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a b s t r a c t

Protein–polymer interactions are of great interest in a wide range of scientific and technological applica-
tions. Neutral poly(ethylene glycol) (PEG) and zwitterionic poly(sulfobetaine methacrylate) (pSBMA) are
two well-known nonfouling materials that exhibit strong surface resistance to proteins. However, it still
remains unclear or unexplored how PEG and pSBMA interact with proteins in solution. In this work, we
examine the interactions between two model proteins (bovine serum albumin and lysozyme) and two
typical antifouling polymers of PEG and pSBMA in aqueous solution using fluorescence spectroscopy,
atomic force microscopy and nuclear magnetic resonance. The effect of protein:polymer mass ratios on
the interactions is also examined. Collective data clearly demonstrate the existence of weak hydrophobic
interactions between PEG and proteins, while there are no detectable interactions between pSBMA and
proteins. The elimination of protein interaction with pSBMA could be due to an enhanced surface hydra-
tion of zwitterionic groups in pSBMA. New evidence is given to demonstrate the interactions between
PEG and proteins, which are often neglected in the literature because the PEG–protein interactions are
weak and reversible, as well as the structural change caused by hydrophobic interaction. This work pro-
vides a better fundamental understanding of the intrinsic structure–activity relationship of polymers
underlying polymer–protein interactions, which are important for designing new biomaterials for bio-
sensor, medical diagnostics and drug delivery applications.

� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

A fundamental understanding of protein–polymer interactions
is critically important for the rational design of (multi)functional
biomaterials for a wide range of scientific and technological appli-
cations. The polymers that interact strongly and selectively with
proteins are often used for biosensors, tissue engineering and tar-
geted gene and drug delivery [1–5], and can enhance protein
adsorption and aggregation and/or regulate protein conformation
and orientation at polymer interfaces. Meanwhile, the polymers
having weak or inert interaction with proteins are equally impor-
tant for the development of stealth and functional materials for
antithrombogenic implants, drug delivery carriers and antifouling
membranes [6–9]. Generally speaking, for most neutral proteins
and polymers, hydrophobic interaction is often considered as a ma-
jor driving force for protein–polymer interactions. For charged pro-
tein–polyelectrolyte complexation, electrostatic interaction is a
dominant factor. Intensive studies have generated a wealth of
polymers and knowledge for the fundamental understanding of
protein–polymer interactions and practical uses in various biolog-
ical applications [10–16]. However, the structure–function rela-
tionship of polymers underlying protein–polymer interactions
still remains elusive.

Particularly for the ‘‘stealth and antifouling’’ polymers, interac-
tions between proteins and polymers are often dynamically weak
and reversible so that these weak protein–polymer interactions
are either often neglected or difficult to detect and distinguish
from each other, leading to an incomplete and inaccurate descrip-
tion of the structure–activity relationship of the polymers. Surface
plasmon resonance (SPR) and quartz crystal microbalance (QCM)
are the two most powerful and commonly used tools to measure
the interaction of proteins with polymers coated on a substrate,
not in bulk solution. However, such weak, reversible interactions
would not be observed by SPR and QCM because weakly adsorbed
proteins are very likely to be washed out during washing steps
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[17]. Such surface interactions between proteins and modified
polymer surfaces strongly depend on surface packing properties
(density, roughness and thickness) [9,15,18–23]. Additionally, ste-
ric repulsion arising from the compression of long polymer chains
on the surface by approaching proteins can also contribute to some
‘‘insert’’ polymer surfaces with high surface density and a long
polymer chain [24,25]. But these surface-induced effects do not
truly reflect the intrinsic polymer–protein interactions in solution.
It is very likely that the low-fouling materials in solution can en-
hance their resistance to proteins and become ‘‘superlow fouling’’
materials when they form a brush structure on the surface.

