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Non-fouling surfaces capable of reducing protein adsorption are highly desirable in a wide
range of applications. Coating of surfaces with poly(ethylene oxide) (PEO), a water-soluble,
non-toxic, and non-immunogenic polymer, is most frequently used to reduce non-specific
protein adsorption. Here we show how to prepare dense PEO brushes on virtually any
substrate by tethering PEO to polydopamine (PDA)-modified surfaces. The chain lengths of
hetero-bifunctional PEOs were varied in the range of 45 to 500 oxyethylene units (Mn =
2000–20000). End-tethering of PEO chains was performed through amine and thiol
headgroups from reactive polymer melts to minimize excluded volume effects. Surface
plasmon resonance (SPR) was applied to investigate the adsorption of model protein
solutions and complex biologic medium (human blood plasma) to the densely packed PEO
brushes. The level of protein adsorption of human serum albumin and fibrinogen solutions
was below the detection limit of the SPR measurements for all PEO chains end-tethered to
PDA, thus exceeding the protein resistance of PEO layers tethered directly on gold. It was
found that the surface resistance to adsorption of lysozyme and human blood plasma
increased with increasing length and brush character of the PEO chains end-tethered to PDA
with a similar or better resistance in comparison to PEO layers on gold. Furthermore, the
chain density, thickness, swelling, and conformation of PEO layers were determined using
spectroscopic ellipsometry (SE), dynamic water contact angle (DCA) measurements,
infrared reflection-absorption spectroscopy (IRRAS), and vibrational sum-frequency-
generation (VSFG) spectroscopy, the latter in air and water.
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INTRODUCTION
The suppression of non-specific protein adsorption at the solid-liquid interface is a crucial
issue for biomedical and biotechnological applications.1,2 For example, in many biosensing
devices a specific response imparted by the presence of certain bioactive ligands on the
material surface can be distinguished from non-specific adsorption only in the presence of a
protein-resistant background.2–4 Coating of the substrate surface with brushes of
poly(ethylene oxide) (PEO), a water soluble, non-toxic, and non-immunogenic polymer, is
among the most frequently used approaches to reduce non-specific protein adsorption.5

Several experimental studies have pointed out the importance of PEO brush parameters like
chain density, brush thickness, molecular weight, and hydrophilicity with respect to the
ability of PEO to suppress protein adsorption.6–16 However, there is still a lack in
understanding the conformation, organization, and behavior of the dense PEO brushes in
water. Furthermore, most of the proposed approaches of PEO anchoring are substrate-
specific and/or lead to low grafting densities.

Inspired by the composition of mussel adhesive proteins, Lee et al. proposed a method to
form multifunctional polymer coatings by simple dip-coating of different materials in an
aqueous solution of dopamine.17 Under alkaline conditions, dopamine spontaneously
oxidizes and forms highly reactive products such as 5,6-dihydroxyindole, 5,6-indole-
semiquinone and -quinone. 17 These further react to form water insoluble oligomers or
polymers through polycondensation between the indole units (Scheme 1A).18 The oligomers
self-assemble and form colloidal particles that further aggregate, resulting in a black
precipitate in the solution and a thin layer on the surfaces in contact with the solution. The
PDA film formation most probably proceeds by both polymerization from the surface and
adsorption of the colloidal particles formed in the solution.19 The final covalent structure of
PDA remains elusive. While earlier studies depict PDA as a high molecular weight polymer
made up of randomly linked monomer units,20,21 more recent ones suggest ultrastructural
organization of 4–5 π-stacked oligomeric sheets.18,22 The strength of PDA binding to
materials originates from the reactivity of orthoquinone/catechol subunits that can form
coordination bonds with surface metal oxides and covalent bonds with nucleophilic groups.
With the accompanying weaker interactions such as hydrogen bonds, van der Waals
interactions, π– π stacking and hydrophobic interactions the PDA layer can strongly bind
onto a wide range of inorganic and organic materials, including noble metals, oxides,
polymers, semiconductors, and ceramics. Furthermore, it has been shown that the PDA
chemical composition17 and growth kinetics19 are independent from the chemical structure
of the substrate. The significant chemical diversity of PDA17,18,20–22 can be used in a
variety of reactions with organic species for the creation of functional organic ad-layers.
Particularly, the unsaturated indole rings and the catechol groups of the different monomer
units, via Michael addition and Schiff base formation, react with nucleophilic groups such as
thiol-and amino-termini of PEO chains17 to form densely packed PEO brushes (Scheme
1B).19

The PDA/PEO modification route represents a substrate-independent approach for protein-
repellent layer formation on literally any solid substrate. Recently, on a similar basis Proks
et al. proposed the “Click & Seed” modification approach for precise incorporation of
biomimetic cell adhesion ligands on the PDA/PEO surface.23

