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Abstract

It is of fundamental import to be able to easily distinguish between the viscoelastic properties of a
molecular gel (non-covalent cross-linked three dimensional polymer structure) and a brush
(polymer structure that emanates from a surface in three-dimensions sans cross-linking). This has
relevance in biology and in designing surfaces with desired chemical and viscoelastic properties
for nano- and genomic-technology applications. Agarose and thiol tagged poly(ethylene glycol)
were chosen model systems as they are known, on adsorption, to behave like a molecular gel and
brush, respectively. Here, we focus on their viscoelastic differences using a quartz crystal
microbalance with dissipation monitoring (QCM-D). Changes in resonance frequency and
dissipation for three overtones using QCM-D were fitted with the Voigt viscoelastic model to
calculate the shear viscosity and shear modulus for the adsorbed agarose gel and the PEG brush.
At a surface coverage of 500 ng/cm?, the shear viscosities and shear moduli were 0.0025 + 0.0002
Pa-s and 2.0 + 0.17 x 10° Pa and 0.0010 + 0.0001 Pa-s and 5.0 + 0.3 x 10% Pa for the gel and
brush, respectively. Thus, the adsorbed agarose gel layer was far more rigid than that of covalently
bound PEG brush due to its cross-linked network. Also, the diffusivity of agarose and PEG in
solution was compared during adsorption onto a bare gold surface. The estimated value for the
effective diffusivity of the PEG (without a thiol tag) and of the agarose gel was of the order of
10711 and 10715 m?s, respectively. This low diffusivity for agarose supports the contention that it
exists as a molecular gel with a H-bonded cross-linked network in aqueous solution. With the
methods used here, it is relatively easy to distinguish the differences in viscoelastic properties
between an adsorbed gel and brush.

Introduction

Several polymers and biopolymers spontaneously form gels via formation of a cross-linked
network in water that is called a hydro-gel.1 When a cross-linked network is formed due to
non-covalent forces then it is known as a molecular gel (e.g. agarose).2 Whereas, a layer
consisting of individual non-linked polymers or biopolymers dangling into a solvent with
one end attached to a surface is frequently referred to as a brush (e.g. thiol-tagged PEG
chemisorbed onto gold).3 It is important to characterize the physical properties of interfacial
materials such as gels and brushes under various environmental conditions. Polymers and
gels with biomimetic properties are used in designing intelligent biomaterials.*
Incorporation of different macromolecules such as DNA, proteins or drugs into polymer and
biological films and interfaces has become a major research interest in the last decade®.
Bioactive proteins can be directly integrated into the architecture of films while maintaining
their native secondary structure.® Enzymes have been incorporated into synthetic polymeric
membranes so as to effect a commercially relevant conversion (Wu et al”). However, the
physical properties of the interface are a major factor that controls these processes.

"Corresponding author. Tel: 518-276-6948. belfog@rpi.edu.
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In trying to understand the transport of large biological molecules (~ 40 kDa) from the
cytoplasm to the nucleus through a “molecular machine” called the nuclear pore complex
(NPC) 8280 3 controversy has arisen regarding the state of a group of unstructured
molecules called nucleoporins (FG-nups for short). They are long fibril like proteins without
known secondary structure with a large number of phenylalanine-glycine (FG) repeats. That
cargo molecules bind to carrier molecules called Kayopherins that then selectively bind to
the FG-nups is also known.8 Two different hypotheses have been offered for the state of
the FG-nups: One group suggests that they are gel-like,8¢ while another suggest that they are
more like a brush without cross-linking among the FG-nups®: 84, This question of “gel”
versus “brush” is the basis for investigating this viscoelastic study. In order to determine
whether a self-assembled layer of FG-nups is a gel or a brush, it is important to know the
respective viscoelastic properties of each.