Among existing ‘‘stealth and antifouling polymers’’, poly(ethyl-
ene glycol) (PEG)-based polymers and zwitterionic-based poly-
mers (e.g. poly(sulfobetaine methacrylate) (pSBMA) and
poly(carboxybetaine methacrylate) (pCBMA)) have demonstrated
their superlow fouling ability to resist protein adsorption and cell
adhesion in vitro [26–28]. Both PEG and pSBMA enable one to
achieve much lower protein adsorption from undiluted human
blood serum and plasma [15,29]. Such strong protein-resistance
capacity is mainly attributed to their strong hydration effect [30–
34]. However, the PEGylation of proteins was recently found to
dramatically reduce their bioactivity, while the conjugation of
zwitterionic polymers with proteins enables one to improve the
stability of the proteins and to retain or even improve their bioac-
tivity [28,35–37]. Moreover, PEGylated proteins and drug carriers
often induce antibody production and cause ‘‘accelerated blood
clearance’’ [38], thus limiting their long-term biomedical applica-
tions. Considering that PEG is a neutral amphiphilic polymer while
pSBMA is a zwitterionic superhydrophilic polymer, we expect that
intermolecular interactions between polymers and proteins should
be different, with different driven forces. Such differences in pro-
tein–polymer interactions are very likely to account for their dif-
ferent behaviors in in vivo and in vitro applications.

Due to extensive use of PEG and pSBMA in fundamental and
practical applications, it is of great interest and fundamental
importance to re-examine the weak interaction of these two anti-
fouling polymers with proteins in aqueous solution and to better
understand the intrinsic difference of polymer–protein interac-
tions, which could be due to different chemical structures and
hydration capacities that are often neglected in the literature. More
importantly, unlike undetectable protein interactions with PEG as
reported in other works, our recent low field nuclear magnetic re-
source (NMR) results have shown that PEG of high molecular
weight (MW > 2000) is not inert in undiluted human blood, and
PEG indeed interacts with BSA and LYZ at a measurable level
[39]. Such PEG–protein interaction cannot be fully neglected, par-
ticularly in a blood circulatory system, because a layer of weakly
adsorbed plasma proteins on PEG can still induce the thrombotic
and inflammatory reactions at clinical conditions. Motivated by
inconsistent data for PEG–protein interactions in the literature,
here we characterized and compared the interactions of neutral
PEG and zwitterionic pSBMA with model proteins of bovine serum
albumin (BSA) and lysozyme (LYZ) using tryptophan fluorescence,
1-anilino 8-naphthalene sulfonic acid (ANS) fluorescence, atomic
force microscopy (AFM) and NMR. The effects of protein:polymer
mass ratio on protein–polymer interactions were also examined.
Tryptophan fluorescence and ANS fluorescence were used to deter-
mine the existence of interactions between proteins and polymers.
AFM was used to monitor morphological changes of proteins,
which qualitatively reflects the structural change of proteins in-
duced by polymers. Proton NMR spectroscopy was used to identify
the preferred binding motifs at the surface of lysozyme upon inter-
acting with PEG or pSBMA. Collective data demonstrated that PEG
had a weak, reversible hydrophobic interaction with proteins,
while pSBMA had an undetectable interaction with proteins. This
work gains some fundamental insight into antifouling mechanisms
involving rather weak protein–polymer interactions, which hope-
fully help to rationally design new effective antifouling polymers.
2. Materials and method

2.1. Materials

PEG with molecular weight 20,000 (PEG20000), the monomer,
N-(3-sulfopropyl)-N-(methacryloxyethyl)-N,N-dimethylammonium
betaine (pSBMA, H2C–C(CH3)–COOCH2CH2N(CH3)2(CH2)3SO3) and
the initiators, sodium metabisulfite (SBS), ammonium persulfate
(APS), 1-anilino 8-naphthalene sulfonic acid (ANS), BSA and LYZ
were purchased from Sigma–Aldrich (Milwaukee, WI). Stock solu-
tion of both proteins were prepared with the concentration of
4 mg ml�1. Water used in these experiments was purified by a Mil-
lipore water purification system with a minimum resistivity of
18.0 MX cm. D2O (99.9 atom% D) used in experiments was pur-
chased from J&K Chemical.
2.2. pSBMA synthesis

