
Proc. Natl. Acad. Sci. USA
Vol. 94, pp. 8399–8404, August 1997
Applied Biological Sciences

Measurements of attractive forces between proteins and
end-grafted poly(ethylene glycol) chains

S. R. SHETH AND D. LECKBAND*
Department of Chemical Engineering, University of Illinois at Urbana–Champaign, 600 South Mathews Avenue, Urbana, IL 61801

Communicated by Robert Langer, Massachusetts Institute of Technology, Cambridge, MA, May 27, 1997 (received for review March 17, 1997)

ABSTRACT The surface force apparatus was used to mea-
sure directly the molecular forces between streptavidin and lipid
bilayers displaying grafted Mr 2,000 poly(ethylene glycol) (PEG).
These measurements provide direct evidence for the formation of
relatively strong attractive forces between PEG and protein. At
low compressive loads, the forces were repulsive, but they became
attractive when the proteins were pressed into the polymer layer
at higher loads. The adhesion was sufficiently robust that sep-
aration of the streptavidin and PEG uprooted anchored polymer
from the supporting membrane. These interactions altered the
properties of the grafted chains. After the onset of the attraction,
the polymer continued to bind protein for several hours. The
changes were not due to protein denaturation. These data
demonstrate directly that the biological activity of PEG is not due
solely to properties of simple polymers such as the excluded
volume. It is also coupled to the competitive interactions between
solvent and other materials such as proteins for the chain
segments and to the ability of this material to adopt higher order
intrachain structures.

Poly(ethylene glycol) (PEG) is used extensively to improve the
biocompatibility of foreign materials for both in vivo and ex vivo
applications (1–3). Its prevalent use is due largely to its low
toxicity and low immunogenicity (1). In addition, due to its
protein resistance, it is widely used as a stabilizing surface coating
in biological environments (3–7). For example, PEG-functional-
ization of liposomes increased their blood circulation times by
nearly an order of magnitude (4). In the clinic, ethylene oxide
surface grafts are used to reduce protein adsorption onto the
surfaces of biomedical polymers (1–3, 5–7). This is important for
controlling the biological responses to the latter, in part, because
protein adsorption is a well established first step in the humoral
response against foreign materials (2, 8, 9). Thus, by preventing
the unwanted adsorption of bioactive agents onto the surfaces of
medical polymers, the surface grafting of hydrophilic polymers is
one of the more effective, general strategies used to manipulate
the biological activity of medical materials (3, 9–14).

The unusual efficacy of PEG as an apparently biologically
passivating surface coating is linked to both the presumed
biological inertness of the polymer backbone and to its sol-
vated configuration (1, 3, 5, 7). In most cases, the proposed
mechanisms for the protein resistance of PEG borrow from
current theories for structureless polymers in isotropic liquids
(5, 15–19). For example, PEG’s ability to repel proteins is
attributed to its large excluded volume (3, 5, 15–19), its
configurational entropy (20, 21), surface coverage by grafted
chains (3, 15, 18), and the thickness of grafted layers (1, 3, 9,
17, 18). These latter attributes are all well described theoret-
ically for both terminally anchored and soluble simple chains
in simple solvents (22–25). Based on such arguments, it should

be a simple matter to design and optimize the performance of
PEG-based coatings using state-of-the-art polymer theories.

Yet PEG is not a simple polymer. It forms directional bonds
with water (26–28), it adopts higher order intrachain structure
(28–31), and it exhibits complex phase behavior (32). None of
this behavior is addressed by current theories for simple
polymers in simple solvents. The biological inertness of PEG is
also unusual in light of its ‘‘amphiphilicity.’’ It is highly soluble
both in water and in organic solvents (1, 7, 31), and it forms stable
monolayers at the air-water interface (33). By contrast, other
closely related polyethers are neither water soluble nor bio-
compatible (7). Indeed, the polymer’s interactions with water
lead to much richer phase and structural behavior than man-
ifested by structureless chains (32). In light of the fact that its
properties deviate from the assumptions used to describe simple
chains, it is remarkable that measured behavior has been in such
good agreement with theoretical predictions (34–36).

The efficacy of PEG coatings and the assumptions regarding
its properties have indeed been questioned (37), but the
consequences of these unusual characteristics for its biologi-
cally relevant properties have not been addressed (19). Ap-
parent discrepancies in the biocompatibility of materials
coated with grafted PEG suggest that the properties of such
coatings are far from simple (37). Moreover, such complex
behavior makes clear that current polymer theories do not
adequately describe the variety of phenomenology that deter-
mine the interactions of this material with the biological
environment. Yet only a few theories considered how the
additional degrees of freedom afforded by solvent interactions
and the ability to form higher order structures affect PEG
behavior in aqueous solutions (28, 38–40).

