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’ INTRODUCTION

Despite advances that enable growth of covalently attached
brushes from surface-bound initiators, economic considerations
drive continued interest in brush formation from the adsorption
of PEG (poly(ethylene glycol))-containing copolymers. For
hydrophobic surfaces, amphiphilic copolymers are an obvious
choice to create PEG-tethered surfaces from aqueous formula-
tions; however, complications can arise from micelles in solution
and on surfaces. For negative surfaces, copolymers of PEG and
polycations are a useful route to produce surfaces with PEG
tethers. Here, the adsorbing polycation is self-repellant and
avoids the aggregation and micellization-based complications
that occur with polymer amphiphiles. Indeed, several labora-
tories have developed libraries of PEG�PLL (PEG�Poly L-
lysine)1�4 and PEG�PEI (PEG-poly(ethylene imine))5,6 copo-
lymers, containing at least some members that are exceptionally
protein resistant, adsorbing 0.01mg/m2 or less from serum. Also,
Messersmith has pioneered the creation of DOPA (3,4-
dihydroxyphenylalanine)-containing PEG, most appropriate as

a protein-resistant coating for TiO2 implants.7 A close compar-
ison between the best PLL�PEG copolymers and the PEG-
DOPA polymers reveals a slight superiority of the former’s
protein resistance in vitro,8 while the significance of this differ-
ence for in vivo applications is unclear. Indeed, current indicators
suggest that in the long run, the DOPA-based anchors, though
appropriate for only limited substrate chemistries, are the better
choice in vivo.7

Beyond the chemical instability of PEG, a problem for any
physisorbed copolymer-based brush is its potential for displace-
ment by competing species. While biomedical studies have not
revealed exactly which proteins may be responsible, arguments
from polymer physics suggest that cationic proteins, polymers,
and polypeptides can destabilize PEG brushes anchored by
cationic chains on negative substrates. High molecular weight
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ABSTRACT: Polyetheylene glycol (PEG) brushes, for instance,
physically tethered to a surface via the adsorbing portion of a PEG-
containing copolymer, are a popular protein-resistant surface treat-
ment. Though physisorbed brushes might be displaced by competing
species, they continue to dominate diagnostic chips and other
applications. In this work, we examine the interactions of two cationic
species, poly L-lysine (PLL) and lysozyme, with a popular type of
PEG brush, formed by the adsorption of a graft copolymer of
PLL�PEG on negative silica. Here, 20K molecular weight (MW)
PLL comprises the main backbone that adsorbs to the silica and the
PEG side chains (2K or 5K, in different samples) form tethers. This
work examines variations in brush heights and densities, still confin-
ing the study to brush architectures (near 30% functionalization of
the PLL by PEG side chains) that completely prevent the adsorption of blood proteins such as fibrinogen and albumin. It is found
that lysozyme adsorbs to interfaces passivated with these PLL�PEG copolymers in amounts that increase with the amount of PEG
in the brush. This suggests attractions between the PEG tethers and lysozyme itself. When PLL�PEG brushes are challenged by
homopolymer PLL (a random coil at the physiological pH studied here), the PLL�PEG is almost completely displaced from the
silica substrate. The rapid displacement kinetics (with complete loss of protein repellence) for all brush architectures suggest the
absence of a steric barrier against PLL penetration of the PEG brush. A small overshoot in surface coverage prior to the displacement
of the PLL�PEG chains demonstrates the adsorption of PLL on regions of silica at the base of the brush prior to chain displacement,
further arguing for the accessibility of the substrate despite the presence of the brush. Differences between the interactions of
lysozyme or PLL with the brush suggest an important role of the globular nature of folded proteins compared with random coil
polypeptides in protein�brush interactions and brush penetration. The results emphasize the technological challenge of retaining
seemingly robust brushes adsorbed to interfaces, and eliminating protein adhesion from the brush itself.
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homopolymers will displace, ultimately, low molecular weight
chains of identical chemistry,9,10 while densely charged polyelec-
trolytes will displace chains of lower charge density but similar
length.11

