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The ability to control the rate of adsorption and desorption of
proteins from surfaces is studied by using a molecular theory. We
show how changing the chemical structure and charge of short
linear and branched grafted polymers to an electrode surface can
be used to promote fast adsorption of charged proteins on a time
scale of seconds and control the desorption in a time scale ranging
from milliseconds to hours. The optimal controlled release is found
from the interplay of electrostatic attractions at short distances
from the surface and the proper electrostatic and steric repulsive
barrier at distances from the surfaces larger than the proteins’ size.
The implications of our results to the design of controlled-release
devices is discussed.

protein adsorption /desorption | surface modification | grafted polymers |
kinetic theory

Control of protein adsorption is of primary importance in
the design of biocompatible materials, biosensors, and
bioactive surfaces (1-3). Furthermore, the process of protein
adsorption is of great interest from a fundamental perspective
because it encompasses very large, competing energy scales,
and the process typically spans many time scales ranging from
microseconds to hours (4, 5). Thus, a molecular understanding
of the adsorption process and its control offers a great
theoretical challenge in which energy, time, and length scales
can be bridged. Furthermore, the ability to quantify how
surface modifiers affect the adsorption/desorption process
will help in the molecular design of materials interacting with
biological fluids. The aim of the work presented here is to
demonstrate that by the proper choice of polymers grafted to
the surface one can take advantage of the interplay between
electrostatic and steric interactions to control the time scale
for adsorption and desorption. This surface modification can
serve as the basis for the design of controlled-release devices
6, 7).

One of the most important, and still unresolved, problems in
the design of biocompatible materials is the production of
surfaces that can prevent nonspecific adsorption of blood
proteins in vivo (8). There have been great advances in the
understanding of how surface modification in vitro can reduce
or prevent protein adsorption (9). There are two main ways of
doing that. The first is by chemical modification of the surface
exposed to the proteins (10). The second is by grafting polymer
molecules on the surface exposed to the protein solution (11).
The most commonly used polymer for this purpose is poly-
ethylene glycol (PEG) (12); however, other polymers also have
shown nonfouling capabilities (13). Grafted polymer layers
have been shown to affect also the desorption of proteins.
Experimental observations demonstrate that charged proteins
may be trapped on poylelectrolyte grafted layers (14). Further,
our recent theoretical predictions have shown that model PEG
polymer layers can trap proteins adsorbed on hydrophobic
surfaces, whenever the film thickness is larger than the protein
size (15). Thus, the longer the molecular weight of the
polymers forming the layer, at fixed surface coverage, the
larger the desorption time. The question that arises is whether
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the desorption can be controlled by tuning experimentally
accessible variables and the properties of the polymer layer.

Theory and Models

Consider a surface with grafted polymers that at time ¢ = 0 is put
into contact with a protein solution (Fig. 1). Typically, the
presence of the polymers imposes a high potential barrier that
the proteins need to cross to reach the surface (16—18). For these
cases the amount of protein adsorbed as a function of time,
Ppro,ads(f), can be described with an equation of the form

appro,ads(t)

ot = kads(t)pbulk - kdes(t)ppro,ads(t), [1]

where ppux is the bulk solution protein concentration, and
Kkads(des)(t) represents the rate coefficient for proteins to adsorb
(desorb). The range of validity of this description of the
kinetics of adsorption has been discussed elsewhere (15, 19),
and it is valid for all of the cases of interest in here. The most
important information that describes the time-dependent ad-
sorption is in the rate coefficients. They show a very strong
dependence on time because of the changes in the effective
surface—protein potential arising from the deformation of the
polymer—protein layer as proteins adsorb. Each of the two rate
coefficients is the product of the Boltzmann factor for the free
energy difference between the initial state and the barrier
maximum and a preexponential factor that depends on the
curvature of the potential at the barrier and the length that the
proteins need to travel to reach the transition state (15, 18)
(see Fig. 1).