In this work, we report direct evidence that PEG is not an inert,
simple polymer, but that it can bind proteins. The formation of
these attractive interactions is linked to rearrangements in the
polymer configuration. We measured directly the molecular
forces between streptavidin and monolayers of grafted Mr 2,000
methoxy-terminated PEG. The interactions were investigated as
a function of polymer grafting density with chain configurations
ranging from isolated ‘‘mushrooms’’ to dense polymer brushes.
Measurements at both low and high compressive forces and
under minimally perturbing conditions determined the repulsive
force (interaction energy) required to induce adhesion between
protein and PEG at different surface coverages. Results are
interpreted in terms of current models for the behavior of PEG
in aqueous solutions.

MATERIALS AND METHODS
Chemicals. Conjugates of distearoylphosphatidyl ethanol-

amine (DSPE) with Mr 2,000, methoxy-terminated PEG
(DSPE-EO45) were purchased from Avanti Polar Lipids. All
other phospholipids also were purchased from Avanti. All salts

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement’’ in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

© 1997 by The National Academy of Sciences 0027-8424y97y948399-6$2.00y0
PNAS is available online at http:yywww.pnas.org.

Abbreviations: PEG, poly(ethylene glycol); DSPE, distearoyl phos-
phatidylethanolamine; DSPE-EO45, poly(ethylene glycol) conjugated
to distearoyl phosphatidylethanolamine; DDPE, dipalmitoyl phos-
phatidylethanolamine.
*To whom reprint requests should be addressed. e-mail:

leckband@aries.scs.uiuc.edu.

8399



were high purity (.99.5%) and were purchased from Aldrich.
Streptavidin was from Calbiochem. Water was purified with a
Milli-Q UV filtration system (Millipore). HPLC grade meth-
anol and chloroform were from Mallinckrodt.

Preparation of Supported Lipid Bilayers Displaying
Grafted PEG. Solutions of PEG-lipid (DSPE-EO45) and pure
DSPE were prepared in 9:1 chloroformymethanol solutions.
Mixtures of 1.5, 4.5, and 9.0 mol % DSPE-EO45 with DSPE
were prepared by mixing chloroform solutions of the pure lipid
and PEG-lipid in appropriate proportions.

The grafted polymer layers, as shown in Fig. 1, were prepared
by the Langmuir–Blodgett deposition of mixed lipid monolayers
onto a hydrophobic support as described elsewhere (34). The
latter monolayers were composed of DSPE and DSPE-EO45 in
the proportions stated above. After spreading the lipids on the
water surface, they were compressed to an average area of 43 Å2

per lipid. The monolayer then was deposited at constant pressure
onto a hydrophobic, crystalline monolayer of dipalmitoyl phos-
phatidylethanolamine (DPPE) prepared by its Langmuir–
Blodgett deposition from the water-vapor interface onto freshly
cleaved mica. The chain grafting density is thereby controlled
precisely by adjusting the DSPE-EO45 mole fraction in the
bilayer. The transfer ratio—that is, the area transferred relative
to the area coated by the film—was greater than 0.95 in all cases.

Preparation of Oriented Streptavidin Monolayers. Force mea-
surements were conducted with oriented monolayers of strepta-
vidin. While this protein will not participate in the in vivo
recognition of foreign materials, its surface amino acid compo-
sition is not unlike that of other soluble proteins such as those
found in blood. Its well known structure and facile formation of
oriented protein monolayers (41) also enabled us to relate the
measured forces with the protein’s surface composition. These
protein monolayers were thus prepared for force measurements
by the specific adsorption of soluble streptavidin onto a sup-
ported lipid bilayer displaying biotin conjugated to dihexadecyl
phosphatidylethanolamine via a six-carbon spacer (biotin-X-
DHPE, Molecular Probes). The biotin-lipid was mixed at 5 mol
% with ditridecanoyl phosphatidylcholine and spread at the
water-vapor interface. The monolayer was compressed to an
average lipid area of 65 Å2, and transferred onto a dipalmitoyl
phosphatidylethanolamine monolayer on mica. The melting
temperature of the neutral lipid ditridecanoyl phosphatidyl-
choline is 14°C, and the monolayer is in the liquid crystalline
state at 25°C. Soluble streptavidin binds to the biotinylated
membrane and self-assembles into an oriented monolayer (Fig.
1) (42). The protein coverage on monolayers thus prepared, as
determined by radiolabeling methods, was 3,600 6 100 Å2 per
streptavidin. The protein therefore occupies 79% of the bilayer
surface.

