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Abstract. The structure of dense poly(N-isopropylacrylamide) (PNI-
PAM) brushes and oligo(ethylene glycol) (OEG) monolayers has been
probed using neutron reflectometry and ellipsometry. The PNIPAM
brush is swollen below the Lower Critical Solution Temperature
(LCST) of 32 ◦C and is collapsed at 37 ◦C. Neutron reflectivity shows
that below the LCST, the brush is described by a two-layer model:
an inner dense layer and a hydrated outer layer. Above the LCST the
collapsed brush forms a homogenous layer. With a fully deuterated
myoglobin protein to increase the neutron scattering length density
contrast, the reflectivity data show no detectable primary adsorption
on the grafted OEG surface. A bound on the ternary adsorption onto
PNIPAM chains forming dense brushes below and above the LCST is
obtained.

1 Introduction

Understanding protein adsorption on solid surfaces in aqueous environments is a cru-
cial step for both fundamental and applied point of views, including, for example, the
identification of interactions mediating the adsorption process, the use of proteins
for colloidal stabilization, the development of surgical implants, or the development
of biosensors. In particular, protein adsorption is responsible for a variety of tech-
nologically undesirable processes, such as contact lenses fouling, clotting on blood-
contacting devices, triggering inflammation around artificial organs, or reducing the
circulation time of therapeutic proteins and drug bearing liposomes [1].
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The development of antifouling surfaces represents, in general, a technical
challenge. Recently, some studies [2–4] have shown that surfaces modified with
Polyethylene Oxyde (PEO) or with poly(N -isopropylacrylamide) (PNIPAM) can, in
certain regimes, decrease considerably the protein adsorption. Surfaces coated with
PEO brushes are known to reduce the amount of absorbed protein depending on the
grafting density and also on the bulk protein concentration [5–7]. However, in all case,
the adsorbed amount is no negligible and the adsorbed amount is more important for
higher bulk protein concentration. Moreover, no study has shown that PEO brushes
are totally antifouling. Two main types of adsorption modes are generally assumed
for small globular protein onto polymer brushes: “primary” adsorption at the grafting
surface and “ternary” adsorption within the brush due to polymer-protein attraction
[8,9]. “Secondary” adsorption at the outer edge of the brush can also occur, but only
for large proteins [10].
PNIPAM is a thermosensitive polymer that undergoes a reversible collapse above

the lower critical solution temperature (LCST) of 32 ◦C. Below the LCST, the poly-
mer is swollen in water, but dense PNIPAM chains generally collapse above the LCST
[11,12]. Recently, Xue et al. demonstrated by ellipsometry, radio assay, and fluo-
rescence imaging that dense PNIPAM brushes prepared using the “grafting from”
method by surface-initiated atom transfer radical polymerization (ATRP), admit
very low level of adsorbed protein [11]. In particular, it was shown by radio assay
that, PNIPAM brushes admit about 0.2mg/m2 of adsorbed protein below the LCST.
Above the LCST, the adsorbed amount was between 0.3mg/m2 and 0.6mg/m2 de-
pending on the grafting density [11]. In another example, cell attachment on PNIPAM
hydrogels polymerized by electron beam irradiation on tissue culture polystyrene or
on glass depends on the gel thickness, with the thicker gels repelling cells above
and below the LCST [13–15](cell adhesion requires previously adsorbed protein). In
the latter example, fibronectin adsorbed on thin (15–20 nm) PNIPAM gels but not
on thick (>30 nm) coatings [14,15]. Plasma-deposited PNIPAM coatings reversibly
adsorb protein above the 32 ◦C, regardless of the film thickness [16].
Therefore, the antifouling properties appear to strongly depend on the properties

and synthesis of the PNIPAM coating.
In this study, we investigated protein adsorption on surfaces modified with an

oligo(ethylene glycol) (OEG) monolayer at 25 ◦C and with dense and lengthy PNI-
PAM brushes, both at 25 ◦C and at 37 ◦C, using neutron reflectivity and ellipsometry.
The PNIPAM brushes were prepared using the “grafting from” method by surface-
initiated atom transfer radical polymerization (ATRP). Neutron Reflectometry (NR)
enables determination of the volume fraction profile of the PNIPAM both below and
above the LCST. We have studied the adsorption of the globular deuterated myo-
globin, in order to test protein adsorption on OEG and PNIPAM.

