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CHAPTER 1

General Introduction

‘Brushes and Proteins’, that’s in brief what this thesis is about. The preven-
tion of protein adsorption at solid surfaces by applying a polymer brush. Special
attention is drawn to the use of polysaccharides to prepare brushes. Research
hardly ever starts from scratch. In most cases it is a continuation of previous
work, most often developments take place where ’different lines of thought meet’.
The present thesis is in line with the earlier work of Edwin Cwrrie ("Brushes and
Soap’®) and Wiebe de Vos ('Brushes and Particles’'%%) on polymer brush — col-
loid interaction, performed in our laboratory, as well as the work of Katja Loos
("Hybridmaterialien mit Amylose durch enzymatische grafting from polymeriza-
tion’1%%) on polystyrene—amylose block copolymers. In this introduction the main
characteristics of polymer brushes and protein adsorption will be presented, along

with the motivation for the research described in this thesis.

1.1. Biofouling

The motivation of this thesis is related to biofilm formation: ’Cells immobi-
lized at a substratum and frequently embedded in an organic polymer matrix of
microbial origin’.?® This bioadhesion is ’one of the most relevant colloidal and
interfacial phenomenon in life sciences’.'?® Extensive discussions of biofilms can
be found in the books 'Biofilms’ by Characklis and Marshall®® and ’Colloids and

125 1

Interfaces in Life Sciences’ by Norde,'?% as well as the publications of Gristina,”

21,22,68,69 and Von Eiff.°2 Biofilm formation is a common phenomenon

Busscher
in biological systems where it often is of vital importance, e.g. the adherence of
blood platelets to injured blood vessels. Biofilms serve beneficial purposes in the
natural environment, for example, removal of dissolved contaminants from water.
Most of the cell adhesion events concern bacteria. In natural environments about
99% of bacterial mass exists at surfaces, which seems to imply that the association
with surfaces is beneficial for them.

In contrast, undesirable biofilm formation may result in unsatisfactory equip-
ment performance (water purification and food processing equipment) or reduced

equipment lifetime (corrosion). This is referred to as 'Biofouling’. Biofouling is of
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FIGURE 1.1. General procedure of biofilm formation at a solid surface
in contact with a biofluid containing proteins and cells: (A) Adsorption
of proteins (conditioning film), (B) initial cell adhesion, (C) cell at-
tachment and (D) growth into a mature biofilm. Cartoons were kindly
provided by Willem Norde.

utmost importance to medicine and dentistry. Bacterial adhesion may cause dental
caries and severe infections on biomaterials used for implants like artificial organs,
voice protheses, heart valves, joint replacements, and so on, as well as contact
lenses, hemodialysis membranes, cathethers, etc. The biomaterial-centered infec-
tions are recurrent and notoriously resistant to antibiotics and the host immune
system. Infections almost always result in secondary operation, at the expense of
considerable costs and patient’s suffering. In the end, even amputation or death
may follow.

The only promising remedy against infections seems to be the prevention of the
formation of a bacterial film at the biomaterial surface. Besides, improvement of
the compatibility and tissue integration of biomaterials diminishes infections. A
first way of prevention is hospital hygiene. Hospital hygiene is of great impor-
tance to prevent adhesion of micro-organisms during surgery. Secondly, physical-

