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ABSTRACT

In this work a method to obtain control of the grafting density during the formation of polymer brush
layers by the grafting-to method of thiolated polyethylene glycol onto gold is presented. The grafting
density of the polymer chains was adjusted by adding Na2SO4 in concentrations between 0.2 and 0.9
M to the agueous polymer solution during the grafting process. The obtained grafting densities ranged
from 0.26 to 1.60 chains per nm?, as determined by surface plasmon resonance. The kinetics of the
grafting process were studied in situ by quartz crystal microbalance with dissipation, and a mushroom
to brush conformational transition was observed when the polymer was grafted in the presence of
Na>SO4. The transition from mushroom to brush was only observed for long periods of grafting,
highlighting the importance of time to obtain high grafting densities. Finally, the prepared brush layer
with the highest grafting density showed high resistance to the adsorption of bovine serum albumin,

while layers with a lower grafting density showed only limited resistance.
INTRODUCTION

Polymer layers grafted to a substrate can radically affect interfacial properties, such as wettability,
adhesion, friction and biocompatibility.}® An interesting type of layers are polymer brushes, which
are thin layers of extended polymer chains where one end of each chain is grafted to a surface.” The
entropically unfavorable chain extension is a result of excluded volume effects which arise when the
separation between the grafted chains is smaller than two times the radius of gyration of the
unperturbed polymer chain. This conformational change gives rise to a polymer layer with a high

internal pressure and a number of different properties which differs from a layer of unpertubated



polymer chains,® and the formation, characterization and stability of such layers is thus of high interest
for a variety of scientific fields. °

Commonly, the formation of polymer brushes is either achieved using grafting-to or grafting-from
approaches. To form densely packed polymer chains, the main factors to overcome are the excluded
volume interactions, that is, the hindered access to the surface by the already grafted polymers. The
grafting-from approach overcomes this problem by growing the polymers from the surface, e.g., using
atom transfer radical polymerization, nitroxide-mediated polymerization or reversible addition-
fragmentation chain transfer.!®® These methods produce dense brushes with controlled chemical
functionality by growing the polymer from an initiator bound to the surface. However, these methods
generally also result in poor control of the degree of polymerization and generally require oxygen
free conditions. In the grafting-to approach, end-functionalized polymers bind to complementary
functional groups located at the surface. This process uses previously characterized polymer chains
with known degrees of polymerization and narrow molecular weight distributions, from which a well-
defined brush can be constructed with high control of the degree of polymerization, thickness and
chemical composition.}**° The grafting process will normally be relatively unhindered until a surface
covered with close-packed random coils is achieved. Thereafter, steric repulsion between the polymer
chains strongly limits the further attachment and thus the formation of a highly extended brush. To
overcome this, the grafting conditions can be changed to reduce the excluded volume effect by using
polymer melts or polymers in low-solubility conditions.'®*” The conditions for which the solvent is
poor enough that the effects of the excluded volume expansion are cancelled are called #-solvent
conditions. The 6-solvent conditions, where the conformation of each polymer chain is controlled
solely by its configurational entropy, can be obtained for an aqueous solution by controlling the ionic
strength, the salting-out strength of the salt and the temperature,'* 18 the choice of a 6-solvent
(generally an organic solvent)® or by using concentrated homopolymer solutions that reduce the
solubility of the polymer.2’ However, only a few studies attempting to control the grafting density

using low solubility conditions of the polymers have been reported.* 21-25

Significantly, brushes composed of polyethylene glycol (PEG), a neutral polyether with high water
solubility that is non-toxic, well-characterized and has special osmotic and elastic properties when
interacting with water,?® are interesting due to their excellent resistance against protein adsorption,
wide range of commercially available molecular weights, low price and ease of end functionalization.
Biofilm formation is initiated by the formation of a conditioning film constituted by small organic

molecules and proteins present in the water or released by the organisms willing to colonize the



surface.?’ By reducing or avoiding the attachment of these molecules and proteins, the formation of
such biofilms can be hindered or slowed down. The growth of biofilms on surfaces that are in contact
with water produce important economic losses in a variety of fields and industries, such as
biomedicine,?’! the marine industry,?’ 322 food packaging and processing?’ and water purification
membranes.3* The exact mechanism of PEG-functionalized surfaces to resist non-specific adsorption
is still up for debate, but numerous reports show decreased protein adsorption with increasing grafting
density and a larger degree of polymerization when the polymer adopts a brush conformation.*8-2% 24
3536 The resistance is thought to depend on the hydrophilic and neutral character of PEG, meaning
that it will not form hydrophobic and electrostatic interactions with proteins, and the strong hydrogen
binding between PEG and water creates a hydration layer that prevents interactions with proteins.3’-
39 On the other hand, it has been shown that PEG can form weak hydrogen bonds with some proteins
depending on the temperature, the molecular weight and the grafting density.*>*® Recent findings
show as well that the highest grafting density does not always give the best resistance to fouling in
all conditions.***® Then, one of the main challenges that remains is to precisely control the grafting
density during the grafting process. To accomplish that, a deeper understanding of the formation of

the grafting process is necessary.