Once the adsorption reaches equilibrium, we are interested in
controlling the desorption of the proteins as a function of time.
The process of interest is one in which, after the proteins have
adsorbed, the solution in contact with the surface is changed by
one with salted water. The lack of proteins on the bulk solution
implies that there is an entropic driving force for the proteins to
desorb. The time-dependent process will depend on the rate
coefficient for desorption. From Eq. 1 we obtain

8p ru,uds(t) 1
pT = _kdes(t)ppro,ads(t) = _m ppm,ads(t), [2]

where we have defined the (time-dependent) characteristic
desorption time by 7(f) = 1/kacs(f). The design of a given
protocol for the controlled release of the proteins from the
surface is given completely in 7(¢). For example, an exponential
release of the proteins implies 7(f) = constant, and the value of
the constant will determine the time scale for the desorption
process. Another interesting example is that of constant release
rate: in that case, one has 7(f) = Kppro,ads(f), where K is the value
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Fig.1. Description of adsorption and desorption process. (Left) Schematic representation of an electrode surface with grafted polymers and adsorbed proteins.
The salt and solvent molecules are not shown for simplicity. The processes of adsorption and desorption are denoted as well as other quantities explained in the
text. The specific polymer modification schematically shown is described in the text and corresponds to the calculation presented in Figs. 3 and 4. (Right) The
curve shows the potential of mean—force calculated with the molecular theory for the polymers drawn on Left, and model lysozyme, Dot = 3 nm, for ppro,ads =
10 ng/ecm?and ¥ = —200 mV. The characteristics of the potentials of mean—force necessary for the calculation of the rate constants are marked in the potential

(see Fig. 2 and discussion thereafter).

of the constant release rate. The next question is what deter-
mines the value of 7(¢) and how can we control its value and time
variation through experimentally tunable variables.

7(t) is determined by the effective potential of interaction
between the proteins and the surface. The time-dependent
potential depends on the nature of the surface, the type of
surface modifier (grafted polymers), and the amount of proteins
adsorbed on the surface. We consider the case in which the
surface is an electrode whose surface potential Wy(f) is an
experimentally controllable variable (20, 21). Thus, the driving
force for the adsorption that we consider here is the electrostatic
attractions between the electrode surface and the proteins. The
basic physical assumption in describing the kinetics of adsorption
and desorption using Eqs. 1 and 2 is a separation of time scales
between the slow motion of the proteins and the fast response
from local polymer motion and the rearrangement of solvent and
ions. Thus, for a given configuration of the proteins, all other
degrees of freedom equilibrate. Under these conditions, we can
determine the surface—protein effective potential, or, more
appropriately, the potential of mean—force, by calculating the
constrained free energy minimum of a system of polymer,
solvent, ions for a fixed distribution of proteins (Fig. 1). The
relevant molecular organization of the modified surface contains
proteins in the bulk and adsorbed in a monolayer, whereas in
between them there is a depletion of proteins due to the large
repulsions imposed by the grafted polymers (15, 17).

The free energy is obtained from a molecular approach that
we have developed in which the size, shape, conformations, and
charge distribution of each molecular species are explicitly
accounted for (17, 22, 23). The predictions of the theory are in
excellent quantitative agreement with experimental observa-
tions for the adsorption isotherms of lysozyme and fibrinogen on
surfaces with grafted PEG for a large variety of polymer
molecular weights, in all ranges of polymer surface coverage (19,
24). Thus, we are confident that the application of the theory for
the systems of interest here is reliable. According to this
molecular approach the free energy (W) density, per unit area
(A), of a system composed by a surface with grafted polymers at
surface coverage oy in equilibrium with a solution containing
dissociated monovalent salt at concentration cgx With ppro,ads
proteins adsorbed on the surface is given by
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[3]

where B = 1/kgT is the inverse temperature. The first term
represents the conformational entropy of the polymer chains,
with P(a) being the probability distribution function (pdf) of
finding the polymer in conformation «. The following three
integrals represent the z dependent translational (mixing) en-
tropy contribution of the cations, anions, and solvent, respec-
tively, with pi(z), i = +, —, or w representing the distance
dependent density of i, and v,, is the volume of a water molecule,
which is used as the unit of volume. For the cations and anions
there is also a chemical potential term that ensures equilibrium
with the bulk. The last integral is the electrostatic contribution,
with (p,(z)) representing the total average charge density at z
which is given by