Harden et al.® have used a coupled two-fluid model to study the hydrodynamic properties of
concentrated polymer solutions and gels. Viscoelastic properties of adsorbed polymer layers
under compression have been estimated by Luckham et al.1? with a Surface Force Apparatus
(SFA). Kampf et al.1! have studied the shear force of an adsorbed polymer layer and
chemically cross-linked polymer layer using a surface force balance (SFB). Researchers
have also used other experimental techniques such as spectroscopic ellipsometry (SE),12
atomic force microscopy (AFM),13 surface plasmon resonance (SPR)4 and quartz crystal
microbalance with dissipation monitoring (QCM-D)14-18 to determine the physical
properties of such interfaces. QCM-D is a high resolution mass sensor that can operate both
in the liquid and the gas phase. It has been used to study adsorption of proteins,19
polyelectrolytes,?0 liquid vesicle adsorption?! and antibody-antigen interactions?2. The
technique measures the total mass of protein and associated hydrodynamically coupled
water. In a QCM-D, an AC voltage is pulsed across a gold plated AT-cut piezoelectric
quartz crystal?® via two gold electrodes, causing it to oscillate in shear mode at its
fundamental resonant frequency, fo. The dampening of the shear wave due to the adsorbed
mass on the gold surface is recorded as the dissipation factor (D), simultaneously with
resonant frequency of the crystal. This together with a model provides information about the
viscoelastic properties of the adsorbed film. Hook et al.24 used the Voigt viscoelastic model
to study the viscoelasticity of an adsorbed Mytilus edulis foot protein (Mefp-1) film both
before and after cross-linking of the adsorbed layer by NalO,. Munro et al.25 also used the
same viscoelastic model to analyze QCM-D data to determine the shear modulus and shear
viscosity of adsorbed poly(acrylamide) films.

As far as we are aware, there are no previous publications comparing the viscolelastic
properties of adsorbed gels and brushes at the liquid-solid interface. In the present work, we
have used QCM-D to measure the adsorption and dissipation of agarose and PEG onto gold
and have compared their physical properties as representative of a molecular gel and brush,
respectively. The choice of agarose was based on the fact that is it well-known, well-studied
and easy to manipulate. Also, more importantly, since it is comprised of natural marine
polysaccharide molecules it could be a close model to the FG-nups. Both have a high aspect
ratio and are unstructured. The frequency and dissipation for three overtones were fitted
with the Voigt viscoelastic model in order to calculate their shear viscosity and shear
modulus. The structural differences between agarose and PEG were determined by AFM
imaging.

Materials and Methods

Soluton preparation

Separate aqueous solutions at 500 pg/ml of thiol tagged poly(ethylene glycol) (average
molecular weight 30 kDa, 2M40R01, Nektar Therapeutics, Al, USA), poly(ethylene glycol)
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(without thiol tag, average molecular weight 35 kDa, 81310, Fluka) and agarose (average
molecular weight 600 kDa2%, gel point 36 + 15°C, A9539, Sigma) were prepared in a buffer
containing 20 mM Hepes (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) potassium
salt, 110 mM potassium acetate, 2 mM Magnesium chloride at pH 7.4. Agarose was
dissolved in the buffer by boiling in a water bath for 5 minutes and then cooling to room
temperature.

Surface preparation

Polished, gold coated AT-cut quartz crystals with fundamental frequencies of ~5 MHz
(D300, Q-Sense AB, Goteborg, Sweden) were cleaned by immersion in a 1:1:5 mixture of
H»0, (30%), NH3 (25%), and distilled water at 60 °C for 20 min. The cleaned crystals were
then washed with distilled water ethanol mixture (50:50) and then dried with nitrogen gas.

