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Prevention of protein adsorption by the surface-grafted poly(ethylene oxide) (PEO) chains has been
well-known. We have examined the mechanisms of how the grafted PEO prevents protein adsorption.
PEO-poly(propylene oxide)-PEO (PEO-PPO-PEO) triblock copolymers were used to graft PEO to the
trichlorovinylsilane (TCVS)-modified glass by γ-irradiation. The surface density of the PEO chains was
varied up to 60 pmol/cm2 and the number of the ethylene oxide (EO) units of the PEO segment was varied
from 75 to 128. The adsorption of lysozyme and fibrinogen to the PEO-grafted glass was examined using
radiolabeled proteins. The surface protein concentration decreased as the surface density of the grafted
PEOincreased, but surfaceprotein concentrationnever reachedzero. Theexperimentaldatawere compared
with the predictions by the single-chain mean-field theory. There was very good agreement between the
predictions of the theoryand theexperimental observations. Itwas found that themechanismforprevention
of protein adsorption by the grafted PEO chains in the hydrophobic surfaces was due to the blocking by
the PEO segments of the adsorbing sites of the proteins. The mechanism of the grafted chains to prevent
protein adsorption was shown to depend upon the interactions of the surface with the segments of the
grafted polymers. Surfaces that did not attract the polymer segments present effective kinetic barriers
but were not very good for equilibrium prevention. On the other hand, hydrophobic surfaces, such as the
ones used in the experimental work, were very effective for reducing the equilibrium amount of proteins
adsorbed. It was found that the most important parameter in preventing protein adsorption by grafted
polymers is the surface density of the grafted polymer. The polymermolecular weight, or the chain length,
was found to have a weak effect.

Introduction

Surface-induced thrombosis, which is one of the major
problems in the clinical application of blood-contacting
materials, begins with adsorption of plasma proteins to
the surface.1,2 Preventing protein adsorption should thus
improve biocompatibility. It is known that protein
adsorption may be significantly decreased by surface
modification with hydrophilic polymers, such as poly-
(ethylene oxide) (PEO).3-9 It has been generally thought

that the prevention of protein adsorption is due to the
steric repulsion by the surface-grafted (or tethered) PEO
chains.10,11 The steric repulsionpicture emerged from the
view that the grafted polymer layer forms a brush on the
surface. However, the usual grafting densities and
molecular weights of the PEO used for improved biocom-
patibility are such that the polymer layer is not in the
so-called “brush” regime.12,13 In most cases the surfaces
of interest are hydrophobic, and therefore, one should
expect the PEO to be attracted to the surface.
Although the ability of grafted PEO chains to reduce

protein adsorption has been observed frequently, its
theoretical analysis has been difficult for a few reasons.
First of all, theoretical analysis on the behavior of the
tethered PEO chains requires the information on the
surface density of the grafted PEO chains. Inmost of the
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publishedstudies,however, the informationontheamount
of the grafted PEO is not available. This is mainly due
to the difficulties in measuring the amount of the grafted
PEOchains. Second, the surface densities andmolecular
weights of PEO used in experiments require the use of
molecular approaches, since the analytical “brush” theo-
ries14,15 are for a regime of surface coverages and polymer
molecular weight that is well beyond the range of those
used in experimental studies. Recently, the single-chain
mean-field (SCMF) theory has been used successfully to
analyze the systems with relatively short PEO chain
length (n e 200) and with wide range of the densities of
the tethered PEO chains.12,13,16,17

The objective of this study was to determine the effect
of grafted PEO chain length and surface chain density on
protein adsorption. The combination of experimental and
theoretical approaches enables us to obtain amicroscopic
understanding of the ability of PEO to prevent protein
adsorption on hydrophobic surfaces. Fibrinogen and
lysozyme adsorption profiles were measured using ra-
diolabeledproteins. Fluorescence studieswereperformed
to probe the behavior of PEO-containing polymer mol-
ecules in solution, since it affects polymer adsorption. To
prepare a monolayer of PEO chains on the surface with
different densities, Pluronic surfactantswereused in this
study. They are triblock, amphiphilic copolymers of the
general formula (ethylene oxide)n-(propylene oxide)m-
(ethylene oxide)n, where the subscripts indicate the
number of repeating units. Such triblock copolymers
readily adsorb and form a self-assembled monolayer on
hydrophobic surfaces via the hydrophobic poly(propylene
oxide) (PPO) segment with the PEO segments thought to
be extended into the aqueous medium18,19 (see the Discus-
sion section). The grafting of Pluronics and other PEO-
containing hydrophilic-hydrophobic block copolymers is
known to be similar to the end grafting of PEO chains to
the substrate.20,21 Since adsorption of block copolymer
surfactants to hydrophobic surfaces occurs mainly by
individual molecules through its hydrophobic segment,22-24

they have been used widely in modifying various
surfaces.8,25-27 Pluronic surfactants are available with a
variety of PEO block lengths, facilitating the surface

modification with varying PEO chain lengths. The PEO
chain length was varied from 75 to 128, and the surface
density of the adsorbedPEOchainswasdeterminedusing
the radiolabeled PEO chains.
The next section describes the single-chain mean-field

(SCMF) theoryasapplied to thestudyofproteinadsorption
on surfaces with grafted polymers. Experimental meth-
odology, experimental observations, and their comparison
with the theoretical predictions are presented in later
sections.

Theoretical Approach
The theoretical approach that we applied to predict the

adsorption of proteins in the presence of grafted polymers
is the SCMF theory as recently generalized17 for these
type of systems. The basic idea of the theory is to look at
the chain molecules (both proteins and polymers) with
their intramolecular and surface interactions “exactly”
taken into account, and the intermolecular interactions
are modeled within a mean-field approximation. This
approach enables the incorporation of detailed confor-
mational and chemical structure of themolecules through
the exact treatment of the single-chain conformations. At
the same time, this approach enables systematic studies
because of the incorporation of the intermolecular inter-
actions within a mean-field approximation. The theory
has been shown to provide quantitative agreement with
full-scale computer simulations12,13,28 and with experi-
mental observations12,13,16,29 for conformational and ther-
modynamic properties of tethered polymer layers. For
example, a recent study showed the ability of the theory
to quantitatively predict the pressure-area isotherms of
PEO-polystyrene diblock copolymers at the water-air
interface.16 The excellent agreement with the experi-
mental observations shows that the theory is very suitable
for themodelingof thestructureand interactionsofgrafted
PEO layers. Adetailedderivation of the theoryas applied
to protein adsorption on grafted polymer layers can be
found elsewhere.17 Here, we present a short derivation
that highlights the main features of the theory.
Single-Chain Mean-Field Theory. We consider a