Redox initiators SBS (0.6%, w/v) and APS (1.6%, w/v) were dis-
solved in 5 ml of mixed water and ethanol (volume ratio 1:1 fol-
lowed by the addition pSBMA (1.8861 g). The mixture was then
placed in a water bath at 38 �C for 1 h and quenched at �20 �C
for 30 min. The resultant copolymer was placed in a 3000 g mol�1

MWCO cellulose acetate dialysis bag to remove excess monomers
and initiators for two days with pure DI water, followed by the
lyophilization for 1 day of the solution to obtain pSBMA powder.
2.3. Fluorescence spectroscopy

Steady-state fluorescence experiments were carried out with a
LS55 spectrofluorimeter (PerkinElmer, USA). Fluorescence spectra
were measured upon adding different amounts of polymers to a
fix protein solution of 20 lg ml�1. Polymer concentrations were
varied from 0 to 0.5, 1, 2, 4, 8 and 16 (mass ratio of polymers vs.
proteins). Intrinsic fluorescence spectra were recorded between
310 and 400 nm with an excitation wavelength of 295 nm, where
the contribution of tyrosine residues is negligible. Excitation and
emission slit with a nominal 6 nm bandwidth.

ANS is a dye whose fluorescence is greatly enhanced on binding
to hydrophobic surfaces, displaying a characteristic blue shift in its
fluorescence maximum from �515 to �475 nm. During the folding
or unfolding process of proteins, exposure of hydrophobic patches
could be characterized by this blue shift. For ANS experiments,
samples were excited at 350 nm, and emission was scanned be-
tween 400 and 600 nm. The wavelength of maximum emission
was recorded and plotted against time. The molar ratio of protein
to ANS was 1:100, the protein concentration is the same with
Trp experiments, 20 lg ml�1, and the polymer concentration is
10:1 (mass ratio of polymers vs. proteins). All experiments were
conducted at room temperature.
2.4. NMR

1H-NMR experiments were performed on a Varian INOVA 750
spectrometer. NMR data were routinely acquired at 30 �C. Interac-
tion of polymers (8 mg ml�1) with lysozyme was determined by
chemical shift titration from a series of one-dimensional (1-D)
NMR experiments using the WATERGATE sequence to suppress
the water signal. A series of titration experiments was conducted
by changing the polymer:protein mass ratio from 0, 0.5, 1 and 2
to 1, respectively. The solvent is D2O.



Table 1
The physicochemical properties of polymers (pSBMA and PEG) and proteins (BSA and LYZ).

4F5S: PDB (prtotein data bank) code for BSA; 1LYZ: PDB code for LYZ. Trp residues are presented by cyan sticks.

J. Wu et al. / Acta Biomaterialia 10 (2014) 751–760 753
2.5. AFM

Morphological change of proteins in the absence and presence
of polymers was imaged by tapping-mode AFM. The freshly peeled
highly oriented pyrolytic graphite (HOPG) was soaked into a mixed
protein–polymer solution with a protein:polymer mass ratios of
1:10 (protein concentration here is 2 lg ml�1, the solution previ-
ously incubated for 24 h) for 20 min, rinsed ten times with 50 ll
deionized water to remove any loosely bound polymer and protein
and dried for 24 h before AFM imaging. AFM images were acquired
using a multimode Nanoscope III equipped with a 15 lm E scanner
(Vecco Inc.). Commercial Si cantilever (NanoScience) with an elas-
tic modulus of �40 N m�1 was used. All images were acquired as
512 � 512 pixel images at a typical scan rate of 1.0–2.0 Hz with a
vertical tip oscillation frequency of 250–350 kHz. Representative
images of each sample were collected by scanning at least five dif-
ferent locations. This AFM protocol is generally used to character-
ize protein interaction with polymers [40–43].
3. Results and discussion

