicit functional form of the pdf of

chain conformations and the density profiles of proteins and

solvent by performing a functional minimization of the free

energy with respect to the polymer pdf, protein, and solvent

density profiles subject to the packing constraints. The min-

imization is carried out by introducing Lagrange multipliers,

bp(z), associated with the packing constraints, to yield

PgðgÞ ¼ 1

qg

e
�
R

bpðzÞvgðz;gÞdz; (7)

for the pdf of chain conformations, with qg being the grafted
polymers’ partition function (normalization constant that

ensures +gPgðgÞ ¼ 1), and

rpðzÞ ¼ e
bmpe

�bUpsðzÞ�
R

bpðz9Þvpðz9;zÞdz9; (8)

for the protein density profile. The equation for the protein

density profile ensures that the chemical potential of the

protein is the same at all z as required for thermodynamic

equilibrium.

Finally, the solvent density profile is given by

fsðzÞ ¼ e
�bpðzÞvs : (9)

The physical meaning of the Lagrangemultipliers can be seen

in the expression of the solvent volume fractions profile (Eq.

9). They represent the local osmotic pressures. They actually

measure the work to replace one unit of volume of solvent by

one of polymer or protein. As discussed elsewhere (3,30,33,

34), the lateral pressures are a measure of the average

repulsive interaction at distance z from the surface. The nu-

merical values of the lateral pressures are determined by

replacing the explicit expressions of the polymer pdf, Eq. 7,

the protein density profile, Eq. 8, and the solvent density

profile, Eq. 9, into the constraint equation, Eq. 6. The resulting

equations require, as input, the single chain conformations of

the polymer chains; the protein volume distribution; the poly-

mer surface coverage; and the protein chemical potentials. For

details on how the equations are solved numerically, see the

Appendix.

At this point it is instructive to look at the expression of the

protein chemical potential. At equilibrium it is given from

Eq. 8 by

bmp ¼ ln rpðzÞ1bUmfðzÞ; (10)

where we have defined the potential of mean-force Umf (z) by

bUmfðzÞ ¼ bUpsðzÞ1
Z
bpðz9Þvpðz9; zÞdz9: (11)

This quantity represents the effective interaction between

a protein at z and the surface, averaged over all the degrees of
freedom of the other molecules in the system. This quantity,

actually its time-dependent counterpart, plays a key role in

the kinetics of adsorption (see Eq. 2, above).

The free energy functional and the pdf and density profiles

just derived correspond to the equilibrium state of the system

since they are found by the total minimization of the free

energy functional. To determine the time-dependent quan-

tities necessary to solve the generalized diffusion equation,

Eq. 4, we use the separation of timescales mentioned above

and consider a free energy with the same functional form as

Eq. 5 but with a major modification. Following the as-

sumption that the local motion of the polymers and that of

the solvent are much faster than the proteins’ motion, we can

consider that for each given density profile of the proteins,

the free energy contribution of the solvent and polymers is

minimized. Therefore, we write the time-dependent free

energy in the form

bWðtÞ
A

¼ s+
g

Pgðg; tÞlnPðg; tÞ

1

Z N

0

ðfsz; tÞ½lnfsðz; tÞ � 1�dz

1

Z N

0

rpðz; tÞ½ln rpðz; tÞ � 11UpsðzÞ�dz; (12)

where the protein component is written without a chemical

potential term; the time-dependent polymer pdf and solvent

profile are obtained by minimization of the free energy; and

the protein density profile is fixed, and is given by the dy-

namic equation, Eq. 4.
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We need to minimize the free energy with respect to the

pdf and the solvent density profile subject to the packing con-

straints. Following the same lines as in the equilibrium case,

we introduce a time-dependent Lagrange multiplier, bp(z;t),
which is associated with the time-dependent packing con-

straints. For the pdf and solvent-density profile expressions

(identical to Eqs. 7 and 9, respectively), this leads to p(z)
being replaced by p(z;t). For the determination of the lateral

pressures, the main difference between the equilibrium and

nonequilibrium cases is that, in the equilibrium case, the

protein density profile is obtained in the minimization pro-

cess and is therefore an explicit function, p(z); but in the

nonequilibrium case, rp(z;t) is an input. In general, the input

comes from the diffusion equation. However, this does not

have to be the case, as will be discussed in detail in the de-

scription of the kinetic approach.

The next step is to determine the time- and z-dependent
chemical potential of the protein. This is obtained as a

straightforward generalization of the equilibrium quantity

(see Eqs. 10 and 11),

bmpðz; tÞ ¼
dWðtÞ=A
drpðz; tÞ

 !
; (13)

to obtain

bmpðz; tÞ ¼ ln rpðz; tÞ1bUpsðzÞ1
Z

bpðz9; tÞvpðz9; zÞdz9;
(14)

and thus the time-dependent potential of mean-force is given

by

Umfðz; tÞ ¼ bUpsðzÞ1
Z
bpðz9; tÞvpðz9; zÞdz9; (15)

in analogy to the equilibrium amount. Note that the bare

surface-protein interaction is time-independent. All of the

time-variation arises from the intermolecular interactions as

expressed in the lateral repulsions p(z;t), which result from

the changes in the packing of the protein-polymers as the

proteins move toward the adsorbing surface.

To solve the equilibrium and kinetics of protein adsorption

we need to define the model system for the protein and the

polymers. For the protein we use a very simple model that

mimics the properties of lysozyme. We assume that the

protein is spherical with a radius Rp ¼ 1.5 nm. Furthermore,

for Ups(z), we use the potential calculated from atomistic

simulations by Lee and Park (35) for lysozyme with

polyethylene solid surfaces (see Fig. 2 below). For sim-

plicity, we do not allow for conformational changes of the

protein upon adsorption, and leave that for future work. For

the polymer conformations, we use a rotational isomeric

state model (58) in which each bond is allowed to have three

isoenergetic states. This model is closely related to the one

we have used to model PEO chains and the predictions are

in excellent agreement with experimental observations

(21,31,32,59). For each chain length that we study we use

up to 2 3 106 randomly generated self-avoiding polymer

conformations. From each conformation g generated we

obtain vg(z;g), the volume that a chain in conformation g has

in the volume spanned between z and z 1 dz. These volume

distributions are the input to solve the constraint equation,

Eq. 6. Note that the set of conformations has all type of

distributions of segments, vg(z;g), including highly stretched
chains and mushroom-like conformations. The pdf deter-

mines the relative weight of each conformation for each

different case and for different times. (The Appendix

outlines how the equations are solved by discretization of

the z direction; for more detail on the technical aspects for the

equilibrium and dynamic solutions, see Refs. 21, 30, 31, 33,

and 34.) In all the results presented below, we denote the

dimensionless densities given by the product rvs simply by

r. To convert this quantity to the experimentally reported

units of ng/cm2 for lysozyme, one needs to multiply our

reported values by 26,394. Otherwise, multiplying the

reported values by 150 provides the area fraction occupied

by the proteins.