In this work, end-tethered dense PEO brushes were prepared on PDA-modified and bare
gold substrates. The chain lengths of hetero-bifunctional PEOs, α-aminoethyl-ω-methoxy-
PEO and α-thiolethyl-ω-methoxy-PEO, were varied in the range of 45 to 500 oxyethylene
units (Mn = 2000–20000). The end-tethering of PEO chains was performed from reactive
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polymer melt in order to minimize excluded volume effects, a crucial factor in controlling
the upper limit of grafting density.24–26 The obtained PEO layers were characterized by
spectroscopic ellipsometry (SE) and water dynamic contact angle (DCA) measurements. In
order to study protein-repellent properties of surfaces, adsorption of single protein solutions
like human serum albumin,27 fibrinogen,6,7,28,29 lysozyme,6,7 and to a lesser extent complex
biological media like blood plasma30 have been performed. Here, surface plasmon
resonance (SPR) was applied to study the adsorption from model (fibrinogen, albumin,
lysozyme) and complex (human blood plasma) protein solutions to these surfaces. Finally,
ex situ infrared reflection-absorption spectroscopy (IRRAS) and ex situ and in situ
vibrational sum-frequency-generation (VSFG) spectroscopy experiments were performed to
examine differences in conformation of the polymer layers in air and water.

MATERIALS AND METHODS
Materials

Dopamine hydrochloride (98.5%), human serum albumin (HSA), fibrinogen (Fbg), and
lysozyme (Lys) were purchased from Sigma-Aldrich (Germany). Citrated and mixed human
blood plasma (HBP) from five healthy donors was obtained from the Institute of
Hematology and Blood Transfusion (Prague, Czech Republic). Hetero-bifunctional PEOs,
α-aminoethyl-ω-methoxy-PEO and α-thiolethyl-ω-methoxy-PEO, were used for the
preparation of polymer brushes (Rapp Polymere, Germany). The number average molecular
weights of the polymers were 2015, 5118, 11153, 22271 g/mol for the thiol-PEO’s and
1930, 5079, 11065, 22359 g/mol amino-PEO’s. The index of polydispersity for all polymers
was 1.03. Although throughout the text we use the nominal values of 2000, 5000, 10000,
and 20000 g/mol, all calculations were performed using the previously stated Mn’s. Organic
solvents of analytical grade were used as received.

Substrate Preparation
One-side polished Si wafers (CZ, orientation <100>, B-doped, resistivity 5–22 Ω·cm) were
coated with a 2.5 nm Ti adhesion layer and, subsequently, with a 200 nm-thick Au layer
using RF magnetron sputtering. Wafers were cut into 1.2 cm×2.4 cm pieces. Samples were
sonicated in methanol and deionized water (MilliQ system, Millipore, USA) for 15 min,
immersed in a mixture of 25% ammonia, 30% hydrogen peroxide and water (1:1:5, (v/v/v))
heated at 70 °C for 10 min, and finally thoroughly rinsed with water and ethanol. Dry
samples were cleaned by UV-ozonolysis (UVO Cleaner, Jelight, USA) for 2 h prior to PEO
or PDA deposition. Gold-coated substrates for SPR analysis were purchased from Litcon
(Sweden) and consisted of N-BK7 glass supports coated with a ~2 nm-thick Ti adhesion
layer and a ~50 nm-thick Au layer. These were treated in the same manner as the gold
samples prepared on Si substrates.

Preparation of PDA
PDA was deposited from 2 mg/mL solution prepared by dissolution of dopamine
hydrochloride in 10 mM Tris-HCl buffer at pH 8.5 (Scheme 1A). The deposition on
substrates was performed in open glass dishes under stirring to provide a continuous supply
of oxygen through the air/solution interface. In addition, the substrates were kept vertical to
suppress microparticle sedimentation. After 3 h of polymerization the PDA-coated surfaces
were rinsed with water, sonicated in water for 15 min, and blown dry in a stream of purified
nitrogen, to obtain a 12 nm-thick PDA anchor layer.
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PEO Grafting
α-Aminoethyl-ω-methoxy-PEO and α-thiolethyl-ω-methoxy-PEO were applied from melt
to substrates with a PDA anchor layer (Scheme 1B). In parallel, reference grafting through
thiolate formation between the α-thiolethyl-ω-methoxy-PEO and the bare gold substrates
was performed from melt. This reaction facilitates the high affinity of thiols to gold (Scheme
1C). The molecular weight of the polymers was varied from 2000 to 20000 g/mol
(containing from 45 to 500 ethylene oxide (EO) units). The grafting was performed at 110
°C in vacuum from a several micron-thick layer formed by drying of 8 mg/mL solution
amino-PEO and thiol-PEO in methanol at a surface coverage of 2 μg/mm2. After 8 h of
grafting, the substrates were rinsed with copious amounts of water, then immersed in water
at 40 °C for 1 h under stirring to remove non-covalently bound fraction of PEO, and finally
dried in vacuum.