Force Measurements. Force measurements were conducted
with a Mark II surface force apparatus at 25°C. The chamber
of the instrument housing the samples was filled with a solution
of 10 mM sodium phosphate buffer (pH 7.0) and 30 mM
KNO3. All solutions were saturated with lipid to prevent

desorption of the lipid bilayers during the measurements.
Before filling the chamber, solutions were filtered through
surfactant-free 0.2-mm Durapore membranes (Millipore).

RESULTS
Definition of Zero Separation. The distances reported refer to

the separation between the outer surface of the streptavidin
monolayer and that of the opposed, dehydrated bilayer mem-
brane supporting the grafted PEG. The difference in the distance
of closest intersurface approach before and after removal of the
organic layers from the mica defined their total thickness T. After
draining the solution from the chamber of the apparatus, the
residual organic material on the mica was burned away by UV
irradiation. The compressed polymer thickness was then deter-
mined by subtraction of the thicknesses of the two bilayers plus
that of the streptavidin from the total thickness T (Fig. 1). Thus,
tPEG 5 T 2 (tSTA 1 tDSPE 1 tDTPC 1 2tDPPE!. For these calcula-
tions, the thickness of the DSPE, streptavidin, and DPPE mono-
layers were 28 Å (34), 43 6 2 Å (41), and 27 Å (42), respectively.
The 13 Å thickness of the ditridecanoyl phosphatidylcholine layer
was determined according to the method of Tanford (43), as
described elsewhere (34, 41, 42).

Force Measurements. The forces between streptavidin and
minimally perturbed PEG chains were determined from initial
measurements of the forces between them, and successive
force measurements in which the polymer was minimally
compressed. In the former case, the forces between fresh
samples were measured during their first approach. In the
second case, the streptavidin was brought into contact with the
grafted PEG layer under successively increasing applied loads.
To avoid significant polymer perturbations, the materials
achieved soft contact at forces below 6–8 mNym, unless
otherwise indicated. At that point, the compression was
stopped. The materials then were separated slowly to avoid
perturbing the layer by convective fluid flow or mechanical
disruption. After the system relaxed for several minutes, the
protein was again pushed gently against the polymer layer, but
the applied load was increased slightly above that in the
previous measurement. This sequence of events was contin-
ued, until an attractive force was measured during separation.

Before the onset of attractive interactions, the polymer-protein
forces were entirely repulsive. Fig. 2 summarizes the force vs.
distance curves between streptavidin and DSPE membranes
displaying 1.5 mol % (isolated chains), 4.5 mol % (weakly
overlapping chains), and 9.0 mol % PEG-lipid (brushes). The
profiles are the superposition of repulsive electrostatic double-
layer and steric forces. Under the experimental conditions, both
the streptavidin and polymer surfaces were charged. The negative
charge on the grafted PEG surface is due to the ionized phos-
phate group on the anchoring phospholipid (34), and streptavidin
is negatively charged at pH 7.0 (41). The steric force was due to
the compression of the polymer layer by streptavidin. The range
of the latter repulsion was estimated from the onset of the
deviation from the exponentially decaying electrostatic double-
layer force. Both the range and magnitude of the polymer
repulsion increased with the grafting density.

The contribution of the electrostatic force to the measured
interactions was determined from fits of the data at distances
D . 50 Å to the Derjaguin–Landau–Verwey–Overbeek
(DLVO) theory of the superposition of electrostatic double-
layer and van der Waals forces (44, 45). At those distances, the
interactions were uncomplicated by the ‘‘non-DLVO’’ steric
polymer forces. A representative fit is shown in Fig. 3 for the
interaction between streptavidin and a monolayer of weakly
overlapping chains (4.5 mol % DSPE-EO45). The theoretical
curves were generated by solving numerically the nonlinear
Poisson–Boltzmann equation (41, 44–46). The calculated elec-
trostatic force was superimposed on the van der Waals force,
which was calculated using Lifschitz theory, including zero
frequency screening by electrolytes (44–46). The electrostaticFIG. 1. Sample configuration used in direct force measurements.
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surface potentials of both the protein and grafted PEG layers
were determined from the fits. In these studies, the electro-
static potential of the protein monolayer was constrained by
the value determined independently in control measurements
between streptavidin and bare DSPE monolayers (see below).
Thus, by fixing the electrostatic potential of the protein
monolayer at 254 6 2 mV, and allowing that of the DSPE-
EO45 monolayer layer to vary, the electrostatic potential of the
latter surface was determined uniquely.