REPRESENTATIVE RESULTS FOR GDA

The kinetics of protein adsorption is strongly affected by

polymer-chain length. We have discussed these differences

of molecular weight effects on the thermodynamics and

kinetics of protein adsorption in early work (31). However,

we find it important to highlight the main points again here

as they help in the understanding of the kinetic theory and

results developed below. The kinetic process that we study

starts from a homogeneous solution of protein, mp(z) ¼ mp,

bulk for all z, that at time t ¼ 0 is brought into contact with

FIGURE 2 (A) The initial potential of mean-force for different chain

lengths: ng ¼ 0 (bare surface, solid line); ng ¼ 25 (dot-dashed line); ng ¼ 50

(long-dashed line); ng ¼ 75 (double-dot-dashed line); and ng ¼ 100 (dotted

line). The surface coverage is sl2 ¼ 0.01. (B) The inset presents the cor-

responding polymer volume fraction profiles at t ¼ 0.
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a layer of pure solvent of thickness d that has a solid surface

located at z¼ 0. The surface may have grafted polymers in it

at surface coverage s and the polymer chain length is ng. The
presence of the surface induces an interaction field in the z
direction that generates gradients of chemical potential in the

protein. These manifest themselves in varying potentials of

mean-force, that at time t ¼ 0 represent the driving force of

the proteins, together with the gradient of the protein density,

to adsorb on the surface. Fig. 2 shows the potentials of mean-

force at time t ¼ 0 for a variety of polymer chain lengths, all

at the same surface coverage.

In the case of no grafted polymers, the potential is purely
attractive and it is given by Ups(z). The presence of the

grafted polymers introduces a repulsion whose range is equal

to the thickness of the tethered layer (see inset of Fig. 2 for

the polymer density profiles). For long enough polymers a

repulsive barrier appears whose strength and position is a

function of the polymer chain length. The amount of protein

adsorbing at equilibrium depends on the potential of mean-

force at contact. Even though the value of the potential at

contact varies with the amount of proteins adsorbed (see

below), the variation of Umf(z¼ 0; t¼ 0) with polymer chain

length shows the same dependence as the equilibrium

amount of proteins adsorbed (30).

The kinetics of adsorption depends upon the timescale

required by proteins to reach the surface. In the case of purely

attractive potentials, as for no polymer and ng¼ 25 on Fig. 2,

the initial adsorption will be very fast and determined by the

time that it takes the proteins to reach the range of the inter-

actions. In this regime the surface acts as a strong attractive

sink to the proteins. For the other cases shown, however, the

initial adsorption is determined by the time that it takes the

proteins to cross the repulsive barrier presented by the poly-

mer layer. We can see in the potentials that both the range

and magnitude of the repulsion increases with polymer chain

length. Therefore, the initial adsorption will be slower as the

polymer-chain length increases. Also, we do not expect a fast

regime in the initial adsorption whenever the potential of

mean-force at t ¼ 0 shows a maximum.

The solution of the generalized diffusion equation is ob-

tained by integrating Eq. 1 with the initial condition men-

tioned above, and by using the potentials of mean-force

presented in Fig. 2. However, once we integrate the first

time-step the distribution of proteins changes and thus the

potential of mean-force will also change. That is, it will corre-

spond to the minimal free energy of the polymer-solvent

mixture in the frozen new configuration of the proteins.

Therefore, we expect the potentials of mean-force to be a

strongly varying function of time. The complete kinetic be-

havior is presented in Fig. 3, where the amount of protein on

the surface is plotted as a function of time. The figure shows

the kinetics of adsorption for different cases: one in which

there are no polymers grafted on the surface, with the rest

representing surfaces with grafted polymers with the same

surface coverage, but different molecular weights.

The time-dependent adsorption for no-polymer on the

surface and short-chain-length-grafted polymer shows a very

fast early regime, in which the surface acts as a sink to the

proteins due to the strong attractions between the surface and

the proteins (see potentials in Fig. 2). After a certain amount

of proteins adsorb, there is a very sharp slowdown, during

which the kinetic process is dominated by barrier crossing. In

the case of ng ¼ 50 we see in Fig. 2 the presence of a kinetic

barrier even at the beginning of the adsorption process. Thus,

Fig. 3 shows that the kinetics of adsorption does not have a

fast regime but it is dominated at all times by barrier cross-

ing. Actually, the height of the barrier and the range of the

potential of mean-force change as the adsorption proceeds.

Fig. 4 shows the potential of mean-force for four different

stages of the adsorption for ng ¼ 50. The height of the barrier

increases, and it moves toward the surface as more proteins

adsorb. Furthermore, the range of the repulsive interaction

increases. This is the result of the deformation of the polymer

layer as the proteins adsorb. The changes in the structure of

the polymer layer and the volume fraction profile of the

proteins at the same stages of the adsorption are also shown

in Fig. 4. There is a clear push of the polymer segments close

to the surface to move toward the solvent as the proteins

adsorb. This is due to the need of the protein to have enough

room on the surface to adsorb. The main message of the

figure is that to properly describe the kinetic process, the de-

formation of the polymer-protein layer in the vicinity of the

surface has to be taken into account. This is the contribution

responsible for the very large variation of the potential of

mean-force, and thus the rate of adsorption, with time.

Another important result from Fig. 4 is the profile of the

protein volume fraction as a function of time. It is clear that

FIGURE 3 Variation of the amount of protein adsorbed as a function of

time for surfaces with (and without) grafted polymers. The lines are the

results from the generalized diffusion approach. The lines with symbols are

the results from the kinetic theory approach. In all cases, sl2 ¼ 0.01. The

bulk protein volume fraction is fp, bulk ¼ 0.001. The different chain lengths

are denoted in the figure.
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the protein is found on the surface and then depleted from the

other regions where the grafted polymer is, up to the bulk.

This depletion is the result of the large effective repulsion felt

by the proteins due to the grafted polymers. This two-state

type of protein structure serves as the basis of the kinetic

model that we present below. Based on this result, we can

assume that the potential of mean-force, and in particular its

maximum and value at contact, depends on the structure of

the polymer-protein layer, when the proteins are only at the

surface. Therefore, applying the free energy functional mole-

cular theory approach, we can calculate the potentials of

mean-force at all possible adsorbed densities from zero to the

equilibrium value.

The description of the kinetics with the generalized dif-

fusion model enables a rather detailed molecular description

of the adsorption process with its associated structural

changes. The problem is that the solution of the numerical

equations is very demanding. First, the kinetic process re-

quires the solution of the differential equations over 16

orders-of-magnitude in time. Second, at each time-step the

determination of the chemical potential gradients is obtained

by solving a set of coupled nonlinear equations with thousands

of terms in each one, i.e., the constrained free energy mini-

mization (see Appendix). The calculations for long chain

lengths are practically impossible; as an example, the calcu-

lation for ng ¼ 50 presented in Fig. 3 takes many days of

computer time. Moreover, there are cases where the time

evolution is so slow that we cannot reach the equilibrium

state (see, e.g., ng ¼ 100 in Fig. 3). Therefore, a more prac-

tical approach is needed, such as the one presented next.

KINETIC THEORY (KA)

Adsorption kinetics

We find the most problematic cases to solve with the above

approach are those in which the barriers in the potential of

mean-force are very high. These are also the cases in which

we find a two-state protein distribution. Thus, we present

a kinetic model in which the rate-determining step is the

crossing of the barrier. This means that we look at a kinetic

equation for the transition of proteins between the bulk and

the adsorbed state given by

@radsðtÞ
@t

¼ kadsðtÞrbulk � kdesðtÞradsðtÞ; (16)

where the first term on the right-hand side of Eq. 16 is the

gain term associated with the increase of proteins on the

surface due to the adsorption, and the second is the loss term

due to the desorption of the proteins.