QCM-D experiment

Mass and dissipation measurements were performed using a QCM-D (Q-Sense D300
system, Q-Sense AB, Goteborg, Sweden) in batch mode at 24 + 0.1°C. Six drops of the
sample solution were passed through the sensor loop. A decrease in the frequency and an
increase in the dissipation were recorded with time. Four separate resonant frequencies
(overtones, n) were used to drive the oscillation of the shear wave through the crystal: 5
MHz (fundamental overtone, n=1), 15 MHz (n = 3), 25 MHz (n = 5) and 35 MHz (n= 7).
The applied voltage for each resonant frequency was sequentially pulsed across the sensor
crystal, allowing the shear wave to dissipate and obtaining the simultaneous measurement of
the absolute dissipation. The dissipation factor, D, is defined as

E

D= DISSIPATED

TonE @

STORED

where Egjsspated iS the energy dissipated during one oscillation period, and Egtoreq is the
energy stored during the oscillation. The quartz crystals used were AT- cut with gold coating
(Q-Sense). The dissipation factor, D for a typical crystal was of the order of 1076, Without
adsorbate, the crystal, when immersed in aqueous solution, oscillated at its resonant
frequency, fo. When material adsorbed onto the crystal, the resonance frequency was
lowered to f and dissipation increased from Dy to D. The decrease in frequency (Af = fp—f)
and increase in dissipation (AD = Dg—D) with time were recorded. The QCM-D technique
has been described in detail by Rohdal et al.2” Since the noise at 5 MHz was particularly
large, we, as others have done previously,1>-17 neglected these data and focused on the
overtones (n > 1).

Atomic force microscopy experiment

Theory

500 pg/ml of agarose and thiol tagged PEG solutions were allowed to adsorb separately onto
gold plated glass cover slip for eight hours and then were washed by distilled water. The
samples were then left to dry for 12 hours. Images of the samples were then taken in air
using an AFM (MFP-3D, Asylum Research, Santa Barbara, USA) with silicon cantilevers
(AC240TS, Olympus, Tokyo, Japan).

Viscoelastic Modeling

The Voigt element consists of a parallel combination of a spring and a dashpot to represent
the elastic (storage) and inelastic (damping) behavior of a material, respectively. Using the
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Voigt model, Voinova et al.282 solved the wave equation describing the physical
characteristics of a viscoelastic film, whose complex shear modulus (G) is defined as:

G=G +iG" =y+i2llfy; ()

where i and 2I1fns are G’ and G”, respectively. i and 1 are the elastic shear (storage)
modulus and the shear viscosity (loss) modulus, respectively.

Voinova et al.282 assumed that the oscillating quartz plate is covered by a viscoelastic film,
of uniform thickness d¢ and density, ps, that adjoins to a semi infinite Newtonian liquid
under “no-slip” conditions. The change in resonance frequency, Af, and in dissipation factor,
AD, for an oscillating quartz plate can be obtained from the imaginary and the real part of
the solution of the wave equation?82 280, Thus, from Ref. 28b,

Af=0.511"1d, Lo, Hm(B), @)

AD=—0.5T1"1d, 1 p, " 'Re(8), @

where
B=0.5IT 1 ¢ (200 ne —ipe ) (1—aexp(2¢1ds) /(1+aexp(2¢1ds)),  (5)
a=(200fne ¢1—ips (142100 C2) /(21 ne G —ipe 1 —210fns (2),  (6)

C1:i21_lfpfl/2(,uf—l—i21'[17f)71/2 and ng(iZprl)l/Qm_l/z. ™), (8)

dq and pq are the quartz thickness and density, respectively. fq is the fundamental resonance
frequency and f = nxfy (with n =1, 3,5 and 7 are the overtone numbers ( n >1)). pj and n, are
the bulk liquid density and viscosity, respectively. To obtain the unknown shear modulus
and shear viscosity of the adsorbed layer, p; and n; were assumed known. The temporal
change in frequency and change in dissipation were fitted according to Egs. (3) and (4)
using the Qtools software (QSense) to calculate the value of shear viscosity and shear
modulus of the adsorbed viscoelastic layer. The best fit between Voigt model and
experimental data for three overtones (n =3, 5 and 7) was obtained by minimizing the error
function (x2), given by 28:

/ oD

Voigt __ measured 2 Voigt __ measured 2

n On n
where Af,,VOi9t and AD,, V09t are model values and Af,,Measured gnd ADMeasured gre the
experimental values. o, and o,,° are the standard deviation for f and D at harmonic n. Note
that this analysis is for constant parameters and ignores the possibility of frequency-
dependent viscoelastic properties as other have done previously>: 17: 280 More details about
Voigt viscoelastic model are that paper reported by Stengel et al.28P. Domak et al.2% has
studied the swelling of a polystyrene brush using similar visoelastic modeling.
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Adsorption and diffusion

Motschmann et al.3% have developed the equations for adsorption of a solute onto solid
substrate assuming (i) adsorption is diffusion controlled, (ii) solute reaching the surface is
immediately adsorbed and removed from solution, and (iii) at t = 0, concentration of solute
at the solid surface is zero and the solute concentration in the solution Cy is homogeneous.
Using Fick’s second law and integrating the flux at the solid surface, the following equations
were developed by Motschmann et al.30;

oC(z,t) _D82C’(z, t)

ot ox2 (10)

and

C(x=0,t)=0, C(x,t=0)=Cy, C(x — 00,t)=Co, (11)

and

AM(t)=2CoII~2(Dt)/2. (12)

AM(t) (kg/m?) is the mass adsorbed with time and D is the diffusivity (m4/s). The diffusivity
of the solute can be estimated from the slope of the plot of AM versus t/2. More details on
this model have been described elsewhere30: 31,

Results and Discussion

QCM-D response (change in mass and dissipation)

The decrease in frequency with time for adsorption of agarose and thiol tagged PEG is
shown in Fig. 1a and b, respectively. After introduction of 500 pg/ml thiol tagged PEG
solution into the sensor loop, adsorption equilibrium was reached in about one hour.
However, adsorption of 500 pg/ml agarose was very slow because of its low diffusion rate
and the lower molar concentration. Adsorption of agarose gel was so slow that it did not
reach an asymptotic value even after 25 h (inset in Fig. 1a). In both cases, mass adsorbed, as
measured by the QCM-D method, includes not only the solute molecules but also associated
hydrodynamically-coupled water molecules. Such long times of adsorption can lead to
evaporation of water molecules through the sensor loop and dry the adsorbed layer. This will
cause an error in measured viscoelastic properties of the adsorbed layer. So, we have taken
data at short times (up to ~8 h, arbitrarily chosen) for viscoelastic modeling of the adsorbed
layer of the agarose gel

According to the Sauerbrey equation,32 a decrease in the frequency is proportional to the
adsorbed mass, AM, given that the mass is small compared to the mass of the crystal, and is
sufficiently rigid and/or thin to have negligible internal friction. If the Sauerbrey equation
holds then,

AM=-C.Af/n (13)

where C is the mass sensitivity constant (C= 17.7 ngem=2Hz™1 at 5 MHz) and n is the
overtone number (n= 1, 3, 5 and 7). Thus, the normalized frequency (Af/n) is independent of
the overtone number if the adsorbed layer obeys the Sauerbrey equation. For agarose, the
decrease in the normalized frequencies, for three different overtones was very similar,
whereas for the thiol tagged PEG, it was clearly different (Fig. 1). This indicates that the
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agarose gel was more rigid and obeyed the Sauebrey equation more closely than the thiol
tagged PEG brush. However, the applicability of Sauerbrey equation has been questioned
because the adsorbed layers were not perfectly rigid, and might not have been thin enough to
meet the assumptions on which the equation is based.33 To test this, the adsorbed mass was
calculated for both the gel and the brush using the Sauerbrey equation and the Voigt
viscoelastic model and are summarized in Table 1. To calculate the adsorbed mass using the
Voigt viscoelastic model, the Af and AD values obtained from the adsorption data of agarose
and thiol tagged PEG were fitted according to VVoigt model using Qtools software (QSense
AB, Goteborg, Sweden). The model fit for the agarose gel and the PEG brush is shown in
Fig. 2a and b, respectively where it appears to predict the observed behavior well. The
adsorbed mass was calculated from the Voigt model at 24+0.1°C. and is plotted against the
square root of time as shown in Fig. 3. The PEG (with and without thiol) appears to saturate
on the surface after about 3 h (12 ~ 1.73 h1/2) and 2.3 h (t/2 ~ 1.50 h¥/2), respectively,
while the agarose gel continues to adsorb even after 8 h. After 6 h the adsorbed amount for
the thiol-terminated PEG brush and non thiol-terminated PEG and the agarose gel were
1800, 600 and 950 ng/cm?, respectively. The adsorption kinetics (profile) of the non-thiol-
terminated PEG was similar to that of the thiol-terminated PEG but with much lower
amount adsorbed. The hydrophobic methylene groups of the non-thiol-terminated PEG
interacted randomly and without orientation with the hydrophobic gold electrode of the
QCM-D. The adsorbed mass ratios after 8 h, as predicted by the VVoigt model (AMygigt) to
those predicted by the Sauerbrey equation (AMsayerbrey) (N=7) are 1.9 to 2.7 for the gel and
the brush, respectively (Table 1). This suggests that, because of the viscoelastic nature of
both adsorbed layers, it is inappropriate to use the Sauerbrey equation.