2 Materials and methods

2.1 Chemicals

N -isopropylacrylamide (NIPAM), and 1,1,4,7,7-penta-methyldiethylenetriamine
(PMDETA) were purchased from Acros. NIPAM monomer was re-crystallized
from hexane. 2-[methoxy(polyethyleneoxy)propyl]-trimethoxysilane (OEG) was from
Gelest Inc. CuBr, methanol and anhydrous toluene were purchased from Aldrich.
The initiator, 11-(2-Bromo-2-methyl)-propionyloxy undecyl trichlorosilane, was syn-
thesized as described [17]. All aqueous solutions were prepared with Milli-Q purified
water (Millipore, Bedford, MA) with a resistivity of 18.2MΩ • cm. D2O(> 99%) was
provided by the ILL.
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2.2 Deuterated myoglobin solution

The protein used is a 100% deuterated myoglobin of 20.6 kDa and has a scattering

length density (SLD) of 6.75 × 10−6 Å−2 in H2O. It is a roughly spherical protein
with a diameter of 39 Å [18]. The protein was deuterated and purified at the ILL
Deuteration Laboratory using the procedure described in [19]. The myoglobin solution
was prepared in a 20 mM Tris and 50mM NaCl Buffer at pH 7.5. The isoelectric point
of myoglobin is 7.2 [18]. So at pH 7.5, the protein can be considered as globally neutral.

2.3 Grafting of OEG monolayer

Firstly, the silicon wafer was cleaned using the “piranha solution” (1 : 3 H202 : H2SO4)
for a few minutes and was thoroughly rinsed afterwards with ion exchanged water.
Self-assembled monolayers of OEG were formed on the substrates by immersing the
clean silicon wafers in a toluene solution containing 2mM of OEG for 4 Hours [20]. The
grafting reaction is very sensitive to the amount of water in the environment [21]. So,
we used anhydrous toluene and the reaction is performed on a dessicator to minimize
the uptake of water. Then, the samples were rinsed with toluene to remove the excess
of OEG.

2.4 Surface-Initiated polymerization of the N-Isopropylacrylamide brush

The poly(N-isopropylacrylamide) (PNIPAM) brush was synthesized by surface ini-
tiated atom transfer radical polymerization (ATRP) of N-isopropylacrylamide from
initiator functionalized silicon substrates according to published procedure [12]. First,
self-assembled monolayers of the initiator (SAM-Br) were formed on the substrates
by immersing the clean silicon wafers in a toluene solution containing 2 mM of the
initiator silane for 4 hr. The substrates were then placed in a reaction vessel and
degassed with three freeze-pump-thaw cycles. NIPAM (3.955 g, 35mmol) was dis-
solved in a mixture of MeOH/H2O (v/v : 7/3) and degassed with nitrogen for 1 hour
[21]. The catalyst, CuBr (50.75mg, 0.35mmol), and the ligand, PMDETA (227.92μL,
1.05mmol), were then added to the monomer solution. This mixture was transferred,
via a cannula, into the reaction vessel containing the silicon wafers functionalized with
only SAM −Br (100% initiator). The polymerization reaction was at room temper-
ature under a nitrogen atmosphere, for 1 hour. At the end of the reaction, the vessels
were disconnected from the nitrogen line and the substrates were rinsed extensively
with methanol, followed by sonication in methanol, ethanol, and then water before
drying under a stream of nitrogen. The surface coverage σ was estimated from the
maximum packing density of 2.1 bromine initiator/nm2 [11].