chemical modification of the biomaterial surface or biomimetic materials can result
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in inhibition of adherence of micro-organisms at the surface. Necessarily, the mech-
anism of biofouling needs to be known in order to develop effective biomaterials.
Although bioadhesion is complicated and biofilms may have different appear-
ances, there is a common sequence of events in biofilm formation. In figure 1.1
the general course of events in biofilm formation in an aqueous environment is pic-
tured. A solid surface is in contact with a biofluid containing a mixture of organic
molecules, particularly proteins, and cells. Very quickly, within seconds, proteins
adsorb at the surface (figure 1.1A). Proteins are much smaller than cells and occur
in much higher concentrations, therefore they reach the surface well before cells
arrive. Initially, small proteins adsorb (having the highest diffusion coefficient).
Subsequently, they are replaced by proteins having a higher affinity for the sur-
face (in general proteins of higher molecular weight). As a result, a conditioning
film of proteins is formed (figure 1.1A). In the second step initial cell adhesion
takes place (figure 1.1B). Because biological cells respond specifically to proteins,
the composition of the conditioning film influences the successive cell adhesion.
Cells are transported towards the surface through diffusion, convection, sedimen-
tation or active movement. For the initial cell adhesion a distinction can be made
between non-specific and specific cell-substratum interactions. The non-specific
interactions are long range, acting from a few up to a few tens of nm, and of
physical-chemical nature (Van de Waals forces and electrostatic interaction). The
adhesion in this state is regarded as reversible. Specific interactions arise when the
cell is more close to the surface (less than a few nm up to direct contact). They
are called ’specific’ because they originate from strongly localized groups at the
cell and the conditioning film that allow specific recognition, but the interactions
themselves are also of physical-chemical nature (ion pairing, hydrogen bonding,
hydrophobic interaction/dehydration). As a consequence of the specific interac-
tions, the cell gets irreversible attached to the surface. Additionally, various kinds
of bacteria have (long) thin microfilaments on their surface that may facilitate ad-
hesion. After initial adhesion, cell attachment is strenghtened through excretion
of exopolymers and unfolding of cell surface structures (figure 1.1C). Eventually,
adhered cells start growing and proliferate to colonize the surface (figure 1.1D).
The objective of this thesis is focused on the first step of biofilm formation,
the conditioning film of proteins. The aim is prevention of protein adsorption at
a solid surface by attaching a polymer brush to the surface, thereby restraining

the development of a biofilm. Before the antifouling aspects of polymer brushes
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are discussed, some basic characteristics of protein adsorption at an interface are

reviewed.

1.2. Protein Adsorption

This short introduction on the principles of protein adsorption refers to the
books of Andrade” and Norde.'?® ’Proteins rule life’.'?® They are omnipresent,
occurring in all living species, but also diverse, each having its specific metabolic
function. Proteins have the natural tendency to adsorb at interfaces, e.g. solid-
liquid, liquid-liquid as well as liquid-air interfaces. Among the biopolymers pro-
teins are the most surface active. Protein adsorption is often advantageous. In
biotechnical applications proteins are adsorbed on purpose, for example immo-
bilized enzymes in biosensors and bioreactors. However, in many cases protein
adsorption has an adverse effect. Being the first step in the formation of an un-
wanted biofilm at the surface, it needs to be prevented. Another problem related
to protein adsorption is thrombosis, taking place at the blood vessel wall or at the
surface of a biomedical implant.

Dissolved proteins exposed to an interface can undergo the following consecu-
tive processes: A) transport towards the surface, B) adsorption at the interface,
C) structural rearrangements of the adsorbed molecule (relaxation), D) desorption
from the interface, E) transport away from the surface and F) possible restructur-
ing of the desorbed molecule. The different steps proceed at different time scales:
initial adsorption takes place within seconds, whereas conformational changes can
last up to several hours, in some cases even days. Usually, adsorption-induced
structural changes lead to decreased biological activity. Protein adsorption is a
non-equilibrium process: it is time dependent, meta-stable states are present, re-
laxation of adsorbed proteins occurs as well as hysteresis. Furthermore, in most
cases the adsorption is irreversible, because proteins are polymers, having multiple
contacts with the surface. Only at the initial stage desorption may readily occur.
And in the case of mixtures of proteins, the small proteins that adsorb first (having
the highest diffusion coefficient) can be replaced by proteins having a higher affin-
ity for the surface (in general proteins with a higher molecular weight). Structural
rearrangements strengthen the irreversiblity, because the change in tertiary and
secondary structure of the protein optimizes the contact with the surface. Hence,
proteins are hard to remove from the interface. In the context of biofouling, the

best strategy is therefore to prevent proteins to adsorb at all.
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FIGURE 1.2. Cartoons of a polymer brush. Two ways of preparation:
(a) chemical grafting and (b) grafting through adsorption of block
copolymer, for instance by Langmuir-Blodgett deposition (LB). For

explanation of symbols, see text.

From a physical-chemical point of view, four driving forces for adsorption of
(globular) proteins can be identified: 1) interaction between electrical double lay-
ers, 2) dispersion (London—Van der Waals) interaction, 3) changes in the state
of hydration and 4) rearrangements in the protein structure. Influencing these

driving forces can reduce or prevent proteins to adsorb.