These rules of thumb apply to the anchoring consitituent of
PEG-polycation adsorbed brushes. Thus, efficient cationic chal-
lengers for brush displacement could include the PLL-homo-
polymer itself, since functionalization of PLL with PEG chains
reduces the cationic functionality of the backbone, and since the
PLL anchor of the copolymermust also pay the entropic “cost” of
stretching its PEG tethers.12 The question, then, is to what extent
can cationic challengers, such as positively charged proteins or
PLL itself, penetrate the PEG corona and displace the PLL
anchors. Since brushes with about ∼1 mg/m2 of PEG tethers
have been documented to be protein-resistant,2,8,13 it is interest-
ing to ask whether this resistance translates to an impermeability
toward challenging species, at least ones that are peptide-based.
Indeed, if a brush is thick enough to shield the underlying
substrate from approaching proteins, then it may be stable
against exchange for very long periods, despite a driving force
favoring exchange.

This paper examines brushes formed from PLL�PEG copo-
lymers physisorbed on silica. Following the literature from the
Hubbell, Voros, and Textor groups, this study focuses on
architectures which have been previously established to be highly
protein resistant, adsorbing less than 0.01 mg/m2 of serum
protein at physiological pH and ionic strength.8,13 These brushes
are thicker (8�16 nm) than the range of electrostatic interac-
tions. We reproduce the stability of these surfaces against
adsorption of albumin, fibrinogen, and other negative proteins,
but observe that cationic protein adsorption occurs and that
brushes can be destroyed by exposure to cationic polypeptides.
The observations prompt reconsideration of the general assump-
tion of protein�PEG repulsions and the ability of polypeptides
to penetrate relatively thick PEG brushes.

’EXPERIMENTAL PROCEDURES

PLL�PEG copolymers were synthesized as described previously:14�16

Poly-L-lysine hydrobromide (PLL) with a nominal molecular weight of
20 000 from Sigma-Aldrich was dissolved in 50 mM pH 9.1 sodium
borate buffer. Two different PEG molecular weights were employed,
either 2000 or 5000. For copolymers containing 2K PEG, the N-
hydroxysuccinimidyl ester of methoxypoly(ethylene glycol) acetic acid
(Layson Bio Inc.) was added, and the solution was stirred for 6 h.
For copolymers containing 5K PEG, this reactive compound was not

available and PEG sodium valeic acid (PEG�SVA) was employed
instead. After reaction, the mixture was dialyzed against pH 7.4
phosphate-buffered saline for 24 h, dialyzed against DI water for another
24 h, and then freeze-dried and stored at�20 �C. The relative amounts
of PEG and PLL were varied, with the grafting ratio defined to be the
number of PLL monomers per PEG side chain. This is inversely
proportional to the percent functionalization of the PLL by PEG.

Purified copolymers were characterized in D2O using 1H NMR on
a Bruker 400 MHz instrument. The grafting ratio was determined
from the relative areas of the lysine side-chain peak (�CH2�N�) at
2.909 ppm and the PEG peak (�CH2�CH2�) at 3.615 ppm. Table 1
summarizes the molecular properties of the three samples employed in
this study. While other molecular architectures were synthesized, these
particular three samples were studied further because the brushes they
formed on adsorption to silica eliminated the adsorption of key serum
proteins, consistent with prior literature.13

Polymer brushes were formed by adsorbing copolymers from flowing
phosphate buffered solution (0.008MNa2HPO4 and 0.002MKH2PO4,
pH 7.4, with Debye length k�1 = 2 nm, 100 ppm copolymer) over acid-
etched microscope slides (these surfaces are silica) in slit shear laminar
flow cells at gentle flow conditions (wall shear rate =5.0 s�1) for 20 min.
This was followed by continued flow of the same buffer for another
20 min. Optical reflectometry,17 run in situ, was used to track the adsorp-
tion process and determine the ultimate mass of adsorbed copolymer.
When needed, total internal reflectance fluorescence (TIRF) was
employed to track the adsorption or desorption of a fluorescently tagged
species during competitive challenge experiments. This instrument was
described previously18 and, notably, employs the same flow chamber as
the reflectometer.