Surprisingly, the experimental literature related to the study of grafting kinetics using the grafting-to
approach is not exhaustive. Traditionally, two different regimes are described. Firstly, a diffusion-
controlled regime, in which the grafting follows a logarithmic trend, can be described by the random
sequential adsorption model where the polymer coils adsorb randomly to an interface until there is
no more space to accommodate new coils.***® Second, a penetration-limited regime exists in which
little grafting is achieved due to the entropic hindrance of the layer formed in the first regime.*°
Meticulous investigations regarding polymer grafting kinetics by Penn and coworkers for different
polymer systems encountered a third regime where thermal fluctuations create openings large enough

to accommodate new coils, and a mushroom to brush conformational change occurs.® -5

In the present work, we demonstrate how the grafting density of the PEG brush layer can be
systematically tuned by the addition of a salt (Na2SO4) with a strong salting-out effect. The thiolated
polymers are directly attached to gold, which is a widely used material in bio-interface science. The
grafting density of the polymer is determined from SPR, and the kinetics of the grafting process for
the different salt conditions are studied in situ with QCM-D. Finally, the resistance to the adsorption

of bovine serum albumin (BSA) is studied for PEG brush layers with low- and high grafting densities.



EXPERIMENTAL SECTION

Materials

The polymer samples were monodisperse, methoxy terminated PEG thiol of M, = 5000 g mol*
(Mw/M; < 1.08; N=113) with a purity > 95% and a density of 1400 kg L™ purchased from Nanocs
(New York, USA). Non-thiolated PEG of M, = 6000 g mol™ with a density of 1400 kg L™, NazSO4

and bovine serum albumin (96%) were purchased from Sigma-Aldrich.

The polymer solutions used for grafting experiments were prepared by mixing and vortexing PEG
and water or an aqueous solution containing Na,SO4 at room temperature for 1 hour. The condition
close to the cloud point was selected by visually observing the cloudiness of the solution to find the
concentration just before phase separation occurred. Cloudiness was observed for concentrations
higher than 0.9 M Na>SO4 using 0.6% thiolated PEG (see Fig. S1).

All other reagents were of analytical reagent grade and were used without further purification. Water
purified with a Milli-Q apparatus (Millipore, Bedford, MA, U.S.A.) to a specific resistivity (18.2 MQ

cm at 25°C) was used to prepare all aqueous solutions.

Surface Plasmon Resonance (MP-SPR)

SPR sensor slides with a ~50 nm gold top layer and a ~ 2 nm chromium adhesion layer (BioNavis,
YI6jarvi, Finland) were used for all SPR experiments. All SPR experiments were performed at 22.0°C
with an SPR Navi 220A instrument (BioNavis Ltd, Y16jarvi, Finland) equipped with two light source

pairs providing 670 and 785 nm excitation.

The SPR gold sensors slides were cleaned by boiling in NH3 (30%)/H202 (30%)/H20 (1:1:5, v/v)
oxidizing solution for 15 minutes. The sensor slides were then rinsed thoroughly with water, blow
dried with N2 and used directly.

PEG was grafted by placing the SPR gold sensor slides in a sealed container with aqueous solutions
containing 0.6 mg mL™* thiolated PEG and Na;SOs of different concentrations (ranging from 0 to 0.9
M) under stirring at room temperature for approximately 16 h. Thereafter, the gold sensor slides were
thoroughly washed with water and dried with N». All experiments were repeated at least in duplicate,

and the statistical errors were calculated from the mean of these values.

For the determination of the dry thickness, angular scans were taken for all SPR gold sensor slides in
air before and after grafting by waiting for stabilization of the sensor slides on the instrument for 20

minutes. The experimental SPR data were simulated with optical fitting software (Winspall 3.1),%



which is based on the Fresnel equations and the recursion formalism. The SPR signal of the pure
sensor slide surface was simulated first in order to obtain the background for the subsequent
simulation in the desired medium, as previously described.®® The grafting density was calculated
using the thickness values obtained experimentally by SPR. For these calculations, a refractive index
of 1.456 and a bulk density 1.09 g cm= were used for dry PEG.®!