1.3. Polymer Brushes

This short overview of the main aspects of polymer brushes refers to parts of
the review of Currie et al. on tethered polymer chains®” and citations therein. A
polymer brush consists of polymer chains end-attached to an interface at such a
grafting density that the chains stretch out into the solvent, normal to the inter-

face. In figure 1.2 cartoons of a polymer brush are depicted. Polymer brushes



6 1. GENERAL INTRODUCTION

have been studied since the end of the 1970’s, first theoretically, followed by vari-
ous experimentental approaches. Both neutral and, more recently, polyelectrolyte
brushes have been investigated, from a scientific as well as from an application
point of view. Mixed brushes, comprised of different polymers, also showed inter-
esting properties. Here we restrict ourselves to neutral brushes.

The main parameters that characterize a neutral brush are the polymer chain
length (N), the grafting density (o) and the solvent quality (expressed by the
X parameter). The thickness or height of the brush (H) is a function of these
parameters. According to the theoretical models, in a good solvent H scales as:
H ~ No'/3. In figure 1.2 the brush height and the grafting density (indicated as
the distance between the chains o~/ 2) are shown. Polymer brushes have many
applications, e.g. stabilizing colloids, lubrication, modifying wetting and control-
ling adsorption of (bio)colloids such as proteins at surfaces. In general, two ways of
preparing polymer brushes at a solid surface can be distinguished: chemical graft-
ing (figure 1.2a) and grafting through adsorption of diblock or triblock copolymers
(figure 1.2b), where one polymer block serves as an anchor for the polymer brush
at the surface. This second method is used in this thesis, in particular by employ-
ing the Langmuir-Blodgett (LB) deposition technique (see figure 1.2 LB). In this
technique a monolayer of amphiphilic diblock copolymer is spread at an air-water
interface in a Langmuir trough, compressed to a desired grafting density and sub-
sequently transferred to a solid substrate. With LB well-defined brushes can be
prepared with control of the grafting density and chain length, as demonstrated
for poly(ethylene oxide) (PEQO) and poly(acrylic acid) brushes.

1.4. Polymer Brushes and Protein Adsorption

From numerous studies over the past decades, it was concluded that coating
surfaces with non-charged polymers minimizes protein adsorption. One can use,
for example, polysaccharides like dextran and agarose but also synthetic polymers
like PEO and poly(acryl amide). Especially, PEO brushes proved to be success-
ful. The main effect of this polymer brush is preventing the protein molecules
to reach the solid surface, thereby directly diminishing the driving forces for ad-
sorption which were mentioned in the section Protein Adsorption. A substantial
amount of research was performed on the antifouling characteristics of neutral
brushes, mostly PEO brushes, both theoretically3% 72:75,90,91, 118,156 41 exper-
imentally.39,51,93, 118,126,145 Ey.o1y this research the parameters determining the

protein resistance of brushes can be concluded. At first, the polymer chain length
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FicUure 1.3. Different mechanisms for particle deposition at polymer
brushes: primary, secondary, and ternary adsorption (from Currie et

al®").

(N), the grafting density (o) and the solvent quality for the polymer. Furthermore,
the polymer forming the brush needs to be non-charged to prevent electrostatic
interaction with the charged proteins. In addition, the size of the protein molecule,
the interaction of the protein with the surface, as well as the interaction of the pro-
tein with the monomers in the brush are decisive. Research showed that the main
parameter determining the adsorbed amount of protein is the grafting density.
The reasons why PEO is primarily used for antifouling brushes are it’s flexibility,
large excluded volume in water and it’s (believed) exclusion of proteins, as well as
it’s nontoxicity.

Mindful of the parameters determining the antifouling capacity of polymer
brushes mentioned above, the following three mechanisms for particle deposition
(like protein adsorption) can be identified, see figure 1.3.37 Primary adsorption oc-
curs when the diameter of the protein is (much) smaller than the distance between
the grafted polymers in the brush. The protein can penetrate the brush without
deforming it and, when there is no attraction between the protein and the polymer
chains, the protein can adsorb at the solid surface. In case of secondary adsorp-
tion, the protein is (much) bigger than the separation distance between the chains
and can only adsorb at the edge of the brush. Penetration of the brush would
result in compression of polymer chains in the brush, at the cost of increased os-
motic pressure and loss of conformational entropy. Consequently, a repulsive force
from the brush will prevent this penetration. Ternary adsorption results from
an attraction between the proteins and the polymer chains in the brush. The
diameter of the protein, relative to the grafting density, is such that the protein
can diffuse into the brush, where it gets trapped due to binding with the chains.
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Currie and coworkers®” presented experimental evidence by performing adsorption
studies with Bovine Serum Albumin (BSA) at PEO brushes of variable grafting
density. At low o a maximum in the adsorbed amount was observed, exceeding
the adsorption at a bare surface, that could only be explained by an attraction
between the BSA and EO monomers. Similar adsorption experiments by Gage

et al.126

with human blood plasma at PEO brushes showed an accumulation of
plasma proteins in the brush at low ¢ because of ternary adsorption.

