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ABSTRACT: Zwitterionic polymers and poly(ethylene glycol) (PEG) have
been reported as promising nonfouling materials, and strong surface hydration
has been proposed as a significant contributor to the nonfouling mechanism.
Better understanding of the similarity and difference between these two types of
materials in terms of hydration and protein interaction will benefit the design of
new and effective nonfouling materials. In this study, sum frequency generation
(SFG) vibrational spectroscopy was applied for in situ and real-time assessment
of the surface hydration of the sulfobetaine methacrylate (SBMA) and
oligo(ethylene glycol) methacrylate (OEGMA) polymer brushes, denoted as
pSBMA and pOEGMA, in contact with proteins. Whereas a majority of strongly hydrogen-bonded water was observed at both
pSBMA and pOEGMA surfaces, upon contact with proteins, the surface hydration of pSBMA remained unaffected, but the water
ordering at the pOEGMA surface was disturbed. The effects of free sulfobetaine, free PEG chains with two different molecular
weights, and PEG coated gold nanoparticles on the surface hydration of proteins were investigated. The results indicated that free
sulfobetaine could strengthen the protein hydration layer, but free PEG chains greatly disrupt the protein hydration layer and
likely directly interact with the protein molecules. In contrast to free PEG, the PEG chains anchored on the nanoparticles behave
similarly to the pOEGMA surface and could induce strong hydrogen bonding of the water molecules at the protein surfaces.

KEYWORDS: nonfouling materials, sum frequency generation (SFG) vibrational spectroscopy, zwitterionic polymer, sulfobetaine,
poly(ethylene glycol) (PEG), gold nanoparticles, hydration, hydrogen bonding

■ INTRODUCTION

Nonfouling materials have been extensively investigated for a
wide spectrum of applications ranging from marine industry to
biomedical engineering.1−6 Two types of the most widely
studied nonfouling materials are zwitterionic polymers7 and
poly(ethylene glycol) (PEG).8 It is believed that the nonfouling
property of these materials results from their strong surface
hydration, which is formed at the zwitterionic polymer surfaces
through electrostatic-induced hydrogen bonding, and at the
PEG surfaces through hydrogen bonding between water
molecules and the ether oxygen atoms.9−11 The tightly
bound hydration layer is theorized to act as a physical and
energy barrier, and the water molecules are difficult to be
replaced by biomolecules and organisms. However, this
straightforward correlation between the nonfouling behavior
of a material and its surface hydration may be questionable,
because the presence of biological molecules such as proteins or
organisms complicates the adsorption behavior and the
interfacial water structure.12 A deeper understanding of the
nonfouling performance of a material needs a comprehensive
molecular picture underlying the hydration at the material
surface and the protein surface, which, however, has not been
completely established. Therefore, it is imperative to probe the

local water structures at both nonfouling material and protein
surfaces and especially their temporal evolution when the
nonfouling materials are brought to interact with the proteins in
water or vice versa.
Zwitterionic polymers and PEG differ in molecular structure,

which may result in their different hydration properties.
Molecular dynamics simulation results suggested that there
are hydrophobic interactions between PEG and proteins.13

Because of the hydrophobic interactions, PEG can block the
active sites of enzymes, leading to reduction in the catalytic
activity of PEG-enzyme conjugates. In contrast, the bioactivity
of enzymes can be retained or even improved after conjugation
with zwitterionic polymers, because the superhydrophilicity of
the zwitterionic polymers offers a hydration environment that
favors enzyme−substrate interaction.14 Further, the surface
coatings of zwitterionic polymers exhibit better in vivo
performance than PEG, including minimal biomolecule bind-
ing,15 resistance to foreign body reaction,16 and long
circulation.17 Because their molecular structures are distinctly
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different, it is not a surprise that zwitterionic polymers and PEG
have different mechanisms to interact with water, proteins, and
organisms. This hypothesis is plausible but has not been
validated by direct experimental evidence so far. In this context,
it is of essential importance to probe the local water structures
at the zwitterionic polymer and PEG surfaces and their
responses to the presence of protein molecules. We believe that
this fundamental study will allow better design and tailoring of
the nonfouling performance of materials in a variety of
technical applications, for instance, in biomedicine, where
contact with biological environments containing proteins or
organisms is inevitable at the material surfaces.
Sum frequency generation (SFG) vibrational spectroscopy is