The electrostatic surface potentials varied with the PEG
grafting density as expected. Similar fits were obtained with
either constant potential or constant charge boundary condi-
tions (Fig. 3) (34, 45, 46). The charge density increased nearly
linearly with polymer grafting density (Table 1). The greater
error in the value for the 1.5 mol % PEG layer is due to the
larger relative error in the small measured force used to fit the
data. The fitted electrostatic parameters were in remarkably
good agreement with the theoretically predicted values. The
latter were calculated using the PEG grafting density, the
electrolyte concentration, and the Grahame equation (44).

The ranges and magnitudes of the steric polymer forces were
then determined quantitatively by subtraction of the double-layer
force from the overall profile. At 1.5 mol % and 4.5 mol %
DSPE-EO45, the onset of the latter repulsion occurred at 35 6 3
Å and at 38 6 3 Å, respectively (Table 1). This agrees with the
predicted grafted layer thickness, based on polymer scaling
theory (24, 25, 47), and with previous measurements (34). In

particular, for isolated or weakly interacting chains, the exten-
sion of grafted, simple polymers in good solvent should equal
the Flory radius RF, which is 35 Å for Mr 2,000 PEG (24, 25,
47). This was the observed thickness for both the 1.5 and 4.5
mol % DSPE-PEG layers (Table 1) (24, 25, 47). The gradient
of the force measured with 4.5% layers was steeper than at lower
grafting densities, indicative of the stronger repulsion (cf., Fig. 2).
At 9.0 mol %, the strongly interacting chains are stretched, and
the extension of the brush is determined from (47)

L 5 sSRF

s D
5
3

,

where s is the distance between grafting sites. In the latter case,
protein contacted the outer PEG segments farther out at 50 6
5 Å. This agreed with the predicted chain extension of 45 Å (24,
25, 47).

These findings were exactly as expected for the compression
of grafted, unstructured chains by inert, colloidal particles in
isotropic solvents (17, 18, 48). While this was indeed the case
for weak protein-polymer contact, the behavior differed sig-
nificantly, if the protein was pushed into or incubated in
contact with the PEG layers.

Pushing streptavidin into the grafted chains resulted in two
notable changes in the polymer. First, we measured streptavidin-
PEG adhesion, as opposed to the purely repulsive forces de-
scribed in the preceding section. Hysteresis in the measured
receding force curves signaled the onset of the attraction between
streptavidin and PEG. Before this, the force profiles were com-
pletely reversible (Fig. 4A). At the onset of the attraction, the
reverse curves became less repulsive, i.e. more attractive (Fig.
4B). Near the adhesive minimum, the protein and polymer
separated, and the two surfaces jumped apart. The adhesion was
determined from the force required to detach the surfaces.

The position of the attractive minimum, the magnitude of
the adhesion, and the distance at which the surfaces separated
depended on the method of determination. If the materials
were initially brought into contact under relatively large loads,
then the adhesion was larger and the pull-off distance closer in
than when the materials first achieved only soft contact. When
streptavidin was pressed into the 1.5 mol % PEG layers at
repulsive forces .6 mNym, the materials separated from 40 6
10 Å, and the measured adhesion was 21.0 6 0.3 mNym (Table
2). Subsequent to that, however, the attractive minima were
farther out at 100 6 10 Å, and the latter adhesion was slightly
weaker at 20.5 6 0.2 mNym (Table 2). Similarly, streptavidin
contact with 4.5 mol % PEG layers at .12 mNym resulted in
pull-off from 28 6 8 Å, and the adhesion was 22 6 1 mNym.
By contrast, at the onset of adhesion after a succession of soft
contacts, the surfaces separated at 110 6 10 Å, and the
adhesion was 20.7 6 0.2 mNym. The minima measured after
pull-off from 28 Å were at 110 Å, and the adhesion was similar.
Lastly, when protein was brought into contact with 9.0 mol %
PEG at repulsive forces .29 mNym, they separated from 64 6
6 Å, and the adhesion was 20.5 6 0.2 mNym. Both subsequent
measurements and the adhesion induced by soft contact were
20.7 6 0.2 mNym, and pull-off was at 90 6 10 Å (Table 2).