In this work, two model proteins of BSA and LYZ are used to
examine weak interactions with two well-known antifouling poly-
mers of PEG and pSBMA. BSA (66.43 kDa, pI = 4.7) is a negatively
charged, large protein, while LYZ (14.4 kDa, pI = 11.3) is a posi-
tively charged, small protein under physiological conditions. Both
proteins are abundant in the human body, and are typically used
to evaluate the nonfouling characteristics of materials due to their
roles in the inflammatory response. Table 1 summarizes the basic
structural properties of two polymers and two proteins. We should
note that a protein interacting with polymer surfaces in the litera-
ture is quietly different from a protein interacting with polymers in
solution in this study. Numerous works by us and others
[11,12,16,18,20,23,27] have demonstrated that apart from polymer
chemistry, when the surface is modified by a full layer of polymers,
the surface uniformity, density, thickness roughness and even
chain length of polymers play a very important role in protein
adsorption, but these surface effects will not be presented in the
protein interaction with polymer in bulk solution. This work exam-
ines the intrinsic property of polymers interacting with proteins in
solution by excluding physical surface effects, which can be tuned
to control desirable interactions with proteins in an enhanced or
reduced way.
3.1. Probing the interaction of proteins with PEG and pSBMA

Steady-state fluorescent spectroscopy of proteins is a proven,
rapid and easy method for evaluating protein conformations and
protein–polymer association. Here, polymer-induced conforma-
tional change of proteins at different polymer:protein mass ratios
(0, 0.5, 1, 2, 4, 8 and 16) as a function of time was monitored by
the changes in the intensity of tryptophan (Trp) fluorescence
(Fig. 1). Specifically, upon a conformational change in protein, tryp-
tophan fluorescence depends not only on the exposure or accessi-
bility of the tryptophan residues, but also on the local protein
environment immediately surrounding the tryptophan. In fluores-
cence experiments, tryptophan was excited at 295 nm with a nar-
row spectral bandwidth (full width ad half maximum �2 nm). At



Fig. 1. Effect of polymer/protein mass ratios on the tryptophan fluorescence intensity of proteins at different time points (0, 5 and 24 h) in PBS buffer (pH 7.4) for (A1) pSBMA/
BSA, (B1) PEG/BSA, (A2) pSBMA/LYZ, (B2) PEG/LYZ. Error bars represent standard deviation from three independent measurements.
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this wavelength, we specifically avoid excitation of other amino
acids in the protein, all of which absorb at shorter wavelengths.
It can be seen in Fig. 1 that at the very beginning (i.e. 0 h) of protein
solutions in the absence and presence of polymers, the intensities
of tryptophan florescence were similar to each other and appeared
to be independent of the polymer concentrations. This suggests
that it takes time for polymers to interact with proteins, if at all,
to induce conformation change. As control experiments, in the ab-
sence of polymers, pure LYZ or BSA experienced a large fluores-
cence decrease by �6–15% at the first 5 h, and then remained
unchanged with statistical fluctuation after 5 h. Initial fluorescent
reduction indicates that proteins indeed experience conforma-
tional changes to accommodate the phosphate buffered saline
(PBS) environment.