2.5 Neutron reflectivity

The NR measurements were performed in the Institut Laue-Langevin (ILL, Grenoble,
France) using the D17 reflectometer. In a neutron reflectivity experiment, we measure
the specular reflection as a function of the transfer wave vector q perpendicular to
the surface – q = 4π

λ
sin θ where θ is the incident angle and λ is the wavelength. The

wavelengths of the incident neutrons are between about 2 Å and 20 Å [22]. We used the
time-of-flight configuration and the NR profiles were recorded at two fixed incident
angles in order to cover the desired q range. The measurement cell consisted of a PTFE
(poly(tetrafluoroethylene)) reservoir containing the water solutions put against the
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silicon block sandwiched between two aluminium plates. Single-crystalline and (111)
polished silicon substrates (5× 5× 1 cm3) were used (Siltronix, France). The neutron
reflection experimental profiles were fitted by a box model. We used the contrast
variation method consisting of using water of different scattering length densities by
mixing H2O and D2O, allowing us to enhance sensitivity of certain components of
the system. The contrasts used were D2O, 4MW, and H2O. 4MW is a contrast liquid

that has a scattering length density of 4×10−6 Å−2. So, the SLD are 6.35×10−6 Å−2,
4× 10−6 Å−2 and −0.56× 10−6 Å−2, respectively for D2O, 4MW and H2O.

2.6 Ellipsometry

Ellipsometry was used to determine the thickness and the refractive index of the thin
films by measuring the change in the polarization of an incident light after reflection
on a flat surface. Ellipsometry measures the ellipticity ρ : ρ = tanΨejΔ where tanΨ
is the ratio of light amplitudes before and after reflection and Δ is the phase difference
introduced by reflection. The measured data are modelled by a box model. We used
a Horiba Jobin–Yvon MM-16 spectroscopic phase modulated ellipsometer. The light
source is a halogen and a LED lamp (430 nm to 850 nm). All the measurements
were performed near the Brewster angle at an incidence of 70◦ and utilize the entire
spectral range. The measurements at the solid/liquid interface were carried out in a
homemade cell which is temperature regulated by a water bath.

3 Results and discussion

The dry thickness of the OEG monolayer measured by ellipsometry is (13± 3)Å (the
silicon oxide layer was previously characterized to be (17 ± 2)Å). These values are
in good agreement with other studies [20,23]. Considering this thickness, an OEG
density of 1.13 g/cm3 and an average molecular weight of 538 g/mol, we calculate
a surface excess of about 0.15μg/cm2(2.8μMol/m2). The determined wet thickness
in the Tris buffer is (23 ± 5)Å. During the fits, the thickness of the oxide layer was
kept constant at 17 Å. From the fit of the refractive index, we also deduce that the
OEG monolayer contains (47 ± 7)% water. The thickness and the refractive index
determined by ellipsometry of the dry and wet OEG monolayer are summarized in
Table 1 where the percentage of solvent is also given for the wet OEG. The OEG
monolayer has been also characterized with NR in two different contrast liquids, H2O
and D2O and the reflectivity profiles as a function of momentum transfer q of the
OEG system in the two contrasts are shown in Fig. 1.
The system was modeled using a series of slabs. The SLDs are fixed at 2.07 ×

10−6 Å−2for silicon, 3.4 × 10−6 Å−2 for silicon oxide and 0.44 × 10−6 Å−2 for OEG.
The lines in Fig. 1 are the fits obtained. The silicon oxide layer is found to be (15±2)Å
thick and it contains (12 ± 4)% of water. The water in the oxide layer is probably
due to pre-treatment of the wafer by “piranha solution” which makes the oxide layer
porous [24]. The values obtained are in good agreement with other reports [25–27].
The OEG thickness is found to be (19 ± 2)Å and containing (63 ± 5)% of solvent.
These values agree with the wet thickness that we found by ellipsometry (Table 1).
The dry thickness of the PNIPAM brush has been characterized by ellipsometry

and by NR. A thickness of (899±9)Å (Table 1) is obtained with ellipsometry whereas
we obtained a thickness layer of (896 ± 8)Å with a roughness of (17 ± 11)Å by NR.
The dry thickness allows us to estimated the number average molecular weight MN

of the grafted PNIPAM using equationMN =
hρNA

σ
, where h is the measured brush
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Fig. 1. Reflectivity profiles of the OEG self assembled monolayer in two contrasts: D2O
(square) and H2O (triangle). The lines are the fit of the data.