This behavior is attributed to the formation of attractive
contacts between streptavidin and the ethylene oxide segments
and is presumably due to induced or facilitated structural rear-
rangements in the polymer backbone. A possible mechanism for
the shorter range, slightly stronger adhesion is discussed later.
However, the broad attractive well near 100 Å is consistent with
the sequential rupture of multiple segment-protein interactions.
This is as expected for polymer bridging (44), hence, for adhesion
between the protein and stretched polymer chains. The pull-off
distances were approximately 60% of the fully extended 157 Å
chain length, but PEG can reportedly stretch substantially (49).

FIG. 2. Force vs. distance profiles were measured during initial
approach between streptavidin and DSPE-EO45 monolayers at dif-
ferent polymer grafting densities. Experiments were performed at pH
7.0 and 25°C in 10 mM NaH2PO4 and 30 mM KNO3. The different
EO45 grafting densities were 480 (F), 960 (m), and 2,280 (E) Å2 per
site, which corresponded to 9.0 (F), 4.5 (m), and 1.5 (E) mol %
DSPE-EO45 in the DSPE matrix.

FIG. 3. The force vs. distance profile was measured between a
streptavidin and a monolayer of 4.5 mol % DSPE-EO45 under
conditions described in the text. The best fits of the data to Derjaguin–
Landau–Verwey–Overbeek theory gave 254 6 2 mV and 241 6 5 mV
for the electrostatic potentials of the streptavidin and PEG-displaying
bilayers, respectively. Similar fits were obtained using constant poten-
tial (solid line) or constant charge (dashed line) boundary conditions.

Applied Biological Sciences: Sheth and Leckband Proc. Natl. Acad. Sci. USA 94 (1997) 8401



The pull-off position did not always coincide with the
attractive minimum (cf. Fig. 4). The rather sluggish detach-
ment made the precise determination of the pull-off distance
difficult, and this caused some uncertainty in its measurement
near 100 Å. The variability also can be attributed, in part, to
the polydispersity of the polymer preparation. Although low,
polydispersity will add to the uncertainty in the determined
position at which the polymer and protein finally separate.

The compressive force required to induce adhesion between
PEG and streptavidin varied with the polymer density. We
estimated the corresponding compressive energy in each case.
With 1.5 mol % DSPE-EO45, the attraction set in above repulsive
forces of 2 mNym. Using the Derjaguin approximation (44, 45),
which relates the force between curved surfaces to the interaction
energy per unit area between them, we estimated an energy of

F
2pR

5 E 5 0.32
mJ
m2 ,

or 2 kT per chain. Similarly, streptavidin adhered to the 4.5 mol
% and 9 mol % membranes only when the applied load
exceeded 12 6 3 mNym (4 kT per chain) and 29 6 5 mNym
(5 kT per chain), respectively. In these calculations, we as-
sumed that all chains were perturbed identically. While this is
not the case, it is a reasonable estimate. The protein layer is
densely packed, and the polymer effectively ‘‘sees’’ a uniform
protein surface. The corresponding energies per protein were
4, 27, and, 65 kT per streptavidin at 1.5, 4.5, and 9.0 mol %

PEG-lipid, respectively. Both trends are as expected. The
osmotic resistance to protein penetration of the layer increases
with the segment density (17, 18, 50, 51). Moreover, at higher
grafting densities, proteins perturb more chains (17, 18, 50, 51).

Importantly, the adhesion between protein and PEG was
sufficiently robust that, during separation, some DSPE-EO45
pulled from the bilayer rather than detaching at the protein-
polymer interface. This was evident from the changes in the force
curves measured subsequent to separation. Namely, upon reap-
proach, the onset of the steric force was farther out, and the
maximum compressible polymer layer thickness increased. After
the first or second pull-off, the range of the steric force increased
by only 10 Å. Indicative of increased polymer pull-out with
successive contacts, the range of the steric force continued to
increase by up to 35 Å, and the maximum compressible thickness
increased by 25 6 5 Å. Both the magnitude (ca. 20.7 mNym) and
reproducibility of the measured adhesion indicate, however, that
the number of polymers extracted was small. Chain perturbations
due to polymer stretching during detachment also may have
increased the polymer extension, but these measurements cannot
distinguish between the two possibilities. However, the relaxation
time of such excursions from the equilibrium thickness is on the
order of milliseconds (49), and these thickness changes were
irreversible.