a surface-sensitive and in situ vibrational spectroscopic
technique, providing information about chemical structures at
the molecular level.18−20 It has been extensively applied to
study the molecular structures of polymers21 and biomole-
cules22,23 at various interfaces and has proven particularly
powerful in revealing polymer/water interfacial structures24,25

in ambient environments. Furthermore, the detailed structural
information on interfacial water can be extracted from SFG
data.26−30

In this work, SFG spectroscopy was applied to systematically
study the surface hydration of the polymer brushes of
sulfobetaine methacrylate (SBMA) and oligo(ethylene glycol)
methacrylate (OEGMA), denoted as pSBMA and pOEGMA,
anchored on silica surfaces (Figure 1A) in the absence and
presence of proteins (Figure 1B). The SFG spectra of water at
the polymer surfaces were taken before, during, and after
contacting several protein solutions, and the time-dependent
SFG signals of the interfacial water were monitored to probe
the structural changes of water upon contact with the protein

solutions. The SFG results revealed that pSBMA and
pOEGMA surfaces showed different surface hydrations upon
contact with the protein solutions. In addition, the effects of
sulfobetaine (SB), PEGs with molecular weight of 300 and
2000 (PEG-300 and PEG-2000), and PEG-2000-coated gold
nanoparticles (PEG-2000-AuNP) (Figure 1C) on the surface
hydration of proteins were investigated (Figure 1D) with SFG
spectroscopy, which further elucidated the different hydration
between SB and PEG in contact with proteins.

■ EXPERIMENTAL SECTION
Bovine serum albumin (BSA, 99%), lysozyme (90%), fibrinogen (Type
I-S, 65−85%, may contain 10% sodium citrate and 15% sodium
chloride), fluorescein isothiocyanate labeled BSA (FITC-BSA),
dimethylethylammoniumpropanesulfonate (sulfobetaine, SB), PEG-
300, PEG-2000, PEG-2000-AuNP (diameter = 20 nm, optical density
(OD) = 50) dispersed in water, and phosphate buffered saline (PBS,
prepared from Na2HPO4 and KH2PO4, contains 11.9 mM phosphates,
137 mM NaCl, and 2.7 mM KCl, pH = 7.4 ± 0.1) were purchased
from Sigma-Aldrich. Deuterated polystyrene (d8-PS) (Mw of ca.
207 500 g/mol) was purchased from Polymer Source Inc. Right angle
SiO2 and CaF2 prisms were purchased from Altos Photonics. Millipore
water was used in all experiments.

The brushes of pSBMA and pOEGMA were grown on SiO2 prisms
(Figure 1A) via atomic transfer radical polymerization (ATRP)
according to previous reports.31,32 The thicknesses of the identical
polymer brushes prepared on silicon wafers were measured to be 25−
30 nm by an alpha-SE ellipsometer (J. A. Woollam). The
hydrophilicity of the polymer coatings was assessed by static water
contact angles measured with a CAM 100 contact angle goniometer
(KSV Instruments).

To test the protein adsorption on the polymer surfaces, the pSBMA
and pOEGMA samples were immersed into the PBS solution of FITC-
BSA (5 mg/mL) for 1 h, followed by rinsing with water and drying
with N2 flow. The surface adsorption of FITC-BSA molecules was
assessed with an inverted fluorescence microscope (Olympus, Melville,
NY) equipped with a xenon arc lamp (Sutter Instrument Co., Novato,
CA) and an electron multiplier CCD camera (Hamamatsu, Bridge-
water, NJ). A bare silica substrate was used as a control.