The adsorption and desorption are activated processes, as

depicted qualitatively in Fig. 1. Therefore, the kinetic con-

stants should have the form of

kadsðtÞ ¼ k1e
�bDUadsðtÞ; kdesðtÞ ¼ k2e

�bDUdesðtÞ; (17)

where DUads(t)¼ Umf(z¼ zmax;t) – Umf(bulk) is given by the
difference in the potential of mean-force between the

maximum of the barrier height and the bulk. The desorption

Boltzmann factor, DUdes(t) ¼ Umf(z¼ zmax;t) – Umf(z¼ 0;t),
is the difference between the potential at the maximum and

that of the adsorbed state, i.e., the potential at contact with

the surface (see Fig. 1).

Based on the full solution of the diffusion equation we

assume that the potential of mean-force depends on the

structure of the polymer-protein layer, when the proteins are

only at the surface. Therefore, we can calculate the potentials

of mean-force at all possible adsorbed densities from zero to

the equilibrium value, meaning that we solve the equilibrium

problem for the polymer-solvent with a fixed amount of

protein rads on the surface. This allows us to calculate Umf

(z;rads), which we will use to determine the necessary

energies for the Boltzmann factors in Eq. 17. Once we know

the potential of mean-force as a function of rads and the

distance from the surface, z, we can determine the height of

the potential barrier and the potential at contact. Using our

choice of zero for the potential in the bulk,Umf(bulk)¼ 0, we

FIGURE 4 (A) The potential of mean-force at four different stages of the

adsorption for the case of ng ¼ 50 shown in Fig. 3. (B) The volume fraction

profile of grafted polymers, and the volume fraction profile of proteins

(inset) corresponding to the same four stages shown in A.
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know the three values of the potential of mean-force needed

to calculate the rate coefficients.

The next step is to determine the preexponential factors in

the rate coefficients. To this end we use the ideas of Halperin

(48), who calculated the initial rate of adsorption of proteins

on surfaces with grafted polymers using an extension of

Kramer’s theory of chemical reactions. We follow his ap-

proach but we explicitly include the time variation of the

parameters determining the preexponential factor, thus al-

lowing the complete treatment of the adsorption process

from its initial condition up to the approach to equilibrium.

According to Kramer’s theory, the preexponential factor is

given by

k1 ¼ k2 ¼ D

aL
(18)

(see derivation in the Appendix), where D is the diffusion

constant; a is the width of the potential at a distance kBT
below the maximum; and L is the distance a protein in the

bulk state has to travel to reach the barrier maximum, which

can be approximated by the thickness of the polymer layer.

Both a and L depend upon the molecular structure of the

polymer layer. Therefore, they also depend on time through

the changes in structure of the combined polymer-protein

layer as a function of the amount of adsorbed proteins. As we

have done with the barrier of the potential and its value at

contact, we can determine a and L as a function of the

amount of protein adsorbed. Thus, we can have the implicit

dependence of the kinetic coefficients kads and kdes on time

through their explicit dependence on the amount of protein

adsorbed.

Note that the rate coefficients as defined fulfill micro-

scopic reversibility at all times., i.e.,

kadsðtÞ
kdesðtÞ ¼ e

�bðUmf ðz¼0;tÞ�Umf ðbulkÞÞ: (19)

This result is consistent with our local equilibrium

approximation. The symmetry arises from the approxima-

tions used in the derivation of the flux (see the Appendix for

details and discussion). Other choices for the preexponential

factors will not affect any of the results presented for the

adsorption, since the kinetics of adsorption is dominated by

the flux toward the surface. Furthermore, as it will be shown

below, the excellent agreement between the predictions of

the KA and the full GDA supports the validity of this ap-

proximation.

Fig. 4 demonstrates the very large changes that the polymer-

protein layer structure undergoes through the adsorption

process. Thus, it is clear that the proper quantification of the

kinetic process requires the consideration of the explicit

density-dependence, and thus the implicit time-dependence,

of the quantitiesUmf (z¼ zmax;rads (t)), Umf (z¼ 0;rads (t)), a
(rads(t)), and L(rads(t)). Examples of the first two quantities

can be clearly seen in Fig. 4. We now discuss the four

quantities in more detail, since they will provide insightful

physical information on just what the roles of surface

coverage and polymer-chain length are in the kinetic process.

Fig. 5 shows the maximum in the potential of mean-force

as a function of the amount of adsorbed proteins for a variety

of polymer-chain lengths. Also shown is the case of the bare

surface. For short chain lengths (including the bare surface,

ng ¼ 0), a barrier larger than the thermal energy appears only

after a finite amount of proteins adsorb (see Fig. 5, inset, and
the explanation below). However, for long enough chain

length (ng$ 40 for the surface coverage shown in the figure),

there is a barrier even when there are no proteins adsorbed.

The variation of the maximum of the potential of mean-force

with density reveals which one is the dominant contribution

in determining the kinetic barriers: the polymer, the protein,

or both. In all the regimes where the maxima are parallel, then,

it is the protein that determines the variation of the potential.

Note the reason that curves are parallel, and not identical, is

that there is a background contribution of the polymer layer

which is strongly dependent on chain length. For the regions

in which the curves are not parallel, the polymer contribution

is dominant. Thus, there is a very different maxima at low

protein densities for the longest polymer chain lengths shown,

where the polymer effect on the kinetics is large.

Interestingly, for the two longest chain lengths shown, the

curves become identical for large amounts of proteins ad-

sorbed. This implies that at these late stages of the adsorption

the proteins see no difference between the two chain lengths.

That the region close to the surface is basically identical, is

because both chain lengths are long enough such that only

FIGURE 5 (A) The maximum in the potential of mean-force as a function

of the density of proteins adsorbed on surfaces with grafted polymers for

different chain lengths: ng¼ 0 (bare surface, solid line); ng¼ 15 (large dots-

dashed line), ng ¼ 25 (dot-dashed line); ng ¼ 30 (double-dash-dotted line);

ng ¼ 40 (large dot-solid line); ng ¼ 50 (long-dashed line); and ng ¼ 100

(dotted line). In all cases, sl2 ¼ 0.01. The thin-dashed line at

bUmax
mf ¼ bðUbulk

mf 1 kTÞ marks the minimum potential that a kinetic barrier

must present. (B) The inset presents the minimum density of protein that has

to be adsorbed for the formation of a kinetic barrier as a function of grafted

polymer-chain length.
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a finite part of them is affected by the adsorption process. In

other words, the degree of deformation is identical for both

surfaces. Thus, we see a very interesting chain-length effect.

First, when the polymer layer thickness is longer than the

size of the protein, the equilibrium amount of proteins

adsorbed is independent of molecular weight (34). Second,

the initial rate of adsorption depends very strongly on the

polymer-chain length; for example, the difference in the

maximum of the potential of mean-force between ng ¼ 50

and ng ¼ 100 at t ¼ 0 is 10 kBT, implying a ratio of rate

constants of the order of 10�5. Third, once the adsorption is

advanced, the maximum of the potential barrier for

adsorption becomes identical for these chain lengths.