surface of total areaAwithNg polymermolecules grafted
at one of their ends to the surface in equilibrium with a
solution containing protein molecules. The solution is
characterizedbysolventmoleculeswithchemicalpotential
µs and by protein molecules with chemical potential µp.
We assume that the protein and the polymer molecules
are both soluble in the solvent, i.e., we are considering the
good solvent regime. Thus, the interactions determining
the behavior of the system are the effective (hard-core)
repulsionbetweensolventandprotein, solventandsolvent,
protein and protein, polymer and solvent, and polymer
and protein. In addition, we have to consider the bare
surface-protein, εsp, and the bare surface-grafted poly-
mer, εsg, interactions.
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The repulsive interactions are taken into account
through packing constraints. Namely, the volume avail-
able to the molecules at each interval between z and z +
dz from the surface must be filled by polymer segments,
protein, or solvent molecules. This can be expressed as

with σ ) Ng/A being the surface coverage of grafted
polymer. 〈vg(z)〉 dz is theaveragevolumepergrafted chain
at z; Fp(z′) ) Np(z′)/A is the density of protein at z′, the
location of the protein molecules is defined by the point
of closest distance from the surface. Thus, Fp(0) is the
density of adsorbed proteins. 〈vp(z)〉z′ dz is the average
volume that the proteins at z′ have at z, and φs(z) is the
volume fraction of solvent at z. The 〈 〉’s denote ensemble
averages, and they are calculated over the probability
distribution function (PDF) of chain conformations of the
grafted polymer Pg(R) and of the protein Pp(γz′). Thus,
〈vg(z)〉 dz ) ∑{R}Pg(R)vg(z;R) dz where the sum runs over
all possible conformations R, and vg(z;R) dz is the volume
that a grafted polymer in conformation R occupies at
distance z from the surface. For the proteins, 〈vp(z)〉z′ dz
) ∫Pp(γz′)vp(z;γz′) dz dz′ is the volume that proteins at all
z′ contribute to z. The protein’s PDF is normalized for
each z′, and γz′ denotes the set of possible protein
configurations at z′.
The interactions between the polymer chains and the

surface as well as the protein molecules and the surface
have two contributions. One is the bare attractive
interactions with the surface. For the PEO this contribu-
tion is modeled as εatt,gs(R) ) øatt,gsng(z e δ; R) where øatt,gs
is the strength of the attraction and ng(z e δ; R) is the
number of polymer segments in conformation R that are
adsorbed to the surface, i.e., at a distance smaller than
δ from the surface. For the protein one can use atomistic
derived interactions30 or use the strength of the attraction
todetermine theamountofproteinadsorbed in theabsence
of the grafted polymer (see next section).
The other contribution is the repulsive interaction

arising from the fact that the polymers used are triblock
copolymers. ThePPOblockattached to the surface exerts
a repulsive interaction to the PEO and also to the protein
molecules. One evidence for these repulsive interactions
between the PEO and PPO is that the Pluronicmolecules
form micelles in solution. Therefore, as the coverage of
grafted polymer on the surface increases, one needs to
include effective surface-polymer and surface-protein
repulsions that are proportional to the surface coverage
of grafted polymers. It is reasonable to assume that the
only effect of the PPO is the effective repulsion with the
PEO and the proteins. This is due to the high hydro-
phobicity of the PPO, and therefore, it is assumed that it
has all its segments grafted on the surface.
The total polymer-surface interaction is now εgs(R) )

εatt,gs(R) + ørep,gsσng(z e δ; R) where ørep,gs is the strength
of the PEO-surface repulsion induced by the presence of
the PPO. For the protein-surface interaction we have
εps(γz) ) εatt,ps(γz) + ørep,psσυp(z e δ; γz) with εatt,ps denoting
the bare protein-surface attraction and ørep,ps is the
strength of the protein-surface PPO-induced repulsion.
The next step is to determine the PDF of chain

conformationsof graftedpolymerandproteins, thedensity
profile of the proteins, Fp(z), and the density profile of
solvent molecules φs(z). They are found by minimizing
the systems free energy subject to the packing constraints
(eq 1). The ensemble that we need to consider is that of
a surface of area A with Ng grafted polymers in contact

withabathof proteinandsolventmoleculeswith chemical
potentialsµFandµs, respectively. The relevant free energy
density, i.e., free energy per unit area, is given by

where â ) 1/(kBT) is the inverse of the absolute temper-
ature multiplied by the Boltzmann constant.
The minimization of the free-energy density, eq 2,

subject to the packing constraint, eq 1, is carried out by
introducing the Lagrange multipliers, âπ(z), conjugated
to thepacking constraints togive for thePDFof thegrafted
chains

where qg is the normalization constant. The two terms
in the exponential correspond to the surface-polymer
interaction and to the intermolecular repulsive interac-
tions associated with the packing constraints.
For the protein molecules we find

where the distribution is normalized for each z. The two
termsof theexponential correspondto theprotein-surface
interactionand the intermolecular repulsion, respectively.
The density profile of proteins is given by

and that of the solvent molecules is

The PDF’s and density profiles are all determined by the
knowledge of the Lagrange multipliers π(z). These
quantities represent the average repulsion arising from
theneighboringmolecules. Theyare related to the solvent
(lateral) osmotic pressures arising from the thermody-
namic condition that the chemical potential of the solvent
molecules be constant at all z. A thorough explanation
of the physical meaning of the lateral pressures and their
origin can be found in refs 12, 13, and 17.
The distribution of proteins Fp(z) from the surface to

the bulk solution is determined by the thermodynamic
condition of constant chemical potential of the protein
molecules throughout the system. The factors that will
change the amount of protein adsorbed (and the whole
distribution) can be understood by looking at eq 5 in the
form

with

Therefore, tokeepµp constantat its bulkvalue, thedensity

σ〈vg(z)〉 + ∫Fp(z′)〈vp(z)〉z′ dz′ + φs(z) ) 1 0 e z e ∞
(1)

â
W

A
) σ∑

{a}
Pg(R)[ln Pg(R) + âεgs(R)] + ∫0∞Fp(z) ×

[ln Fp(z) - âµp + ∑
γz

Pp(γz)[ln Pp(γz) + âεps(γz)]] dz +

∫0∞ φs(z)[ln φs(z) - âµs] dz (2)

Pg(R) ) 1
qg
exp[-âεgs(R) - ∫âπ(z)vg(R; z) dz] (3)

Pp(γz) ) 1
qp(z)

exp[-âεps(γz) - â∫π(z′)vp(z′; γz) dz’]

(4)

Fp(z) ) qp(z) exp[â(µp - 1)] (5)

φs(z) ) exp[-â(π(z)vs - µs)] (6)

âµp ) ln
Fp(z)
qp(z)

+ 1

qp(z) ) ∑
γz
exp[-â(εps(γz) + ∫π(z′)vp(z′; γz) dz′)]