The second significant change was that the polymer did not
rapidly convert back to the repulsive configuration, but continued
to readily bind streptavidin. For example, after the onset of the
attraction, streptavidin adhered to the weakly overlapping PEG
chains (4.5 mol %), even at intersurface repulsive forces below 4
mNym (,1.5 kT per chain). We observed similar behavior at all
polymer densities. Namely, the pull-off was at 100 6 10 Å, and the
adhesion was 20.7 6 0.3 mNym. The latter behavior suggests that
the outer segments switched from initially repulsive conformations
to attractive ones. This might occur if, for example, the backbone
structure changed from the more ordered, polar trans-gauche-trans
conformation for the COCCOC sequence, to the less polar, mainly
gauche configuration (28, 31, 39). With the 9 mol % brushes, the
polymer returned to its initial, repulsive state within 3–5 hr, but
changes in the 4.5 and 1.5 mol % PEG layers sometimes persisted
for more than 5 hr. Thus, interactions with the protein clearly
altered the polymer properties.

The forces between streptavidin and bare DSPE monolayers
were dominated by the repulsive double-layer force between
the negatively charged streptavidin and the neutral lipid at
distances D . 10 Å. At smaller separations, the forces were
more repulsive, due to the additional contribution by steric
solvation. The electrostatic origin of the long-range force was

FIG. 4. Hysteresis measured at the onset of adhesion between
streptavidin and PEG. (A) Before the onset of attractive streptavidin-
PEG interactions, there was no difference between advancing (E) and
receding (F) force profiles. (B) The onset of the attraction, as signaled
by hysteresis in the receding force curve (F). The surfaces finally
jumped apart at the position indicated by the arrow.

Table 1. Fitted electrostatic surface parameters and polymer extension as a function of DSPE-EO45
grafting density

% polymer lipid,
mol %

Coverage* G,
Å2ychain

Potential,
mV

Charge
density,
mCym2

Predicted
value,

mCym2

Polymer
extension

L, Å

Predicted
extension

L, Å

1.5 3300 220 6 5 29 6 3 24 35 6 3 35
4.5 960 241 6 5 214 6 1 213 38 6 3 35
9.0 480 267 6 5 228 6 1 226 50 6 5 45

*Based on the excluded area per chain.

Table 2. Location and depth of adhesive minima as a function of
DSPE-EO45 surface coverage

Density,
mol %

Extension
L, Å

Pull-off
distance Dj, Å

FadhyR,
mNym

1.5 35 6 3 40 6 10 21.0 6 0.3
100 6 10 20.5 6 0.2

4.5 38 6 3 28 6 8 22 6 1
110 6 10 20.7 6 0.2

9.0 50 6 5 65 6 6 20.5 6 0.2
90 6 10 20.7 6 0.3
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verified by fitting the data to Derjaguin–Landau–Verwey–
Overbeek theory (data not shown). The best fit potentials for
both the protein and bilayer surfaces were 255 6 5 mV and
0 6 2 mV, respectively, in excellent agreement with values
reported previously (41, 42). There was no measurable attrac-
tion between the streptavidin and bilayer membrane at any
separation, and no evidence of protein denaturation at com-
pressive pressures below ca. 50 atm.

A potential source of the measured protein-polymer adhe-
sion, particularly at D , 30 Å, is the double-layer force
between the layers. Such attractive electrostatic forces can
occur between surfaces with electrostatic potentials of the same
sign but different magnitudes (41, 45). To test whether this was
responsible for the measured attraction, we calculated the dou-
ble-layer force between the different samples considered. In all
cases, the calculated force was repulsive at distances D . 20 Å (c.f.
Fig. 3, solid line). Even at the smallest separation where we
measured adhesion (D 5 28 6 8 Å), the double-layer force is
repulsive. The measured attraction between streptavidin and the
PEG-displaying bilayers is therefore not electrostatic in origin.

To test whether the polymer perturbations were due simply
to chain compression, measurements were conducted between
4.5 mol % DSPE-EO45 and bare DSPE monolayers. To
reproduce the conditions used to induce protein adhesion,
experiments were conducted similar to those performed with
streptavidin monolayers. That is, the PEG layers were brought
into soft contact with the membrane surface, and then slowly
separated. The compressive force was then increased in sub-
sequent measurements up to 20–30 mNym. Additionally, the
PEG layer was pressed against the bilayer membrane for up to
1 hr before separation. The measured forces were repulsive at
all separations. In none of these experiments did the polymer
thickness change, or the surfaces adhere.