Besides protein adsorption studies, polymer brushes have also been tested for
their cell anti-adhesion properties, especially for bacteria.6?12%140 The brushes
are generally anti-adhesive, although the extent depends on the type of bacteria
and the polymer used. Recently, even in vivo experiments testing the biofilm for-
mation at brush-coated surfaces have been performed, with promising results.!?? 142

Almost all research on antifouling brushes was concentrated on synthetic poly-
mers. However, natural polymers like polysaccharides might be more successful
to prepare nonfouling surfaces with. In nature, oligosaccharides are found at the
exterior of living cells, having the function to explicitly bind necessary proteins
and cells, while preventing non-specific adsorption. Furthermore, polysaccharides
are natural polymers and may therefore be more appropriate for use in biomedical
applications. Hence, the main research in this thesis is about the manufacturing of
polysaccharide brushes at a solid surface and protein adsorption experiments with
these brushes. There are a few previous studies on the preparation of polysaccha-
ride brushes. Amylose brushes at silica particles were synthesized by Loos!?6:109
and Breitinger,'® by an enzymatic grafting from method, with a possible use in lig-
uid chromatography. Recently, van der Vlist'®! grafted amylopectine-like brushes
to silica surfaces for supposed antifouling purposes, using an enzymatic tandem
polymerization related to the procedure of Loos. Apart from that, de Smet co-
valently attached saccharide-terminated alkene mololayers on silicon surfaces for
potential applications like biosensors and field effect transistors.'8 14 Voit makes
‘'sweet dendrimers’, neutral mono- and oligosaccharide terminated dendrimers, for

medical use.?> 9

1.5. Outline of this Thesis

This thesis contains three parts. In the first part, chapter 2, the protein resis-
tance of PEO brushes is discussed. Ternary adsorption for long PEO chains at
low grafting density is highlighted by suppressing (possible) primary adsorption.

This suppression of primary adsorption is accomplished by applying a bimodal
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PEO brush, consisting of a dense layer of short PEO chains near the surface and
long PEO chains of variable grafting density. Preparation of these bimodal PEO
brushes and protein adsorption studies are presented.

The second part, comprising chapters 3 to 5, is about polysaccharide brushes, in
particular dextran brushes. In order to prepare polysaccharide brushes using LB
deposition, polystyrene—polysaccharide diblock copolymers needed to be synthe-
sized. A synthesis method related to the work of Loos was chosen.'%® The synthesis
and interfacial behaviour of these block copolymers are described in chapters 3 and
4. In both chapters different block coupling methods were used in an attempt to
synthesize polystyrene-dextran copolymers with a long dextran block. In chapter
5 adsorption experiments are reported with different proteins at dextran brushes
with variable grafting densities, prepared with the block copolymers from chapters
3 and 4. Results are compared to adsorption studies with PEO brushes.

The third part of this thesis is the General Discussion. It reflects on the use of
the LB deposition method to prepare brushes and the behaviour at the air—-water
interface of the amphiphilic diblock copolymers used. Moreover, some general
remarks are made on the theories and experimental results in polymer brush an-

tifouling studies.
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Ficure 2.1. Different mechanisms for particle deposition at polymer
brushes: primary, secondary, and ternary adsorption (from Currie et

al. 37).

2.1. Introduction

Brushes of Poly(ethylene oxide) (PEO) chains have been widely used as antifoul-

ing agents.37:39,103,118

The formation of an unintended biofilm at a surface may
cause many problems, e.g., in medical applications (artificial implants, catheters,
contact lenses), in the food industry (contamination of process equipment), in wa-
ter purification plants and on ship hulls. The formation of a biofilm starts with
the adsorption of proteins at a surface, followed by deposition of biological cells,
bacteria or other micro-organisms.? 1'% Research has shown that covering a (hy-
drophobic) surface with a PEO brush can be effective in preventing or retarding

the adsorption of proteins at the surface37 103118

92,129,141

and suppressing deposition of
biological cells and bacteria.