<Pq(Z)> = (Tpol 2 P(“)onl(oﬁ Z) + ppro,adsqprot(z; 0)

+pz—ri)g.+p(z—rg-, [4]

with the first term representing the average over all polymer
conformations of the charge that the polymers contribute to z,
the second term is the charge that the adsorbed proteins have
at z, and the last two terms represent the cations and anions
contributions, respectively. The last two terms assume that the
ions are spherical, and their charge is found at the center of
the ion.
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The intermolecular (hard-core) repulsive interactions are
accounted for through packing constraints. At each distance z
from the surface the total volume available is filled by polymers,
protein, cations, anions, and solvent. Namely,

1= Opol E P(a)vpol(a; Z) + ppro,adsvprot(z; 0)

o

+ j p(z"W(z; 2))dz' + f p_(z")W_(z; z")dz'
—2r+

z z=2r

+ pu(2)vy. [5]

The pdf of chain conformations and the solvent, cations, and
anions density profiles are determined by minimization of the
free energy (Eq. 3) subject to the packing constraints (Eq. 5).
This minimization is done by introducing Lagrange multipliers,
Bm(z). For example, the pdf of chain conformations is given by

P(a) = é exp[—BJ m(z)Vpola; z)dz

- Bf W(2)q poi( Z)dZ], [6]

where ¢ is the normalization factor. The numerical values of
the lateral pressures, m(z), and the electrostatic potential,
W(z), are determined by introducing the explicit form of the
pdf (Eq. 6), and the density profiles (data not shown), into the
constraint equations (Eq. 5), and the set of equations obtained
is solved together with the Poisson equation, as required from
electrostatics

PVE)  (pg(2)) -
9z% ey

where the average charge is given by Eq. 4. The set of coupled
equations requires as input the set of polymer conformations,
from which the conformational dependent volume and charge
distributions are obtained; the size, shape, and charge distribu-
tion of the proteins, cation, and anion; the bulk salt concentra-
tion, csa; and the fixed amount of proteins on the surface,
Ppro,ads- A change in the polymer chemical architecture implies a
different set of input conformations. For more details and the
numerical methodology see refs. 17, 22, and 23.

The knowledge of the interaction and electrostatic fields, 7(z)
and W(z), respectively, for each value of the applied surface
potential and the number of adsorbed proteins enables us to
determine the potential of mean—force between the proteins and
the surface using

z+Dprot
Umf(z) = f [Tr(z,)vprot(zl 5 Z) + \I,(Z’)qpmt(zr; Z)]dZ’ >

z

[8]

where Do is the size of the protein. From the knowledge of
Unmi(z) we can determine the rate coefficients, because kqes =
1/7= C((e PAY)/(RT)), where AU = Unmtmax — Umt.min, R is the
distance between the positions of Ummax and Umgmin, I is the
width of the potential of mean—force kg7 below the maximum
(see Fig. 1 and ref. 15), and C is a constant.

The range of externally applied surface potentials that we
chose is ¥(0) = 0, —350 mV. These values represent a
reasonable experimentally accessible range of surface poten-
tials, as has been used in switchable surfaces (20) and in the
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controlled release of DNA from gold electrodes (21). For the
amount of proteins adsorbed, the range goes from no protein
to the equilibrium amount that can adsorb at each different
W(0). Therefore, we obtain a three-dimensional surface with
7 as a function of surface potential and amount of proteins
adsorbed.

We present results for four different types of surface modi-
fiers. In all cases, the surface density of polymers is the same, but
their chemical structure is different. The four different grafted
layers are as follows. (i) The first case is linear PEG 3300, i.e.,
75 segments. (if) The next case is three-branched PEG, where
each branch has 25 segments, with one branch end-grafted to the
surface. (iii) The third case is linear chains with charged groups
distributed in the following way. In the first 25 segments,
counting from the grafting point, every other segment is func-
tionalized with a negatively charged group, with a total of 12
negative charges. The next 50 segments have a functionalized,
positively charged group, every five units. (iv) In the final case,
the polymer chains are composed of three branches. The grafted
branch is a rigid rod with 12 charges. This block is aimed at
mimicking grafted-DNA oligomers similar to the type that has
been studied experimentally (25). The two free branches, each
of 25 segments, are flexible and have one positive charge every
five segments (see Fig. 1).