Upon addition of neutral PEG to LYZ or BSA solutions at differ-
ent PEG:BSA and LYZ:BSA mass ratios, tryptophan fluorescence in-
creased from 9.8% to 14.5% for PEG:BSA systems (Fig. 1B1) and
from 1.3% to 5% for PEG:LYZ systems (Fig. 1B2) as PEG:protein
mass ratios increased from 0.5 to 16. As compared to tryptophan
fluorescence in control experiments (without PEG) after 5 h, en-
hanced tryptophan fluorescence clearly demonstrates the exis-
tence of interactions between PEG and proteins. Particularly at
high PEG:protein ratios of >4, the intensity of tryptophan fluores-
cence was only slightly reduced by 0.5–1% up to 24 h compared
to that of tryptophan fluorescence at 0 h. This indicates that PEG
is likely to play a protective role in retaining tryptophan’s fluores-
cence by the formation of protein–PEG complexes. In contrast, in
the presence of pSBMA, regardless of the amount of pSBMA added
to LYZ or BSA protein solution, the fluorescence signals of proteins
in the presence of pSBMA were almost identical to each other, and
also close to that of proteins in the absence of pSBMA at the same
time point (Fig. 1A1 and A2). The independence of fluorescence sig-
nals upon pSBMA addition clearly suggests no or undetectable
interactions between pSBMA and proteins. Our and other works
[44–47] have demonstrated experimentally and theoretically that
zwitterionic pSBMA has a strong ability to form a hydration layer
via ionic solvation, which will form a physical and energetic barrier
to prevent interactions with proteins, leading to similar protein
behavior in conformational changes in pure PBS solution and in
pSBMA solutions. However, PEG, as a well-studied hydrophilic
polymer, also exhibits amphiphilic characteristics at high molecu-
lar weight. A number of studies have also shown that several sur-
face residues of LYZ, particularly Trp, involve nonspecific
interactions (very likely to be hydrophobic interactions) with
PEG [48–51]. Additionally, due to a certain degree of hydrophobic
character, when proteins and PEG approach each other, a short-
range protein–polymer attraction could also occur. A combination
of these interactions makes Trp and its surrounding environments
more hydrophobic, resulting in an increase of fluorescence signals
as PEG amounts increase.

As shown in Fig. 1, the first 5 h is critical for monitoring fluores-
cence changes (i.e. protein conformation changes) upon incubation
of proteins with polymers. Thus, we collected fluorescence inten-
sity data for all protein–polymer systems at polymer:protein mass
ratios (10:1) for every 1.5 h in the first 5 h. For any given pure pro-
tein or protein–polymer system, the relative fluorescence intensity
ratios were obtained by normalizing the fluorescence intensity of
different time points with respect to fluorescence intensity at 0 h
(Fig. 2). It can be seen clearly that the fluorescence curves of pure
protein systems were almost identical to those of pSBMA–protein
systems, but exhibited significant differences from those of PEG–
protein systems. This is further evidence that proteins are involved
with interactions with PEG, causing fluorescence gain, but not with
pSBMA. For all systems, the kinetics of the fluorescence intensity
ratio were monotonically decreased with time, but BSA-involved
systems had a relatively faster decrease in fluorescence ratio
(Fig. 2A) than LYZ-involving systems (Fig. 2B), suggesting that flex-
ible BSA undergoes a larger conformational change than rigid LYZ.
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Tryptophan fluorescence data can be presented differently.
Fig. 3 shows the effect of polymer:protein mass ratios on fluores-
cence change at 5 h. Consistent with the analysis above, the addi-
tion of different amounts of zwitterionic pSBMA into both BSA and
LYZ protein solutions had almost no influence on the fluorescence
change of proteins. In the presence of PEG, however, fluorescence
signals increased rapidly and exponentially to a plateau at lower
PEG/BSA ratios of <4 or at PEG/LYZ ratios of <8, and then remained
there at higher PEG/protein ratios. The threshold PEG/protein ra-
tios (PEG/BSA = 4 in Fig. 3A and PEG/LYZ = 8 in Fig. 3B) suggest a
saturated concentration to form polymer–protein complexes.
Large BSA requires more polymers and longer time to achieve sat-
urated interactions during the unfolding process of proteins.