Quartz Crystal Microbalance with dissipation (QCM-D)

QCM-D data acquisitions were performed using a Q-sense E1 system (Biolin Scientific AB,
Gothenburg, Sweden) equipped with a peristaltic pump from Ismatec (Wertheim, Germany). The
temperature of the solution in the chamber was maintained at 22.0°C + 0.02°C and a flow rate of 80
uL min"t was used for all the experiments. The adsorption process was monitored until the QCM-D
signal reached a plateau, when changes of frequency were less than 1 Hz for 30 min (taken as
equilibrium condition). The AT-cut piezoelectric quartz crystal disks coated with gold used as the
sensor chip (Q-sense, Biolin Scientific AB, Gothenburg, Sweden) had a fundamental frequency of
4.95 MHz £ 50 kHz and vibrate in the thickness-shear mode with the overtone nof 1, 3,5, 7, 9, 11
and 13. All experiments were performed at least in triplicate. The data presented here correspond to
the change in vibrational frequency and its associated dissipation (Af, = AFn/n and AD) of the sensor

chip vs. time.

The QCM-D sensor chips were first flushed with copious amounts of Milli-Q water and 99.7%
ethanol. They were then immersed in a 5:1:1 H,O:NH4OH (30%):H.0> (30%) solution at 75°C for 5
minutes, followed by rinsing in copious amounts of water. Finally, the substrates were sonicated in
99.7% ethanol, rinsed with water and blow-dried with nitrogen. The clean sensor chips were mounted

directly on the QCM-D instrument.

First, Af and AD were measured in air to evaluate the correct mounting of the sensor chip. Afterward,
water was introduced in the cell until a stable baseline of f and D was observed. An aqueous Na;SOa4
solution of the same concentration as the one containing the polymers was flushed through the system
until a stable baseline was obtained. Then, 0.6 mg mL™ of thiolated PEG in the corresponding aqueous
solution was flowed over the surface for 16 hours, and then the cell was washed with the same
aqueous Na>SO4 solution as used before grafting until a stable baseline was obtained. In a last step,
the cell was flushed with water. The measured frequency and dissipation shifts for the fifth overtone

was used to evaluate the binding before, during and after adsorption and rinsing.



Bovine serum albumin (BSA) was prepared in a concentration range from 0.01 — 5 mg mL* in
phosphate buffered saline (PBS) pH 7.4. Prior to the injection of BSA, PBS was flushed through the
cell until a stable baseline was reached. Each solution of BSA was flowed over the surface for 20
minutes followed by rinsing with PBS for 20 minutes. The measured frequency shift was taken as the
values before and after injection of BSA. The amounts of BSA adsorbed onto the surfaces were

calculated for the 3" overtone.

To evaluate the viscoelastic properties of a film and the validity of the Sauerbrey equation for a
system, the relationship ADn/(-Afa/n) can be used. For values of this ratio well below 4 x 10”7 Hz* for
a 5 MHz crystal, the film can be approximated as rigid.5? PEG films showed higher values than 4 x
107 Hz1, and then the films are considered viscoelastic. The mass calculated using the Sauerbrey

relation is therefore expected to be an underestimation of the actual mass for these films.



RESULTS AND DISCUSSION
Investigation of PEG grafted onto gold surfaces using SPR and QCM-D

Determination of the amounts of thiolated PEG (5 kDa) grafted to gold coated surfaces in the different
aqueous solutions of Na,SO4 was performed using angular SPR spectroscopy and QCM-D. These
two techniques are fundamentally different in the sense that SPR, as an optical technique, measures
the dry mass of the attached polymers, while QCM-D as a resonance technique measures the wet
mass of the attached polymers, e.g., the attached polymers and the solvent molecules associated with

the polymer layer.

In these experiments, the concentration of Na2SO4 was varied from 0 to 0.9 M while the concentration
of polymer was kept at 0.6 mg mL™ and the temperature was kept at 22.0°C. For salt concentrations
below 0.9 M, clear and homogeneous solutions were obtained, while for salt concentrations above
0.9 M, the solutions became turbid (Fig. S1). This phase separation at concentrations higher than 0.9
M was induced by the strong salting-out effect of SO42, reflected in its placement in the Hofmeister
series.®3% This also implies that the solvent quality (with respect to PEG) gradually worsens as the

concentration of NaxSOg is increased from 0 to 0.9 M.