As mentioned above, the mass adsorbed was obtained from the Voigt model and is plotted
against t/2 (Fig. 3) to estimate the diffusivity of the solute from Eq. (12). Only initial
adsorption of thiol terminated PEG and PEG without thiol was diffusion-controlled whereas
that for the agarose gel was diffusion-controlled all the time because the plot was slowly
increasing and linear throughout the period. Hence, the effective diffusivity of thiol
terminated PEG was calculated from the initial slope (Eq. 12, inset Fig. 3) whereas an
estimate of the effective diffusivity for the agarose included linear slope for all time. The
initial slope of the plot for thiol tagged PEG was 103,000-119,000 ng cm~2 h=1/2 and that
for the agarose gel was 190-200 ng cm=2 h=1/2, The estimated effective diffusivity of the
thiol terminated PEG (~30 kDa) was 9.3-12.1 x 10710 m%/s whereas that for agarose gel
varied from 3.1-3.7 x 10715 m?/s. Since the thiol tagged PEG was chemisorbed onto gold,
whereas the agarose gel was physisorbed onto gold, it was important to determine the
diffusivity of PEG without the thiol group (control; ~ 35 kDa). The slope of the plot for PEG
(without thiol, control) was 30,500-39,000 ng cm~2 h~Y/2 (inset of Fig. 3). The estimated
diffusivity of PEG (without thiol) varied from 8.8-11.2 x 10711 m?/s. The estimated
diffusivity (~10711 m2/s) of PEG matches well with the diffusivity of other polymer and
biopolymers reported in the literature.36 Researchers have also reported the diffusivity of
high molecular weight biopolymers (cellulose in 1,4-dioxane, dextran in ethanediol) to be of
the order of 10711 m?/s.36 We would expect the diffusivity of agarose (~600 kDa) to be of
the order of 10711-10712 m?/s if it did not form a cross-linked gel network. Four orders of
magnitude lower diffusivity for agarose suggests the presence of a hydrogen bonded cross-
linked network in aqueous solution. As mentioned above, is also called a molecular gel. In
both cases, for gel and brush, as mentioned above, the QCM-D measured both the solute
molecules together with the associated hydrodynamically-coupled water molecules. This, of
course, would affect an estimate of the actual value of the diffusivities for the gel or brush
alone but would not affect the overall conclusion because the estimated diffusivity of thiol
tagged PEG is four orders of magnitude higher than that of agarose gel. Since the gel is
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expected to imbibe more water that the brush its diffusivity would likely be even lower than
estimated from Fig. 3 and the theory (Egs. (10-12)). Thus, their difference in diffusivity
would be even larger than reported here, so our conclusions are conservative. With respect
to the differential diffusion between the thiol-tagged and the non-thiol-tagged PEG
molecules (30 and 35 kDa, respectively), we suspect that the former exhibits a larger
diffusivity not only because it is lighter but also because it is driven by the covalent reaction
with the gold surface. Also, the surface density at long times for the thiol-terminated PEG on
gold was ~1800 ng/cm?. At this high concentration, we expect that it will behave like a
brush.