We investigated whether similar attractive interactions
could be induced between identical, grafted PEG chains. For
example, polymer desolvation and interchain hydrogen-
bonding would generate intersurface bridging. We conducted
force measurements between identical 4.5 mol % PEG-lipid
monolayers under identical conditions and experimental pro-
cedures as used in the measurements with streptavidin. The
force curves thus determined were identical to those reported
previously (34). Additionally, even if the polymers were al-
lowed to incubate in contact under a repulsive force of 15
mNym for up to 2 hr, there was no hysteresis in the curves.
Importantly, none of these treatments resulted in any mea-
sured adhesion between the polymer layers.

DISCUSSION
The measured attractive interactions between streptavidin and
grafted PEG layers were clearly due to protein-polymer adhesion.
First, all measurements were conducted at forces much too low
to denature streptavidin. Thus, the measured changes were not
due to structural changes in streptavidin. Second, neither the
compression of the polymer brush nor the extended incubation
with a second polymer layer resulted in similar adhesion. Third,
adhesive contacts formed readily with streptavidin, but not with
the hydrated bilayer or with PEG chains.

The onset of the adhesion corresponded to fundamental
changes in the polymer. The compressive energy required for
adhesion was presumably necessary to induce chain rearrange-
ments. These likely involved both changes in the polymer config-
uration and protein penetration of the polymer core. Regardless
of the mechanism, the polymer switched from a protein-resistant
to a protein-attractive configuration, and the latter change per-
sisted for several hours. This is inconsistent with single chain
behavior. The calculated relaxation times of single Mr 2,000 chains
are on the order of milliseconds (49). The perturbations therefore
may indicate a cooperative change such as a change of state.
Consequently, the persistence of the altered, protein-attractive
state is apparently due to an integral change in the PEG.

The adhesion between streptavidin and the polymer layers
at 100 Å was relatively independent of the polymer coverage
at the grafting densities studied. This is attributed to the fact
that the streptavidin density on the monolayer was constant
throughout these measurements. At the PEG grafting densities
studied, the polymeryprotein ratio was always $ 1, and each
protein could interact with at least one polymer chain. The
adhesion thus would be limited by the number of attractive
residues on the protein surface and by the protein surface area
accessible to the sticky polymer segments.

The average adhesive energy per streptavidin, estimated
from the pull-off force at 100 Å and use of the Derjaguin
approximation, was ca. 1.6 kT per protein. This exceeds
previous estimates of attractive protein-PEG interactions
based on indirect neutron scattering measurements of BSA in
aqueous polymer solutions (35). The latter estimate of 0.05 kT
per segment-protein contact was determined with soluble
polymer, and is both model- and protein-dependent. If the
polymer indeed envelops the entire protein surface in solution,
then interaction energies comparable to those reported here
would require 30 segments, or 2y3 of the polymer (n 5 45).
This is unlikely given the measured pull-off distances. Fur-
thermore, in these studies, the polymer only interacted with a
limited region of the protein surface. While we cannot com-
pare directly the individual segment-protein interaction ener-
gies, it is obvious from the PEG-lipid pull-out and the average
adhesion energies that the attraction is substantial.

The occurrence of PEG-lipid pull-out is not unexpected. The
detachment force is not determined by the bond energy, but by
its gradient (52, 53). The tensile strengths of short, weak bonds
will thus exceed those of stronger, longer bonds such as that
between the lipid and the bilayer (52, 53). The rupture of
relatively weak, short-range hydrogen bonds between amino acids
requires a greater force than uprooting anchoring lipids from the
bilayer (M. Tirrell, personal communication). Hydrogen bonding
between PEG and streptavidin should give rise to similar behav-
ior.

These findings contrast with theories for structureless, grafted
chains that predict that proteins near a polymer brush should
encounter a strictly repulsive force (17, 18, 48, 50, 51). However,
in several cases PEG indeed appeared to behave as a simple
polymer. Forces between grafted DSPE-EO45 layers agreed with
predictions based on polymer scaling theory (24, 25, 34, 48). At low
polymer-streptavidin interaction forces, as reported here, the
forces similarly agreed with expected behavior (17, 18). Single-
chain-mean-field (SCMF) calculations of protein interactions with
inert, grafted PEG suggest that polymer rearrangements during
protein extraction from the brush may generate an apparent
attraction (50, 51). This is not inconsistent with our findings (cf.
Fig. 2). The SCMF model does not, however, explain the attractive
interactions with streptavidin or predict the adhesive minima at
100 Å, far from the core of the grafted layer. We attribute the latter
discrepancy to the neglect of the potentiality of attractive segment-
solvent or segment-protein interactions.