Spectroscopic Ellipsometry
Ellipsometric data were acquired using a SENpro ellipsometer (SENTECH Instruments,
Germany) in rotating analyzer mode at an angle of incidence (AOI) of 70° in the spectral
range of 370–1050 nm. In situ ellipsometry data were acquired using a spectroscopic
imaging auto-nulling ellipsometer (EP3-SE, Nanofilm Technologies, Germany) equipped
with a liquid cell (V = 0.7 mL) in 4-zone mode in the wavelength range of 398.9–811 nm
(source: Xe arc lamp, wavelength step: 10 nm) at AOI = 60°. The cell windows (strain-free,
optical BK-7 glass from Qioptiq, Germany) exhibited only small birefringence and/or
dichroism causing errors in Δ and Ψ smaller than 0.3° and 0.1°, respectively. These errors
were corrected following the method of Azzam and Bashara.31 To increase the measurement
precision and exclude errors from the variations of layer thickness throughout the substrate
area, a 10× objective and position-calibrated sample stage were utilized to perform repeated
ex situ and in situ measurements over the same sample area (1 mm × 2 mm). The obtained
data were analyzed with SpectraRay LT and EP3 softwares. The optical constants of PDA in
air were taken from a previous study,19 while those of the swollen PDA were determined
utilizing the interference enhancement method on 250 nm-thick SiO2/Si
substrates.32Polymer thickness and complex refractive index were obtained from
simultaneous fitting using Cauchy dispersion functions (n = An + Bn/λ2 and k = Ak + Bk/λ2

with An = 1.450 ± 0.091, Bn = 5900 ± 150 [nm2], k = 0 for PEO in air; An = 1.376 ± 0.004,
Bn = 3711 ± 831 [nm2], k = 0 for swollen PEO; An = 1.642 ± 0.038, Bn = −28597 ± 358
[nm2], Ak = 0.019 ± 0.002, Bk = 26781 ± 5100 [nm2] for swollen PDA). The dispersion
function of the bare gold layer was obtained by fitting the parameters of one Drude-Lorentz
and two Lorentz oscillators. Note that gold layers thicker than ~40 nm are practically non-
transparent in the used range of wavelengths. The optical constants of the SiO2/Si substrates
were taken from elsewhere.33

Dynamic Light Scattering (DLS)
DLS measurements were carried out on an ALV instrument (ALV-Laser
Vertriebsgesellschaft, Germany) in the angular range 30–140°. An ALV 5000, multibit,
multitau autocorrelator covering approximately 12 decades in the delay time τ was used for
measurements of time autocorrelation functions. The obtained scattered light intensity
distribution function A(τ) can be easily transformed into a distribution function of
hydrodynamic sizes. 34 The hydrodynamic radius Rh was calculated from the diffusion

coefficient D, using the Stokes-Einstein equation: , where kB is the Boltzmann
constant, T is the absolute temperature and η (0.894 mPa·s) is the dynamic viscosity of
water at 25 °C.35 The experimental error of Rh determination was typically about 3%.
Assuming that the PEO chains in good solvent are randomly coiled, the radius of gyration
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Rg can be calculated as: Rg = 1.78 × Rh.36 The obtained results are summarized in Table S1
in the Supporting information.

Calculations of Grafting Density, Distance Between Grafting Sites, Structural State and
Degree of Swelling of PEO Chains in Water

The PEO thicknesses obtained from the ellipsometry measurements were used to calculate
the grafting density σ = hρNA/Mn and distance between grafting sites D = (4/πσ)1/2, where
h is the layer thickness in the dry state as determined by ellipsometry,24,25,37 ρ = 1.09 g/cm3

is the PEO bulk density, and NA is the Avogadro constant. The ratio of the distance between
PEO chains to Rg describes the overlap of the tethered chains. The overlap parameter (D/
2Rg) can be used to determine the structural state of the bound chains: 15 (i) for D/2Rg > 1,
the polymer chains are in a “mushroom” state, i.e., reside isolated on the surface with only
little interaction with neighboring polymer chains; (ii) values of D/2Rg = 1 are characteristic
for the “mushroom-to-brush transition” where neighboring chains begin to overlap and
interact with one another; (iii) for D/2Rg < 0.5, the polymer chains are in a “brush” state
where there is significant chain overlap between the neighboring chains, forcing them to
extend away from the surface. The ratio of the layer thickness in water hH2O measured by in
situ SE to the thickness in dry state gives the percentage of swelling in water according to
pH2O = (hH2O/h) × 100%.