Table 1. Thickness, Refractive Index at 546 nm and % solvent determined by ellipsometry
for OEG (dry and wet) and for PNIPAM (dry, wet at 25 ◦C and wet at 37 ◦C).

Thick (Å) n at 546 nm % solv (%)
Dry OEG 13± 3 1.479 ± 0.005 /
Wet OEG 23± 5 1.41 ± 0.005 47± 7
Dry PNIPAM 899± 9 1.494 ± 0.001 /
Wet PNIPAM at 25 ◦C 1273 ± 12 1.440 ± 0.001 31± 2
Wet PNIPAM at 37 ◦C 1050 ± 14 1.471 ± 0.001 14± 1

thickness, ρ is the density of dry NIPAM (a monomer density of 0.95 g/cm3 is used
[28]), NA is Avogadro’s number and σ is the chain density, which was estimated from
the maximum packing density of 2.1 bromine initiator/nm2 and a chain initiation
efficiency of ∼ 10%, reported for polystyrene [29,30]. So, the grafting density of the
brush is estimated to be 0.21 nm−2 and a value of MN = 244 300 g/mol is then
obtained for the molecular weight. To determine whether the polymers are in the
brush regime, we calculated the distance between grafting sites – s – relative to the
Flory radius RF = LN

3/5 [31], assuming that water is a good solvent for PNIPAM.
Here L is the monomer size (∼3 Å), and N = 2162 is the degree of polymerization.
If s� 2RF , the chains are in the brush regime [32]. Based on these calculations, we
found RF = 301 Å and s = 22 Å. Therefore, the chains are thus crowded and form an
extended brush.

The PNIPAM brush was also characterized by ellipsometry, in the wet state at
25 ◦C and at 37 ◦C, in order to obtain the thickness, the refractive index, and the
quantity of solvent within the brush. Both the thickness and the refractive index
were obtained from fits, using a Cauchy model. At 25 ◦C, the determined thickness
is (1273 ± 12)Å and the refractive index at 546 nm is 1.44. At 37 ◦C, the thickness
decreased to (1050±14)Å and the refractive index at 546 nm is 1.47. The decrease of
the thickness and the increase of the refractive index indicate, as previously suggested,
a more non-polar core above the LCST [11,33–36]. So, these data show that the
dense PNIPAM brush collapses above the LCST. Two regimes were reported for
dense PNIPAM brushes [11,12]: the higher molecular weight chains (>85 kDa) which
collapsed above the LCST, and the lower molecular weight chains (<48 kDa) which
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Table 2. Fitted parameters (thickness – Thick; % solvent and roughness – Rough ) obtained
by neutron reflectivity for the dry, swollen and collapsed PNIPAM brush.

Layer 1 Layer 2
Thick % Solv Rough Thick % Solv Rough
(Å) (%) (Å) (Å) (%) (Å)

Dry PNIPAM 896± 8 / 17± 11 / / /
Wet PNIPAM (25 ◦C) 1022± 52 32± 3 167± 82 727± 117 76± 13 211± 31
Wet PNIPAM (37 ◦C) 1049± 8 26± 5 45± 6 / / /

Fig. 2. Reflectivity profiles of the PNIPAM brush at 25 ◦C (swollen brush) in the three
contrasts: D2O (square), 4MW (circle) and H2O (triangle). The lines are the fit of the data.
For clarity, reflectivity from 4MW is divided by 10 and from H2O by 100.

remained swollen above 32 ◦C. These brushes correspond to the former category. The
quantity of solvent in the brush was also estimated from the refractive index obtained
by the fit and was (31 ± 2)% and (14 ± 1)% at 25 ◦C and 37 ◦C, respectively. These
results obtained by ellipsometry are summarized in Table 1. They confirm that at
25 ◦C, the brush is swollen in water, but that the brush collapses and expels water
above the LCST.
The PNIPAM brush was then characterized by NR in order to obtain the volume

fraction profile of the brush below and above the LCST. The reflectivity profiles
measured as a function of q in D2O, 4MW and H2O at 25