ANS fluorescence is further used to detect and quantify the ex-
posed hydrophobic patches on proteins upon interacting with
polymers. Since ANS dye displays enhanced fluorescence and a
characteristic blue shift in its fluorescence emission maximum
from 515 to 475 nm when bound to protein hydrophobic surfaces
[52,53], ANS fluorescence is especially useful in detecting partially
folded conformations of globular proteins. Fig. 4 shows an ANS
fluorescence signal of BSA upon interacting with pSBMA or PEG
at different time points. In the presence of pSBMA (Fig. 4A), ANS
fluorescence of pSBMA–BSA mixtures with different ratios was
similar to each other and to that of pure BSA at different time
points (0, 5 and 24 h). ANS fluorescence results further confirm
that BSA protein behavior is similar in the absence and presence
of pSBMA, consistent with tryptophan fluorescence results. For
PEG–BSA systems (Fig. 4B) at 0 h, regardless of PEG:BSA ratios from
0 to 16, ANS fluorescence remained almost constant, suggesting
that PEG had not started to interact with BSA to induce conforma-
tional changes. But, at 5 and 24 h, fluorescence signals gradually in-
creased as PEG:BSA ratios increased. The increase trend became
more pronounced at longer incubation times of 24 h and higher
PEG:BSA ratios of >4. This demonstrates an increased hydrophobic
patch on the BSA surface for ANS to bind, when PEG-BSA interac-
tions induce a slightly unfolded conformation of BSA that is
very different from the initial conformation at 0 h. In all of the
PEG-involved systems studied here, the increment in ANS fluores-
cence intensity correlates well with the increase in tryptophan
fluorescence.
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3.2. Monitoring the morphological changes of proteins induced by
polymers

It is of interest to examine the morphological changes of pro-
teins (BSA and LYZ) upon incubation with polymers (PEG and
pSBMA). 2 lg ml�1 of protein or polymer–protein solution was
incubated in the PBS bulk over 24 h, which provided enough time
for the protein to interact with polymers in solution, prior to depo-
sition on a HOPG surface for tests. Deposited samples were rinsed
10 times with 50 ll deionized water to remove any loosely bound
polymers, proteins and protein/polymer complexes. The morphol-
ogy of deposited aggregates firmly adsorbed on HOPG was then
analyzed by tapping-mode AFM. For BSA-involved systems, some
small and uniform sphere-like molecules of 5–8 nm were observed
in pure BSA solution (Fig. 5A). Upon incubation of BSA with pSBMA,
spherical particles similar in size, shape and quantity were clearly
presented (Fig. 5B). Conversely, the mixture of BSA and PEG solu-
tion produced large, irregular-shaped strips, in sharp contrast to
the morphologies of pure BSA and mixed BSA–pSBMA solutions
(Fig. 5C). Additionally, the bundle strips of PEG–BSA were observed
to have increased their lengths and adsorption densities, suggest-
ing that PEG enables overall morphological changes and increase
adsorption of BSA–PEG aggregates to be induced on the HOPG sur-
face. Similar phenomena were also observed for the LYZ-involved
systems. Pure LYZ and mixed LYZ–pSBMA show morphologically
similar sphere-like molecules. This morphology was very different
from the bundle-strip-like morphology of LYZ aggregates (Fig. 5D–
F). The individual and scattered bundles had lengthened (up to
600 nm) and connected with each other to form a network. The
formation of these bundle aggregates and their transformation into
higher orders of aggregates from protein–pEG solutions are
explainable by the intermolecular interactions of different nonco-
valent bonding forces between protein and PEG in a complemen-
tary manner. We should note that upon incubation of the
protein–polymer bulk solution on the hydrophobic HOPG surface,
the HOPG may also contribute to certain morphological changes
of aggregates during the deposition and drying processes. Such
HOPG-induced morphological changes are generally attributed to
combination effects of geometrical confinement and surface
hydrophobicity. Meanwhile, the drying process may also induce
the conformational change of deposited protein–polymers/
proteins/polymers, but this process will not greatly affect
protein–polymer association if such complexes are already formed
in solution. Thus, we expect that the morphologies observed
should reflect the solution condition during the drying process.
In addition, the AFM tip may induce the deformation to the
scanned objectives regardless of whether the conditions are dry
or wet. Overall, the qualitative AFM images provide additional evi-
dence that PEG has a relatively stronger interaction with proteins
than pSBMA, complementary to more quantitative results from
NMR and fluorescence experiments. Similar morphologies
between protein and protein–pSBMA systems and different
morphologies between protein/protein–pSBMA and protein–pEG
systems still indicate that the protein–pEG interactions in aqueous
solution are most likely to induce the conformational changes of
proteins, leading to different deposited morphologies.