The kinetic approach cannot be directly applied to the

initial adsorption kinetics if there is no barrier in the potential

of mean-force at t¼ 0. This is the case for the polymer chains

shorter than 35 segments, as shown in Fig. 5. In the absence

of kinetic barriers, the solution of the GDA presented in the

previous section is not computationally demanding. How-

ever, when the adsorption mechanism crosses over to be

dominated by the crossing of the barrier, then we need to

switch to the KA (see, e.g., ng ¼ 25 in Fig. 3). Thus, for

practical purposes, it is important to have an amount of

density adsorbed (as a function of polymer-chain length),

showing a kinetic barrier larger than the thermal energy (see

Fig. 5, inset). The use of this graph is that, for the surface

coverage shown in the region below the curve, the kinetics of

adsorption is obtained from the full solution of the GDA,

whereas above the curve the practical approach is to use the

KA. Clearly, the different regimes depend on the surface

coverage of polymer and the specific protein studied. How-

ever, once those parameters are defined, we can calculate

a curve, such as that shown in Fig. 5’s inset, to find the

proper approach to apply in each case.

Fig. 6 shows the values of the width of the steric barrier at

t¼ 0 and at the end of the adsorption process as a function of

grafted polymer-chain length. There is a strong dependence

of a on ng at t¼ 0 due to the specific structure of the polymer

layer and its changes with the molecular weight of the poly-

mer. The width of the potential barrier, however, is almost

independent of the molecular weight of the polymer at the

end of the adsorption process, and it is much smaller than its

initial value. The data presented for the initial stage of

adsorption in Fig. 6 presents the result for polymers shorter

than 35 segments separately from the result for chains longer

than 35 segments. The reason is that, below this molecular

weight, there is no barrier in the potential of mean-force at

t ¼ 0 for the surface coverage shown (see Fig. 5, inset).
The very large change in a from the initial value to the end

of the adsorption process is a reflection of the change in the

shape of the potential as the adsorption process takes place.

At the initial stages, the barrier is dominated completely by

the grafted polymers. However, as the concentration of pro-

teins on the surface increases, the barrier becomes more do-

minated by the contribution of the adsorbed proteins. Therefore,

a becomes independent of the molecular weight of the poly-

mer, because the maximum narrows, and its shape is due

mostly to the protein and the polymer segments interacting

with it, as discussed above.

The last variable that we need to discuss is the thickness of

the polymer-protein layer L and its dependence on the

amount of protein adsorbed. As it is well known from poly-

mer brushes, the thickness of the layer varies linearly with

the molecular weight of the polymer (1,57). What is inter-

esting is that even after there is adsorption of proteins the

change in the thickness of the layer is very small (results not

shown). This is because the height of the polymer layer is not

a very sensitive function of the local changes of the molec-

ular organization in the region closed to the grafting surface.

Thus, for practical purposes we can use the same L at all

times; i.e., that for t ¼ 0.

Desorption kinetics

We next consider the case in which, once the system reaches

equilibrium, the protein solution in contact with the surface

is washed-out and thus the adsorbed proteins in the grafted

polymer layer are in contact with pure water. The

equilibrium state will be such that all the proteins leave the

surface since there is an infinite entropic gradient due to

the zero concentration of proteins in solution. The kinetics of

the process can, in principle, be studied with both the GDA

and the KA. However, we found that the time evolution with

the GDA is so slow that no calculations can be carried out.

Therefore, we need to use the KA. We can write the kinetic

equation for desorption in the form

@radsðtÞ
@t

¼ �kdesðtÞradsðtÞ; (20)

FIGURE 6 The width of the kinetic barrier, a, before adsorption (solid
line with circles) and after adsorption (dashed line with squares) as a func-

tion of chain length for surfaces with grafted polymers at sl2 ¼ 0.01. The

solid line with diamonds represents the width of the kinetic barrier for the

shorter polymer chains at the moment the kinetic barrier is just formed, i.e.,

Umax
mf ¼ Ubulk

mf 1kT; after some proteins have been adsorbed.
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where there is no gain term because the solution is protein-

free. The desorption rate coefficient is given by

kdesðtÞ ¼ D

aR
e�bDUdes (21)

(see derivation in the Appendix), where the energy dif-

ference is as given following Eq. 17, and we have used the

Kramer approach for the preexponential factor. Note that

instead of L we have R in the denominator of the pre-

exponential factor. This is because the maximum of the

potential of mean-force is located at a distance from the

surface of the order of the protein size, as shown in Fig. 4.

Thus, the desorption process measures the protein going

from the surface to the maximum in the potential, i.e.,

a distance R from the surface. Interestingly, the width of the

potential around the maximum for the desorption process is

independent of chain length. However, it is a function of the

amount of protein adsorbed and polymer surface coverage.

The determination of a and DUdes as a function of time is

obtained from the knowledge of these quantities as a function

of the amount of density adsorbed, along the same lines as

the KA is applied for the adsorption process (e.g., see Fig. 5).

Integration methodology

The equation for the adsorption and desorption kinetics, as

derived from the KA, requires four parameters as a function

of time. They are the potential of mean-force at contact,

Umf (z ¼ 0, t); the maximal value of the potential of mean-

force, Umf (z¼ z*,t); the width of the potential of mean-force

of 1 kBT below the maximum, a(t); and the thickness of the

film, L(t). The fifth quantity, Umf (bulk), is independent of

time. From the four quantities we have shown that the

thickness of the film (or the radius of the protein for the

desorption process) does not vary with time, and therefore

we take its value at time t ¼ 0. For the other three quantities

we know their values as a function of the amount of protein

on the surface, which we tabulate before starting the kinetic

calculations. Thus, we start the integration at time t ¼ 0

where we know all the necessary values and we integrate the

kinetic equations one time-step. The integration gives the

value of the density of adsorbed proteins at the new time. We

use this density value to find the three parameters, from the

tabulated values, and integrate the kinetic equations another

step. We continue this iteration of finding the new density,

obtaining the value of the kinetic coefficients at the new

density and integrating a new time-step until we reach the

equilibrium state.

REPRESENTATIVE RESULTS FOR KA

The first question that arises relates to the quality of the

results obtained from the kinetic theory as compared to the

diffusion approach. Fig. 3 shows the predicted kinetic curves

for both cases. In the case of the KA, the curves are cal-

culated in the valid region as denoted in the inset of Fig. 5.

The agreement between the full calculations and the more

approximate approach is very good. The shape of the adsorp-

tion curves and the magnitudes are very well reproduced for

all grafted polymer-chain lengths and in the whole range of

time in which a barrier is present. This implies that the

physical mechanism for protein adsorption on surfaces with

grafted polymers is indeed what we have assumed; that is,

once there is a kinetic barrier, the time-determining step is

that of crossing the barrier. However, it is imperative to

explicitly include the variation of the parameters as the pro-

teins adsorb to properly describe the whole kinetic process—

i.e., the polymer-protein layer deformation determines the

shape of the time-dependent adsorption.

It is important to emphasize the difference in the com-

putational effort necessary to solve the KA as compared to

the GDA. For the case of ng ¼ 50 there is a factor of 106

between the two calculations. Furthermore, there are many

cases in which the GDA needs to be integrated with a very

small time-step, and therefore the calculations cannot be

completed at all (see, e.g., the curve for ng ¼ 100 in Fig. 3).