PEO is a water-soluble, flexible, neutral polymer, which has a large excluded
volume in water.'?° PEO brushes consist of PEO chains that are end-grafted to a
surface and stretch out into a solution (water). The main brush parameters deter-
mining the extent of particle deposition (e.g., protein adsorption or cell adhesion),
are the grafting density (o) (the number of polymer chains per unit area), the
brush height (H) and the interactions between the particles and PEO chains. The
brush height is a function of the grafting density and the number of EO units (N)
in the polymer chains, and in a good solvent scales as H ~ Ng'/3.6:36.:64 Other
factors that influence the extent of particle deposition are the particle size and
the particle—surface interactions. Three different ways of particle deposition can
be distinguished, following the terminology used in reference3” and illustrated in
figure 2.1.

The term ’primary adsorption’ is used when the particle is smaller than the

separation distance between the PEO chains, allowing diffusion into the brush
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FIGURE 2.2. BSA adsorption on PEO brushes with different chain
lengths: N = 700 (---), 445 (- - -), and 148 (-~ —) (from Currie and
coworkers®?).

and adsorption at the surface. In the case of ’secondary adsorption’, the particle
is bigger than the distance between the PEO chains, so it cannot enter the brush,
but it may adsorb at the brush—solvent interface. Finally, one refers to ’ternary
adsorption’ when the particle can diffuse into the brush where it is ’captured’.
Currie et al. have observed that the adsorbed amount (I') of BSA (bovine serum
albumin) at a PEO brush as a function of the grafting density, displays a maximum
at low grafting density for long PEO chains (N > 148); see figure 2.2.3° This
maximum is explained by the ternary adsorption mechanism, which implies an
attraction between the BSA and PEO. At low grafting densities the BSA molecules
can diffuse into the brush and adsorb at the PEO chains. With increasing grafting
density it becomes more difficult for BSA to penetrate the brush, due to increasing
excluded volume interactions. Therefore the adsorbed amount decreases at higher
grafting densities. Self-consistent-field calculations (nSCF) confirm the observed
maximum, assuming an effective segmental adsorption energy of -0.05 kT per EO
unit.?® The fact that only long PEO chains (N > 148) have a maximum at low
grafting densities, implies that it cannot be due to secondary adsorption, because
secondary adsorption decreases with increasing chain length.”? However, there
might be a contribution of primary adsorption to the observed maximum. The
BSA molecules can diffuse into the brush at low grafting densities, possibly all the

way to the surface, where they adsorb.
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Short PEO chains (N < 148) do not show a maximum at low grafting densities,
because they do not offer enough adsorption sites to enhance protein adsorp-
tion.?" 39 A maximum at low grafting density was also observed for adsorption of
human blood plasma proteins onto PEO brushes (N=700), at 25°C and 37°C,'26
indicating attraction between the blood plasma proteins and PEO. Again, a con-
tribution of primary adsorption could not be excluded from these experiments.

The interaction between PEO and proteins is generally considered to be re-
pulsive.'?Y However, research by Sheth and co-workers, using surface force mea-
surements between the protein streptavidin and a PEO brush, both bound to
mica, provided evidence of subtle attraction between the protein and PEQ.%% 145
Moreover, Abbott and coworkers provided evidence of subtle attraction between
PEO coils and BSA in an aqueous two-phase system.? A quantitative model using
an attractive interaction energy of about 0.05 kT per EO unit was sufficient to
describe the interactions between BSA and PEO coils.

Sheth and co-workers (qualitatively) explained the attraction between PEO and
streptavidin with a change in conformation of the EO segments from a protein-
repellent polar conformation to a protein-attractive apolar conformation.?’ The
change of polar to apolar conformation may be induced by compressing the PEO
layer or raising the temperature. Research by Kreuzer and Grunze on self-assembled
monolayers (SAMs) of ethylene oxide (EO) terminated alkane thiolates revealed
similar results.”® 17 When the EO moieties are in the crystalline helical or amor-
phous conformation, the SAMs are protein repellent. When the EOs in the SAM
are in the all-trans form, proteins adsorb at the SAMs. The protein resistance is
explained by the structure of the water layer at the SAMs: water adsorbs much
more strongly onto the helical or amorphous EO conformation than onto the all-
trans EO conformation. The authors claim that this stable water film prevents
proteins from adsorbing at the SAMs in the helical or amorphous conformation;
the less stable water film at the all-trans EOs results in protein adsorption. How-
ever, this is not yet proven.