To probe the water structure at the polymer brush/water interfaces
in the absence and presence of proteins, the polymer brush samples
were placed in water and the aqueous solutions of BSA, lysozyme, and
fibrinogen (1.0 mg/mL), respectively (Figure 1B). The SFG
spectroscopy was implemented according to the protocol reported
previously.33 Briefly, the visible and infrared (IR) input beams
penetrated a right angle prism and overlapped spatially and temporally
at the sample surface or interface. The incident angles of the visible
and IR beams were 60° and 54° with respect to the surface normal,
and the pulse energies of the visible and IR beams were 30 and 100 μJ,
respectively. The reflected SFG signal was collected by a
monochromator along with a photomultiplier tube. All SFG spectra
were collected using the ssp (s-polarized sum frequency output, s-
polarized visible input, and p-polarized IR input) polarization
combination.34

To study the effects of proteins on the surface hydration of the
polymers, we adopted the following procedure. The polymer sample
was first measured with SFG in air from 2800 to 3100 cm−1 (for C−H
signal) and then placed in water for another SFG measurement from
2800 to 3600 cm−1 (for C−H and O−H signals). Time-dependent
SFG signal at the wavenumber of OH stretching vibration (around
3200 cm−1) then was monitored while water was switched to a protein
solution in situ. When the OH signal at the protein solution interface
was stable, an SFG spectrum was taken from 2800 to 3600 cm−1.
Finally, the sample was rinsed with water with a regular wash bottle,
dried under N2, and measured with SFG in air and water again.

To study the effects of SB, PEG-300, PEG-2000, and PEG-2000-
AuNPs in water on the surface hydration of proteins, a protein layer
was physically adsorbed on the prism. First, a d8-PS solution in

Figure 1. (A) Molecular structures of pSBMA and pOEGMA brushes
anchored on silica surfaces. (B) SFG measurement of a polymer
coating on a right-angle SiO2 prism in contact with a protein solution.
(C) Molecular structures of SB, PEG-300, PEG-2000, and PEG-2000-
AuNPs. (D) SFG measurement of a protein layer physically adsorbed
on a deuterated polystyrene (d8-PS) coated CaF2 prism in contact
with an SB, PEG-300, PEG-2000, or PEG-2000-AuNP solution.
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toluene (1% w/w) was spin-coated on a clean CaF2 prism at 3000 rpm
for 30 s with a P-6000 spin coater (Speedline Technologies). Second,
the d8-PS coated prisms were immersed in the PBS solutions of BSA,
lysozyme, and fibrinogen (5.0 mg/mL), respectively, for 30 min.
Third, the protein coatings on the prisms were rinsed with water and
dried under N2. The presence of d8-PS and the proteins was
confirmed by water contact angle measurements (Supporting
Information Table S1). The protein surfaces were then measured
with SFG in contact with water and the aqueous solutions of SB (0.5
M), PEG-300 (0.5 M), PEG-2000 (0.08 M), or PEG-2000-AuNP (OD
= 5) (Figure 1D).

■ RESULTS AND DISCUSSION

Surface Characterization and Hydration of pSBMA
and pOEGMA. To study the surface hydration of nonfouling
materials, the as-prepared pSBMA and pOEGMA were selected
in this work considering the following factors: First, proteins
can adsorb onto charged surfaces through Coulomb
interaction.35−39 Both pSBMA and pOEGMA herein are
overall neutral, so Coulomb interaction-induced protein
adsorption is excluded. Second, the hydrophilicity and
nonfouling properties of the polymer brushes are affected by
their thicknesses.31,32,40 The pSBMA and pOEGMA films with
a thickness of 25−30 nm herein demonstrated strong resistance
to protein adsorption.31,32 Third, high packing density is crucial
to the nonfouling performance of the polymer brushes.31,41

Here, to ensure the high packing density, the initiators were
anchored on the silica surface to form a self-assembled
monolayer with high density.31,32 Fourth, the polymer chemical
composition influences their nonfouling properties. For
example, ethylene glycol (EG) oligomer molecules anchored
on surfaces with six or more EG units demonstrate strong
protein resistance.42 The nonfouling property of polymers
made from carboxybetaine is affected by environmental pH,
whereas that of sulfobetaine is independent of pH.39 Therefore,
pSBMA and pOEGMA (EG unit = 6) were selected for study
in this work.