◦C and 37 ◦C are shown
in Fig. 2 and Fig. 3 respectively. For clarity, the reflectivity profile from 4MW is
divided by 10, and the profile from H2O is divided by 100. The SLD of PNIPAM was

calculated to be 0.7×10−6 Å−2, by considering a PNIPAM density of 0.95 g/cm3 [28].
The silicon oxide layer is found to be (22 ± 3)Å thick, and is formed by SiO2 and
(19 ± 4)% of water. Those values are in good agreement with previous publications
[24–27]. The SAM layer is (24±4)Å thick, and contains (14±8)% water. At 25 ◦C, the
brush cannot be modeled by a single layer, but it is described by a two-layer model
with a more hydrated layer on the top. At 37 ◦C, above the LCST, the collapsed brush
profile forms a homogeneous layer, within the resolution of these measurements. The
fitted parameters for the swollen and collapsed brush are given in Table 2.
Below the LCST, the PNIPAM brush profile has an inner layer of about (1022±

52)Å and it contains (32 ± 3)% solvent. The outer layer is (727 ± 117)Å thick and
contains (76± 13)% solvent. The total thickness of the swollen brush determined by
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Fig. 3. Reflectivity profiles of the PNIPAM brush at 37 ◦C (collapsed brush) in the three
contrasts: D2O (square), 4MW (circle) and H2O (triangle). The lines are the fit of the data.
For clarity, reflectivity from 4MW is divided by 10 and from H2O by 100.

NR is (1749±169)Å, while a value of (1273±12)Å was obtained by ellipsometry. One
needs to notice that ellipsometry is less sensitive to the outer layer, which is more
hydrated and rougher. However, considering a uniform layer of thickness (1273±12)Å
and a water content of (31±2)%, the polymer mass is consistent with the one obtained
from NR. NR shows clearly the presence of the two layers within the water-swollen
brush.
At 37 ◦C, above the LCST, the collapsed brush is fitted by a single (1049 ± 8)Å

thick layer containing (26± 5)% water, in good agreement with the ellipsometry re-
sults. Fig. 4a shows scattering length density profile of the PNIPAM brush in 4MW
contrast both at 25 ◦C and at 37 ◦C, as deduced from the fitting analysis. In Fig. 4b,
the volume fraction profile of PNIPAM at 25 ◦C and at 37 ◦C shows the existence
of superficial swollen chains. The profiles are similar to those obtained by Yim et al
[37]. This extension of hydrated chains beyond a dense polymer layer was predicted
by theory [38–40]. The polymer-solvent interaction is described by a effective Flory
parameter χeff (T, φ), which also depends on the monomer volume fraction φ. This
dependence influences the swelling and collapse properties, and allows for the possi-
bility of vertical phase separation within the brush. Force measurements also support
the existence of superficial swollen chains [12,41].
The adsorption of proteins on the OEG monolayers was performed using a deuter-

ated myoglobin solution, at a protein concentration of 1 mg/ml. After 8 hours of im-
mersion, the protein solution was removed using the H2O contrast, and the reflectivity
profile was measured.
The NR profiles before and after insertion of the deuterated protein on the OEG

surface in H2O contrast are shown in Fig. 5. For this contrast the sensitivity of the
adsorbed amount measurement should be maximal. The profiles did not change after
protein immersion, as visible in the Fig. 5, suggesting little or no protein adsorption.
To consider the sensitivity of the technique to deuterated protein adsorption, the
inset in the Fig. 5 shows simulations of adsorbed proteins modeled by a layer of 40 Å
(corresponding to the protein size), where the protein volume fraction in the layer is
gradually increased. Protein volume fractions of 2%, 10% and 20% in the adsorbed
layer on the top of the OEG are shown in the inset. Clearly the NR profile begin to
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Fig. 4. (a) Scattering length density profile in 4MW contrast at 25 ◦C (continuous line)
and at 37 ◦C (dashed line); (b) Volume fraction profile of PNIPAM from the SAM at 25 ◦C
(continuous line) and at 37 ◦C (dashed line).