The polymers and proteins used to challenge the adsorbed PLL�PEG
brushes were purchased from Sigma-Aldrich and used as-is. These included
hen egg white lysozyme (L6876), bovine serum albumin A (7511�10G),
bovine fibrinogen (F8630�1G, fraction 1, type 1S), equine skeletal muscle
myoglobin (M0630�1G), and alkaline phosphatase (P7640�1G). Nota-
bly, the PLL homopolymer used to challenge the brush was the same PLL
employed as the anchoring group of the copolymer. In cases where TIRF
was employed to track PLL adsorption, it was made fluorescent by labeling
with fluoroescein-isothiocyanate (FITC isomer I, F250�2 from Aldrich).
Labeling and purification were conducted as previously described.19

Challenge experiments were conducted in the same flow chamber used
to deposit brushes, with continuous flow of the various solutions and
buffers, and the same flow rate. Studies at Debye lengths other than 2 nm
were done either in dilute (overall concentration of 0.005 M for k�1 =
4 nm) or concentrated buffer for k�1 = 1 nm.

In some studies, small amounts of PLL were adsorbed to bare silica
surfaces prior to the adsorption of the PLL�PEG brush. This was

Table 1. Copolymer Samples and Schematics
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carried out as a sequence of carefully timed adsorption steps in a single
flow chamber. Control of the particular small PLL amount was achieved
through the use of dilute PLL solution (5 ppm) and careful timing of
PLL flow and reinjection of buffer, so that controlled deposition, not full
surface saturation, occurred. Subsequent adsorption of the brush was
carried out by flowing PLL�PEG solution for a time appropriate to
saturate the surface. Buffer was reinjected only after a clear plateau was
demonstrated. This procedure has been documented in detail
previously.16 It was additionally shown that (1) initial PLL adsorption
did not produce surface aggregates and that PLL chains were well-
distributed about the surface; and (2) initially adsorbed PLL was not
displaced by subsequently adsorbing PLL�PEG.16

ζ potential measurements, intended to gauge the electrostatic features
of planar brush-bearing surfaces, were conducted using 50 ppm
suspensions of 1-μm silica spheres (from GelTech, Orlando) as a
model for the planar silica surfaces. Polymers were adsorbed to the
particles to create PLL- or brush-covered silica, using an amount of
polymer appropriate to saturate the surface and known the specific area
of the microparticles. Particles were incubated overnight prior to
measurement of their ζ potential in a Malvern Zeta Sizer Nano ZS
instrument.

’RESULTS

Characterization of Brushes.Optical reflectometry measure-
ments of the adsorbed amounts of each of the three copolymers
are summarized in Table 2. From this, along with knowledge of
the molecular architecture and PEG content of the copolymers, it
was possible to deduce the structure of the three brushes,
according to the Alexander-DeGennes model,20,21 in Table 2.
The PEG and PLL copolymer content from NMR in Table 1
enabled a calculation of the PEG and PLL content in each
adsorbed brush (from a measurement of the total interfacial
mass). Then from the PEG content of each brush, and the known
molecular weight of the PEG tethers (2000 or 5000) in each
brush, the number of PEG tethers per unit area followed.
Inversion of this quantity enabled a calculation of the area per
tether. The blob diameter (or tether spacing, also equal to the
brushes’ persistence length) is the square root of this tether area.
An important point in Table 2, the PLL content of all three

brushes (presumably at the brush base) is substantially less than a
saturated PLL layer of the same molecular weight, while the graft
spacing of the PEG tethers is smaller than the calculated free coil
diameter (the root-mean-square end-end distance): 4.7 nm for
2K PEG, and 8.2 nm for 5K PEG. This suggests that the PEG
tethers are stretched normal to the surface, as required in brushes.
The calculation of the brush height follows from the average

spacing between tethers, giving the brush’s persistence length. An
assumption of N3/5 (good solvent) scaling of the chain inside
each blob (at distances less than a persistence length) allows
calculation of the number of blobs in the brush, as previously
described, using reported values of 0.57 nm for the length of a
Kuhn step and 59 g/mol for the molecular weight of a Kuhn
segment.16,22 That is, the number of blobs in a brush is the total
number of Kuhn steps in a tether, divided by the number of Kuhn
steps in a blob. For instance for Brush #1,Ntether = 2000/59 = 34
and Nblob= (1.9 nm/0.57 nm)5/3 = 7.4 . This gives 34/4.7 blobs
in Brush #1. The brush height follows as the product of the
number of blobs times the blob diameter, 4.7 � 1.9 nm = 9 nm
for Brush #1.
Notably, Brush #1 is shorter than the others but still substan-