The surface hydrophobic/hydrophilic properties of the
polymer brushes studied here were characterized by sessile
drop measurements. As shown in Supporting Information
Figure S1, the static water contact angles of the pSBMA and
pOEGMA brushes anchored on silica substrates were measured
to be 20 ± 1° and 42 ± 1°, respectively, which agree with those
reported in the literature,31,40,43−45 and were smaller than those
of the commonly used polymers such as poly(methyl
methacrylate),46 polyethylene terephthalate,46 polycarbonate,46

polyvinyl chloride,47 poly(dimethylsiloxane),47 or polystyr-
ene.48 The water contact angle of the pSBMA surfaces is
noticeably smaller than that of the pOEGMA surfaces,
suggesting that the zwitterionic groups of the pSBMA brushes
can interact more strongly with water for more effective surface
hydration than the ethylene oxide groups of the pOEGMA
brushes.
The resistance of pSBMA and pOEGMA to protein

adsorption determined by surface plasmon resonance and
el l ipsometry measurements has been wel l -docu-
mented.8,31,32,49,50 To verify the nonfouling performance of
the as-prepared pSBMA and pOEGMA, FITC-BSA was used as
a model protein, and its adsorption on the polymer brushes and
a bare silica substrate (as a control sample) was measured with
fluorescence microscopy. As shown in Supporting Information
Figure S2, whereas strong FITC-BSA adsorption on bare silica
surface was detected, no protein adsorption was observed on
pSBMA or pOEGMA, indicating that both of the polymer
surfaces were effectively resistant to protein adsorption in water
as reported.31,32 This provides the basis for the interpretation of
the SFG results below.
Figure 2 shows the SFG spectra collected from the pSBMA

and pOEGMA surfaces in air, in water, and in various protein
solutions. The time-dependent SFG signals detected from the
interfaces between the polymers and aqueous media before and
after the addition of the proteins to the aqueous media are also
shown. In air, both the pSBMA and the pOEGMA surfaces
show a strong peak at 2845 cm−1 and a weak peak at 2920 cm−1

Figure 2. SFG signals of (A−C) pSBMA and (D−F) pOEGMA before, during, and after contacting the solutions of BSA, lysozyme, and fibrinogen.
SFG spectra of (A) pSBMA and (D) pOEGMA were collected in air before and after contacting each protein solution. Time-dependent water signals
of (B) pSBMA and (E) pOEGMA were monitored in situ as the aqueous phase was switched from water to each protein solution. SFG spectra of
(C) pSBMA and (F) pOEGMA in contact with water and the protein solutions were also collected. The spectra in (A), (C), and (D) are stacked and
offset by vertical translation for a clear view.
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from symmetric and asymmetric stretching modes of the
methylene groups34 in the polymer backbone and/or side
chains (Figure 2A and D, black curves), indicative of good
ordering of the polymers at the polymer/air interfaces. The
polymer surfaces also show a strong C−H signal below 3000
cm−1 in water, indicative of good ordering of the polymers at
the polymer/water interfaces as well (Figure 2C and F, black
curves). The water signal above 3000 cm−1 at the pSBMA
surface consists of only one band centered around 3180 cm−1