Fig. 5. Reflectivity profiles of OEG monolayer in H2O before (square) and after (circle)
insertion of the deuterated myoglobin solution. Inset: simulation of the change of the re-
flectivity corresponding to volume fraction of 2%, 10% and 20% of adsorbed deuterated
myoglobin on the top of the monolayer (primary adsorption).

differ from the one of the bare OEG interface at protein volume fraction of around
2% corresponding to an adsorbed amount of 0.1mg/m2. Since our NR profiles before
and after the adsorption overlap, the protein adsorbed amount is below 0.1mg/m2.
In the inverse system, hydrogenated myoglobin in D2O, a volume fraction of 2% is
not detectable and the lower detectable volume fraction is around 8% indicating that
the use of deuterated myoglobin considerably increase the contrast.
Sharma et al. also demonstrated antifouling properties of OEG by using fluorescein

isothiocyanate labeled bovine serum albumin [21]. Cecchet et al. similarly showed
the protein repellency of OEG by X-ray photoelectron spectroscopy (XPS), using a
membrane protein (P.69 antigen)[42].
The NR results indicates that primary adsorption can be repressed by OEG mono-

layers. Accordingly when such layer is deployed at the grafting surface of the polymer
brush, only ternary adsorption should be possible. The reflectivity profiles of PNI-
PAM brushes before and after the incubation with deuterated proteins were identical,
within error bars, for both 25 ◦C and 37 ◦C. Figure 6 shows, as an example, the mea-
surement at 37 ◦C, suggesting again little or no protein adsorption. In this case the
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Fig. 6. Reflectivity profiles of the PNIPAM brush at 37 ◦C in H2O before (square) and after
(circle) insertion of the deuterated myoglobin solution. Inset: simulation of the change of the
reflectivity corresponding to volume fraction of 2%, 4% of adsorbed deuterated myoglobin
within the brush (ternary adsorption).

thickness of the polymer layer is around 1000 Å, so the sensitivity of the technique to
small adsorbed amount is an interesting point since primary adsorption was already
excluded by the OEG measurement. The inset in the figure shows a simulation of
the change in the NR profile if an uniform ternary adsorption is considered: In this
case, volume fractions from 2% upwards are discernible. We need to stress that a
difference of 2% relates to a very thick PNIPAM brush of around 1000 Å. Due to this,
an adsorbed quantity of about 2mg/m2 changes the reflectivity profile. On the other
hand, simulations (not shown) with hydrogenated myoglobin show that the minimal
detectable volume fractions are around 8% indicating again the advantages of using
a deuterated protein. Our work was motivated by the aim of eventuality probing
ternary adsorption onto the chains as driven by weak monomer-protein attraction.
While Quartz Crystal Microbalance or Surface Plasmon Resonance are sensitive to
very small adsorbed amount, they cannot distinguish between primary and ternary
adsorption. Thus combining these techniques with NR should yield a full picture of
the absorption process.

Since the volume fraction of adsorbed protein is lower than 2% – 3% for this thick
brush, these results seem to indicate that dense, high molecular weight PNIPAM
brushes are relatively resistant to protein adsorption.

This result could be rationalized considering the structure of the brush. The ab-
sence of adsorption within the brush at 25 ◦C could be related to the presence of
the hydrophilic, superficial region, which may present a kinetic barrier to adsorption
to the less polar core. For the collapse brushes at 37 ◦C, surprisingly no adsorption
was detected. We may argue that due to the roughness of the layer of around 50 Å,
the few first nanometers of the top surface of the collapsed brush remain in aver-
age hydrophilic. A tail of the profile going into the water subphase indicates a lower
polymer concentration and a higher water content in the first 20 Å. Water contact
angle measurements done on this type of dry brushes showed that the contact angle
for PNIPAM at 37 ◦C is around 70 ◦ while it is around 50 ◦ for 25 ◦C indicating the
not hydrophobicity of the top surface of the collapsed brush [11]. In the case of thick
(>30 nm) PNIPAM gels, Akiyama et al. showed (using a captured air bubble) that
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the contact angle of the water swollen brush is little difference above or below the
LCST [14]. In addition, protein insertion into dense PNIPAM brushes incurs a high
osmotic penalty thus reducing the adsorbed amount [43].