Our findings show that this polymer is not inert to protein,
and that it can adopt different states in water. This deviation
from predicted behavior is attributed to ethylene oxide’s
ability to bind solvent and other polymers. To better under-
stand the origins of the deviations, we compared our results
qualitatively with the few models that consider explicitly
hydrogen-bonding interactions between the polymer segments
and solvent as well as higher-order intrachain structure (28,
38–40). The current theoretical picture of PEG behavior includes
only a limited number of scenarios: namely, segment interactions
with water (38), and either the ability of the segments to adopt
two different configurations (39) or to form monomer clusters
(40) within the chain. These theories entail some ingredients that
enabled us to rationalize the observed behavior.

Bekiranov (38) used a modified Flory–Huggins model to ac-
count for hydrogen-bonding between solvent and the polymer
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backbone. They predicted the temperature-dependent phase be-
havior of PEG solutions. While the model can address protein-
polymer bridging, it does not consider higher-order PEG struc-
turing. It is unclear whether it would predict the protein-induced
configurational changes. The observed perturbations are also
qualitatively consistent with the structural model proposed by
Kjellander and Florin (28), and with the theoretical ‘‘two-state’’
(39) and ‘‘cluster’’ (40) models for grafted PEG chains. The first
proposes, on the basis of spectroscopic and x-ray data (29, 31, 54),
that hydrated PEG is a-helical. Applied pressure could both
induce polymer bridging and disrupt the helical structure through
the hydrogen bonding or hydrophobic protein contacts. However,
these and previous measurements suggest that PEG does not
behave as a rigid, helical coil (34–36).

The two-state model predicts the preferential partitioning of
segments with nonpolar configurations near the interface and
polar segments at the outer surface. The cluster model predicts
a similar segment segregation (40). Proteins thus would be
repelled from the outer, polar surface, but attracted to the
nonpolar, inner segments (39). The measured adhesion was
indeed greater when streptavidin was forced into the polymer
layer. Protein extraction from the inner core would pull the
polymer inside out and further disrupt its structure. Compressive
forces could facilitate polymer desolvation and hydrogen bonding
to the streptavidin surface. They could as easily force streptavidin
into the polymer brush and enable it to bind buried, nonpolar
segments. In reality, both mechanisms likely operate.

Clearly, none of the current theories account for all of the
biologically relevant properties of PEG (17, 18, 38–40, 48, 50,
51). Nor can its efficacy as a surface coating be understood
entirely in terms of properties of structureless polymers such
as the excluded volume. Rather its biological activity is due, in
part, to the competitive interactions between solvent or other
macromolecules and the ethylene oxide segments. To deter-
mine not only the mechanism of the induced changes reported
in this work, but also the fundamental parameters controlling
them, will require further investigations at different temper-
atures, polymer molecular weights, and solvent conditions. For
example, the melting temperature of solvated PEG varies with
the molecular weight (27). The polymer solubility is similarly
a function of the molecular weight and temperature.

These findings have several important consequences for the
use of grafted PEG as passivating coatings. First, the activation
energy for protein-polymer adhesion increased with the poly-
mer grafting density. Denser layers thereby increase not only
the diffusional barrier but also the energy required to form
attractive protein-polymer bonds. Second, while compressive
forces were required to induce adhesion, the associated acti-
vation barriers for the formation of these adhesive contacts
were 2–5 kT per chain and 4–65 kT per streptavidin. The latter
value, however, scales with the protein dimensions. In practice,
total repulsive potentials of ,15 kT per protein can only delay,
but not abolish, protein penetration of and adhesion to the
brush (45). Thus, repulsive potentials .15 kT are required to
stably repel proteins from the underlying surface. Importantly,
perturbations that affect the polymer solvation or solubility, such
as temperature or molecular weight (33, 38, 40), will similarly alter
the repulsive barrier; hence, the protein adsorption kinetics.
Indeed, Claesson et al. (55) reported a temperature-dependent
attraction between short, ethylene oxide oligomers.

Third, while theories for simple polymers capture some of
the phenomenology responsible for its biological activity, they
do not predict all of the biologically relevant properties of
PEG. Some theories do address the solvation and structural
properties of this polymer (38–40), but they are still at an early
stage of development. Thus, to quantitatively predict and opti-
mize the performance of PEG-based, protein-resistant coatings,
we clearly require more comprehensive theories that consider all
of the degrees of freedom peculiar to this material.
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