Infrared Reflection-Absorption Spectroscopy
The infrared spectra of the layers were recorded using a VERTEX 80 FT-IR spectrometer
(Bruker Optics, Germany) equipped with a grazing angle (85°) reflection spectroscopy
accessory. The measurement chamber was continuously purged with dry air. The acquisition
time was around 20 min at a resolution of 2 cm−1. The spectra are reported as −log(R/R0),
where R is the reflectance of the sample and R0 is the reflectance of a deuterated
hexadecanethiol (HS(CD2)15CD3) self-assembled monolayer (SAM) on gold.

Vibrational Sum-Frequency-Generation Spectroscopy
VSFG spectra were recorded using a partially custom-built broadband SFG spectrometer
described elsewhere.38 The setup utilizes ~100 fs infrared pulses at an energy of 4 μJ/pulse
with a repetition rate of 1 kHz. These are overlapped spatially and temporally at the sample
surface with etalon-shaped, narrowband visible pulses at 800 nm wavelength. The resulting
VSFG signal is dispersed by a monochromator and subsequently imaged by a backlight-
illuminated CCD camera. All spectra were recorded in ppp polarization (i.e. sum-frequency
(SF), visible (VIS), and infrared (IR) p-polarized beams) at incidence angles of 60° and 70°
for the VIS and IR beams, respectively. Each sample was measured in air and in water using
the thin-layer analysis (TLA) cell previously described.38 Samples were probed through a
half-cylindrical CaF2 prism and a thin layer of water located above the sample. Every
sample was kept in the cell filled with water for 10 min prior to measurement. Spectral
acquisition time was 10 s for each spectrum and all spectral positions were calibrated using a
do-decanethiol (DDT) SAM on gold. VSFG spectra of films on gold substrates show an
intense non-resonant signal originating from electronic interband transitions within the metal
together with a resonant signal emanating from the film of interest. The relative phase
between non-resonant and resonant signals determine the shape of the bands. For example,
the presence of peaks or dips in the non-resonant signal can be related to relative phases
around 0 or π, respectively. These values have been shown to depend on the orientation of
the probed chemical group (e.g., CH-containing groups). Hence, having a chemical group
with its transition dipole moment (TDM) oriented towards or away from the substrate leads
to a constructive (peak) or a destructive (dip) interference, respectively.39,40
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The intensity of the generated SF signal at a given IR frequency ω is related to the infrared
(IIR) and visible (IVIS) input intensities by the relation:

(1)

where  and  are the non-resonant and resonant contributions, respectively, to the
second-order nonlinear susceptibility.

Surface Plasmon Resonance
Protein adsorption was measured with a custom-built SPR instrument (Institute of Photonics
and Electronics, Academy of Sciences of the Czech Republic) utilizing the Kretschmann
geometry to excite surface plasmons.3 The SPR chips were coated with 12 ±0.8 nm PDA
layer onto which PEO layers were subsequently grafted. HSA (5 mg/mL), Fbg (1 mg/mL),
Lys (1 mg/mL), and 100% HBP in PBS (pH 7.4) were injected as analytes through the flow
cell at a rate of 20 μL/min for 20 min. Protein-surface interactions were monitored in real-
time as shifts in the resonant wavelength Δλres (wavelength interrogation detection mode at
constant AOI = 60°). The Δλres between two buffer baselines obtained before and after
protein injection was used to calculate the amount of irreversibly bound proteins to the
surface. The observed Δλres reflects the changes in the refractive index of the medium at the
sensor surface within the penetration depth of the SPR evanescent wave as a result of (i)
changes in mass deposited at the sensor surface and (ii) of the exchange of solutions of
different refractive indexes proportional to different protein and salt concentrations. For the
SPR sensor used in this study, a shift in Δλres of 1 nm corresponds to a surface coverage of
15 ng/cm2. The latter value was estimated by comparing the IRRAS spectrum of a known
amount of HSA deposited on an SPR chip and has been readily reported in the
literature.41,42 The detection limit of the SPR instrument was estimated to be the sensor
response corresponding to three standard deviations of the baseline noise. The average
detection limit was 0.045 nm which corresponds to 0.7 ng/cm2.

Dynamic Contact Angle Measurement
The dynamic contact angles were measured with a contact angle goniometer OCA 20
(DataPhysics Instruments, Germany) equipped with SCA 20 and 21 softwares. 10 μL water
drops were deposited on tested surfaces and dynamic changes of the drop profiles were
recorded on 5 μL advancing and receding volumes. The profiles were fitted with the tangent
leaning method. Reported values are averages of at least three measurements recorded at
different positions on each substrate.