4 Conclusions

OEG monolayer and dense PNIPAM brush were characterized in the dry and wet
state by ellipsometry and neutron reflectivity. Neutron reflectivity shows that a dense
PNIPAM brush exhibits a two-layer structure below the LCST. The volume fraction
profile of the swollen brush at 25 ◦C, clearly shows that the brush is hydrophilic
at the outer edge. Indeed the swollen brush is described by an inner dense layer
and an outer, quite hydrated layer. Above the LCST, the PNIPAM is collapsed.
The adsorption of deuterated myoglobin on these surfaces was probed: on OEG we
did not observe primary adsorption indicating that the surface repels the protein,
while on the PNIPAM a bound on the detection sensitivity of ternary adsorption has
been extracted. The possibility that the hydrophilic, exterior region, may present a
kinetic barrier to adsorption onto the less polar core has been discussed as a possible
rationalization of the weak adsorption.
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formed the experiments, analyzed the data and contributed to the writing of the paper.
Changying Xue and Deborah E. Leckband provided the OEG and PNIPAM system. Michael
Haertlein and Martine Moulin deuterated the protein. The authors thank ILL for provid-
ing the beam-time. The project is a collaboration among Deborah E. Leckband, Giovanna
Fragneto, Avraham Halperin and Michele Sferrazza. Financial support for the project was
provided by FNRS of Belgique.

References

1. J.M. Harris, Poly(Ethylene Glycol) Chemistry: Biotechnical and Biomedical Applications
(Plenum Press, New York, 1992)

2. M. Malmsten, Biopolymers at Interfaces (M. Dekker, New York, 2003)
3. J. Goddard, J. Hotchkiss, Prog. Polymer Sci. 32, 698 (2007)
4. W. Senaratne, L. Andruzzi, C.K. Ober, Biomacromolecules 6, 2427 (2005)
5. E.P.K. Currie, J. Van der Gucht, Pure Appl. Chem. 71, 1227 (1999)
6. W. Bosker, P. Iakovlev, W. Norde, M.C. Stuart, J. Coll. Interf. Sci. 286, 496 (2005)
7. W. Norde, D. Gage, Langmuir 20, 4162 (2004)
8. A. Halperin, G. Fragneto, A. Schollier, M. Sferrazza, Langmuir 23, 10603 (2007)
9. A. Halperin, M. Kroger, Langmuir 25, 11621 (2009)
10. A. Halperin, Langmuir 15, 2525 (1999)
11. C. Xue, N. Yonet-Tanyeri, N. Brouette, M. Sferrazza, P.V. Braun, D.E. Leckband,
Langmuir 27, 8810 (2011)

12. K.N. Plunkett, X. Zhu, J.S. Moore, D.E. Leckband, Langmuir 22, 4259 (2006)
13. K. Fukumori, Y. Akiyama, Y. Kumashiro, J. Kobayashi, M. Yamato, K. Sakai, T. Okano,
Macromolecular Biosci. 10, 1117 (2010)

14. Y. Akiyama, A. Kikuchi, M. Yamato, T. Okano, Langmuir 20, 5506 (2004)
15. K. Fukumori, Y. Akiyama, M. Yamato, J. Kobayashi, K. Sakai, T. Okano, Acta
Biomaterialia 5, 470 (2009)

16. H.E. Canavan, D.J. Graham, X. Cheng, B.D. Ratner, D.G. Castner, Langmuir 23, 50
(2007)

17. K. Matyjaszewski, P.J. Miller, N. Shukla, B. Immaraporn, A. Gelman, B.B. Luokala,
T.M. Siclovan, G. Kickelbick, T. Vallant, H. Hoffmann, T. Pakula, Macromolecules 32,
8716 (1999)