tially thicker than the 2 nmDebye length in the main study, while

the two thicker brushes are nearly similar in height but differ in
their PEG/PLL content and in the effective number of “blobs”
per tether. These estimates are conceptualized in Figure 1.
While the literature suggests that electrostatic effects should be

unimportant at the 2 nm Debye length of this study, an
assessment of the electrokinetic surface character is useful. The
lower part of Table 2 reveals, via ζ potential, a net negative
interface for all brushes. That the surfaces have an underlying
negative charge is not surprising: The silica substrate is sub-
stantially negative and a PLL layer adsorbed to saturation
(0.4 mg/m2) only slightly overcompensates the underlying sur-
face charge. The surfaces, with their PLL content less than that of
a fully saturated PLL layer, will therefore be negatively charged in
region where the PEG is anchored. That the negative interfacial
potential can be sensed hydrodynamically via ζ potential sug-
gests that the shear plane penetrates the brush somewhat. The ζ
potential is still substantially reduced (in magnitude) for these
brush-containing surfaces compared with surfaces with similar
PLL loading but no PEG. The extent to which proteins can sense
the negative interfacial environment (do they penetrate the brush
more or less than the shear plane?) is addressed below.
Interactions with Globular Proteins. Table 3 summarizes

the adsorption of several proteins on the three brushes at a Debye
length of 2 nm. In general, proteins with a net negative charge,
regardless of size or shape, do not adsorb to the brushy surfaces,
while cationic proteins and polypeptides do adhere. In the case of
lysozyme with a net charge of 7+ to 8+, substantial adsorption is
observed for the thicker brushes, with the greatest adsorption on
Brush #2, which contains the greatest mass of PEG. Notably, the
efficient elimination of negative protein adsorption (albumin,
fibrinogen, and others) on these brushy surfaces reproduces reports
in the literature for of a lack of adsorption from serum.13�15 Indeed
the lack of serum adsorption was the basis our choice of these brush
architectures (and in particular the grafting ratio).
The adsorption traces for lysozyme on the three brushes are

detailed in Figure 2, and run contrary to current thinking about
protein-brush interactions. First, it is generally accepted that
protein repellence occurs when brushes are sufficiently thick to
screen electrostatic and van der Waals attractions. Second,
studies comparing the adsorption of lysozyme and fibrinogen
over a series of PEG-containing or zwitterionic surfaces typically

Figure 1. Structure of the PEG tethers within the three brushes,
calculated according to the Alexander�deGennes treatment, showing
graft spacing or brush persistence length, equal to the “blob” size. Also
shown is the number of blobs in each brush.
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show parallel reduction in the adsorption of both proteins.29,30

These studies often have focused outside the materials design
space where surfaces, such as Brush #2 of the current study, are
overloaded with PEG and are stable against serum proteins but
adhere lysozyme. Indeed a comprehensive study employing
libraries of PLL�PEG and DOPA�PEG polymers suggests that
the most important feature of a brush is the tethered PEG mass:
If it is about 1 mg/m2 or greater, good resistance to serum
proteins is observed, independent of PEG chain length or
grafting density (for PEG lengths in the range from 1K to 5K).8

Figure 2 shows the opposite. The thinnest brush, #1, adsorbs
practically no lysozyme, while the thicker brushes adhere more

lysozyme. This suggests, first, that the attractions between
lysozyme and the interface are between the protein and the
PEG, not between the protein and the underlying substrate.
(Notably lysozyme �substrate interactions are electrostatically
attractive, but apparently well-screened by the thinnest of the
brushes, #1.) Instead, the increasing protein retention with PEG
content suggests specific interactions between PEG and lyso-
zyme, not available to the other proteins.
The claim that lysozyme adsorption does not result from

electrostatic attractions to the underlying silica must be sub-
stantiated by a similar lack of interaction between the anionic