Using SPR, the amount of covalently attached PEG at the different solubility conditions was
calculated using previously reported methods in the literature.%>%® The SPR gold sensor slides were
modified in a container using stirred solutions, and the optical thickness of the polymer films were
calculated by fitting the full angle scans for the modified and unmodified slides using a multilayer
model. First, the optical properties of the unmodified SPR gold sensor slide were calculated by fitting
the SPR full angle scan, measured for the same SPR sensor slide as used later for the attachment of
PEG. The obtained optical properties were used as a starting point for finding the optical properties
of the grafted PEG layer. Typical SPR curves and fits obtained in air for dry surfaces are shown in
Fig. 1(A) for an unmodified gold sensor slide (blue curve), the same surface modified with PEG using
water as the solvent (red curve) and a thiolated PEG modified surface using 0.9 M Na,SOa (black
curve). As observed, the angular dip in reflectivity for the polymer grafted under low solubility
conditions (high salt) shows a bigger shift than when modified under high solubility conditions (no
salt) (Fig. 1(B)). The larger shift in the position of the angular dip is related to a larger optical
thickness of the polymer layer grafted on the surface. For concentrations of Na>SO4 up to 0.6 M, an
increased shift in the position of the angular dip was observed for increased concentrations of salt.

However, for PEG layers grafted in 0.8 and 0.9 M Na>SOs, a smaller shift in the position of the



angular dip was found compared to that for the PEG layer grafted in 0.6 M Na>SOas. This is interpreted
as a maximum in the thickness and is found for the PEG layer grafted in 0.6 M Na.SOg. Finally, the
optical thickness obtained for each grafting condition was converted to the dry polymer mass per unit

area by multiplying by the polymer density.
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Figure 1. (A) Angular scans and fittings for unmodified SPR gold sensor slides (blue), dry films of PEG grafted when
the polymer was dissolved in water (red) and 0.9 M Na,SQ4 (black) for a wavelength of 670 nm. (B) A6 of the dip for dry

films grafted using aqueous solutions of Na,SO..

To obtain more detailed information about the grafting process and the mass of the hydrated brush
layers (including the solvent), QCM-D was used. In a typical experiment, the baseline was firstly
obtained in water, and secondly in the aqueous salt solution, where after the polymer in the same
aqueous salt solution was injected at a constant flow rate overnight. Then, the aqueous salt solution
used for the baseline was injected in order to remove physically adsorbed polymers and finally, the
system was rinsed with milli-Q water (Fig. S2). Fig. 2 show the changes in Af and AD as a function
of time for the different solvent conditions. From this, one can deduce information about both the
grafting kinetics as well as the total attached mass (including the solvent) and the conformation of the
grafted PEG layer. The former part will be discussed in a later section, while the total attached mass

will be discussed here.



To be able to compare the layers obtained under the different grafting conditions, the changes of Af
and AD between the baseline obtained in water and the values obtained after the last rinsing step in
water were determined (Fig. 3). By doing so, all the layers were compared in the same (good) solvent
condition, and the difference in liquid loading by the different saline solutions was thus eliminated.
Typically, a good estimation of the attached amount (and other film properties) can be estimated using
the Sauerbrey equation (for rigid films) or the Voigt model (for viscoelastic films).®? However,
although the layers show viscoelastic properties, the viscoelastic model was difficult to fit correctly
since the precise hydration level and thus the density of the grafted polymer (which will further
change during the grafting process and be different for the different solvent conditions) is difficult to
estimate. On the other hand, the Sauerbrey equation applies for calculating the mass of rigid films
while it does not take the viscoelastic contribution into consideration. Thus, the mass obtained using
the Sauerbrey equation for these non-rigid films is an underestimation of the real mass due to the
absence of the viscoelastic contribution in the calculation. However, it can be used as a qualitative
measure of the wet mass. The masses calculated using the Sauerbrey equation for all the PEG layers
grafted under the different solvent conditions are presented in Table 1. Fig. 2 and 3 also show the
result of flowing non-thiolated PEG dissolved in water or in 0.9 M Na2SO4 over the QCM-D gold
sensor surface. Only a very limited amount of PEG is physically adsorbed under these conditions.
This illustrates first that the PEG chains have a weak but measurable interaction with the Au surface
and second, that the larger mass measured for thiolated PEG is due to covalent grafting and not just

physical attachment.