However, for the KA, the calculations are very simple; in

essence, for each time-step, the solution is that of a simple

first-order differential equation.

The reliability of the results from the KA gives us con-

fidence to apply it where the GDA is not practical due to the

computational limitations. Thus, we now study the effect of

polymer-chain length and surface coverage. Fig. 7 shows the

kinetics of adsorption for three different surface coverages of

polymers and three different chain lengths. The figure shows

that increasing both the chain length and the surface cov-

erage results in slower kinetics. Interestingly, as we have

shown elsewhere (30,31,34), for the three chain lengths

shown, the equilibrium adsorption is almost independent of

polymer chain but depends on surface coverage. However,

the kinetic process slows, by orders of magnitude, with both

chain length and surface coverage.

The variation of the kinetic process with grafted poly

mer-chain length is different for each of the three surface

coverages shown. For the smallest surface coverage pre-

sented, there are large differences in the initial adsorption

time; however, for the three chain lengths, the proteins reach

their equilibrium-adsorbed amount at more or less the same

time. For the two larger surface coverages, this is not the

case. The longer the polymer-chain length, the slower the

whole adsorption process becomes. Further, as the surface

coverage increases, the differences at the latter stages of the

adsorption process become larger.

As the surface coverage of grafted polymer increases,

the chain molecules become more stretched. This results in

several effects on the protein adsorption. First, the layer is

more protein-resistant, because there is less room for the

proteins to adsorb. Second, the barriers for adsorption become

larger, and therefore display slower adsorption kinetics. Third,
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the polymer molecules have a large degree of stretching due

to the interpolymer repulsions; therefore, the degree of poly-

mer layer deformation upon protein adsorption is smaller

than for lower s. Thus, variation of the effect of polymer

chain length on the kinetics as a function of time is much less

pronounced at high s than at lower surface coverage. The

result is that the adsorption kinetics looks the same at dif-

ferent stages (for different chain lengths) and the lag between

the curves is maintained throughout the adsorption. Then, we

see that for sl2 ¼ 0.01, there is a difference in the initial

adsorption time of six orders-of-magnitude between ng ¼ 50

and ng ¼ 100, but less than one order-of-magnitude to reach

equilibrium. On the other limit for sl2 ¼ 0.03, we find a dif-

ference of seven orders-of-magnitude in time for chain lengths

50 and 100, which is maintained until the system reaches

thermodynamics equilibrium.

The question that arises, however, is what is the signi-

ficance of treating systems inwhich the equilibrium is reached

in 1014 s, or equivalently, 106 years? The reason for showing

these results is that unless we do the calculation we do not

know the timescale for adsorption. The calculations with the

KA are rather simple, and we can gain insights into why the

timescale is so long and how chain-length variations have

different behavior at different surface coverage. Further, if we

just perform an equilibrium calculation we obtain that there is

a finite adsorption even for ng ¼ 150 and sl2 ¼ 0.03. This

suggests that such a high surface coverage should not be

enough, say, for a biocompatible material to completely pre-

vent protein adsorption. However, the timescale for even the

initial adsorption is predicted to be so large that for all prac-

tical purposes, this coating of the surface should completely

prevent protein adsorption for all relevant experimental times.

In reality, we do not need to calculate the whole kinetic

process, to see that the timescale of the adsorption process is

infinitely slow for practical purposes. This is one of those

cases where the initial adsorption time is all we need. If the

time for initial adsorption is short enough within the experi-

mental timescale, then we can perform the whole calculation.

To show the dependence of timescales on molecular weight

and surface coverage, Fig. 8 displays the maximum of the

potential of mean-force before any adsorption take place as

a function of polymer surface coverage for three different

molecular weights of polymer. The maximum is found to

have a close-to linear dependence on surface coverage, and

the slopes depend on polymer molecular-weight.

The timescale for adsorption is determined by the rate

coefficient kads; thus, we also need the dependence of a and

L, actually the product aL, as a function of surface coverage

(also shown in Fig. 8). The thickness of the polymer layer

increases with surface coverage, whereas the width of the

potential decreases. The decrease in a is faster than the

increase in the thickness, and therefore we find that there is

an overall decrease of the product with surface coverage.

This implies that the effect of surface coverage enters in two

ways. One is in the exponential term, since Umax increases

with s, and the other one is through the preexponential

factor, (aL)�1. In both cases, the effect of surface coverage is

to decrease the kinetic coefficient, with the exponential part

being much more dominant.

FIGURE 7 The amount of proteins adsorbed as a function of time for dif-

ferent grafted polymer-surface coverages: (A)sl2¼ 0.01, (B)sl2¼ 0.02, and

(C) sl2 ¼ 0.03. The different curves in each graph represent different chain

lengths: ng ¼ 50 (solid line), ng ¼ 100 (dashed line), and ng ¼ 150 (dotted

line). In all cases, the bulk protein-volume fraction is fp, bulk ¼ 0.001.
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The initial rate constants are shown in the bottom graph of

Fig. 8 as a function of surface coverage for three polymer

chain lengths. There is a very sharp decrease of the constant

with surface coverage. The figure also includes a line for a rate

that corresponds to a time constant of t¼ 1/kads¼ 10 h. This is

an arbitrary cutoff, but it is shown to demonstrate how, given

a desired timescale for prevention of adsorption, one can use

the figure as a design tool in terms of themolecular weight and

surface coverage necessary to graft on the surface. From the

figure, one can see that a longer chain length requires a much

smaller surface coverage. Interestingly, if we would use the

equilibrium adsorption as a design tool we will need the same

surface coverage for the three molecular weights, since the

isotherms are independent of molecular weight for the range

of chain lengths shown in Fig. 8 (30).

Fig. 9 shows the amount of protein on the surface as a

function of time for the desorption process. The starting

point of the desorption is the equilibrium achieved under the

conditions shown in Fig. 3. The desorption kinetics shown

correspond to the cases of surfaces without grafted polymer

and a variety of surfaces with grafted polymers of different

chain length, all at the same surface coverage. The initial

time for desorption is very long in all cases. Further, the

timescale for the initial desorption of proteins from the sur-

face is much longer than the initial time for adsorption

(compare Fig. 9 with Fig. 3). These results are due mostly to

the strong protein-surface attraction upon contact, which

leads to strong kinetic barriers for desorption.

Fig. 9 shows a nonmonotonic dependence of the initial

time of desorption on polymer-chain length. For very short

chain length, increasing the molecular weight of the polymer

decreases the initial desorption time; however, for ng . 25,

the desorption time increases with increasing molecular weight.

There are two effects that may contribute to the nonmono-

tonic behavior. One is the amount of protein adsorbed be-

fore desorption takes place, and the second is the role of the

grafted polymer. To understand each of those effects it is

convenient to uncouple them. First, we consider the case in

which we fix the amount of protein adsorbed, and look at the

desorption kinetics for different chain lengths from short to

long. This is shown in Fig. 10. The motivation behind this

case is to test whether the abnormal behavior for the very

FIGURE 8 (Top) The maximum potential of mean-force as a function of

surface coverage when no proteins are adsorbed for different chain lengths:

ng¼ 50 (solid line), ng¼ 100 (long-dashed line), and ng¼ 150 (dotted line).
(Middle) The thickness of the grafted polymer layer, L (dot-dashed line with

diamonds), the width of the kinetic barrier, a (long-dashed line with

squares), and the product La (solid line with circles), before adsorption as

a function of polymer surface coverage for ng ¼ 50. (Bottom) The initial rate

constant kads(t ¼ 0) as a function of surface coverage for the three chain

lengths shown in the top panel. The thin dotted line marks the rate that

corresponds to a time constant of 10 h, i.e., 36,000 s.