All these researches show that the antifouling capacity of PEO brushes cannot
be explained by excluded volume interactions and PEO-protein repulsion alone.
At least conformational changes of the PEO chains, depending on the environ-
mental conditions, have to be taken into account, which may lead to PEO—protein
attraction. Relating to this, the ternary adsorption at PEO brushes at low graft-
ing densities might be induced by the penetrating protein forcing the PEO chains
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FiGURE 2.3. Cartoon of a bimodal brush consisting of PEO4s and
PEO77¢ chains (length of short and long chains not to scale).

to change conformation, thereby forming more apolar, protein adsorbing EO moi-
eties.

The objective of this investigation is to test the antifouling properties of bimodal
PEO brushes by measuring the adsorption of BSA at such brushes. Our aim is to
highlight the ternary adsorption for long PEO chains at low grafting density by
suppressing (possible) primary adsorption. The bimodal brushes consist of long
(N=770) and short (N=48) PEO chains, schematically pictured in figure 2.3.
In our experiments the long PEO/short PEO ratio is varied, keeping the total
grafting density constant. In this way the proximity of the surface is covered with
a dense PEO layer, which should prevent primary adsorption and thereby reduce
the total adsorbed amount. The structure of bimodal PEO brushes has been
investigated using NR and SCF calculations with three different PEO chain lengths
at different ratios of long and short chains and at different grafting densities.*% 4!
The results show distinct regions of short chains (close to the surface) and long
chains (protruding through the proximal layer into the water).

We determined the adsorbed amount of BSA as a function of the grafting den-
sity of the long chains in the brush. The adsorption data for the bimodal brushes
are compared with those for monomodal brushes (with N=770) to demonstrate
a possible contribution of primary adsorption to the maximum in the adsorp-
tion curve for monomodal brushes. Before the bimodal brush experiments were

performed, BSA adsorption onto short (N=48) PEO brushes with varying o was
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studied to ascertain the grafting density yielding minimal BSA adsorption at short
PEO brushes. This o-value is used for the total grafting density of the bimodal
brushes.

The adsorption is measured by optical reflectometry, an in situ method to
determine the adsorbed amount at a solid surface.*>46 The brushes are prepared
by means of deposition of polystyrene(PS)-b-PEO copolymers at a PS surface,
using the Langmuir-Blodgett (LB) technique:'3° first a PEO brush is prepared
at the air-water interface and then transferred to the solid surface. The PS part
of the copolymer serves as an anchor for the PEO chain at the surface through
hydrophobic interaction between the PS surface and the PS block.8¢ This method
provides well-defined, homogeneous, and reproducible polymer brushes at solid
surfaces with tunable grafting densities.?”3% 126 To establish the ’brush-regime’
for the mixtures of long and short PS-b-PEO copolymers, interfacial pressure
(IT) vs. area (A) isotherms of the Langmuir films at the air-water interface were
determined.'!> 112 Results are compared to II — A isotherms of monomodal brushes
(N=48 and N=770). The brushes produced with LB are characterized using
ellipsometry and contact-angle measurements.

2.2. Materials and Methods

2.2.1. Preparation of the Brushes

The adsorption of BSA on the PEO brushes was measured using optical reflec-
tometry. Therefore reflecting silicon wafers were used (Wafernet GmbH, Si(100),
with a SiOg-layer of 2-3 nm), cut in slides of 1 cm x 6 cm. These wafers were
first coated with a PS film after which the (bimodal) PEO brush was transferred
from an air-water interface to the PS-coated wafer, using the LB deposition. The
coating with polystyrene was performed in two steps. First, vinyl-terminated PS
(M,, (weight-average molecular mass) = 2100 Da, M,,/M,, = 1.11 (M,, is number-
average molecular mass, M., /M, indicates polydispersity)), Polymer Source Inc.),
was covalently bound to the silica layer of the wafer.!''® The covalently bound
PS serves as an anchor for an additional layer of PS (M,, = 870 kDa, M,,/M,, =
1.05, Polymer Source Inc.) that was applied by spin-coating, using a 13 g/1 PS

solution in toluene.?®

In this way a stable PS layer of approximately 70 nm, as
measured by ellipsometry, was achieved. This layer thickness is required in the
optical reflectometry experiments to get the optimum sensitivity.46

For the preparation of the (bimodal) brushes using LB, PS-b-PEO copoly-

mers of different PEO chain lengths were utilized, i.e., PSog-b-PEO4s (M,, =
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3000(PS)-2100(PEO) Da, M, /M, = 1.05, Polymer Source Inc.) and PSg7-b-
PEO779 (M, = 3800(PS)-34000(PEO) Da, M,,/M,, = 1.05, Polymer Source Inc.).
These copolymers were dissolved in chloroform at different mixing ratios, with a
total weight concentration of 0.50 g/1. All solvents used were pro analysis grade
(Sigma-Aldrich).