(7)
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of theproteinsadsorbed,Fp(0),will decrease if thepartition
function, qp(0), decreases. Thus, in order to design the
proper polymer layer to prevent protein adsorption, we
have to look at the factors that will decrease the value of
the partition function of the proteins in contact with the
surface. The partition function is determined by two
contributions: (i) the protein-surface interaction and (ii)
the intermolecular repulsionof theproteinwith thegrafted
polymers and the other adsorbedproteins. As the density
of grafted polymer increases on the surface, the repulsion
increases, π(z) increases, and the partition function
decreases resulting also in a lower adsorption of the
protein. We will see the quantitative effects in the
following section.
The lateral pressures π(z) are determined by inserting

the PDF of grafted polymers (eq 3), the pdf of the protein
molecules (eq 4), the density profile of the protein (eq 5),
and the solvent density profile (eq 6), into the constraint
equations, eq 1. The resulting equations for the lateral
pressures are solved by discretizing space into layers
parallel to the surface. The resulting set of nonlinear
coupledequations (see eq12of ref 17) is solvedby standard
numerical methods. The inputs necessary to solve the
equations are (i) the set of single-chain conformations of
the grafted polymers, (ii) the set of single-chain confor-
mations of theproteinmolecules, (iii) the surface coverage
of polymer, (iv) the chemical potentials of the solvent and
protein molecules, (v) the bare surface-protein and
surface-polymer attractions; and (vi) the strength of the
PPO-PEO and PPO-protein repulsions.
For the conformations of the grafted chains we use the

rotational isomeric state model as explained in detail in
refs 12, 13, and 17. The choice of this model for the PEO
chains is based on the excellent quantitative agreement
of thepredictions of theSCMFtheorywith experimentally
measured pressure-area isotherms for these polymer
chains.16,31

ParametersUsed in theSCMFAnalysisofProtein
Adsorption on PEO-Grafted Surface. Our study has
concentrated on two types of proteins: lysozyme and
fibrinogen. For lysozyme we consider the protein in the
bulksolution tobespherical. It isassumedthat theprotein
is compact in solution. The radius of the protein is taken
tobe rl)15.5Å. Upon contactwith the surfaceweassume
two possible configurations of the lysozyme: spherical
andpancake-shape. This is based on recent experimental
observations that suggest that adsorbed lysozyme has a
pancake configuration.32 Thus, we will consider the
pancake configuration to have a stronger adsorption
energy with the surface than the spherical configuration.
The interaction between the bare surface and the protein
can be taken from the atomistic calculations of Lee and
Park.30 However, those calculations were carried out for
a surface that is different from the one used in the
experimental work presented below. Furthermore, they
did not consider the possibility of conformational changes
when the protein sits at the surface. Therefore, we used
the samedependence of the potential as calculated byLee
and Park, but the strength of the interaction was fitted
to obtain reasonable agreement with the experiments for
the amount of protein adsorbed in the absence of grafted
polymer. We have found that a good value is εps,sphere(0)
) -18.75 kJ/mol and εps,pancake(0) ) -375 kJ/mol. The
thickness of the adsorbed pancake configuration is taken
to be 11 Å, and the area is such that the protein volume

is the same as in the spherical configuration. A detailed
description of how this is incorporated in the calculations
can be found in ref 17.
The structure of fibrinogen is assumed to correspond to

three spheres connectedbystraight strings. The twoouter
spheres have a radius of 27.5 Å, and the central one has
a radius of 24 Å. The distance between the central and
outer spheres is 150 Å. We assume that the fibrinogen
can adsorb in two possible conformations: (i) end-on (or
head-on) conformation,which implies that one of the outer
spheres is in contact with the surface and the rest of the
molecule is perpendicular to the surface; (ii) side-on (or
lying-down) conformation in which the three spheres are
in contact with the surface. We take εps,end-on(0) ) -480
kJ/mol and εps,side-on(0) ) 2.5εps,end-on(0). The side-on
conformation has a stronger attraction to the surface
because it has more surface exposed to it.
The chain model for the PEO chains has been chosen

as in refs 16 and 31 where it has been shown that the
predictions of the theory are in excellent agreement with
pressure-area isotherms of PEO at the water-air inter-
face. The strength of the protein-surface attractive
interactions has been selected so that the adsorption of
protein in the absence of grafted polymer shows good
agreement with the experimental observations. For the
attractive and repulsive interactions of the PEOwith the
surface and the repulsions of the protein with the surface
due to the PPO, there are no available data that provide
the strengths of these interactions. We have studied a
variety of parameters and how they affect the agreement
with experiments as it will be described in the following
sections. Furthermore, in ref 17 a thorough discussion of
how the different parameters affect the predicted adsorp-
tion isotherms was presented.

Experimental Section
Preparation of Surfaces and Polymer Grafting. Glass

capillary tubes (1.5 mm i.d. × 100 mm long; Kimble Products,
Vineland,NJ)were cleanedby immersion in chromicacid solution
overnight. They were rinsed with running deionized distilled
water (DDW) and dried at 60 °C. The inner surfaces of clean
capillaries were modified by immersing the tubes in a solution
of 5% trichlorovinylsilane (TCVS, Aldrich Chemical Co., Mil-
waukee,WI) in chloroform (analytical grade,Mallinkrodt, Paris,
KY)at roomtemperature. After3h theywere rinsedsequentially
in fresh chloroform, absolute ethanol, and DDW. Finally, the
silanized tubesweredriedandcuredat60°Covernight. Silanized
samples were stored covered at room temperature until use.
Pluronic surfactants usedwere F127, F108, andF68 (referred

to hereafter as PF127, PF108, and PF68). Solutions of PF108,
PF127, and PF68 at the concentration ranging from 0.01 to 10
mg/mL were injected into the capillaries. The information on
these threepolymersare listed inTable1. After1hof adsorption,
the excess polymer was rinsed away with DDW. The polymer-
adsorbed tubes, immersed in DDW, were exposed to γ-radiation
from a 60Co source for a total dose of 0.3 Mrad for grafting.33
Nongrafted polymers were removed by washing in 1% sodium

(30) Lee, S. J.; Park,K.Protein interactionwith surfaces: separation
distance-dependent interaction energies. J. Vac. Sci. Technol. 1994,
12, 1-7.

(31) Szleifer, I. Polymers and proteins: Interactions at interfaces.
Curr. Opin. Solid State Mater. Sci. 1997, 2, 337-344.

(32) Billstein, P.; Wahlgren, M.; Arnebrant, M. T.; McGuire, J.;
Elwing, H. Structural changes of T4 lysozyme upon adsorption to silica
nanoparticles measured by circular dichroism. J. Colloid Interface Sci.
1995, 175, 77-82.