RESULTS AND DISCUSSION
Ellipsometry and Contact Angle Measurements. The measured ellipsometric thickness, the
calculated PEO chain density and distance between grafting sites, the percentage of swelling
when exposed to water of the different polymer layers, as well as the measured water
dynamic contact angles are summarized in Table 1. The increase in PEO layer thickness
corresponds very well to the increase in PEO chain length, i.e., molecular weight. With
increasing PEO molecular weight (from 2000 to 20000), an increase in PEO layer
thicknesses from 2.5 to 14 nm is detected which, in turn, leads to a gradual decrease in PEO
chain density and an increase in distance between neighboring PEO chains. Except for the
layers of PEO Mn = 20000, almost the same thicknesses were achieved for thiol layers
anchored to bare gold, and thiol- and amino-PEO layers bound to PDA-modified gold
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substrates. The higher thickness of PEO Mn = 20000 layers formed on PDA compared to
those prepared on bare gold most probably arises from the higher amount of covalently
bound PEO. A possible entanglement of non-bonded PEO Mn = 20000 chains to the
covalently bonded one is excluded since it would lead to higher disorder in the layers, which
was not observed in the IRRAS spectra of these layers (see below).

The water contact angles verified the anchoring of PEO chains to gold and PDA-modified
gold surfaces. All layers exhibited substantial hydrophilicity with water contact angles
below 30°. The contact angle values dropped with increasing thickness of the layers, i.e.,
increasing Mn of the polymers. Irrespective of the binding approach, the PEO layers
exhibited rather similar swelling behavior with the percentage of swelling ranging from 200
to 280%.

Blood Plasma and Plasma Proteins Adsorption on PEO-Modified Surfaces
Plasma proteins (HSA, Fbg, Lys) and mixed human blood plasma (HBP) adsorption on the
PEO-modified surfaces was determined using SPR. Plasma proteins were selected due to
their abundance and function (e.g., stabilization of extracellular fluid volume, wound
healing, clot formation, and platelet adhesion).43–45 Furthermore, they span a wide range of
sizes and weights, going from 14 kDa for Lys (40 × 30 × 30 Å) to 67 kDa for HSA
(spherical shape, 72 Å), and 340 kDa for Fbg (450×90×90 Å).29 The isoelectric points of
HSA, Fbg and Lys are 4.7, 5.5 and 11.4, respectively, which means that at physiological pH,
the first two proteins are negatively charged, whereas Lys carries a positive net charge.7

Protein adsorption studies using complex biological media, e.g. HBP and/or serum, are more
representative for predicting the behavior of surfaces of blood-containing devices and
implanted materials.13,30,46

The control experiments on bare gold surfaces used in this study revealed accumulation of
93 ± 13, 265 ± 46, 112 ± 18, and 293 ± 70 ng/cm2 of adsorbed HSA, Fbg, Lys and HBP,
respectively. The fouling on bare PDA surfaces gave a level of adsorbed protein mass
comparable to that of bare gold (120 ± 28, 292 ± 58, 112 ± 27, and 331 ± 38 ng/cm2 for
HSA, Fbg, Lys and HBP, respectively). The PEO layers of same molecular weight, but
bound through different anchoring approaches, are characterized by almost the same
thickness (and accordingly, same σ, D, and D/2Rg) and water contact angles (Table 1).
When immersed in water all the PEO layers show similar swelling behavior as determined
by in situ SE, irrespective of the binding approach. A tendency of lower resistance to protein
adsorption was observed for the PEO-S-Au compared to the PEO layers formed on PDA.

With the exception of HSA, the adsorption trend of Fbg, Lys, and HBP on the layers formed
by the PEO-S-Au approach demonstrate the increase in protein adsorption resistance with
decreasing D/2Rg, i.e., increasing chain overlapping (Figure 1). Contrary to the PEO-S-Au
layers that were prone to protein adsorption from Fbg and HSA, the PEO layers formed on
the negatively charged 47 PDA reduced the protein adsorption below the detection limit of
the measurement. The adsorbed mass from the positively charged Lys on the PEO layers
formed on PDA was below 25 ng/cm2. In the case of PEO-N(H)-PDA, it dropped below 1
ng/cm2 for values of D/2Rg < 0.24.

Generally, the resistance to adsorption from plasma also increased with reducing D/2Rg, i.e.,
with increasing brush-like configuration of the PEO chains. The protein adsorption could be
reduced to values below 30 ng/cm2 (90% reduction compared to bare gold) in the case of
PEO bound to PDA anchor layer when D/2Rg < 0.25, i.e., for layers of PEO with Mn =
5000. In the case of PEO(20000)-N(H)-PDA the protein adsorption from HBP was reduced
to only 7 ± 2 ng/cm2 at maximal grafting density. It is important to note that the reported
values in this study are in the same range as the amounts of adsorbed proteins measured on
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polymer brushes formed by surface-initiated atom-transfer radical polymerization.30,41,48 In
contrast to the substrate-independent modification approach based on PDA, the latter
modification is based on rather complex reactions, difficult to control and in most cases
substrate-specific.17

To summarize, the film thickness and contact angles indicate the presence of thick PEO
films which, in contact with water, swell and form densely packed polymer brushes as
predicted by the high grafting density (Table 1). Further insights into the conformation and
structural order of the PEO layers in air and in water were obtained by IRRAS and VSFG
spectroscopies.