Difference in dissipation between the agarose gel and the PEG brush

The increase in dissipation versus decrease in normalized frequency during adsorption for
the agarose gel and the PEG brush is shown in Fig. 4a and b, respectively. The steepness of
the slope of the plots during adsorption of a solute is an inverse measure of rigidity of the
adsorbed layer. The plots of AD versus Af/n are initially linear, then, the slopes decrease,
indicating coverage-induced structural changes of the adsorbed layer. A decrease in the
slope indicates that the adsorbed layer becomes more rigid due to an increase in packing
density of the adsorbed layer. The slope of the AD versus Af/n plot for the agarose gel varies
from 0.21 x 10-6-0.15 x 1076 Hz™1 over the range of (Af/n) from 0-17 Hz, whereas that for
the thiol tagged PEG brush varies from 0.28 x 1076-0.25 x 1076 Hz™1 over the range from
0-40 Hz. The lower slope for agarose gel indicates that it was more rigid than thiol tagged
PEG brush.

Shear modulus and shear viscosity

The shear viscosity, 1, and shear modulus, i, of the two layers were determined, from fits
of Egs. (3) and (4) to the data using known parameter values for dg, pg, pj and n (Fig. 5).
These values were higher for the agarose gel than for the thiol tagged PEG brush (Fig. 5a
and b) at 24 + 0.1 °C. At low coverage, as expected the effective viscosity of the adsorbed
layers was close to that of pure water (0.00091 Pa s) at 24°C. As the coverage increased, the
viscosity increased to a maximum of ~0.0027 kg/m3 for the agarose gel and to ~0.0014
kg/m 3 for the thiol tagged PEG brush. Both the gel and the brush exhibited two-stage
behavior. With an increase in the mass adsorbed, the shear modulus, i first increases
sharply and then plateaued to ~ 2.1 x 10° Pa for the agarose gel. For the PEG brush,
however, a modest increase in s was observed for both stages. At a coverage of 1750 ng/
cm?, the shear modulus reached a value of ~1.25 x 10° Pa, well below that of agarose at a
coverage of only 500 ng/cm?2. These values are similar in order to those reported in the
literature for an adsorbed Mytilus edulis foot protein (Mefp-1) film.24 Moreover, to compare
the viscoelasticity of the two adsorbed layers at constant surface coverage of say, 500 ng/
cm?, one can see clearly the very large difference between the values of the shear modulus,
1, and viscosity, n in Fig. 5. Since the values of the two parameters (. and m) diverge for the
gel and the brush with increasing coverage clearly, the difference become more pronounced!
The change in slope in Fig 5a and b coincides with the change in slope for dissipation versus
normalized frequency plot in Fig. 4. It should be noted, though, for the Voigt viscoelastic
modeling, the density of the adsorbed layers was arbitrarily kept constant (1200 kg/m3).
However, at low coverages, the density of the adsorbed layers is expected to be lower than
1200 kg/m3. For a given adsorbed mass, a decrease in the adsorbed layer density would
result in an increase in the adsorbed layer thickness. This would not primarily influence the
shear viscosity and shear modulus as demonstrated by Larsson et al.34
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Difference in structure of agarose gel and PEG brush

AFM images of the agarose gel and the PEG brush are shown in Fig. 6a and b, respectively.
Unlike PEG, the agarose layer was found to have a cross-linked network. Arnott et al.3°
suggested that an agarose coil-to-double helix transition is the origin of the gelation process.
The double helices join together to form a cross-linked network of gel. This cross-linked
network gave rise to higher rigidity of the agarose layer which is reflected in the higher
shear viscosity and shear modulus values as compared with those for the PEG brush. Since
the AFM images were taken in air, this could somewhat mask the actual size of the
structures in water. The cross-linked nature of the agarose gel is the major distinguishing
feature with respect to the PEG brush.