FIGURE 9 The reduction of the density of adsorbed proteins as a func-

tion of time for surfaces with grafted polymers of different chain lengths as

denoted in the figure. For all chain lengths, the surface coverage of grafted

polymer is sl2 ¼ 0.01.

Protein Adsorption/Desorption Kinetics 1527

Biophysical Journal 89(3) 1516–1533



short chains shown in Fig. 9 is due to the different initial

amount of proteins adsorbed. It is found that the non-

monotonic behavior continues, although the initial number

of proteins on the surface is the same for all chain lengths.

Now we focus on the role of the grafted polymer. This

effect can be seen in Fig. 11, where we show the volume

fraction profiles of short and long chains grafted on surfaces

with large and small amounts of proteins adsorbed. All the

cases correspond to the same surface coverage of polymer.

The two figures for the shortest chain length show that all the

profiles become deformed upon desorption of the proteins,

whereas for the longest two chain lengths, the profiles for

distances larger than the size of the protein are very similar

both with and without proteins adsorbed. That is, all the seg-

ments of the short chains interact with the proteins on the

surface and play a role in the repulsions responsible for the

interactions that determine the desorption. Thus, increasing

the length of short chains results in stronger repulsions to

facilitate fast desorption—i.e., shorter initial desorption time.

However, once the chain length is long enough for the

polymer chains to stretch beyond the adsorbed proteins, the

segments at distances larger than the protein diameter impose

a steric barrier to trap the proteins on the surface. In this

situation, increasing the length of long polymer chains leads

to a stronger steric barrier to prevent desorption, i.e., longer

initial desorption time. As it is the case for the effect of chain

length on the equilibrium adsorption isotherms, the cross-

over chain-length is determined by the ratio between the size

of the protein and the polymer layer thickness. Layers with

thickness smaller than the protein size show one type of

molecular-weight dependence, while those layers with

thickness larger than the protein size show a different type.

The results just presented show how the combination of

the understanding of the kinetics and equilibrium are impor-

tant for the best practical design of surface modifiers. More-

over, the results also demonstrate the very different role that

surface coverage, and in particular, polymer-chain length,

have on the thermodynamics and kinetics of protein adsorp-

tion and desorption.

DISCUSSION AND CONCLUSIONS

The kinetics of protein adsorption on surfaces with grafted

polymers is a complex process, which is due to the constant

change of the layer as proteins adsorb. The flexibility of the

chain molecules allows for a deformation of the polymer lay-

er as the adsorption process takes place. This results in time-

dependent effective protein-surface interactions that are a

function of the amount of proteins adsorbed and the type and

amount of polymer grafted on the surface. The timescales for

protein adsorption are very large, and many adsorption pro-

cesses are irreversible for any practical purpose.

To study the kinetics of protein adsorption, we have de-

veloped a generalized diffusion approach in which the

driving forces for adsorption are the gradients of chemical

potentials induced by the presence of the surface. Based on

the physical assumption that the timescale for protein ad-

sorption is much longer than the local rearrangement of the

polymer chains and the motion of the solvent, the approach

assumes a separation of timescales in which, for each spa-

tial configuration of the proteins, the polymers and solvent

equilibrate. Thus, we use a molecular theory to calculate

the time-dependent free energy from which the gradient of

chemical potentials can be calculated. Even within this ap-

proximation the equations need to be integrated over more

FIGURE 10 The amount of protein on the surface as a function of time

during the desorption process for surfaces with grafted polymers with chain

length as marked in the figure. The initial amount of protein adsorbed is set

to radsp ðt ¼ 0Þ ¼ 3:1 � 10�3: For all chain lengths, the surface coverage of

grafted polymer is sl2 ¼ 0.01.

FIGURE 11 The polymer volume fraction profiles for short (A and B) and

longer grafted chains (C and D). The short chains correspond to ng ¼ 15

(solid line) and ng ¼ 25 (dot-dashed line), and the longer chains have ng ¼
50 (long-dashed line) and ng ¼ 100 (dotted line). A and C represent cases

with a large amount of protein adsorbed, e.g., radsp ¼ 3:08310�3: B and D

show cases with a very small amount of protein adsorbed, e.g., radsp ¼ 10�10:
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than 16 orders-of-magnitude and at each time-step the con-

strained free energy needs to be minimized. In practical

terms, this implies that at each time-step a set of coupled

nonlinear equations with hundreds of thousand of terms each

(the number of used polymer conformations) needs to be

solved at each t. Thus, the computational time is prohibi-

tively expensive if one desires to perform systematic studies

as a function of polymer chain length, surface coverage, and

other important parameters.

From the few cases in which we have completed the full

calculation, we have learned that the kinetics of protein ad-

sorption on surfaces with grafted polymers is dominated

by the crossing of the large steric barrier presented by the

polymer-protein layer. The adsorption process is completed

in timescales measured in hours or longer for the cases that

we have studied. A very important component that also

comes out from the calculations is that the deformation of the

polymer layer as proteins adsorb has to be taken into account

at all times. The changes in the structure of the polymer

layer-adsorbed proteins result in constant changes of the

effective potential barrier that the approaching proteins from

solution have to cross, in order to adsorb.

Based on the insights learned from the full calculations,

we developed a kinetic theory that enables the systematic

study of the kinetics of adsorption/desorption. The basic idea

is to write pseudo first-order kinetics for adsorption/desorp-

tion for a system of two states: adsorbed and bulk. The

kinetic rate coefficients depend upon the time-dependent po-
tential of mean-force. The coefficients are composed by two

factors: a Boltzmann exponent measuring the difference

between the potential at the bulk and that of the barrier

maximum for the adsorption rate; and the maximum of the

barrier and the potential of mean-force at contact with the

surface for the desorption rate. The preexponential factor is

approximated from a Kramer-like theory adapted from poly-

mer brushes. This factor is determined by the ratio between

the diffusion coefficient of the protein and the product of

the length that the protein needs to pass to reach the barrier

maxima, and the width of the potential of mean-force at kBT
below the maximum. For adsorption, the protein needs to

cross a distance proportional to the polymer layer height and

for the desorption the distance is the radius of the protein. The

explicit dependence of the kinetic behavior on the properties

of the polymer layers, e.g., polymer chain length and surface

coverage, enter through the potential of mean-force maxi-

mum, its value at contact, and the preexponential factors.

The potential of mean-force maxima and at contact, as

well as the width of the barrier, are all properties that are

time-dependent. The way that we determine the time-de-

pendence variation of these quantities is by calculating the

potentials of mean-force as a function of the amount of

protein adsorbed, from no-adsorption to the maximum given

by the equilibrium amount of adsorption, which we know

before the kinetic calculations are carried out. The deter-

mination of the potentials of mean-force is straightforward

and fast, and thus, once we have all the quantities as a func-

tion of protein density, we can integrate the time-dependent

equations by plugging in at each time-step the proper

(density-determined) potential values. In this way the calcu-

lation time is reduced by many orders-of-magnitude, and we

can perform systematic studies that are impossible with the

full diffusion approach.