IRRAS Measurements
The comparison of the IRRAS spectra in the region 950–2000 cm−1 of the PEO layers
bound to bare gold and PDA-modified gold are shown in Figure 2. The spectra of thiol-PEO
layers formed directly on gold are characterized by well-resolved narrow bands having their
origin in CH2 rocking (964 cm−1), twisting (1281 and 1242 cm−1), wagging (1360 and 1345
cm−1), and scissoring (1467 and 1455 cm−1) modes (Figure 2). The strong bands at 1120
and 1149 cm−1 are assigned to the C–O–C stretching mode and correspond to the polymer
chain backbone in parallel and perpendicular orientations relative to the surface normal,
respectively.49,50 The narrow bands appearing in the spectra match those found in the IR
spectra of well-ordered PEOs49,50 and indicate rather uniform structure of the formed layers.
The increase in Mn of the PEO caused an increase in peak intensity at 1120 cm−1, but a
significant decrease at 1149 cm−1, indicating higher ordering of the layers with increasing
Mn.51 The presence of the peak at 1345 cm−1, which becomes more prominent with
increasing Mn of PEO, i.e., increasing film thickness, further proves that the EO units are in
helical conformation.50,51 All these observations confirm that, irrespective of their Mn, the
PEO chains bound directly to gold surface have a brush-like structure. In the case of PEO
layers anchored to PDA, the position of the characteristic PEO bands observed for those
formed directly on gold remains essentially the same. The intensity decrease and the
broadening of the peaks compared to the ones observed for the PEO-S-Au layers of same
Mn suggest higher disorder of the polymer chains residing on PDA.

In general, the higher disorder of the PEO chains anchored to PDA caused a drop in the
intensity and significant broadening of the characteristic bands originally observed for the
PEO-S-Au layers. However, similarly to the layers formed by the PEO-S-Au grafting
approach, the intensity of the bands at 1120 cm−1 and 1345 cm−1 increased with increasing
Mn, indicating further ordering of the film, i.e., a higher number of chains in helical
conformation that are perpendicularly oriented with respect to the surface normal. The
highest ordering for the PEO layers formed on PDA was observed for the layers with Mn =
20000. It is noteworthy that the IRRAS data confirmed the significantly higher amount of
PEO Mn = 20000 on PDA as first evidenced by SE measurements (Table 1). The larger
exclusion volume usually associated with higher molecular weight polymers in good solvent
is suppressed due to the melt-grafting process. This is partially responsible for the high
amount of EO monomer units evident from the peak sharpness of the IRRAS spectra for Mn
= 20000. Since the calculated interpenetration of the PEO chains in PDA is minimal (see
Supporting Information), a factor leading to thicker PEO films of Mn = 20000 could be the
higher roughness of the PDA films which would potentially provide a higher number of
available grafting sites. A possible entanglement of non-covalently bound to covalently
bound PEO chains (Mn = 20000) to the PDA surface is not supported by the IRRAS data
(Figure 2D), since this effect would lead to higher disorder in the films.

To summarize, the data obtained by IRRAS confirmed the similar amount of PEO chains
residing on gold as well as on the PDA anchor layer. For all modification approaches the
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PEO chains have a brush-like structure which becomes more prominent with increasing Mn
of PEO used. The PEO layers formed on gold are characterized by higher order compared to
the ones formed on PDA. The IRRAS data further demonstrated the significantly higher
amount of PEO chains of Mn = 20000 on PDA. The well ordered brush-like structure of
these layers, i.e., with perpendicularly oriented helical PEO chains, is comparable to the one
obtained by the PEO-S-Au modification approach for Mn = 10000 and 20000.

VSFG Measurements
While IRRAS is highly sensitive to molecular features such as molecular species,
conformational sequences, hydrogen bonding, etc., its lack of surface sensitivity results in
spectra often dominated by the film bulk contribution.52 In order to probe only the
molecular properties of the polymer/air and polymer/liquid interfaces, and to obtain
information about the ordering of the PEO films in water, complementary measurements
have been performed with VSFG spectroscopy due to its inherent surface selectivity and
sensitivity.

VSFG Analysis of PEO Layers
In VSFG studies of the air/film interface of methoxy(-OCH3)-terminated OEG SAM’s53,54

and PEO films prepared by solvent casting 52 it has been suggested that the generated
signals predominantly arise from the terminating moieties (distal ends) of the oligomeric/
polymeric chains. In all cases, a random distribution of defects and microscopic
inhomogeneities was observed all over the films causing the macroscopic inversion
symmetry to be preserved, and thereby, forbidding the occurrence of an SFG process arising
within the film. In the case of high density, well-ordered, end-tethered polymer PEO
brushes, one would also expect the VSFG spectra to be dominated by the molecular species
present on the surface (i.e., OCH3 distal ends and neighboring OCH2 groups of the
backbone). However contributions arising from the substrate/polymer and polymer/polymer
interfaces, as well as from the polymer film’s bulk cannot be totally excluded. VSFG spectra
from PEO layers of different molecular weight anchored directly to gold and to PDA-
modified gold surfaces were acquired in the C–H stretching region in air and in water.
Typical VSFG spectra of PEO layers with Mn = 2000, 5000, 10000 and 20000 in air and in
water are presented in Figure 3.