3.3. Determining binding region between proteins and polymers

A 1-D 1H-NMR study was also presented for determining the
binding region between LYZ and polymers of PEG and pSBMA by
large chemical shift changes upon titration with polymers. To
monitor specific binding, PEG or pSBMA was titrated into a LYZ
solution at ratios of 0, 0.5, 1 and 2:1. In Fig. 6A, upon complexation
with PEG, chemical shift changes between 7.75 and 10.75 ppm
were observed as PEG concentration increased, especially between
10.00 and 10.12 ppm, 8.78 and 8.89 ppm, 8.51 and 8.59 ppm and
8.00 and 8.13 ppm (Fig. 6C). According to Furness et al.’s work
[48] and Redfield and Dobson’s assignments [54], the maximal
chemical shift changes occurred at the highest PEG concentration
corresponding to the NH proton’s signals of Glu-35, Arg-61, Trp-
62, Arg-73, Lys-96 and Asp-101. However, no chemical shift
changes were observed in the same range of 7.75–10.75 ppm upon
pSBMA addition (Fig. 6B). The 1-D NMR chemical shift changes for
the proton resonances were observed upon the direct binding of
protein residues with polymers, which induced protein conforma-
tion changes and the associated microenvironment changes. As
indicated by the clear chemical shift perturbation of the backbone
NH signal of proteins upon adding with polymers (pSBMA and
PEG), two distinct polymer behaviors suggest that these six resi-
dues containing Trp and Arg-rich residues form a hydrophobic
binding core to interact with PEG. The indole side-chains of the
tryptophan are essentially hydrophobic; although the guanidine
groups of Arg carry positive charges, the propylene moieties of
these residues are sufficiently hydrophobic enough to interact with
PEG polymers. Furthermore, the visual inspection of the NMR-
solved model structure (PDB: 1LYZ) [55] indicates that these six
residues are located on the surface of LYZ (Fig. 6D), but separated
by a relatively large distance between each other. To achieve po-
tential binding between PEG and proteins, it is likely that long
PEG chains are more favorable to intertwine and fold themselves
to form this hydrophobic cluster and to interact with proteins via
the formation of a protein corona. A previous NMR study of lyso-
zyme binding to PEG by Furness et al. [48] also identified a hydro-
phobic binding site centered on Trp-62 and other binding residues
involving Arg-61, Trp-63, Arg-73, Lys-96 and Asp-101. Consis-
tently, the aromatic Trp-62 is found to be an important residue
to interact with hydrophobic CH2–CH2 groups of PEG. But a com-
parison of our work and that of Furness et al. showed that Glu-
35 and Trp-63 are different binding residues; this could be attrib-
uted to different molecular weights of PEG, experimental condi-
tions and local and mutual conformational changes of proteins
and PEG.

Taken together, numerous studies have demonstrated that both
neutral PEG and zwitterionic pSBMA as superlow fouling materials
exhibit very strong resistance to proteins, but our collective results
from Trp fluorescence, ANS fluorescence, AFM and NMR confirm
that within the criteria for superlow fouling materials
(<0.3 ng cm�2 adsorbed proteins), PEG indeed involves nonspecific
hydrophobic interactions with proteins in aqueous solution, and
such interactions increase with PEG concentration due to the in-
creased hydrophobicity of the longer PEG chain. This relatively
strong interaction with protein is mainly attributed to multiple
and steady contact points with proteins [48]. Additionally, the low-
er MW of PEG-4700 also showed the hydrophobic interaction
between PEG and tryptophan of proteins, as indicated by fluores-
cence experiments and AFM results (data not shown). However,
when the PEG MW was further reduced to 400, no hydrophobic
interactions were observed, presumably because short PEG chains
cannot adequately establish multiple contact points with proteins,
resulting in either weak or no detectable interactions between PEG
and proteins. As a wide use of biocompatible antifouling materials,
the nature of weak PEG–protein interaction is often neglected, but
in some applications of PEG-coated drug delivery carriers,
PEG-functionalized proteins and enzyme, and biosensors with a
PEG-inserted background, the very weak and reversible PEG–
protein interaction is still sufficient enough to compromise the
performance of PEGylated applications and devices. On the
contrary, pSBMA possesses a true inert nature, and highly hydrated
layers surrounding the opposing charges of zwitterionic quater-
nary ammonium cation and sulfonic acid groups create a high
energy barrier to prevent the interaction with proteins. The