Conclusions

Because of recent interest in nano- and genomic-technology, we have developed and tested a
methodology to determine the difference in the viscoelastic properties of a gel and a brush.
QCM-D analysis is a powerful surface characterization technique that can monitor the
physical properties of interfacial polymer networks. A QCM-D was employed here to
analyze the physical properties of an agarose gel and a thiol-tagged PEG brush. The agarose
formed a molecular gel in aqueous solution which had a rigid cross-linked network which
was reflected in its relatively low dissipation values, high shear modulus and high shear
viscosity. The PEG brush on the other hand, exhibited much larger values for n¢ and pi.
These differences were observed in spite of the fact that the adsorbed mass for the PEG
brush was greater than three times that of the agarose gel at all times (Fig. 3). Due to the
rigidity of the agarose gel, it obeyed the Sauerbrey equation somewhat better than did the
thiol-tagged PEG brush. Also, both sets of data were predicted by the Voigt model fairly
well. The resultant parameters obtained from these fits for the shear viscosity and shear
modulus were within the range reported in literature. For example, these values are similar
in order to those reported in the literature for an adsorbed Mytilus edulis foot protein
(Mefp-1) film.24 The estimated effective diffusion coefficients of PEG sans thiol group was
of the order of 10711 m%/s whereas that for agarose was of the order of 10715 m2/s. The very
low diffusivity of agarose supports the idea that a molecular gel was formed in agueous
solution. This comparative analysis between a gel and brush could be useful in determining
the physical properties of other interfacial molecules such as neurofilaments3” or the
unstructured FG-NSP1 proteins8:38 lining the entrance to the nuclear pore complex for
which structural differences (gel or brush) matters.
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Fig. 1.

Adsorption of (a) the agarose gel and (b) the thiol tagged PEG brush onto gold. The
normalized frequency (Af/n) decreases as a function of time for the three overtones (n = 3,
5and 7; fo =5 MHz). Dark lines are for n = 3, 7 and grey lines are forn=5. T=24.0 =

0.1°C.
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Fig. 2.

The normalized frequency, Afy/n, and dissipation, ADy, for adsorption of (a) the agarose gel
and (b) the thiol tagged PEG brush. The data (dark lines) were fitted according to the Voigt
viscoelastic model?8 (grey lines). T = 24.0 + 0.1°C.
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Fig. 3.

Estimation of effective diffusion coefficients at 24.0 £ 0.1°C. (a) Mass adsorbed calculated
from the Voigt viscoelastic model versus t1/2 according to Eq. (12). (b) Initial slope for thiol
tagged PEG (PEG brush) and without thiol tagged PEG (PEG control). The origin of the
time axis was shifted to the time of injection to avoid the distortion of square root
dependence.
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Fig. 4.

Change in Dissipation, ADy, versus normalized frequency change, Af,/n, for adsorption of
(a) the agarose gel and (b) the thiol tagged PEG brush onto gold at 24.0 + 0.1°C. The change
in slope of the curves indicates coverage-induced changes in the structure of the adsorbed
molecules. Dark lines are for n = 3, 7 and grey lines are for n = 5.
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Fig. 5.

Variation in (a) shear viscosity, ns, and (b) shear modulus, i, as a function of mass adsorbed
as calculated by the Voigt model, AMyigt, at 24.0 £ 0.1°C. The lines are used to indicate
the changes in slope due to coverage-induced changes in structure of the adsorbed
molecules. dq = 3.34 x 1074 m; pq = 2650 kg/m3; p = 1000 kg/m? and 1 = 0.001 Pa.s.%
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Fig. 6.
AFM images of (a) the agrose gel and (b) the thiol tagged PEG brush adsorbed onto gold.
These images were collected in non-contact mode in air.
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