Table 1. Three Pluronic Surfactants Used for the
Surface Grafting

polymer
mol wt
(Da)

EO
units

PO
units

cmc (µM)
(our study)

cmc (µM)
(lit) ref

PF68 8400 75 30 12000-34000 34, 35
PF127 12600 98 67 150 80-560 22, 36
PF108 14600 128 54 900 550-3000 22, 36
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dodecyl sulfate (SDS) for 1 h. The tubes were then rinsed
thoroughly in running deionized water and dried at 60 °C until
use.
Surface Density of the Grafted PEO Chains. PF108,

PF127, and PF68 were radiolabeled by a method described in
ourpreviouspublication.37 Briefly, the terminalhydroxyl groups
of PEO chains were reacted with a 5-fold molar excess of
p-methoxyphenyl chloroformate (MPC,Aldrich,Milwaukee,WI)
in acetonitrile for 48 h at room temperature. The ester product,
referred to as, for example, MP-PF108, was precipitated in cold
anhydrous ether and filtered. It was resuspended in fresh ether
and refiltered twice to remove unreacted MPC. The modified
polymerswere then radiolabeledwith 125I using theEnzymobead
reagent and purified by gel filtration over Sephadex G-10
(exclusion limit ) 700 Da, Pharmacia, Piscataway, NJ). The
radiolabeled polymer was diluted with DDW to prepare adsorp-
tion solutions with concentrations ranging from 0.01 to 10 mg/
mL. Surface-modified capillaries were injected with solutions
of radiolabeled polymer at room temperature. After 1 h for
adsorption they were rinsed of the excess polymer with DDW
and the surface bound radioactivity determined.
Protein Adsorption. Human fibrinogen and hen egg

lysozyme (Sigma, St. Louis, MO) in phosphate-buffered saline
(PBS, pH 7.2) were radiolabeledwith 125I using theEnzymobead
reagent (Bio-Rad,Richmond,CA). The radiolabeled proteinwas
purified by gel filtration over a column packed with Bio-Gel P6-
DG (Bio-Rad, exclusion limit 6000 Da), which was equilibrated
withPBSandcalibratedwithbluedextran (Sigma). Radiolabeled
protein was mixed with native protein in a 1:39 mass ratio to
yield the adsorption solution. The final protein concentrations
were 0.1 and 0.15 mg/mL for fibrinogen and lysozyme, respec-
tively. These protein concentrations produced monolayer cover-
ages on the control TCVS-glass.38,39
PEO-grafted capillaries were filled with PBS to hydrate the

surface for1hprior toproteinadsorptionexperiments. Hydrated
capillaries were injected with either fibrinogen or lysozyme
adsorption solution, displacing the PBS, at room temperature.
After 1 h for adsorption the protein solution was displaced with
PBS. Carewas taken to avoid introducing air bubbles. Surface-
bound radioactivity was determined on a γ scintillation counter
(Beckman Gamma 5500B). The raw γ counts were divided by
the sample surface area and protein specific activity to yield
data in µg/cm2 of the adsorbed protein.
CriticalMicelleConcentrationMeasurementbyPyrene

Fluorescence. The critical micelle concentrations (cmc) of
Pluronic surfactants (BASF Corp., Wyandotte, MI) were mea-
sured from the fluorescence spectra of pyrene. A stock solution
of 0.2mMpyrene (Sigma, St. Louis,MO) in absolute ethanolwas
prepared. Stock solutions of Pluronic surfactants at a concen-
tration of 100 mg/mL were prepared in DDW. Samples for
fluorescence measurement were prepared by pipetting 50 µL of
thepyrene solution intoa flask followedbyaliquots of thepolymer
stock solution. They were diluted to the final 10 mL volume
withDDWandgentlymixed. The finishedsamples thusconsisted
of abinary solutionof 1µMpyreneandpolymerata concentration
ranging from 0.001 to 100 mg/mL. They were set aside and
shielded from light for at least 2 h prior to analysis. All samples
wereprepared in chromic acid-cleanedvolumetric glasswareand
analyzed the same day.

Fluorescence spectra were collected on an SLM 8000 spec-
trofluorometer (SLM, Rochester, NY). Pyrene was excited at
343 nm, and its fluorescence wasmeasured over the range 360-
420 nmwith 1.0 nm step size at 1 s/nm. Emission slits were set
to 0.5 mm. The intensities of the peaks centered at 372 and 384
nm, referred to as peak I and peak III, respectively, were noted.
The ratio of peak III to peak I (III/I) for each spectrum was
calculated and plotted against bulk polymer concentration.

Results

Adsorption of Pluronics to the Surface. The
adsorption isotherms of three Pluronics, PF68, PF127,
and PF108, to the TCVS-treated glass were examined.
The isotherms in Figure 1 are plotted in molar units on
both axes. When the solution concentration was about 1
µM, the surface concentrations of three polymers ranged
from0.9 to1.4pmol/cm2. Thedifferences in theadsorption
isotherms became prominent when the solution concen-
trationswere above 100µM. Therewere little differences
between the adsorption of PF68 and PF127 (p < 0.05).
The surface concentration of PF68 reached 26 pmol/cm2

when the solution concentration was 1190 µM. The
adsorption of PF108, however, increased substantially
more than the other two. The surface concentration of
PF108 reached 60 pmol/cm2 when the solution concentra-
tion was slightly less than 700 µM.
To understand the differences in the adsorption iso-

therms, the critical micelle concentrations (cmcs) of
Pluronic surfactants were measured from the III/I ratio
of pyrene fluorescence peaks. Pyrene III/I ratio was
measured as a function of the polymer concentration
(Figure 2). The x axes in Figure 2 are shown in molar
concentration units so that the polymers with varying
molecularweights can be compared. The III/I ratios of all
three Pluronics were the same at 0.61 when the polymer
concentrations were below 1 µM. This value is charac-

(33) McPherson, T. B.; Shim, H. S.; Park, K. Covalent grafting of
PEO to glass, nitinol, and pyrolytic carbon surfaces by γ-irradiation. J.
Appl. Biomater., in press.

(34) Nakashima, K.; Anzai, T.; Fujimoto, Y. Fluorescence studies on
the properties of a pluronic F68 micelle. Langmuir 1994, 10, 658-661.

(35) Zhou, Z.; Chu, B. Light-scattering study on the association
behavior of triblock polymers of ethylene oxide and propylene oxide in
aqueous solution. J. Colloid Interface Sci. 1988, 126, 171-180.

(36) Wanka, G.; Hoffman, H.; Ulbricht, W. Phase diagrams and
aggregation behavior of poly(oxyethylene)-poly(oxypropylene)-poly-
(oxyethylene) triblock copolymers in aqueous solution.Macromolecules
1994, 27, 4145-4159.

(37) Amiji, M.; Park, K. Surface modification by radiation-induced
grafting of peo/ppo/peo triblock copolymers. J. Colloid Interface Sci.
1993, 155, 251-255.

(38) Park, K.; Mao, F. W.; Park, H. Morphological characterization
of surface-induced platelet activation. Biomaterials 1990, 11, 24-31.

(39) Kidane, A.; Szleifer, I.; Park, K. Protein adsorption kinetics on
PEO-grafted glass. Trans. World Biomater. Congr., 5th 1996, 2, 535.

Figure 1. Surface polymer concentrations of PF68 (O), PF127
(b), andPF108 (0) on thevinylsilane-treatedglass as a function
of bulk polymer concentration used for adsorption (average (
standard error of the mean (SEM), n ) 6).