Table 2. Brush Architecture and ζ Potentials

PLL Brush #1 Brush #2 Brush #3

homopoly 20K PLL-(2.7) PEG(2K) PLL-(2.2) PEG(5K) PLL-(4.7) PEG(5K)
saturated adsorption, mg/m2 0.4 1.1 0.9 1.3

adsorbed PEG, mg/m2 0 0.94 0.85 1.16

adsorbed PLL, mg/m2 0.4 0.16 0.05 0.14

area/copolymer, nm2 83 206 680 247

area/PEG tether, nm2 3.6 9.6 7.2

“blob” diameter, or tether spacing, nm 1.9 3.1 2.7

number of blobs 4.7 5.1 6.4

brush height, nm 9 15.5 17.2

ζ(1 nm), mV [ζSiO2 = �57 mV] etc 2 ( 5 �4 ( 3 �11 ( 3 �4 ( 3

ζ(2 nm), mV [ζSiO2 = �73 mV] etc 6 ( 3 �9 ( 3 �19 ( 3 �10 ( 3

ζ(4 nm), mV [ζSiO2 = �84 mV] etc 4 ( 3 �21 ( 3 �34 ( 3 �25 ( 3

Table 3. Protein Adsorption at j�1= 2 nm, pH 7.4a

protein adsorption, mg/m2

MW dimensions, nm � nm � nm charge, pI Brush #1 Brush#2 Brush#3

fibrinogen, bovine serum 340 000 4.5 � 4.5 � 47 �8 to �10,23 5.824 0�0.02 0 0

albumin, bovine serum 68 000 4 � 4 x 14 �9, 4.825�5.1 0 0 0

myoglobin 17 000 4.4 � 4.4 � 2.5 �, 6.8�7.026 0�0.02 � �
alkaline phosphatase, monomer (bovine) 81 000 9 � 4 � 4 �, 5.727 0 � �
lysozyme, hen egg white 14 300 3 � 3 � 5 +7 - +8, 1126,28 0.05R 1.0R 0.2R

poly(L-lysine) 20 000 random coil +++ 0.4E 0.4E 0.4E
aKey: R = substantially reversible adsorption. E = Exchange (displacement) of previously adsorbed brush.

Figure 2. Lysozyme adsorption onto three brushes at pH 7.4 and k�1 =
2 nm, followed by rinsing, near 20 min.

Figure 3. Fibrinogen adsorption on brushes for different ionic
strengths. Note reversible adsorption on Brush #1 when the ionic
strength is switched (inset) from the mildly adsorbing conditions at
k�1 = 4 nm down to 2 nm.
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protein and the brush-covered silica. Figure 3 considers the
influence of Debye length on the adsorption of fibrinogen, chosen
as a model negative protein because it is well studied and known to
adsorb onto positive31 and negative surfaces (including silica at
pH 7.4).32�34 On negative surfaces, electrostatic attractions involve
fibrinogen’s cationic groups, evidenced by the impact of ionic
strength.32,33 Figure 3 demonstrates that for k�1 = 4 nm, fibrinogen
adsorbs onto Brush #1 but not Brush #2 or #3. This suggests an
attraction between fibrinogen and the underlying substrate,
screened by the thicker brushes. That this attraction is electrostatic
in origin is further supported, in Figure 3, by the observed lack of
fibrinogen adsorption to all three brushes at k�1 of 1 and 2 nm,
conditions where the steric brush repulsions screen electrostatic
interactions. The argument is further strengthened by the reversi-
bility of the fibrinogen adsorption on Brush #1 with changing ionic
strength. Long range electrostatic attractions at 4 nm may draw
fibrinogen to the brush periphery, but without stronger interactions
the silica or train layer, fibrinogen is immediately and completely
released when the ionic strength is raised. The fast rate of protein
release suggestsfibrinogen adsorption (at 4 nm) on topof the brush.
Thus, we deduce that at 2 nm, the conditions for most of this

study, the brushes fully screen electrostatic interactions between
the proteins and silica. Therefore, the net-negative character of
the nonadsorbing proteins in Table 3 is not directly (through
electrostatic repulsions) responsible for their lack of adsorption.
Interactions with PLL. Table 3 notes that PLL solutions

displace PLL�PEG from the silica. An example of PLL challenge
of Brush #1 is shown in Figure 4A, a reflectometry trace including