As Table 1 shows, the wet mass obtained by QCM-D naturally exceeds the dry mass obtained by
SPR, and the water content can in principle be determined by the difference between them. The
highest water content was found for the PEG layer grafted in pure water (63%), while the apparent
water content decreased when the PEG layers were grafted in Na2SOa4solutions. This trend most likely
reflects the fact that the mass obtained with the Sauerbrey equation is more underestimated the more
extended the layer becomes. Taking this into consideration, we consider the water content in all cases
to be at least 60%, which is well in line with water contents in the range of 50-90% previously reported

for hydrated polymer layers.%’-°

The dry mass obtained from the SPR measurements shows a maximum when grafted in 0.6 M
Na>S0Os, while the wet masses obtained from the QCM measurements, in contrast, increased up to 0.9
M Na>SOs. To explain this apparent discrepancy, one should pay attention to the curves in Fig. 2

showing the attachment of PEG in 0.8 and 0.9 M Na.SOa. During the rinsing step (after grafting), at



these two salt concentrations and especially for the attachment in 0.9 M NaxSOs, a large part of the
attached mass is removed, as shown by a large change in Af and AD. This is interpreted as the covalent
grafting competes with the physical adsorption when close to poor solvent conditions are used. This
might effectively hamper the chemical grafting process, but to what extent this is the case will depend
upon under which flow or stirring condition the grafting is taking place. For the SPR experiments,
the gold sensor slides were modified in a container containing the sensor slide and the desired solution
under continuous stirring. On the other hand, the QCM sensor chips were modified in the instrument
with a continuous flow of 80 uL min*. Thus, the chemical grafting seems to be less hampered under
the flow condition in the QCM experiment than under the stirring conditions used for the preparation
of brush layers for the SPR experiments, which is thus giving rise to a higher physical attachment in

the latter case.
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Figure 2. Binding kinetics for (A) Afs and (B) ADs with time for exposure of 0.6 mg mL* non-thiolated PEG in water
(open squares, red curve) or non-thiolated PEG in 0.9 M Na>SO4 (open hexagons, light green) or thiolated PEG in water
(open circles, blue curve) or thiolated PEG in Na;SO4 being 0.2 (open triangles, orange curve), 0.4 (open inverted
triangles, black curve), 0.6 (open pentagon, purple curve), 0.8 (open diamond, green curve) and 0.9 M (crossed squares,

dark red curve) NaySO..
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Figure 3. Total changes in (A) Afs and (b) ADs for 0.6 mg mL™ non-thiolated PEG and thiolated PEG grafted in water or
in different concentrations of Na,SO4. The values represent the change between a baseline obtained in pure water for the

unmodified sensor chips and the modified sensor chips with non-thiolated PEG or thiolated PEG.

Table 1. Values of the Sauerbrey mass, grafting density and brush height obtained from the SPR and QCM-D

measurements.

[Na2SO4] (M) | QCM-D SPR PEG | SPR PEG | de Gennes brush
Sauerbrey mass | surface coverage | Grafting density | height (nm)
(ng cm?) (ng cm?) (Chains nm-?)

0 581+67 21660 0.26+0.08 11.3+0.9

0.2 990+45 564165 0.68+0.08 15.6+0.5

0.4 1151+123 863+71 1.04+0.09 18.0+0.4

0.6 127372 1328+215 1.60+0.26 20.8+0.9

0.8 1396+115 904+133 1.09+0.16 18.3+0.8

0.9 147054 1004+102 1.21+0.12 18.7+0.7

Grafting densities and scaling laws

Since the grafted PEG chains are rather monodisperse and the molecular weight is known, the dry

mass obtained from the SPR measurements can be converted to grafting densities. These values,

which are presented in Table 1, show that the grafting density varies from 0.26 chains nm when the

11



grafting process is conducted in water, to 1.60 chains nm when the grafting process is conducted in
0.6 M NaySOs. The theoretical maximum grafting density for PEG chains is 4.54 chains nm?,
assuming a cross-sectional area of 22 A? for PEG chains with a helical conformation.” To the best
of our knowledge, such high grafting densities have not been reported using the grafting-to technique.
By grafting in polymer melts, for which high grafting densities can be obtained due to the
minimization of the excluded volume effect, Piehler et al. obtained 0.96 chains nm for a PEG 2
kDa.”* Unsworth and coworkers carried out systematic studies for the PEG grafting of several
molecular weights for several deposition times and for different PEG solubility conditions using salts
and high temperature. For PEG 2 kDa, a grafting density of 0.98 chains nm was obtained after 4
hours and interestingly, saturation of the grafting density was not reached.?* Using similar grafting
techniques for thiolated PEG 5 kDa (as used in this work) a grafting density of 0.12 and 0.24 chains
nm-2 was obtained for high and low solubility conditions, respectively.?! Similar values were obtained
in a follow up investigation using 4 hours of grafting for the same PEG 5 kDa; 0.12 and 0.3 chains
nm2 under high solubility and low solubility conditions, respectively.?? Other works using PEG 5
kDa reported similar grafting densities as described above. Recently, Emilsson et al. grafted thiolated
PEG 5 kDa, obtaining 0.54 chains nm under #-solvent conditions. From the experimental details
and plots presented by the authors, we speculate that the grafting process did not exceed 2 hours.”
Ogaki et al. reported a grafting density of 0.49 chains nm2 using a combination of low solubility and
high temperature using PLL-PEG molecules for 20 hours of immobilization.” Taylor et al. obtained
a grafting density below 0.4 chains nm? for PEO methyl ether 5 kDa using concentrated
homopolymers to reach low solubility conditions with approximately 4 hours of grafting.?’ Efremova
et al. obtained 0.21 chains nm™ using PEG 5 kDa conjugated phospholipids at high solubility
conditions.*? Marruecos et al. obtained a grafting density of 0.16 for a-methoxy-wm-triethoxy PEG