Figure 2. III/I values of pyrene fluorescence spectra as a
function of polymer solution concentration for PF68 (O), PF127
(b), and PF108 (0) (average ( SEM, n ) 3).
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teristic ofpyrene inanaqueousenvironment.40 ForPF127,
the III/I ratio remained at 0.61 until the polymer
concentration reached 40 µM. It slowly increased as the
polymer concentration increased up to more than 1000
µM,where it reachedaplateau of 0.88. Theplateau value
of 0.88 is characteristic of pyrene in a low dielectric
environment, i.e., the environment of PPO aggregates.40
PF108 exhibited a low III/I ratio until the polymer
concentration reached about 200 µM. It sharply ap-
proached a value of 0.8, when the PF108 concentration
was3500µM. The III/I valuesofPF68remainedrelatively
flat until the bulk concentration reached 1000 µM. Even
then the III/I valuewas still below0.7. Because this value
does not represent the hydrophobic environment, it was
not possible to estimate the cmc forPF68. The cmcvalues
for PF108 and PF127 were estimated from the intercepts
(arrows shown in Figure 2) of the line connecting the III/I
value of water and the linear portion of the III/I values
athighpolymerconcentrations. Thecmcvaluesestimated
fromFigure2were150and1000µMforPF127andPF108,
respectively. The cmc values for PF127 andPF108 found
in the literature are 80-560 and 550-3000 µM, respec-
tively.22,36 Our cmc values are in the ranges observed by
others. The cmc value for PF68 in the literature ranges
from 12 000 to 34 000 µM.34,35 Such a high cmc valuewas
probably why we were not able to observe the increase in
the III/I value of PF68 above 0.7, since the concentration
used in our study was less than 12 000 µM.
The cmc values can explain, at least qualitatively, the

differences in adsorption isotherms of PF108 and PF127
inFigure 1. Since the cmc value of PF127 observed in our
study was 150 µM, at the polymer concentrations higher
than this value, polymers start to form micelles and the
monomer concentration does not increase as much as the
totalpolymerconcentration increases. PF108, ontheother
hand, had a cmc of 1000 µM. Thus, most of PF108 exist
as monomers up to that concentration. The presence of
abundant monomers in solution may have resulted in a
higher surface concentration of PF108. Thus,micelles do
not appear to be responsible for the adsorption of Pluronic
surfactant molecules to the surface. The adsorption of
PF68 was not as good as that of PF108, despite the very
high cmc concentration (12 000 µM to 34 000 µM) in the
literature. This is probablydue to the shorterPOsegment
(30 units) of PF68 compared to the PO segment (54 units)
of PF108. Our previous study has shown that Pluronics
adsorb to the hydrophobic surface more readily as the
length of the PO segment increased.41 Thus, despite the
abundance of the monomeric PF68, the affinity of PF68
to the surface was not as high as that of PF108.
Prevention of Protein Adsorption by Tethered

PEOChains. Theadsorptionsof lysozymeand fibrinogen
onto the surfaces grafted with PF68, PF127, and PF108
are shown in Figure 3. The data are plotted as protein
surface concentration versus polymer concentration (in
mg/mL) used for the adsorption step of surface grafting.
This is theusualway forpresenting theproteinadsorption
data in the literature. Thesurface lysozymeconcentration
on the control surface was 0.19 ( 0.04 µg/cm2. PF68
grafting reduced lysozyme adsorption to 0.1 µg/cm2 when
the polymer concentration was only 0.01 mg/mL (Figure
3A). The surface lysozyme concentration steadily de-

creased with increasing polymer concentration, reaching
a minimum of approximately 0.05 µg/cm2 when the PF68
concentration was 5mg/mL. PF127 at a concentration of
0.1mg/mLdecreased lysozyme adsorption to 0.13 µg/cm2.
It further decreased lysozyme adsorptionwith increasing
polymer concentration, reaching a minimum of ap-
proximately0.075µg/cm2at5mg/mL. Lysozymeadsorbed
to the PF108-grafted surface to 0.15 µg/cm2 when the
polymerconcentrationwas1mg/mL. Itdecreasedsteadily
with increasing polymer concentration to a minimum of
0.06 µg/cm2 at approximately 10 mg/mL PF108. All
polymerswereeffectiveatdecreasing lysozymeadsorption
to the treated glass at polymer concentrations of 5mg/mL
and above. Figure 3B shows fibrinogen adsorption to the
PF68, PF127, and PF108 grafted glass. Fibrinogen
adsorbed to the control-treated glass at 0.35 ( 0.05 µg/
cm2. When the PF68 concentration was 0.01 mg/mL,
fibrinogen adsorption was reduced to 0.27 µg/cm2. It
remained at that level until the PF68 concentration
reached 1 mg/mL. It then decreased steadily until the
PF68 concentration was 10 mg/mL where it was 0.09 µg/
cm2. PF127grafting reduced fibrinogenadsorption to0.15
µg/cm2 at 0.05 mg/mL. Above this value, fibrinogen
adsorbed to approximately 0.10 µg/cm2, irrespective of
PF127 concentration. PF108 was most effective in reduc-
ing fibrinogen adsorption. Fibrinogen adsorption was
reduced to 0.27 µg/cm2 by PF108 at a concentration of
0.01 mg/mL. It decreased steadily throughout the range
of PF108 concentrations studied to a minimum of 0.02
µg/cm2. The lysozyme adsorption profiles were very
similar for all of the grafted surfaces. Both themagnitude
of adsorption and dependence on polymer concentration
weresimilar, irrespectiveof thepolymerPEOblock length.
Fibrinogen adsorption, on the other hand, showed dif-

(40) Kalyanasundaram, K.; Thomas, J. K. Environmental effects on
vibronic band intensities in pyrene monomer fluorescence and their
application in studies of micellar systems. J. Am. Chem. Soc. 1977, 99,
2039-2044.

(41) Amiji,M.; Park,K.Prevention of protein adsorptionandplatelet
adhesion on surfaces by PEO/PPO/PEO triblock copolymers. Bioma-
terials 1992, 13, 682-692.

Figure 3. Surface concentrations (Γ) of lysozyme (A) and
fibrinogen (B) adsorbedontoglass graftedwithPF68 (O), PF127
(b), and PF108 (0) as a function of the bulk polymer concen-
tration (C in mg/mL) used for adsorption. Molecular weights
of PF68, PF127, and PF108 are listed in Table 1 (average (
SEM, n ) 3).

Prevention of Protein Adsorption by Tethered PEO Layers Langmuir, Vol. 14, No. 1, 1998 181



ferences between the polymers used. PF108, which has
the longest PEO chain, was the most effective.
Figure 4 shows the protein adsorption data plotted as

a function of the surface polymer concentration instead
of the bulk polymer concentration used for adsorption.
Since the prevention of protein adsorption is related to
the PEO concentration on the surface rather than that in
the adsorption solution, the data inFigure 4presentmore
useful information than those in Figure 3. The informa-
tion in Figure 4 is also necessary for the theoretical
analysis of the steric repulsion behavior based on the
SCMF theory. Figure 4A shows the lysozyme adsorption
to the PEO-grafted surfaces. As expected, lysozyme
adsorption decreased with increasing amount of polymer
on the surface for all polymers, irrespective of PEO chain
length. All of the polymers used have rather long PEO
blocks (75 or more repeating units), so there was no
difference among them based on the PEO block length.
Thus, lysozyme adsorption to PEO-grafted surfaces ap-
pears to be primarily dependentupon the surface polymer
density. Fibrinogen adsorption versus polymer surface
density is shown inFigure 4B. PF68 shows little decrease
in fibrinogen adsorption until the surface concentration
reaches more than 10 pmol/cm2. Fibrinogen adsorption
then decreases with increasing PF68 surface density.
PF127 showeda sharp reduction in fibrinogenadsorption,
which leveled off at about 0.05 µg/cm2 when the polymer
densitywas 10pmol/cm2. PF108 showsa steadydecrease
in fibrinogen adsorption with increasing polymer surface
density throughout the concentration range. It produced
the greatest reduction in fibrinogen adsorption of all the
polymers used.
Comparisons of the Single-Chain Mean-Field