multiple steps: initial adsorption of PLL-(2.7) PEG-2K to form
Brush #1; its retention on the surface during rinsing in pH 7.4
k�1=2 nm buffer; challenge by albumin solution (in the same
buffer, nothing happens); and subsequent challenge by PLL
solution (100 ppm). Brush exposure to PLL causes the surface
coverage to decrease from 1.1 mg/m2 to 0.4 mg/m2. The latter is
characteristic of a saturated PLL layer on silica, and indeed, when
albumin is exposed again to the surface, it adsorbs rapidly. The
gray data set on the same graph shows the adsorption of PLL on a
bare silica surface and subsequent albumin adsorption. The latter
is kinetically identical to albumin adsorption on a surface initially
containing a PLL�PEG brush (#1), after PLL challenge. This
suggests that the brush is completely displaced by PLL as though
the brush were never present. The technical implications of the
subsequent protein adsorption are clear.
The rapid kinetics of the PLL/PLL�PEG exchange process are

striking. The loss of PLL�PEG from the silica is clear in Figure 4A,
but adsorption of PLL into the brush is equally fast, in Figure 4B.
Figure 4B demonstrates identical kinetics for PLL adsorption on
bare silica and PLL adsorption (measured via TIRF with FITC-
tagged PLL) into Brush #1. Brush #1 presents no kinetic barrier to
the penetration of PLL, and apparently the segmental exchange at
the base of the brush is rapid. Fast PLL adsorption kinetics (in the
Supporting Information) occur for PLL challenge Brushes #2 and
#3, only slightly slower than observed for Brush #1, with 0.4 mg/m2

of PLL established in under 2 min. Likewise, in the Supporting
Information, the evolution of the interfacial mass upon PLL
challenge of Brushes #2 and #3 is similar to Brush #1 in all but
quantitative details.

Figure 4. (A) Adsorption and PLL challenge of Brush #1 in buffer with
k�1 = 2 nm. The original brush is exposed to 100 ppm albumin before
and after the PLL challenge, using 100 ppm PLL solution. (B) Adsorp-
tion of fluorescently labeled PLL, measured by TIRF onto a bare silica
surface (solid symbols), and during the challenge of Brush #1 (hollow
symbols). In the latter, the behavior of PLL�PEG chains are not seen
since they are not fluorescently tagged.

Figure 5. (A) Close up of overshoot portion of reflectometry runs in
which PLL challenges preadsorbed PLL�PEG brushes. The time axis
for the different runs is shifted to facilitate a comparison of the overshoot
seen for the different brushes. (B) Amount of PLL�PEGbackfill adsorbing
to silica after the initial adsorption of small amounts of PLL, on the x-axis.
Gray bars indicate uncetainty in determining the x-axis valueswhere the data
start to turn down. Lines are drawn to guide the eye.
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Figure 4A documents a small but interesting overshoot (near
70 min) in the total interfacial mass during PLL challenge of
PLL�PEG brushes. This feature is seen, in Figure 5A, for all 3
brushes, though it varies quantitatively. The overshoot suggests
that a small amount, 0.03�0.08 mg/m2, of PLL adsorbs on the
silica before the PLL�PEG starts to be displaced. The possibility
of this incremental adsorption is reinforced by Table 2: The
amount of PLL anchored at the base of these brushes, 0.05�0.16
mg/m2, is considerably less than the PLL saturation coverage on
a bare silica surface, 0.4 mg/m2. Also interesting, in Figure 4B,
PLL adsorbs continuously during the overshoot and subsequent
PLL�PEG displacement processes, near the transport-limited
PLL adsorption rate.
Figure 5B argues, based on a different type of experiment, that

some PLL can be accommodated at the base of an adsorbed
PLL�PEG brush. Here, small amounts of PLL were adsorbed to
a bare silica surface, followed by adsorption of a saturated
PLL�PEG brush on the remaining surface. Figure 5B sum-
marizes the amount of PLL�PEG accommodated after PLL
preadsorption: Small amounts of PLL do not affect the
PLL�PEG coverage, and are tolerated at the base of the brush.
However, there is a maximum amount (depending on the
particular PLL�PEG sample) of PLL that can be accommodated
before PLL�PEG adsorption is reduced, indicated by the vertical
bars, whose width indicates the level of uncertainty. Notably, for
the three different PLL�PEG architectures, the amount of
preadsorbed PLL that can be accommodated without compro-
mise of a subsequently adsorbed brush is similar to that which can
be adsorbed into an existing brush before the PLL�PEG is
displaced. The latter is given by the overshoots in Figure 5A.