The similarity of the VSFG spectra obtained in air for the PEO-S-Au layers and those
formed on PDA implies that the major contributions to the VSFG spectra of the latter
originate mainly from PEO. Namely, during the grafting from melt at 110 °C the PEO
chains protrude into the anchor layer creating an interpenetration layer (see Supporting
Information).24,25 Although the interpenetration zone thickness is minute, especially for a
polymerization degree of PDA higher than ~8 monomer units, it seems that its formation
causes a significant reorientation of the PDA units at the interface and most probably this
absence in spectral features characteristic of PDA. However, small contributions in the
VSFG spectra of PEO layers formed on PDA arising from the anchor layer (2848, 2880
cm−1, 2936 cm−1, and 2966 cm−1, see Supporting Information, Figure S3) cannot be
completely excluded.

The most prominent bands in the VSFG spectra in air of PEO-S-Au layers appear at 2857 ±
5 cm−1 and 2945 ± 6 cm−1 and are similar to symmetric and asymmetric CH2 modes of the
energetically most favored 2-methoxyethanol (HOCH2CH2OCH3) conformer, namely t+g
−g. 55 It is interesting to note that the dominant tgt conformer that forms the helical
arrangement of the PEO strand cannot be detected. This leads us to consider that the sum of
all TDMs within longer chain segments of tgt conformers vanishes and so does the SFG
signal (Scheme 2). Following this, the detected signal is presumably associated to t+g−g
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conformers inducing kinks in the helical chain. In this context, vibrations characteristic of
the -OCH3 group (amount < 1.6 wt.%) at the PEO/air interface (located around 2818 cm−1,
2890 cm−1, and 2978 cm−1)52–54 are not present in any SFG spectra shown in Figure 3. It is
very likely that the detected t+g−g conformers cause the terminal group to be randomly
oriented and as a consequence the vanishing of the VSFG signal from the distal end
methoxy groups.

The methylene peaks are appearing as peaks on the non-resonant background signal from
the gold film (see Supporting Information) indicating an orientation of the contributing
groups towards the substrate. As a methylene group at the end of the chain would rather
result in destructive interference (in the form of a dip),54 it can be assumed that the t+g−g
conformers are located within the chain, therefore effectively reducing the film thickness in
air.

As shown in Figure 3, the VSFG spectra of PEO layers change drastically upon immersion
in water. The PEO-N(H)-PDA VSFG spectra are basically featureless indicating a random
distribution of the polymer chains due to considerable water uptake and swelling. With all
films having similar properties in terms of thickness, grafting density, etc. (Table 1), it can
be concluded that neither the PDA, nor the bulk or upper part of the PEO chains are
generating VSFG signals. Bearing this in mind, the spectral features for the PEO-S-Au and
PEO-S-PDA layers are most likely associated to methylene groups in the vicinity of the
sulfur atom. Accordingly, the features for the PEO-S-PDA layers for Mn > 5000 and for
PEO-S-Au are similar for all films, except for PEO-S-Au Mn = 20000, which has the lowest
grafting density.

The spectral features discussed above are centered at 2861 ± 3 cm−1, 2923 ± 5 cm−1, and
2950 ± 5 cm−1 and are associated to +g+g−g conformers.55 Assuming that this is related to
the EO unit adjacent to the sulfur atom, the constructive peak contribution for the
corresponding CH2 vibrations is indicative of groups oriented towards the substrate (see
Scheme 2). One may speculate that the methylene groups are pointing away from water, also
to gain energy because of van der Waals interactions with the substrate/PDA. While the thiol
can react through Michael addition reaction, the amine can additionally form Schiff base
products (Scheme 1B). So there is at least one product (angle) more for the amine. This
could cause the higher grafting density (higher number of chains per nm−2) and the higher
disorder at the PEO-N(H)-PDA interface which could lead to weaker VSFG signal.

The absence of contributions for PEO-S-PDA at lower Mn but their presence in the PEO-S-
Au VSFG spectra indicates that interpenetration of PEO and PDA is more pronounced for
these films. This is in agreement with IRRAS data showing an overall lower order for these
films. With similar properties between PEO-S-PDA and PEO-N(H)-PDA layers, it seems
plausible that the interpenetration and subsequent lower IRRAS signal also holds true for the
PEO-N(H)-PDA layer.