with a hardly observable signal at 3400 cm−1. Differently, the
water signal at the pOEGMA surface is dominated by the band
centered around 3170 cm−1 with a shoulder around 3400 cm−1,
which are assigned to strongly and weakly hydrogen-bonded
water molecules,29 respectively. Thus, the majority of the
ordered water molecules are associated via strong hydrogen
bonding at both the pSBMA and the pOEGMA surfaces, but
some water molecules via weak hydrogen bonding at the
pOEGMA surface. The different water structures at the pSBMA
and pOEGMA surfaces may reflect the differences in hydrogen-
bonding mechanisms. Water molecules form hydrogen bonds
with the hydrophilic zwitterionic groups in pSBMA or the
oxygen atoms in the repeating units of the OEG chains, while
the former is enhanced by electrostatic attraction.
Impact of Proteins on the Surface Hydration of

pSBMA and pOEGMA. To study the impact of proteins on
polymer hydration, proteins were prepared in water instead of
PBS because the ionic strength of PBS is high enough to
change the interfacial water structure and affect the SFG water
signal (Supporting Information Figure S3). Moreover, we
excluded the possibility that the low concentration of salts in
the protein solutions (e.g., 150 mg/L (2.6 mM) sodium
chloride and 100 mg/L (0.47 mM) monosodium citrate) may
affect the SFG signal of water (Supporting Information Figure
S3). Here, we selected BSA, lysozyme, and fibrinogen to
represent typical proteins because they have a wide range of
molecular weights and isoelectric points (Supporting Informa-
tion Table S2).
The SFG signal intensity of water was monitored in real time

when the aqueous phase was switched from water to a protein
solution at the polymer surface (Figure 2B and E). For pSBMA,
the intensity of the water SFG signal at 3180 cm−1 remains the
same when the aqueous phase is switched from water to
different protein solutions (Figure 2B), indicating that the
strongly hydrogen-bonded water structure is hardly disturbed
by proteins. The SFG spectra collected from the pSBMA/
protein solution interfaces are almost identical to those taken at
the pSBMA/water interface, indicating the same interfacial
polymer and water structures at the pSBMA/protein solution
and pSBMA/water interfaces (Figure 2C). This indicates that
the interfacial water molecules are strongly bonded with
pSBMA and cannot be disturbed by the protein molecules
under the current experimental condition. After the surface was
rinsed with water, the SFG spectra of the pSBMA surface
collected in air and water are identical to those obtained from
the original pSBMA surface before contacting protein solutions,
indicating no change of the polymer surface structure and no
adsorption of the proteins onto the pSBMA surface (Figure
2A,C, and Supporting Information Figure S4A).
Different from pSBMA, the water signal at 3170 cm−1 at the

pOEGMA surface becomes either stronger or weaker upon
contacting protein solutions, indicating a noticeable impact of
the presence of proteins on the water molecules at the
pOEGMA surface (Figure 2E). After about 150 s, the water

signal at the pOEGMA surface in the protein solutions reaches
a plateau. When the water signal did not exhibit further change,
SFG spectra were taken at the pOEGMA/protein solution
interfaces. The C−H stretching signals taken at the pOEGMA/
protein solution interfaces are similar to those at the
pOEGMA/water interface (Figure 2F), indicative of little
change in the polymer structures upon contact with the
proteins and no preferred ordering of the proteins at the
polymer surface. However, the contact with proteins causes
noticeably different changes in the water signal intensity,
suggesting that the ordering of the water molecules adjacent to
the polymer surface is very sensitive to the presence of proteins
and the protein nature. Note that whereas the water signal
intensity at 3170 cm−1 greatly changes upon contacting each
protein solution, the change of the peak area of the 3400 cm−1

component is much smaller than that of the 3170 cm−1

component. This suggests that protein molecules near the
pOEGMA surface primarily disturb the structural ordering of
the strongly hydrogen-bonded water molecules that most likely
hydrogen-bonded with the oxygen atoms on the OEG chains.
After the pOEGMA surface was removed from the protein
solutions and rinsed with water, their SFG spectra in air show
the same signals as that taken before contacting the protein
solutions (Figure 2D). Furthermore, the water signal at the
pOEGMA surface is completely recovered when the surface
was placed in pure water again (Figure 2F and Supporting
Information Figure S4B). These data demonstrate little change
in the polymer structures and negligible protein adsorption,
which is consistent with the aforementioned fluorescence
measurements.
A clean silica surface interacting with the proteins was