’DISCUSSION

Adhesion to Interfaces, Penetration of the PEG Corona,
and Exchange of Trains. Of the proteins studied, those with
negative charge did not adhere to brushy surfaces, while those
with net positive charge were attracted to the brushes or to the
underlying negative substrates. The observed correlation be-
tween adsorption and the sign of the protein charge implicates
electrostatic protein�surface interactions, with the negative
proteins being repelled from the underlying negative substrates.
The increased fibrinogen adhesion at lowered ionic strengths
(Figure 3) only on the thinnest Brush #1, however, clarifies that
electrostatic repulsions from the silica could not be responsible
for the nonadherence of the negative proteins at k�1 = 2 nm.
Indeed Figure 3 parallels findings from the literature with serum
proteins, for the effects of brush thickness and ionic strength.1 It
was necessary to reproduce this trend with our own materials to
ensure the conformance of our brushes to the literature. The
importance of this result lies (1) in its reaffirmation (for our
materials) of the substantially greater brush thicknesses com-
pared with the 2 nm Debye length (eliminating electrostatic
protein�substrate interactions) and (2) in the contrasting
behaviors of negative proteins and of lysozyme and PLL. Thus,
the surprising influence of the net protein charge on protein
interactions with brushy surfaces cannot be attributed to electro-
static protein�substrate (silica or train layer) interactions.
It is interesting to note the negative ζ potentials of the brushy

surfaces, significant for two reasons: First, it may seem counter-
intuitive that Brush #1 hadmoremildly negative ζ potentials than
thicker Brushes #2 or #3. All other things constant, the magni-
tude of the ζ potentials should decrease with increasing brush

thickness because the thicker brushes push the shear plane
further out from the surface.12 Table 2 reveals, however, differing
amounts of PLL at the base of these brushes, altering the effective
surface potential in the train layer of the brush. For instance,
while Brush #1 is thinner than Brush #2, Brush #1 also contains
more PLL at its base. Therefore, the surface potential beneath
Brush #1 will be less negative than Brush #2. A second important
point is that while the ζ potentials reveal the electrostatic
environment at some point inside the PEG brush (due to some
penetration of the shear plane into the brush), globular proteins
seem not to access this electrostatic environment at k�1 = 1 or
2 nm. That is, the shear plane during a ζ potential measurement
penetrates the brush more than globular proteins.
An observation which was not previously documented, to our

knowledge, is the adhesion of lysozyme to relatively thick PEG
brushes. (While Pasche has studied lysozyme interactions with
PLL�PEG on Nb2O5 surfaces, those copolymers contained 2K
PEG tethers and all but one systemwere thin brushes that did not
completely screen the electrostatic potential from the underlying
substrate.1 Indeed, current results with PLL(2.7)-PEG-2K (similar
to one protein-resistant specimenwithin the Pasche study) produce
very slight lysozyme adsorption in agreement with that their
findings.) Figure 2 argues in favor of PEG�lysozyme attractions,
a possibility which runs contrary to mainstream thinking that PEG
ubiquitously repels globular proteins through steric (osmotic)
interactions, as a result of the (1) the lack of charge on PEG, (2)
its tendency to bewell-solvated inwater, with a net repulsion toward
other molecules that are also water-solvated and (3) its hydrogen-
bond accepting capacity (with no donor capacity).35 We do not
generally find, in the literature a discussion of PEG being adhesive
toward some globular proteins and repulsive toward others. We
note, however, the Fraden lab’s report of a negative second (cross)
virial coefficient between PEG and lysozyme in free solution, based
on light scattering.36 This measure of PEG�lysozyme attractions
supports our interpretation of Figure 2. Notably, these attractions
may cause some penetration of the lysozyme into the PEG layer, but
lysozyme penetration through the brush layer to the silica substrate
is not indicated or necessary to produce our observations.
A third behavior, the penetration of random PLL coils into