CONCLUSION
In this study, we show how to prepare dense PEO brushes on virtually any substrate by
tethering PEO to PDA-modified surfaces. The same type of brushes were prepared on
reference gold surfaces. The chain lengths of hetero-bifunctional PEOs were varied in the
range of 45 to 500 oxyethylene units (Mn = 2000–20000). End-tethering of PEO chains was
performed through amine and thiol headgroups from reactive polymer melts to minimize
excluded volume effects. The thickness, chain density, and swelling of the PEO layers were
determined using in situ and ex situ SE. The obtained chain densities of the end-tethered
PEO ranged from 0.9 to 0.4 [chain per nm−2] for Mn ranging from 2000 to 20000. The
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hydrophilic character of the layers increased with increasing Mn of PEO. The level of
protein adsorption of HSA and Fbg solutions was below the detection limit of the SPR
measurements for all PEO layers formed on PDA exceeding the protein resistance of PEO
layers tethered directly on gold. It was found that the surface resistance to adsorption of Lys
and HBP increased with increasing length and brush-like character of the PEO chains end-
tethered to PDA with a similar or better resistance in comparison to PEO layers on gold. The
adsorption from plasma on the PEO layers formed on PDA could be reduced to less than
90% compared to the adsorbed plasma on bare gold. The brush-like structure of the polymer
chains was detected for all films in air showing an increasing order with PEO Mn for the
PDA-grafted films as evidenced by IRRAS. The VSFG data in air is complementary to the
IRRAS data in that it probes defects in the helical conformation of the PEO chains. These
are predominantly in a t+g−g conformation, in which the methylene groups are pointing
towards the substrate. In contrast, the distal end methoxy groups assume a random
orientation. In water, the PEO chains get hydrated and randomly oriented with the exception
of the groups adjacent to the sulfur atom. A majority of these groups are in a +g+g−g
conformation with the methylene groups pointing towards the substrate. For PDA-tethered
films of lower molecular weights, it seems likely that the higher disorder detected by IRRAS
for these films is evidence of an increased interpenetration of PEO and PDA.

The PDA/PEO modification route represents not only a substrate-independent approach for
protein-repellent layer formation on literally any solid substrate, but also a modification
approach for precise incorporation of artificial biomimetic cell adhesion ligands. The
absence of strong VSFG signals for the PEO-N(H)-PDA modification will enable us to
study the specific cell/artificial ligand interactions by VSFG spectroscopy. Nevertheless, our
current efforts extend also on depth profiling of the PEO/PDA interpenetration zone using
time-of-flight secondary ion mass spectrometry, as well as elucidating the covalent structure
and organization of PDA using VSFG spectroscopy.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Adsorbed protein mass from (A) HSA, (B) Fbg, (C) Lys, and (D) HBP versus the structure
of the PEO chains. PEO-N(H)-PDA (black), PEO-S-PDA (red), and PEO-S (blue) anchored
on gold are shown. The bare gold surfaces used in this study revealed accumulation of 93 ±
3, 265 ± 46, 112 ± 18, and 293 ± 70 ng/cm2 of adsorbed HSA, Fbg, Lys and HBP,
respectively. The fouling on PDA surfaces was on the same level of adsorbed protein mass
as in the case of bare gold. The detection limit of the measurements was 0.7 ng/cm2.
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Figure 2.
IRRAS spectra in the fingerprint and amide I regions of PEO layers with different number
average molecular weights: (A) 2000, (B) 5000, (C) 10000, and (D) 20000. PEO-N(H)-PDA
(black), PEO-S-PDA (red), and PEO-S (blue) anchoring on gold are shown. Thicknesses and
surface-related parameters of the layers are summarized in Table 1.
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Figure 3.
VSFG spectra in the C–H region of PEO layers with different number average molecular
weights: 2000, 5000, 10000 and 20000 in air and in water. Measured VSFG spectra for
PEO-N(H)-PDA (black), PEO-S-PDA (red), and PEO-S (blue) anchoring approaches are
shown.
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Scheme 1.
(A) Simplified mechanism of PDA formation. (B) Binding of α-thiolethyl-ω-methoxy-PEO
and α-aminoethyl-ω-methoxy-PEO chains to PDA-modified Au substrates by Michael
addition of nucleophilic terminus of the polymer chain on the unsaturated indole rings, and
Schiff base formation reactions between the amine terminus of the polymer chain and
catechols. 17 (C) Reference binding through thiolate formation between α-thiolethyl-ω-
methoxy-PEO and bare Au surface.
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Scheme 2.
Structure of PEO brushes anchored to bare gold in (A) air and in (B) water. The CH2 groups
around the t+g−g conformers are preferentially oriented towards the substrate and are all
pointing in one direction (see Supporting Information, and the presence of peaks in the
VSFG spectra of Figs. S4 and S5), whereas the methyl groups with their random
orientations do not give rise to a VSFG signal.
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