Predictions with Experimental Observations. Fig-
ure 5 shows the theoretical analysis of the adsorption of

lysozyme to thePEO-grafted surface. The surfacedensity
of protein (Γ in number of proteinmolecules/Å2) is plotted
as a function of the surface coverage of PEO chains (Σ in
number of PEO chains/Å2). The agreement between the
theory and the experimental observations is rather
excellent, in particular the initial sharp decrease of the
amount of protein adsorbed as the surface coverage of
Pluronic increases. The theoretical predictions, in agree-
mentwith the experimental observations, show that there
is almost no effect on the adsorption isotherms on the
polymer chain length. Furthermore, the theoretical
predictions show that there is a change in the behavior
of the adsorption isothermatσ >0.001Å2. The isotherms
show a change in slope at this surface coverage. In order
to understand the source of this effect, we need to discuss
in more detail the effect of the different interactions
involved in determining the structure of the polymer-
protein mixture at the surface.
The calculations presented in Figure 5 correspond to

the strength of the PEO-PPO interaction, ørep,gs ) 810 kJ
Å2/mol, while the protein does not feel any PPO-induced
repulsive interaction, i.e., ørep,gs ) 0. The plateau-like
region of the adsorption isotherm turns out to correspond
to surface coverages in which the interplay between the
repulsive PPO-PEO interactions and the PEO-surface
attractions are such that in the absence of the proteins
the polymer layer is very close to the region where a
pancake to brush first-order phase transition is predicted.
Namely, on the dilute side the PEO chains are completely
adsorbed to thesurface. As thesurface coverage increases,
the PPO-PEO repulsions start to dominate, and thus,
the PEO desorbs from the surface. This can be observed
in Figure 6, which shows the volume fraction of PEO
adsorbed at the surface as a function of polymer surface
coverage in theabsence of adsorbedproteins. Theamount
of PEO adsorbed increases very sharply for low surface
coverages, i.e., the bare PEO-surface attractions domi-
nate. This is the range of surface coverage for which the
amount of lysozyme adsorbed decreases very sharply (see
Figure 5). There is a maximum in the fraction of PEO
adsorbed that corresponds to the same surface coverage
atwhich theamount of adsorbedprotein inFigure5 shows
a large change in slope. For larger surface coverages of
polymer, the fraction of adsorbed PEO decreases. This

Figure 4. Surface concentrations (Γ) of lysozyme (A) and
fibrinogen (B) adsorbedontoglass graftedwithPF68 (O), PF127
(b), and PF108 (0) as a function of the surface polymer
concentration (Σ in pmol/cm2) after grafting (average ( SEM,
n ) 3).

Figure 5. Surface concentration (Γ) of lysozyme (in molecule/
Å2) adsorbed onto glass grafted with PF68 (O), PF127 (b), and
PF108 (0) as a function of the surface polymer concentration
(innumber ofPEOchains/Å2) after grafting.The lines represent
predictions of the protein adsorption by the SCMF theory and
correspond to the surfaces grafted with PF68 (dashed line),
PF127 (dotted line), and PF108 (solid line). The calculations
correspond to øatt,gs ) -5.4 kJ/mol, ørep,gs ) 810 kJ Å2/mol, ørep,ps
) 0. The error bars of data points are not shown for easier
visualization. The error bars are the same as those shown in
Figure 4.
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results in a more accessible surface when the proteins
attempt to adsorb and thus in the slowdecrease of protein
adsorption seen in Figure 5. Figure 6 also shows the
fraction of PEO adsorbed in the presence of adsorbed
proteins (with the surface density of proteins correspond-
ing to that in Figure 5). For protein surface coverages
Γlysozyme > 0.0005/Å2, the presence of the adsorbed protein
results in an effective repulsive interaction of the PEO
(due to steric effects) that reduces the fraction of PEO in
contact with the surface in order to allow more surface
space for the protein.
The excellent agreement between the predicted iso-

therms and the experimental observations gives confi-
dence that the parameters chosen in the calculations are
appropriate. However, it is important to discuss the
physical source of those values and also how a variation
of these parameters will change the predicted isotherms.
First, we consider the bare PEO-surface attraction. The
reason for having such interaction, as discussed in the
presentation of the theory, is that the ethylene oxide
monomers are amphiphilic. Furthermore, it has been
recently shown that in order to describe the pressure-
area isothermsof tetheredPEOat thewater-air interface,
one needs to consider an attraction between the EO
monomers and the interface with a strength øatt,gs ) -2.4
kJ/mol.16 The calculations presented above were done
with øatt,gs ) -5.4 kJ/mol. The choice for this stronger
attraction is due to the more hydrophobic nature of the
modified surface used in the experiments compared to
the air-water interface.
To verify that the PEO is strongly attracted to the

surface,wehavemeasured theadsorption of proteinwhen
the surface was grafted with PEO homopolymers instead
of Pluronics. The adsorption of lysozyme as a function of
the bulk concentration of PEO used for grafting is shown
in Figure 7. The isotherm shows a sharp decrease in
lysozyme adsorption at the bulk PEO concentration of 5
µM. Clearly, øgs must be large enough in order for the
PEO to be adsorbed on the surface even at these small
bulk concentrations.
The effect of varying the strength of the grafted

polymer-surface attraction has been studied in detail
previously.17 The study showed that the stronger the
attraction between PEO and surface, the more effective
the polymer layer in preventing protein adsorption.
However, the kinetic barrier presented by grafted poly-
mers not attracted to the surface is much larger than for
the attractive case. Thus, the conditions for kinetic and
thermodynamic control are different. Namely, when the

segments of the grafted polymers have attractive interac-
tions with the surface, the polymer layer ismore effective
in the thermodynamic control of protein adsorption.
However, the time scale for protein adsorption is much
larger when the polymer segments are not attracted to
the surface.17,31