PEG�PLLbrushes and their subsequent displacement, in Figure 4
is technologically important because it dramatically compromises
the protein resistance. Figure 4 demonstrates that an established
brush can be completely removed from the surface in less than
5 min, a surprising observation if one expects the PEG corona to
osmotically shield the surface from PLL, or if one expects
kinetically trapped states at in the adsorbed PLL layer to hinder
exchange at the base of the brush.11,37,38 Our study demonstrates
arrival of PLL to the interface to be the rate limiting step: the
adsorbed PLL�PEG brushes are in this sense extremely fragile.
It is worth pointing out that PLL was the only macromolecule

tested that was able to penetrate the PEG brushes and proceed
with brush displacement. This observation points toward the
importance of protein/polypeptide structure in brush interac-
tions. Apparently the dense globular nature of folded proteins is a
key component of their exclusion from PEG brushes. The rapid
displacement of adsorbed PLL�PEG by PLL suggests a lack of
steric repulsions between hydrated PEG tethers and random-coil
PLL chains. With PLL able to rapidly penetrate the otherwise
protein-repelling brushes, electrostatic attractions to the base of
the brush drive PLL adsorption.
The observation of rapid PLL�PEG displacement by PLL

further argues that the anchoring PLL sequences are highly
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dynamic on the silica substrate. While some studies of polyelec-
trolyte exchange between solution and an interface reveal
sluggish kinetics,11,37,38 the PLL anchors of the current study
are aided in their removal from the surface by the entropy gain of
the PEG tethers when the anchoring sections are released from
the substrate. Without these tethers, short PLL train sections
might readsorb as rapidly as they desorb, so that the entire PLL
chain remains bound despite its dynamic fluctuations: A high
density of PEG tethers make local PLL desorption events
(involving a few segments) within the trains longer-lasting,
facilitating adsorption of homopolymer PLL challengers.

’CONCLUSIONS

This study examined the interactions of cationic proteins and
polypeptides with cationically anchored PEG brushes whose
architectures were previously reported and confirmed here to
eliminate adhesion of key serum proteins. The study focused on
ionic strength conditions where electrostatic interactions with
the negative underlying substrate were screened by the brush.

The work revealed a strong correlation between the sign of the
net protein charge and interactions with the brushy surfaces:
Negative proteins did not adsorb, while positive proteins/poly-
peptides were attracted to and retained at the interface. Addi-
tional control studies reaffirmed the lack of electrostatic
interactions between globular proteins and the underlying sub-
strate, focusing attention on specific interactions between glob-
ular proteins and the hydrated PEG tethers. In the case of
lysozyme, the greatest adsorption occurred to the brushes having
the greatest amount of tethered PEG, a finding running contrary
to the literature for general protein repellency of PEG brushes.
While the specific mechanism for PEG�lysozyme attractions
remains unclear, it is found that cationic lysozyme behaves
differently from anionic serum proteins in its interactions with
PEG. This finding is contrary to conventional thinking which
treats all globular proteins as similar in their interactions with
nonionic brushes. These results point to the importance of the
interactions between hydrated PEG brushes and globular pro-
teins, which can be highly varied. Apparently there is a sensitivity
of this interaction to nature of each protein, a possibility which is
generally overlooked in the literature which, based on frequently
studied protein models, always assumes domination by steric
repulsions between PEG and globular proteins.

Beyond adhesion of the cationic protein lysozyme to the PEG
brush corona, the study revealed that cationic random-coil poly-
peptides, for instance PLL, can rapidly penetrate a hydrated PEG
brush, electrostatically interacting with the underlying substrate
and displacing the brush. For moderately dense PEG brushes with
tethers in the 2000�5000 MW range, such displacement pro-
cesses are dominated by the arrival rate of PLL to the interface,
identical to that for the adsorption of PLL on bare silica. The
immediate displacement of the PEG brush demonstrates a poten-
tial failure mechanism of these interfaces in vivo, and motivates
permanent attachment of PEG chains to the substrate.

This work prompts reconsideration of specific PEG-protein
interactions, and the nature of the anchoring of PEG groups in the
presence of random-coil cationic polyelectrolytes. The findings
suggest that, even if the PEG tethers were covalently bound to a
substrate, cationic proteins and homopolymers would penetrate
and adhere to the brush, or the substrate. Their retention in the
brush potentially renders the interface bioadhesive to other
proteins and cells, even without displacement of the PEG tethers.
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