monitored as a control. The water contact angle of the silica
surface was measured to be less than 5°. As shown in Figure S5
in the Supporting Information, there was no SFG signal visible
in the C−H stretching frequency region in air. After contacting
the protein solutions and being rinsed with water, the surface in
air showed peaks at 2880 and 2925 cm−1, which were assigned
to the hydrophobic groups of the proteins at the air interface
(Supporting Information Figure S5A), indicating the protein
adsorption on the silica surface.51,52 The water signal was
monitored when the aqueous phase in contact with the silica
surface was switched from water to the protein solutions. As
shown in Supporting Information Figure S5B, the time-
dependent SFG water signal intensity increased or decreased
upon contacting protein solutions, due to the disturbance of the
interfacial water structure by the proteins. These data were
similar to those obtained with pOEGMA (Figure 2E).
However, after the surface was rinsed with water and placed
in water again, the interfacial water signal detected at the silica/
water interface could not be recovered to its original intensity
due to the irreversible protein adsorption (Supporting
Information Figure S5C).
The above SFG results highlight that pSBMA, pOEGMA,

and silica surfaces exhibit different surface hydration and
protein adsorption behavior. A layer of strongly hydrogen-
bonded interfacial water molecules protects the pSBMA surface
from protein contact. At the pOEGMA surface, the proteins
can disturb the interfacial water structure and may possibly
directly interact with the polymer surface. However, proteins
can be rinsed off from the pOEGMA surface, suggesting that
the OEG chains interact with water more strongly than with the
proteins, leaving behind no proteins adsorbed on the pOEGMA
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surface. For silica, the proteins change the interfacial water
structure and irreversibly adsorb onto the surface.
Impact of SB and PEG on Protein Surface Hydration.

To further reveal the difference in surface hydration between
zwitterionic materials and PEG, we applied SFG to investigate
the effects of the structural unit of pSBMA and pOEGMA, SB,
and PEG-300 (Figure 1C), on the surface hydration of proteins.
Figure 3 demonstrates that the water structures at the protein
surfaces are dependent on the protein nature. The signal
centered at about 3200 cm−1 dominates the SFG water spectra
at the BSA and fibrinogen surfaces, whereas the signal around
3500 cm−1 is stronger at the lysozyme/water interface. The
observation on the lysozyme surface is consistent with the
results presented in Figure 2E and F, which shows that
lysozyme (originally with weak hydration) affects the hydration
layer of pOEGMA more than BSA and fibrinogen. The
different features of the water spectra should be correlated with
the different conformation and charge of the proteins and the
different ways in which the proteins orient surface water
molecules. For example, lysozyme is known to be more rigid
than the other two proteins and has a higher isoelectric point.
The detailed study of the correlation of the water structures
with the protein nature, however, is beyond the scope of this
work. The present work focuses on the water signal change at
the protein surfaces after SB and PEG are introduced into the
surrounding environment of the protein surfaces. Regardless of
the different water structures at the protein surfaces, the surface
hydration of different types of proteins is affected by SB or
PEG-300 in a rather similar way, as discussed below.
When the protein surfaces are placed in contact with a 0.5 M

SB solution, the SFG water spectra are dominated by the signal
centered at about 3200 cm−1 for all three proteins (Figure 3,
red curves), which is assigned to strongly hydrogen-bonded
water molecules.29 As suggested by Figure 2C, strongly
hydrogen-bonded water molecules are present at the
pSBMA/water and pSBMA/protein solution interfaces, which
are hardly affected by the proteins. Similarly, free SB molecules
are expected to have strongly hydrogen-bonded water
molecules in their hydration shells. When they are in close
proximity to the protein layers, their hydration shells remain
hardly changed. The strong hydration shells on the SB
molecules effectively prevent the near-surface contact between
the proteins and SB molecules. This agrees with the results
presented in Figure 2. To further reveal the importance of a
zwitterion (inner salt) in surface hydration rather than
independent ions, a salt solution of ammonium sulfate with
the same concentration (0.5 M) was investigated as a control.
As shown in Supporting Information Figure S6, for all of the
proteins, the interfacial water signals decreased to almost zero
while in contact with the ammonium sulfate solution. Different