Second, we need to consider the repulsive interaction
parameter between the PEO and the grafted PPO and
between the protein and the grafted PPO segments. The
good agreement with the experimental observations was
obtained with ørep,gs ) 810 kJ Å2/mol and ørep,ps ) 0.
Although it is clear that there should be a repulsive
interaction between the PEO and the PPO, it is not clear
that this shouldbe the case for theproteins. Furthermore,
there is no easy way to quantify the value from indepen-
dent experiments. Therefore, we show what would be
the changes in the adsorption isotherms if the strengths
of those interactions are changed. Figure 8A shows the
lysozymeadsorption isotherms for a variety of PEO-PPO
repulsive interaction parameters when there is no re-
pulsive PPO-protein interactions, i.e., ørep,ps ) 0, as in
the experimental comparison inFigure5. As the strength
of the PEO-PPO repulsive interaction decreases, the
ability of the polymer layer to prevent protein adsorption
does not change up to Γlysozyme ) 0.001/Å2. For higher
surface coverages, the PEO layer becomes more effective
in preventing lysozyme from adsorbing. The lower the
PPO-PEOrepulsion the better prevention abilities of the
polymer layer. The reason for this behavior is that if the
PPO does not exert a repulsive interaction over the PEO,
then there is a higher fraction of PEO on the surface
providing a more repulsive steric interaction to the
proteins. The effect of a PPO-protein repulsion, at
constant PPO-PEO repulsion, can be seen in Figure 8B.
Clearly, as the protein-PPO repulsion, increases there is
less adsorption of protein as the surface coverage of
polymer increases. Note that the initial decay of the
protein adsorption does not depend on the strength of the
PPO-proteinorPPO-PEOrepulsions. That initialdecay,
which is very well predicted by the theory, depends only
on the properties of the grafted PEOmolecules and their
ability to occupy the surface, diminishing the amount of
available surface to the protein and at the same time the
steric repulsion that the adsorbed PEO segments present
to the protein.
Figure 9 shows the adsorption isotherms for fibrinogen.

There is good agreement between the theoretical predic-
tions and the experimental observations for low surface

Figure 6. Volume fraction of PEO in contact with the surface
as a function of the surface coverage of grafted polymer for
PF68.The theoretical predictions are for grafted layerswithout
proteins on the surface (full line) and with adsorbed proteins
(dashed line).Theamountof adsorbedprotein is theequilibrium
amount, as predicted in Figure 5.

Figure 7. Surface concentration (Γ) of lysozyme (in molecule/
Å2) adsorbed onto glass as a function of the bulk PEO
homopolymer concentration. Themolecularweight of PEOwas
8000.
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coverages. The predictions of the theory show total
prevention of fibrinogen adsorption, while the experi-
mental observations showaplateau. The theory predicts
that fromthe twopossible configurations, end-on (orhead-
on) and side-on (or lying-down), the first is the most
favorable for all surface coverages of grafted PEO (data
not shown). It turns out that the adsorption isotherms
of fibrinogenare less sensitive to the strengthof thePEO-
surface attraction, PEO-PPO repulsion, and PPO-
protein repulsion than in the case of lysozyme. This is
due to thehuge size of fibrinogen compared toPEOchains.
Thenet result is that the fibrinogen isotherms lookalmost

identical for all the range of parameters studied. The
determining factors of the isotherm are the volume
distribution of the fibrinogen and the bare fibrinogen-
surface attraction at contact.
The qualitative features of the experimental isotherms

for both proteins are very similar to each other. In both
cases there is a very sharp decrease of protein adsorption
for low surface coverage of PEO that is properly predicted
by the theory. As the surface coverage increases, the
theory predicts the following: (i) for the case of fibrinogen
a continued decrease of the amount of adsorbed protein
up to totalprevention; (ii) for the caseof lysozymeaplateau
(in agreement with the experimental observations) or
complete prevention of lysozyme adsorption, depending
upon the strength of the PEO-PPO repulsion and of the
PPO-protein repulsion. However, the experimental
measurements show that for both proteins there seems
to be a leveling off (plateau) in the adsorption isotherm.

Discussion

Prevention of Protein Adsorption by theGrafted
PEOLayers. Our study using the hydrophobic surfaces
suggests that the ability of the PEO layers to prevent
protein adsorption stems from the direct coverage of the
surface by the PEO segments, resulting in blocking of the
adsorption sites for the proteins. The usual steric repul-
sion theory based on the picture of the polymer brush is
not appropriate for hydrophobic surfaces. This is par-
ticularly important at low surface coverage of polymer,
where the slope of the isotherm is the sharpest. At higher
surface coverages the details of the interactions between
all the components in the system can result in different
types of the isotherms for small proteins, but they seem
to be of no influence for very large proteins. Themeasure
of the size of the protein is relative to the volume of the
polymer molecules.
The steric repulsion theory has been used to explain

the prevention of protein adsorption and cell adhesion
onto the surfaces modified with a variety of molecules
such as PEO, albumin, heparin, dextran, and other
hydrophilicmacromolecules.11,42 Itwasnot easy,however,
to use the steric repulsion theory for explaining the
prevention of protein adsorption and cell adhesion by
rather rigid molecules such as albumin, heparin, or
dextran. This appears to be explained by the concept
developed from this study (i.e., prevention of protein
adsorption is due to the blocking of the protein adsorption
sites). It is very reasonable to expect that rigidmolecules
such as albumin, heparin, or dextran, can adsorb to the
surface and block the protein adsorption sites. In fact, it
iswell-known that albuminadsorbs readily to the surface,
especially to the hydrophobic surface.
Comparison between the SCMF Theory and Ex-

perimental Observations. As shown in Figures 5 and
9, SCMF theory can explain well the decrease in protein
adsorption for lysozyme at all polymer surface coverages
and for fibrinogen at low PEO coverage on the surface.
Unlike the theoretical predictions, however, fibrinogen
adsorptionoccurred, albeit in small quantities, to thePEO-
grafted surfaces. This difference raises the question of
whether the theory is unable to predict the adsorption
isotherms for fibrinogen or there is a physical process in
the experimental observations that has not been taken
into account in the theory. The most probable sources of
the difference are (i) kinetically controlled adsorption, (ii)

(42) Andrade, J. D.; Nagaoka, S.; Cooper, S. L.; Okano, T.; Kim, S.
W. Surfaces and blood compatibility. Current hypothesis. Trans. Am.
Soc. Artif. Intern. Organs 1987, 33, 75-84.

Figure 8. Same as in Figure 5 with theoretical predictions
only for PF68 with øatt,gs ) -5.4 kJ/mol and for a variety of
different repulsive interaction parameters. (A) All the theoreti-
cal predictions are for ørep,ps ) 0. The different lines correspond
to ørep,gs ) 0 (full line), ørep,gs ) 202.5 kJ Å2/mol (dotted line),
ørep,gs ) 405 kJ Å2/mol (dashed line), ørep,gs ) 607.5 kJ Å2/mol
(longdashed line), and ørep,gs)810kJÅ2/mol (dot-dashed line).
(B)All the theoretical predictions are for ørep,gs ) 810kJÅ2/mol.
The different lines correspond to ørep,ps ) 810 kJ Å2/mol (full
line), ørep,ps ) 410kJÅ2/mol (dotted line), ørep,ps ) 16.2 kJÅ2/mol
(dashed line), and ørep,ps ) 0 (long dashed line).