silane for high solubility conditions and 0.34 chains nm for slightly lower solubility conditions.**

These values obtained in the literature illustrate that, for good solvent conditions grafting densities
between 0.1 - 0.2 chains nm and for low solubility conditions, grafting densities between 0.3 - 0.6
chains nm™ are obtained for PEG 5 kDa using the grafting-to approach with diluted polymer
solutions. In all cases, except grafting the PLL-PEG copolymer,” deposition times below 4 hours
were used, and the comparison of these values with the ones obtained in this work highlights the
importance of immobilization time in order to obtain high grafting densities. In our case, all the
prepared PEG layers were deposited for at least 16 h either grafted with stirring in a container or with
a continuous flow in a QCM-D cell. The importance of the time for immobilization in conditions

12



where the excluded volume interactions plays a role has been discussed previously by Penn and
coworkers.>® %4 57 In addition to our work, similar high grafting densities (1.27 chains nm2) have
been reported previously by Arcot et al. using mixtures of organic solvents to obtain low solubility
conditions for PEG 5 kDa.?® Using PEG melts at high temperatures also similar grafting densities
were obtained, Zdyrko et al. obtained 1.2 chains nm™ at saturation conditions for a PEG 5 kDa.”
Regardless of the methods used to calculate the grafting density and the differences between the
studies, to best of our knowledge, these are the highest grafting densities obtained for a PEG 5 kDa
grafted using the grafting-to method.

As the limiting factor for a high grafting density using a grafting-to approach is the steric hindrance,

the coil size of the unperturbed polymer is believed to be a decisive parameter. The coil size can de
described by the Flory radius:

R b (aN)”

F70\p

where a is the monomer size (a = 0.28 nm for PEG in water),”>"® b is the Kuhn length (b = 0.73 nm
is used here as an intermediate value of data obtained in the literature)™ "8 and N is the number of
monomers in the chain (113 for PEG 5 kDa). The exponent » has a magnitude which depends on the
solvent quality and will vary from 3/5 in good solvent conditions to 1/2 in 6-solvent conditions. Using
this relationship, when the polymer is changing from good solvent condition (pure water) toward 6-
solvent condition (high salt), the Flory radius will vary from 7.0 nm to 4.8 nm which indicates that
there is a strong correlation between the coil size and the grafting density. The higher grafting
densities obtained during binding in the presence of Na.SO4 will result in a significant chain extension
when the grafted layers are exposed to good solvent conditions, as illustrated in Fig. 4. The values
can be estimated by the Alexander de Gennes scaling relation:” "

H= (%)1/3 b2/3aN

where ¢ is the grafting density. Using this approximation, the brush heights in the good solvent
condition are found to vary from approximately 11 nm for the lowest grafting density to
approximately 20 nm for the highest grafting density (Table 1). This indicates that the PEG layer
grafted in water (the good solvent) has a thickness which is slightly less than two times the Flory
radius, which is interpreted as a layer consisting of closed packed coils; that is, a film consisting of

PEG in a mushroom conformation. However, for the PEG layer grafted at -solvent conditions, the

13



layer extends to a thickness which corresponds to approximately two thirds of the total contour length
of the PEG chains, L =aN = 32 nm, and approximately 3 times the Flory radius, and is thus obtaining

a brush conformation.
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Figure 4. (A) Diagram showing the PEG grafting process onto a gold surface for different solubility conditions and (B)

the expansion of the polymers when solubility conditions are changed for the grafted polymer.