from SB, here the ammonium and sulfate ions can separately
interact with the charged domains of the proteins; therefore,
the hydration of the proteins is significantly disrupted.
However, when the protein surfaces were in contact with the

PEG-300 solution, the SFG signal centered at ca. 3500 cm−1,
contributed from weakly hydrogen-bonded or less coordinated
water,29 becomes noticeably stronger than the signal around
3200 cm−1 (Figure 3, blue curves) for all three types of
proteins, although both of these signals were largely reduced.
This is different from the water signals observed at the BSA/
water and fibrinogen/water interfaces (Figure 3A and C, black
curves), and is also different from that observed from the
pOEGMA/water interface (Figure 2F, black curve). PEG is a
hydrogen-bond acceptor, and it can be envisioned that PEG/
water hydrogen bonds are formed at the cost of the hydrogen
bonds between water molecules. Comparison of the SFG
signals at 3200 cm−1 at the protein/water interfaces in the
absence and presence of PEG-300 suggests that PEG-300
effectively breaks the strongly hydrogen-bonded water, but has
less effect on the weakly hydrogen-bonded water. Distinct from
the pOEGMA/water interface in the presence of proteins in
water, at which the majority of water molecules are strongly
hydrogen-bonded, at the protein/water interfaces in the
presence of PEG-300 molecules, the majority of water
molecules are weakly hydrogen-bonded. Thereby, we believe
that free PEG molecules in water behave differently from PEG
molecules anchored on a solid surface.
Free PEG molecules are expected to interact with proteins

via hydrophobic interaction between the CH2 moieties on their
backbones and the hydrophobic parts of proteins.13,53 To
confirm the effect of the hydrophobic interaction between PEG
and proteins, here the protein layers were brought into contact
with the aqueous solution of PEG-2000, the concentration of
which was 0.08 M to achieve the same concentration of
ethylene glycol unit of PEG-300 at 0.5 M. Figure 3 shows that
the water signals at the protein/water interfaces decrease to
almost zero upon contact with PEG-2000. This suggests that
PEG-2000 substantially disrupts the hydration layer(s) around
the proteins and interacts with the proteins more strongly than
PEG-300. It is possible that the long PEG chains can even wrap
the protein molecules. Taking into account the results shown in
Figure 2E and F, the studies of the hydration at the pOEGMA
surface and at the protein layers confirm the direct interaction
between PEG and proteins.
The comparison between Figures 2 and 3 indicates that free

PEG and surface-bound PEG may affect the protein hydration
differently. To further test this, PEG-2000-AuNP was
introduced to interact with the protein layers in water to
compare with free PEG-300 and PEG-2000 molecules. As
shown in Figure 3 (green curves), the water signal at 3200 cm−1

Figure 3. SFG spectra of (A) BSA, (B) lysozyme, and (C) fibrinogen adsorbed on d8-PS coatings in contact with water and aqueous solutions of SB
(0.5 M), PEG-300 (0.5 M), PEG-2000 (0.08 M), and PEG-2000-AuNPs (OD = 5).
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remains stronger than that at 3400 cm−1, particularly for the
lysozyme surface, at which the original signal at 3200 cm−1 is
weaker in contact with water (Figure 3B, black curve). This
result indicates that, different from free PEG, the PEG chains
tethered on the nanoparticles can form and align strongly
hydrogen-bonded water molecules adjacent to the protein
surfaces, which is similar to the pOEGMA surface (Figure 2F).
Similar to those coated on planar surfaces, the PEG chains
tethered on nanoparticles are closely packed with most of the
hydrophobic CH2 groups buried in the film, and have limited
freedom to change conformation to interact with proteins
directly, which, therefore, yields strong hydration shells
enclosing the PEG-2000-AuNPs to prevent the near-surface
contact of the nanoparticles with proteins.
The impact of SB, PEG-300, PEG-2000, and PEG-2000-