Figure9. Surface concentration (Γ) of fibrinogen (inmolecule/
Å2) adsorbed onto glass grafted with PF68 (O), PF127 (b), and
PF108 (0) as a function of the surface polymer concentration
(innumber ofPEOchains/Å2) after grafting.The lines represent
predictions of the protein adsorption by the SCMF theory and
correspond to the surfaces grafted with PF68 (dashed line),
PF127 (dotted line), and PF108 (solid line).
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long-range interactions between the protein and the
surface, (iii) attractive interactions between the protein
and the polymer segments, and (iv) inhomogeneous
grafting of the polymers on the surface.
To examine the effect of kinetically controlled adsorp-

tion, we have performed experiments measuring the
protein adsorption kinetics.39 Our kinetic studies have
shown that after 5 min the adsorption reaches its final
value, which does not change even after several hours.
Although this is not proof that the measured amount of
protein is in equilibrium, it strongly suggests that the
solution has reached a local equilibrium in which the
amount of protein adsorbed is determined by the equality
of chemical potential between the bulk and surface
proteins. Furthermore, the suggestion that the experi-
mental measurements are not kinetically controlled is
supported by the fact that the measured amount of
adsorbed protein is larger, at high polymer surface
coverages, than the calculated one, while there is agree-
ment at low surface coverages. Kinetically controlled
adsorption is expected to give lower amounts of protein
on the surface than equilibrium adsorption.
For the effect of long-range interactions between the

protein and the surface, we have performed calculations
using long-range interactions. Any reasonable choice of
the long-range potential gives an overestimation of the
amount of the protein adsorbed at low and intermediate
surface coverages of polymers. Moreover, we do not find
agreement with the experimental observations at any
range of surface coverages. The possibility of weak
attractive interactions between proteins and PEO layers
has been predicted43 and observed experimentally for
avidin.44 The calculated interactions suggest the pos-
sibility of adsorption of protein on top of the grafted layer
andnotbydirect contactwith thesurface. Wehavecarried
out calculations considering thispossibilityand found that
such weak attractive interactions may not result in any
change of the adsorption isotherms (for relatively weak
EO monomer-protein interactions). For stronger EO
monomer-protein interactions, a large increase in the
adsorptionof proteins for all surface coverages of polymers
is found. Again, therewas no reasonable agreementwith
the experimental observations in any range of polymer
surface coverages.
The last possibility that at high surface coverages the

graftedpolymersdonot formanhomogeneous layer seems
to be the most reasonable one. In fact, we believe that
this is the case owing to the following facts. First, the
“plateau” of the experimental adsorption isotherm starts
at the same surface coverage of polymer for both proteins.
The inhomogeneously covered surfaces will have patches
of uncovered surface and domains (or two-dimensional
micellar aggregates) covering the surface, allowing a free
surface for these two very different proteins to adsorb.
Second, the theory predicts that in the absence of proteins
(for the parameters that the lysozyme isotherm is well
predicted at all surface coverages) the polymer layer is
very close toamushroomtobrush transition region.Third,
there isan independent set of experimentalmeasurements
of the adsorption isotherms of lysozyme and fibrinogen in
homogeneous covered surfaces with short chain length
EOoligomersperformedbyPrimeandWhitesides.45 They
used self-assembled monolayers of varying surface cover-

age of chains with a number of monomers varying from
zero to 17. They found that even for chains with two EO
units one can totally prevent the protein from adsorbing
at the surface. It has recently been shown that their
experimental observations are very well predicted by
SCMF theory.31 Finally, our recent studies using atomic
forcemicroscopy (AFM) indicated inhomogeneous surface
coverage by the grafted PEO chains (unpublished data).
In summary, the Pluronic-covered surfaces at high

surface coverages do not appear to be homogeneous. This
suggestion is supported by (i) the agreement between the
SCMF predictions and the experimental observations of
PrimeandWhitesidesatall surface coverages of polymers,
(ii) the fact that the self-assembled monolayers are
homogeneous systems, and (iii) the agreement between
the theory and the experimental observations at low and
intermediate surface coverageof longchainsofPEOshown
above (Figures 5 and 6). It is highly possible that two-
dimensional micelles or microphase separation is under-
way on the surface. We are currently carrying out
experimental measurements to check such possibilities,
and our preliminary studies using AFM support the
possibility of microphase separation.

Conclusion

We have carried out systematic studies of the ability of
grafted PEO layers to prevent protein adsorption. The
experiments provided macroscopic information on the
importance of the surface density of the grafted PEO. The
theoretical analysis by the SCMF approach provided
further insights into the mechanisms responsible for the
prevention of protein adsorption by the grafted polymers.
With this information, the modification of biomaterials
no longer has to be based on trial-and-error to prepare
protein- and platelet-resistant surfaces.
It is important to realize that the PEO layer on the

surface does not exist as the commonly referred brush.
The surface coverages and polymer chain lengths used
here (and in other experimental systems) are far from the
ones necessary to reach the true brush regime, which
requires nonattracting surfaces, high surface coverages,
and very large molecular weights of the grafted polymer.
The adsorption of proteins is determined by the interplay
between the attractive interaction of the protein upon
contact with the surface and the attractive interaction of
the adsorbed PEO segments with the surface, and with
the entropic changes associated with the deformation of
the PEO layer due to the adsorbing proteins. Further-
more, even for the surfaces that do not attract the PEO
chains, the amount of protein adsorbed depends upon the
ability of the adsorbing protein to deform the tethered
PEOlayer. Thispoints to theneededrevisionof the “brush
picture” and the steric repulsion theory in the under-
standing of protein adsorption on grafted polymer layers.
Therefore, the theoretical description of the adsorption
behavior of proteins on surfaces with tethered polymers
requires the use of molecular theories such as the SCMF
used in this study.
The mechanism responsible for prevention of protein

adsorptionbygraftedPEOinhydrophobic surfaces results
from the ability of the grafted polymer to block the
adsorption sites for the proteins. Therefore, the fact that
PEO is attracted to the surface results in more effective
prevention. The cases in which the grafted PEO are not(43) Szleifer, I. Proteinadsorption on tetheredpolymer layers: Effect

of polymer chain architecture and composition. Physica A 1997, 244,
370-382.

(44) Sheth, S. R.; Lechband, D. Direct measurements of attractive
interactions between proteins and end-grafted poly(ethylene glycol)
chains. Proc. Natl. Acad. Sci. U.S.A., in press.

(45) Prime, K.; Whitesides, G. Adsorption of Proteins onto Surface
ContainingEnd-AttachedOligo(ethylene-oxide): AModelSystemUsing
Self-AssembledMonolayers.J.Am.Chem.Soc.1993,115, 10714-10721.
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attracted to the surfaces, as in lipid-PEO layers46 and
liposomes,47 the polymer chains are more effective in
presenting a kinetic barrier to the proteins in solution
rather than in thermodynamically preventing protein
adsorption.
Our analysis showed that experiments on protein

adsorption on PEO grafting become rather meaningless
if the critical information, suchas thedensityof thegrafted
PEO chains, is not known. Our experimental results and

the SCMF analysis suggest that for prevention of protein
absorption the density of the grafted PEO chains should
be above a certain level, which varies depending on the
type of grafted PEO.
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