The reasoning behind each of the choices for the molecular
architecture is the following. First, linear PEG is the most
widely used grafted polymer for nonfouling purposes. Fur-
thermore, our earlier work on PEG grafted on hydrophobic
surfaces shows that for lysozyme, PEG 3300 can trap the
adsorbed proteins, resulting in slow desorption (15). The
branched polymers were chosen because our earlier work (26)
showed that branched polymers have the potential to present
a larger barrier for adsorption/desorption as compared with
the linear chains. These larger barriers could enable better
control of the release rate. The charged polymers combine the
advantages of the flexible, neutral, PEG with the addition of
the negative charges close to the surface that provide for a
better attraction to the positively charged adsorbed proteins
(14). The positively charged segments of the polymers, away
from the surface, present a combined steric and electrostatic
barrier for the desorbing proteins. Finally, the DNA-like
branch is used to provide better possibility of surface packing
to the adsorbed proteins because the rigid branch is expected
to accommodate perpendicular to the surface, serving as a
charged template for further protein attraction, whereas its
rigid structure does not result in too much entropic repulsion
of the proteins.

Results and Discussion

The characteristic protein desorption time as a function of
applied potential and density of adsorbed protein for four
surfaces modified with the different types of grafted molecules
are shown in Fig. 2 for model lysozyme. For all molecular
architectures the desorption time is an increasing function of the
surface potential and a decreasing function of the amount of
proteins adsorbed. The surface potential is the driving force for
adsorption, and therefore the larger the absolute value of the
applied potential, the stronger the attraction of the protein to the
surface. Protein—protein interactions are mostly repulsive. Thus,
the effect of increasing the local concentration of proteins is to
increase the repulsive component of the potential of mean—
force, resulting in shorter desorption time.

TWe have also studied other five different molecular architectures that combine elements
of the four cases presented. However, their behavior is in between the ones shown here,
and therefore we do not discuss them.
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The desorption time (in seconds), in logarithmic scale, as a function of the amount of adsorbed proteins and the potential applied on the surface for

four different molecular architectures of the grafted polymers. The calculations are for lysozyme with the model used in ref. 19. The total charge on the protein
is 8e. The bulk salt concentration is csare = 0.001 M. The polymer surface coverage in all cases is oo = 0.11 nm~2. All other molecular parameters are as presented
in ref. 19 for the polymers and ref. 23 for the ions. The protein density is converted into ng/cm? by multiplying by 7,920. The four graphs correspond to linear
model PEG (A), branched PEG (B), linear charged (C), and branched charged (D).

An interesting aspect of Fig. 2 is the magnitude of the
desorption times for the different polymer architectures. The
maximal desorption time for linear and branched PEG are
~10~1 and 1 s, respectively, for the charged polymers the time
increases by several orders of magnitude. Both charged poly-
mers, the linear and the DNA with two flexible branches, show
almost identical desorption characteristic times. The reason
is that under the conditions studied here the dominant con-
formations of both types of chains upon adsorption of the
proteins are very similar. Note that for the DNA-branched
chains we have calculated 7 including positive values of
the potential. Even under these conditions there is a finite
amount of proteins adsorbed because of the DNA-protein
attraction.

The combination of positively and negatively charged seg-
ments along the polymers is very important for two purposes.
First, it enhances the amount of proteins adsorbed through the
negatively charged block. Second, the positively charged seg-
ments present a steric and electrostatic barrier for desorption,
at the appropriate distance form the surface, that is very large.
An estimate of the role of the electrostatic contribution to the
barrier for desorption can be obtained by comparing the
branched (uncharged) PEG with the charged case. There are
8§ orders of magnitude difference between them, showing the
very important role played by the charges. It should be
mentioned that the polymeric character of the molecules is
what enables the proper distribution of both positively and
negatively charged groups to obtain optimal adsorption/
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desorption control. A specific example of the total potential of
mean—force felt by the proteins in the presence of adsorbed
proteins is shown in Fig. 1. Note the position of the maximal
repulsion because of the positively charged branches at a
distance from the surface larger than the protein size and the
large attractive interaction at contact with the surface.