Neutrons, Sciences and Perspectives 353

18. L. Stryer, Biochemistry (W. H. Freeman, San Francisco, 1981)
19. R.R. Burgess, Protein Purification (Weinheim: WILEY-VCH Verlag GmbH, 2008)
20. A. Papra, N. Gadegaard, N.B. Larsen, Langmuir 17, 1457 (2001)
21. S. Sharma, R.W. Johnson, T.A. Desai, Langmuir 20, 348 (2004)
22. R. Cubitt, G. Fragneto, Appl. Phys. A 74, s329 (2002)
23. K. Yu, H. Wang, L. Xue, Y. Han, Langmuir 23, 1443 (2007)
24. J.R. Lu, T.J. Su, P.N. Thirtle, R.K. Thomas, A.R. Rennie, R. Cubitt, J. Coll. Interf.
Sci. 206, 212 (1998)

25. G. Fragneto, R. Thomas, A. Rennie, J. Penfold, Science 267, 657 (1995)
26. D.C. McDermott, J.R. Lu, E.M. Lee, R.K. Thomas, A.R. Rennie, Langmuir 8, 1204
(1992)

27. G. Fragneto, J.R. Lu, D.C. McDermott, R.K. Thomas, A.R. Rennie, P.D. Gallagher,
S.K. Satija, Langmuir 12, 477 (1996)

28. J. Brandrup, E.H. Immergut, E.A. Grulke, Polymer Handbook (4th Edition) (J. W. &
Sons, 1999)

29. D. Sunday, S. Curras-Medina, D.L. Green, Macromolecules 43, 4871 (2010)
30. H. Tu, C.E. Heitzman, P.V. Braun, Langmuir 20, 8313 (2004)
31. M.O.T. Yang, J. Yamato, Mater. Res. Soc. Bull. 30, 189 (2005)
32. J. Israelachvili, Intermolecular and Surface Forces (Academic Press, New York, 1992)
33. K. Watanabe, M. Yamato, Y. Hayashida, J. Yang, A. Kikuchi, T. Okano, Y. Tano, K.
Nishida, Biomaterials 28, 745 (2007)

34. I.Y. Galaev, B. Mattiasson, Trends Biotechnol. 17, 335 (1999)
35. N. Idota, A. Kikuchi, J. Kobayashi, Y. Akiyama, K. Sakai, T. Okano, Langmuir 22, 425
(2006)

36. A. Mizutani, K. Nagase, A. Kikuchi, H. Kanazawa, Y. Akiyama, J. Kobayashi,
M. Annaka, T. Okano, J. Chromatogr. B 878, 2191 (2010)

37. H. Yim, M.S. Kent, S. Satija, S. Mendez, S.S. Balamurugan, S. Balamurugan, G.P.
Lopez, Phys. Rev. E 72, 051801 (2005)

38. A. Halperin, Eur. Phys. J. B 3, 359 (1998)
39. V.A. Baulin, A. Halperin, Macromol. Theory Simul. 12, 549 (2003)
40. V.A. Baulin, E.B. Zhulina, A. Halperin, J. Chem. Phys. 119, 10977 (2003)
41. X. Zhu, C. Yan, F.M. Winnik, D. Leckband, Langmuir 23, 162 (2007)
42. F. Cecchet, B. De Meersman, S. Demoustier-Champagne, B. Nysten, A.M. Jonas,
Langmuir 22, 1173 (2006)

43. A. Halperin, M. Kroger, Macromolecules 44, 6986 (2011)


	1 Introduction
	2 Materials and methods
	2.1 Chemicals
	2.2 Deuterated myoglobin solution
	2.3 Grafting of OEG monolayer
	2.4 Surface-Initiated polymerization of the N-Isopropylacrylamide brush
	2.5 Neutron reflectivity
	2.6 Ellipsometry

	3 Results and discussion
	4 Conclusions
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