AuNPs on the surface hydration of CaF2 without the proteins
was investigated for comparison. As shown in Supporting
Information Figure S7, the spectrum taken with the presence of
SB shows a strong band at 3200 cm−1 with a weak shoulder at
3400 cm−1, whereas the signal intensity obtained with the
presence of PEG-300 is much lower with a slightly stronger
band at 3400 cm−1. The water signal decreases to almost zero
when PEG-2000 is present. Different from free PEGs, for PEG-
2000-AuNP, the observed SFG signal at 3200 cm−1 is much
stronger, indicating a majority of strongly hydrogen-bonded
water at the interface. Therefore, the results obtained from the
CaF2 surface without the proteins are consistent with those
obtained from the protein surfaces.
Because PEG is a hydrogen-bond acceptor, it is plausible to

envision that upon adding the PEG chains into water, the
hydrogen bonding of water molecules will be broken to liberate
free water molecules, which resembles hydrogen-bond
disruption of chaotropic ions. On one hand, it weakens the
hydration of proteins and thus facilitates the hydrophobic
interaction between the proteins and PEG chains, when free
PEG chains are present in water. In the case of PEG chains
tethered on solid surfaces, on the other hand, the hydrophobic
interaction between the PEG chains and the proteins is
inhibited, and, at the same time, the liberated water molecules
may interact with the proteins via hydrogen bonding, which
may offset the hydrogen-bond disruption impact of the PEG
chains on the hydration of the proteins. Overall, one can
conclude that the impact of PEG chains on the hydration of
proteins is strongly dependent on their forms present in water
(Figure 4). This dependence can well account for the difference
between free PEG chains, pOEGMA brushes grafted on solid
surfaces, and PEG-2000-AuNPs when they interact with the
proteins. It also accounts for the nonfouling effect of pOEGMA
brush surfaces and for the enhancement of protein hydration by

PEG-2000-AuNPs (e.g., lysozyme in this work). In contrast to
PEG, the interaction of SB with water and proteins is
determined by its zwitterionic nature; it is always strongly
hydrogen-bonded with water no matter whether it is present in
water as free molecules or as surface-bound pSBMA coatings.
The hydration of SB coatings (e.g., pSBMA) should be stronger
than that of PEG (e.g., pOEGMA), because the latter can be
disturbed by proteins.

■ CONCLUSION
In this work, the surface hydration behaviors of pSBMA and
pOEGMA were in situ probed in contact with protein solutions
using SFG spectroscopy. The polymer surfaces were well
ordered in air and water, and most of the water molecules at the
polymer/water interface were strongly hydrogen-bonded. The
hydration layer at the pSBMA surface was not affected by
proteins, whereas that at the pOEGMA surface was
considerably disturbed. The effects of free SB and PEG on
the surface hydration of proteins were also investigated.
Whereas water was strongly bonded at the protein surfaces
with the presence of free SB molecules in solution, a significant
amount of weakly hydrogen-bonded water molecules was
observed at the interface between proteins and free PEG
solutions. Different from free PEG, when the proteins were in
contact with PEG-coated gold nanoparticles, a majority of
strongly hydrogen-bonded water was observed, which is similar
to the pOEGMA surface. In summary, the study on the surface
hydration of both polymers and proteins suggests that for PEG-
coated surfaces and nanoparticles, although surface hydration is
disrupted by proteins to a certain degree, it is still relatively
strong and resists protein adsorption. However, free PEG binds
to proteins, reducing their hydration significantly. For SB-
coated surfaces or free SB, surface hydration remains strong in
contact with proteins.
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