The effect of Na2SO4 on the grafting kinetics

A closer look at Fig. 2 shows that the grafting process also changes in a more qualitative manner
depending on the concentration of Na;SOa. By plotting Af against AD, time is explicitly removed
from the data. In the following we use such plots for a better interpretation of the changes in polymer
conformation as the layer builds up. These plots typically show sections with different gradients. The
gradient normalizes the energy dissipation of the adlayer to mass, so changes in the slope indicate
changes in the adsorbate-surface interactions or conformational changes during the adsorption

process.20-82

Fig. 5 shows the curves corresponding to adsorption of non-thiolated PEG and grafting of thiolated
PEG under different solubility conditions (for clarity, the washing step has been omitted in this
discussion). In this figure the density of symbols is correlated with the time, meaning that a region
with higher density of symbols corresponds to slower kinetics than a section with lower density of
symbols. The adsorption of non-thiolated PEG onto the gold surface is characterized by a linear
response of Af vs AD (Fig. 5(A), red curve). The low adsorbed amount (considering the small value
of Afs ~ 1 Hz) and the stiff film formed (small ADs ~ 1x107) on the surface, indicate that a few PEG

chains are adsorbed in a rather flat conformation. Nevertheless, the interaction is weak and after the
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washing step, most of the adsorbed polymers are released from the surface, as previously discussed

in relation to Fig. 2 (red curve).

For thiolated PEG grafted in pure water (Fig. 5(A), blue curve), three different sections are observed
on the curve; the arrows in the figure show the direction of the grafting with time: (1) a rapid increase
of -Af and AD, (Il) a section characterized by a moderate change in -Af but not of AD, and (IlI) a
continuous decrease in -Af but no substantial change in AD. The three sections are interpreted as: (1)
a rapid initial grafting to a bare surface due to the high affinity of the thiol group to the surface
controlled by diffusion of the polymer to the surface, (Il) a slower grafting for which surface
saturation is reached, and (I11) reorganization of grafted PEG due to thiol-gold mobility on the gold
surface.®3®* Note that AD does not vary substantially in (11) and (111), indicating that the flexibility of
the films is barely altered. Similar binding profiles have been reported previously for thiolated
polymers even if the kinetics of formation have not been discussed.®>®” Here, this behavior is

interpreted as a lack of a transition from a mushroom conformation to a brush conformation.

In the presence of salt, the grafting process shows a different behavior. In Fig. 5(B), the sections are
marked for 0.8 M Na>SO4 (green curve) but are observed for all other conditions: (1) rapid increase
of -Af and AD, (1) increase in the slope due to a substantial increase in AD and (I11) a new change in
the slope characterized by a slow-down of the increase of -Af in relation to AD. For the analysis of
the different grafting processes in the presence of salt, it should be taken into consideration that the
size of the polymer decreases with increased concentration of Na,SOs4. For the highest salt
concentrations, the aqueous salt solutions are close to #-solvent conditions with respect to PEG, and
the Flory radius will be reduced to approximately 4.8 nm. The reduced size of the coil creates a
smaller excluded volume effect when grafted, allowing a greater number of coils to access the surface
and be grafted. The data for grafting in the 0.9 M Na>SO4 solution was disregarded in this discussion
due to the possible physical adsorption discussed previously. The changes of the features of the plot
in Fig. 5(B) are interpreted as (I) a rapid initial grafting to a bare surface due to the high surface
affinity of the thiol group, which is controlled by diffusion of the polymer that continues until
saturation is reached and a monolayer of PEG coils is formed, (I1) reorganization of the layer due to
the mobility of the gold-sulfur bond, which is creating a slightly more viscoelastic film and (I11) an

extension of the PEG chains from a mushroom conformation to a more extended brush conformation.

Due to dehydration of polymer chains, it is predicted that the polymer layers will become more rigid

with increasing Na,SO4 concentration, which is observed as a decrease in the initial values of AD
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during grafting in the section I in Fig. 5(B). The process in section | in the presence of salt show the
same behavior as in the absence of salt and are interpreted as a Brownian diffusion of the polymers
to the surface. In sections Il and Ill, the dissipation increases rapidly with a small increase of -Af
which is an indication of a polymer conformational change to a more extended conformation. We
interpret the two different sections as a result of a reorganization of the mobile gold-sulfur bonds

which is subsequently followed by stretching of the polymer chains.
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Figure 5. Plot of Afs vs ADs for the grafting process of PEG in the absence (A) and presence of Na2SO4 (B). Curves represent: PEG in
water (red), thiolated PEG in water (dark blue), thiolated PEG in 0.2 M (orange), 0.4 M (black), 0.6 M (light blue) and 0.8 M (dark

green) Na2SO4. The roman numerals indicate changes in the slope of the curves.