The predictions from the approximate kinetic approach

are in excellent agreement with those obtained from the full

calculations. This is important for two reasons. First, the

physical process that is the rate-determining step is indeed

crossing of the (time-dependent) barriers. Second, we can

have confidence in the approximate kinetic approach and

carry out systematic studies with a relatively small amount of

computational effort, without losing any of the molecular

details involved in the deformation of the polymer layers as

the adsorption takes place.

Applying the kinetic approach, we studied the adsorption

kinetics as a function of chain length and surface coverage.

We find that for relatively high surface coverage and mole-

cular weight of the polymers, in many cases the initial time

of adsorption is so large that for any practical purpose there

will be no protein adsorption. This is an important result for

practical purposes, since equilibrium calculations predict a

finite amount of adsorbed proteins; however, because of the

slow kinetics, the adsorption is null for any realistic time-

scale.

One of the most important novel findings in this work

relates to the kinetics of desorption. The specific process that

we study here is such that the solution in contact with the

polymer layer is replaced by pure solvent after the proteins

have adsorbed to the surface. Thus, thermodynamic forces

will lead to a new equilibrium situation in which all the

proteins would leave the surface. We find that the kinetics of

desorption depend upon the amount of proteins adsorbed and

there is a very strong dependence on polymer molecular-

weight and surface coverage. The kinetics of desorption are

very slow for all cases studied. This is particularly true once

the polymer layer height is larger than the size of the pro-

teins. This is because these long polymers trap the proteins

in the surface by presenting a large barrier through the

segments, which are a distance from the surface larger than

the size of the proteins.

We see that polymer chain length has a very different role

when the thickness of the polymer layer formed is larger or

smaller than the protein size. This effect is also very different

when treating the equilibrium adsorption as compared to the

kinetic behavior. For equilibrium adsorption, once the poly-

mer layer thickness is larger than the protein size there is

no effect on increasing the polymer chain length. However,

for the kinetics of adsorption, the longer the polymer-chain

length, the larger the barrier for adsorption, and the range of

the repulsive potential. Therefore, for the kinetics of adsorp-

tion, increasing polymer-chain length monotonically increases

the adsorption time. Furthermore, the role of polymer-chain
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length at the initial, intermediate, and final stages of the

adsorption, kinetics may change depending on the surface

coverage of polymer. At low surface coverages, the initial

time for adsorption increases exponentially with polymer-

chain length but the adsorption reaches equilibrium in more

or less the same timescale for all chain lengths studied. At

high surface coverage, the longer the chain length, the slower

the adsorption kinetics at all stages of the process.

For the desorption kinetics, the polymer-chain-length de-

pendence is complex. For chain lengths that produce poly-

mer layers whose thicknesses are smaller than the protein size,

increasing polymer molecular-weight results in an increase
of the desorption rate. However, once the layer thickness is

larger than the protein size, increasing the polymer-chain

length provides a way to decrease the desorption rate, by

trapping the proteins between the surface and the barrier pre-

sented by the polymer segments found at distance from the

surface larger than the protein size.

The mechanism of protein trapping can be used in the

design of controlled release of proteins from surfaces. Fur-

thermore, this trapping may be responsible for the experi-

mental findings of Shukhishvili and Granick (41) on the

adsorption of human serum albumin on polyelectrolyte

brushes. In their experiments they showed that the proteins

can be trapped in the polymer brush. Although in the ex-

perimental case, electrostatic interactions are very important

for the initial adsorption of the proteins, the trapping upon

weakening of the electrostatic attractions may be due to the

same mechanism predicted here for neutral systems. More

work is necessary to clarify this point. However, we are now

in a position to use the kinetic approach with our theory,

including electrostatic interactions (45,44). This work is

currently underway.

There are two main issues that need to be addressed as a

clear next-step, to be able to generalize the approach to many

other, related, systems.

First, what is the role of protein conformational changes

in the kinetics of adsorption? We have shown that for the

equilibrium isotherms, conformational changes are very im-

portant, and the amount and type of adsorbed protein con-

former can be controlled by the choice of polymer layer (34).

Furthermore, we (33) and others (60) have shown that the

kinetics of protein adsorption on surfaces without grafted

proteins is very rich and complex whenever conformational

changes are explicitly accounted for. Therefore, we are

currently generalizing the kinetic approach to study the full

kinetic adsorption process on surfaces with grafted polymers

and the ability of the proteins to change their conformation

upon adsorption.

Second, we have assumed throughout this work that the

only relevant inhomogeneous direction is the one normal to

the surface. The adsorption process is dominated by barrier

crossing, and thus, the lateral arrangement of the polymer-

protein mixtures close to the surface may play an important

role in lowering the barriers as compared to the quantities

calculated in the present work. Preliminary calculations

seem to indicate that this is not, in general, the case. How-

ever, we are starting to study this effect in detail, to learn

under what conditions the approximations used in this work

are valid.

Our current understanding of the thermodynamics and

kinetic of protein adsorption on surfaces with grafted proteins

shows the very large number of ways by which the adsorption

process can be controlled. Furthermore, the very good

agreement (21,31) between the predictions of the theory and

experimental observations suggest that the predictive power

of the theory is very good. Therefore, we are developing

molecularmodels for a family of proteins that will enable us to

predict their adsorption properties and thus, help in the design

of devices for which adsorption plays a major role, such as in

electrophoresis, separations, and controlled-release devices.

In these models, specific protein-polymer interactions are

included and thus we also expect to be able to study the

nonmonotonic molecular weight effect found experimentally

(47). Moreover, the approach presented here can be applied to

studying the adsorption of nanometer-size colloidal particles

on surfaces with grafted polymers. We are already studying

these types of systems, particularly for charged particles

adsorbing on polyelectrolyte-grafted layers (61).

APPENDIX

Numerical method

The numerical solution of the minimization of the free-energy functional is

obtained by discretization of the z direction into parallel layers of thickness

d. Define the ith layer as the region between (i � 1)d # z , id. The packing

constraint, Eq. 6, in discrete form is

s +
fgg

PgðgÞvgðg; iÞ1 +
fi,M:i;Mg

j¼1

f½ rpði� j1 1Þvs�vpð jÞg

1fsðiÞ ¼ 1; (22)

where {i,M:i, M} means if i , M, the upper limit for j is i; otherwise, it is

M. The term M is the number of layers a protein molecule spans in the

discretized space, i.e.,M¼ 2R/d. Further, the sum over g is over the number

of conformations that we generate to model the polymer chains.

Eqs. 9, 7, and 8 in discrete form are given by

fsðiÞ ¼ e
�bpðiÞvs ; (23)

PgðgÞ ¼ 1

qg

e
� +

iMax

i¼1

½bpðiÞvs �vgðg;iÞ=vs
; (24)

and

rpðiÞ ¼ e
bm

bulk
p e

�bUmf ðiÞ; (25)

with (from Eq. 11)

bUmfðiÞ ¼ bUpsðiÞ1 +
M

j¼1

½bpði1 j � 1Þvs� � vpðjÞ
vs

: (26)
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We define xðiÞ ¼ e�bpðiÞvs where 1 # i # iMax (iMax is the total number of

layers considered in the system). Then, substituting Eqs. 23–26 into Eq. 22

transforms the packing constraint into functions of x(i). Then we solve the

iMax coupled nonlinear equations for x(i) by standard numerical methods.