0 0.5 1 2 4 8 16
600

630

660

690

720

(A)

(B)
0 0.5 1 2 4 8 16

600

630

660

690

720

0h

Polymer/Protein Mass Ratio

0h

0 0.5 1 2 4 8 16
600

630

660

690

720

0 0.5 1 2 4 8 16
600

630

660

690

720 5h

0 0.5 1 2 4 8 16
600

630

660

690

720

0 0.5 1 2 4 8 16
600

630

660

690

720 24h

24h

5h

Si
gn

al
 In

te
ns

ity

Fig. 4. Effect of polymer/protein mass ratio on ANS fluorescence intensity for (A) pSBMA–BSA and (B) PEG–BSA solutions at 0, 5 and 24 h.

Fig. 5. AFM images of the HOPG surface soaked into different solutions: (A) BSA, (B) pSBMA–BSA, (C) PEG–BSA, (D) LYZ, (E) pSBMA–LYZ and (F) PEG-LYZ solutions on the
HOPG.
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Fig. 6. Titration of low field LYZ 1H-NMR signals upon incubation with (A) PEG, (B) pSBMA and (C) special magnified PEG. Chemical shift changes were assigned to binding
residues (arrows). (D) Visual inspection of LYZ structure (PDB: 1LYZ) with PEG-binding residues of Arg-61 (yellow), Trp-62 (tan), Glu-35 (red), Asp-101, Arg-73 and Lys-96
(blue).
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superior antifouling ability of pSBMA over PEG was also demon-
strated by its better protein resistance ability, long-term structural
stability and blood circulation time, in previous works by us and
others [28,37].

4. Conclusions

In this work, we investigate the interaction of two model pro-
teins (BSA and LYZ) with two antifouling polymers (neutral PEG
and zwitterionic) in solution – a long-neglected problem – using
tryptophan fluorescence, ANS fluorescence, AFM and NMR. Fluo-
rescence data demonstrate that under different polymer:protein
ratios tested, PEG indeed exhibits weak hydrophobic interactions
with proteins in the aqueous solution, while pSBMA shows no or
undetectable interactions with proteins. Morphological changes
by AFM further confirm that both pure protein and mixed pro-
tein–pSBMA systems generate morphologically similar aggregates,
in sharp contrast to the morphologies of PEG-induced protein
aggregates. Furthermore, NMR data identify several preferred
binding residues of Glu-35, Arg-61, Trp-62, Arg-73, Lys-96 and
Asp-101 on the surface of lysozyme upon interacting with PEG,
but not with pSBMA. Different interactions between proteins and
PEG/pSBMA that have not been reported previously are likely
attributed to their different surface hydration abilities, in which
pSBMA can bind water molecules even more strongly via ionic sol-
vation while PEG achieves hydration via hydrogen bonding. As
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proof-of-concept experiments, this work prompts us to reconsider
the effect of weak PEG–protein interactions, which are often either
neglected or undetected, on many biological applications. To pro-
vide a more complete picture of protein–antifouling polymer inter-
actions, ongoing studies are in progress to evaluate the effect of
protein concentration, polymer molecular weight and solution
composition on protein–polymer binding affinity and sites, and
mutual changes in polymer and protein structure and dynamics.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figs. 1–6 are difficult
to interpret in black and white. The full colour images can be found
in the on-line version, at http://dx.doi.org/10.1016/j.actbio.2013.
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