Resistance to bovine serum albumin adsorption

In the scope of the high grafting densities obtained, protein resistance was evaluated for usage as a
benchmark in fouling studies.3 8- Concentration and pH relevant to physiological conditions were
used due to the interest in developing surfaces that resist bioadhesion. Relevant protein concentrations
for bovine serum albumin (BSA) for physiological conditions (0.01 to 5 mg mL™*) and PBS pH 7.40
in 137 mM KCI were used.*
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Low (0.01 and 0.1 mg mL™) and high (1 and 5 mg mL™) BSA concentrations were flowed over
surfaces with a PEG layer grafted in water, a PEG layer grafted in 0.9 M Na>SO4and a non-modified
QCM-D gold sensor chips. Between each BSA injection, buffer was injected to remove weakly
adsorbed BSA from the surface. Fig. 6 shows the change in frequency for BSA injections for non-
modified gold chips (black line) and modified gold chips using PEG in water (green line) or PEG in
0.9 M NaxSO0x4 (red line). No detectable BSA adsorption was observed for the surfaces modified with
PEG grafted in 0.9 M NaSOa.

The adsorbed amount of BSA was determined using the Sauerbrey equation for Afz before and after
BSA adsorption in buffer solution (Table 2). In doing so, the values of the mass reported in Table 2
are underestimated due to viscoelastic contributions and the values represent the wet mass. In the
non-modified gold sensor chips, high amounts of BSA were adsorbed even for the lowest BSA
concentration injected (92.1 ng cm2). On the other hand, the polymer modified surfaces showed low
fouling (3.9 ng cm) and Af; changes below the detection limit of the instrument for the gold chips
modified with PEG grafted in water and 0.9 Na>SOs, respectively. For the gold chips modified with
PEG grafted in Na;SO4, no measurable BSA adsorption was observed even for the highest

concentration of BSA (5 mg mL™).

Af, I Hz

t/ min

Figure 6. QCM-D data showing the adsorption of BSA on surfaces using 0.01, 0.1, 1 and 5 mg mL* BSA solutions on a
PEG layer grafted in water (green), on an PEG layer grafted in 0.9 M Na,SO4 (red) and an non-modified gold surface
(black). Black arrows indicate BSA injection and blue arrows indicate injection of PBS. Experimental conditions: 80 pL

mL1, 100 mM PBS pH 7.4.

Table 2. QCM-D Sauerbrey mass calculated for the 3™ overtone of the amount of BSA adsorbed onto gold non-modified
surfaces and PEG grafted either in water or Na;SO4. Experimental conditions: 80 uL mL™, 100 mM PBS pH 7.4.

17



Surface Sauerbrey | Sauerbrey Sauerbrey | Sauerbrey

modification | mass BSA | mass BSA | mass BSA | mass BSA
0.01% (ng | 01% (ng | 1% (ng | 5% (ng
cm?) cm?) cm?) cm?)

Non-

modified

gold sensor

chip 92.1+11.2 | 399.7+19.4 | 563.1+4.1 | 621.1+7.7

PEG (pure

water) 3.9+2.7 12.6£1.0 17.9+2.5 | 20.1x1.1

PEG (0.9 M | Below Below Below Below

Na2SOs) detection detection detection detection
limit limit limit limit

CONCLUSIONS

Fabrication of PEG brush layers with a variation in grafting densities was obtained by altering the
concentration of Na,SQO4 in aqueous solutions during the grafting process. Na2SOa is known to have
a strong salting-out effect, and its presence changed the solubility properties of water towards PEG.
The quantitative values of the grafting densities obtained from the SPR measurements were employed
to calculate the Alexander de Gennes brush layer thicknesses and the result of this, indicates a
mushroom conformation for a PEG layer grafted in water and a more extended brush conformation
for PEG layers grafted in the presence of Na2SO4. The conclusions are further supported by the QCM-
D measurement where higher values of Af and AD are observed for PEG layers grafted with salt than
without salt.

The grafting process of thiolated PEG layers was further studied in situ by QCM-D, which in the
absence of salt showed a previously not described grafting kinetics. The data for thiolated PEG
grafted in the presence of salt experiences a transition from a mushroom to a more extended
conformation. The transition needs a certain immobilization time to occur, which is different for each
salt concentration. The highest dissipation change values at the end of the conformational change
were found for the highest Na>SO4 concentrations used. Using the method described in this work
grafting densities up to 1.60 chains nm were obtained, which to the best of our knowledge is among

the highest grafting densities reported for PEG 5 kDa.
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Finally, the prepared PEG surfaces showed significantly higher resistance to BSA adsorption than
unmodified gold and for the PEG layer with the highest grafting density, no detectable adsorption

was observed.
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