Once x(i) for all i are known, we can calculate any desired equilibrium

average quantity. More details can be found in Fang and Szleifer (34).

Derivation of rate coefficient for the
adsorption process

The chemical potential of a protein at z is

bmpðzÞ ¼ ln rpðzÞ1bUmfðzÞ: (27)

The gradient of chemical potential induces a flux, J(z)¼ rp(z)v(z), leading to

a uniform and constant chemical potential everywhere at equilibrium. The

average velocity of this flux v(z) is

vðzÞ ¼ 2D
@bmpðzÞ

@z
; (28)

where D is the diffusion coefficient. The corresponding flux is

JðzÞ ¼ 2DrpðzÞ
@bmpðzÞ

@z

¼ 2DrpðzÞ
bUmfðzÞ

@z
2D

@rpðzÞ
@z

¼ 2De
2bUmf ðzÞ @

@z
½rpðzÞebUmf ðzÞ�: (29)

This is the starting point for the high-viscosity limit of the Kramer’s rate

theory (48). It involves a steady-state solution, J(z)¼ constant, representing,
in our case, a stationary one-dimensional net flux from the bulk to the sur-

face. (Note that in Halperin’s article—see Ref. 48—he focuses on the initial

adsorption and only considers the protein flux from the bulk to the surface.

This is because initially when there are no proteins adsorbed, no flux flows

out of the surface. Here we extend Halperin’s idea to study the whole kinetic

process and consider the net flux, i.e., the sum of the inflow flux and the

outflow flux. For the adsorption process, we assume the net flux is always

toward the surface.) Apply the steady-state assumption, i.e., J(z) ¼ j and

rewrite Eq. 29 as

je
bUmf ðzÞdz ¼ 2Dd½rpðzÞebUmf ðzÞ�: (30)

Integrating both sides of Eq. 30 from the surface, i.e., z ¼ 0, to the boundary

of the polymer layer, i.e., z ¼ L0, which corresponds to the bulk solution of

the proteins, yields

j

Z L0

0

e
bUmf ðzÞdz ¼ 2D r

bulk

p e
bU

bulk
mf 2r

ads

p e
bUmf ð0Þ

h i
: (31)

The integral on the left side of Eq. 31 is approximately evaluated by

expanding Umf(z) around its maximum, i.e., Umax
mf ; at z* (48). Namely,

UmfðzÞ ¼ Umax
mf 2ðv=2Þðz2z�Þ2; where we neglect the terms beyond

second-order and v is the curvature of the potential of mean-force at z*.

Thus, the integral becomes ebU
max
mf

R L0

0
e2ðbv=2Þðz2z�Þ2dz: Since the integral is

dominated by the contribution from z ¼ z*, for simplicity, we may extend

the integration limit to 6 N and get (2pkT/v)1/2. In turn, the width of

the barrier kT below Umax
mf ;a; is kT/v ¼ a2 (48). As a result, the steady-state

flux is

j � 2ð2pÞ21=2 D

a
e2 bU

max
mf 2bU

bulk
mf½ �rbulk

p 2e2 bU
max
mf 2bUmf ð0Þ½ �rads

p

n o
:

(32)

One point to clarify is that of the steady-state flux (which we assume is

constant for all z at any time t). The constants for different t may actually be

different. Furthermore, we assume that the steady-state flux for different t

changes continuously with t. According to Einstein’s diffusion relation

Dt1 � a2, where t1 is the characteristic time to diffuse across the barrier,

D/a(¼ a/t1) is the diffusion rate across the barrier. The Boltzmann factor,

e2½bUmax
mf 2bUbulk

mf �; accounts for the probability for particles in the bulk to reach
the peak of the barrier and e2½bUmax

mf
2bUmf ð0Þ� is the probability that the par-

ticles on the surface jump to the peak of the potential barrier. Considering the

net flux flowing from the bulk to the surface, we have

j ¼ r
bulk

p vflux; (33)

where

vflux � 2
D

a
e2 bU

max
mf 2bU

bulk
mf½ �2e2 bU

max
mf 2bUmf ð0Þ½ � rads

p

r
bulk

p

( )
(34)

is the net flux velocity to cross the barrier. The time to cross a barrier of

overall thickness L is L/vflux and the rate coefficient for the adsorption pro-

cess is expressed as

kads ¼ D

aL
e2 bU

max
mf 2bU

bulk
mf½ �2e2 bU

max
mf 2bUmf ð0Þ½ � rads

p

r
bulk

p

( )
; (35)

and the rate of adsorption is defined as

drads

p

dt
¼ kadsr

bulk

p : (36)

That is,

dr
ads

p

dt
¼ D

aL
e
2 bU

max
mf 2bU

bulk
mf½ �rbulk

p 2
D

aL
e
2 bU

max
mf 2bUmf ð0Þ½ �rads

p :

(37)

Note that this expression fulfills microscopic reversibility at all times. This is

in line with the basic approximation in our approach that the system is in

local thermodynamic equilibrium and with the separation of timescales.

However, due to this condition, we obtain that k1 ¼ k2 ¼ D=aL (see Eqs. 18

and 37), which seems counterintuitive—since the distance that the protein

has to travel to reach the maximum is not the same when coming from the

solution or from the surface. However, this is the result of considering the

total flux toward the surface in the adsorption process. Moreover, other

choices for the preexponential factor do not change the presented results for

the kinetics of adsorption. Therefore, this choice of preexponential co-

efficients is justified for two reasons. First, the flux in all adsorption pro-

cesses of interest is toward the surface; and second, the comparisons of the

predictions of the KA with the full GDA are in excellent agreement (see Fig.

3). In the case of desorption, a different preexponential factor is obtained, as

derived next.

Derivation of rate coefficient for the
desorption process

The steady-state flux for the desorption process is

j � D

a
e
2 bU

max
mf 2bUmf ð0Þ½ �rads

p ; (38)

which is obtained from Eq. 32 by setting rbulkp ¼ 0: Note that for the

desorption process, the flux is a stationary one-dimensional flux from

the surface to the bulk. This means that the flux will cross the barrier from

the surface side rather than from the bulk side, as in the case for the ad-

sorption process. On the surface
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j ¼ r
ads

p vflux; (39)

and the flux velocity to cross the barrier is thus

vflux � D

a
e
2 bU

max
mf 2bUmf ð0Þ½ �: (40)

In most cases the kinetic barrier moves toward the surface as the adsorption

reaches equilibrium. Therefore, the relevant thickness that the protein needs

to move to reach the barrier is of the order of the size of the protein, i.e., L; R.
That is, the thickness of the polymer layer is not so important for the de-

sorption kinetics as for the adsorption kinetics. The rate coefficient for the

desorption process is thus vflux/R, i.e.,

kdes ¼ D

aR
e
2 bU

max
mf 2bUmf ð0Þ½ �; (41)

and the rate equation to be solved is

dr
ads

p

dt
¼ 2kdesr

ads

p : (42)
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Behavior of surface-anchored poly(acrylic acid) brushes with grafting
density gradients on solid substrates. In Polymer Brushes. R.
Advincula, W. Brittain, K. Caster, and J. Rüen, editors. Willey-VCH,
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