We are now in position to design the conditions for a
controlled-release device by using the results presented in Fig.
2. We concentrate our attention only on the charged polymer
modifiers. The reason is that for the PEG chains at the
conditions studied, the slowest desorption time that can be
achieved is such that in milliseconds to <1 second all of the
proteins desorb. Only for the two charged polymers can the
desorption be controlled in an experimental relevant time
scale. Further, the two charged systems show kinetics of
desorption and adsorption that are very similar, and thus we
choose to present the ones for the DNA-grafted with two
positively charged branches. The first step is to determine that
the adsorption time is reasonable. To this end, Fig. 3 shows the
adsorption of model lysozyme as a function of time for a
constant potential on the electrode of ¥y = —300 mV. The
adsorption reaches its equilibrium value in a time scale of 2
min, which is fast and reasonable. We could increase the
desired amount of adsorbed proteins by increasing the surface
potential applied. However, the example shown in Fig. 3 is
enough for illustrative purposes.

The release of the proteins from the surface can be controlled
by the proper choice of time-dependent potential applied to the

Fang and Szleifer
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Fig. 3. Amount of adsorbed lysozyme as a function of time for a surface
modified with branched charged molecules. The surface potential is ¥ =
—300 mV. All other conditions are as in Fig. 2.

surface. The two examples that we show consider very different
release mechanisms. One case is that of constant release rate.
This case may be an important one for drug delivery devices.
Using Eq. 2, this mechanism implies that the time-dependent
amount of proteins adsorbed decreases linearly with time.
Namely, ppro,ads(f) = Pproads(0) — Rt, where R is the desired
constant release rate, and it is related to the desorption time by
R = ppro,aas(t)/7(t). The potential on the surface is determined
at each time step by finding, from Fig. 2, the value of Wy() that
corresponds to the pair of values ppro.aas(f), 7(¢) such that 7(¢) =
Rpproads(t). The second case is an exponential desorption of the
proteins from the surface. In this case 7(¢) is constant, and its
value depends on the desired rate of decay of the protein
population. The necessary potential to apply on the surface is
obtained by following a contour of constant rate, from Fig. 2,
with the desired value.

An example of each of these cases are shown in Fig. 4. The
protocols of applied surface potential as a function of time to be
used for the desired desorption mechanisms are presented. In
both cases, the time scale for the process is measured in hours,
and the rate of change of the potential is not very large and
therefore is suitable for the design of experimental systems.
Furthermore, the very different variation of the surface potential
with time for the two mechanisms demonstrates the feasibility of
designing well defined desorption processes.

Conclusions

To summarize, we have shown that modification of electrode
surfaces with tethered polymers is a very versatile way to control
the amount and time scale for adsorption and desorption of
proteins to the surface. Most of the early work in the field
concentrated on the ability of grafted polymers to prevent
nonspecific adsorption of proteins. Here we take advantage of
what we have learned from those systems to design surfaces that
can be used for the controlled release of proteins on time scales
that can be varied over many orders of magnitude. The surfaces
considered are electrodes where the bare protein—surface inter-
actions can be controlled by the application of an electrostatic
potential. The specific type of polymer molecular architecture
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that shows optimal behavior combines the effects of steric and
electrostatic interactions with optimal distance dependence for
the protein studied. The total interactions can be optimized to
make the surfaces overall attractive or repulsive by changing
the state of charge through the potential applied. The cases
presented above show specific examples with time scales that
are attractive for the design of controlled-release devices (6,
7). Furthermore, variation of the polymer surface coverage,
solution ionic strength, and pH are other variables that can be
used to further tune the conditions, enabling a rational design
of switchable surfaces with a very wide range of adsorption/
desorption capabilities. The study cases presented here are
aimed at showing the feasibility of the approach, and the
combination of these type of theoretical studies with experi-
mental observations will enable the systematic build up of
controllable, switchable surfaces for interactions with biolog-
ical environments. Moreover, the same ideas can be applied
to control the adsorption/desorption behavior of charged
nanoparticles.
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