First, II— A isotherms at room temperature were determined, for long and short
PS-b-PEO copolymer and solutions of different mixing ratios of long and short
PS-b-PEO. A measured volume of solution (in the range of 80-120 ul) was spread
with a micro syringe on a clean air-water interface in a Teflon Langmuir trough,
containing ultra pure water (Seralpur Pro 90C, conductivity < 0.055 uS/cm, pH 6)
and equipped with a platinum Wilhelmy plate to measure the interfacial tension
(7). After evaporation of the chloroform, the copolymer film was compressed and
expanded, at a speed of 50 mm? /s, in a number of successive cycles, with 5 minutes
waiting time between compressions and expansions, and the IT— A isotherms were
recorded. The interfacial pressure (II) is the difference between the interfacial
tension of the water (v,,), measured prior to the addition of the copolymer, and
the interfacial tension of the monolayer of the copolymer at the air-water interface
(vp): II = 4 —yp. From these IT— A isotherms the 'brush regime’ was established,
as that range where IT ~ A—5/3 11,112

For the LB transfer, a procedure similar to that for the ’brush regime’ determi-
nation was followed. However, in the second compression the copolymer film was
set to the desired grafting density within the 'brush regime’. A PS-coated wafer
was dipped through the copolymer film, while the interfacial pressure was kept con-
stant, transferring the copolymer chains to the wafer. The transfer ratios (ratios
of area change of copolymer film to area of dipped wafer) obtained for the dif-
ferent wafers were approximately unity, indicating good transfer.'?® The grafting
density for each wafer was calculated from the amount of copolymer added to the
air-water interface and the area of the (compressed) monolayer in the Langmuir
trough at the start of LB transfer. To enhance the attachment of the PS-b-PEO
chains after deposition, the wafers were annealed for 5 min. at 95°C (at the glass
transition temperature of the PS) in an oven, allowing diffusion of the PS-block
of the copolymer into the PS sublayer. After cooling the PS layer becomes glassy
again and the block copolymers are irreversibly attached to the surface.

The brushes were characterized by measuring the thickness of the transferred
PS-b-PEO layer with ellipsometry (Sentech Instruments GmbH). The ellipsometry
measurements were performed at three different spots on the wafer, in air (implying
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that the PEO brush is collapsed). This gives a measure for the amount of PS-
b-PEO transferred to the wafer in LB. Furthermore, advancing contact angles of
a sessile drop of ultra pure water were measured on the PEO brushes (in air) at
room temperature, using a Kriiss microscope. For each wafer, six to eight contact
angles were captured and averaged. For comparison, the contact angle on a wafer

with a PS layer was measured.

2.2.2. Reflectometry

We used an optical reflectometry setup described in detail by Dijt et al. 46
This setup contains a He-Ne laser (monochromatic light, A = 632.8 nm) with
linearly polarized light. The change in polarization upon reflection is measured,
by simultaneously detecting the parallel (R,) and perpendicular (R;) reflectivity,
resulting in a signal S = R,/R,. For each wafer the system was first calibrated
with flowing phosphate buffer to obtain a stable baseline signal (Sp). At to the
adsorption is started by introducing a BSA solution in the cell, by stagnation point
flow, and measuring the change in signal (AS) in real time. Detector sampling time
is 1 s; the flow of BSA solution is set at 1 ml/min. The adsorbed amount (I") can
be calculated from the change in signal (AS) and a sensitivity factor (Q), which
depends on the refractive index and thickness of the layers on the silicon wafer: I' =
Q(AS/Sp), AS =S —Sy. Silicon wafers coated with a PS layer of approximately
70 nm were used. BSA (Sigma, A3912, minimum 96%, M,, = 66 kDa) is a heart-
shaped protein with pl 4.7.26 Tts dimensions in solution (pH 4.5 — 8.0) can be
approximated by a triangle with sides of 8.0 nm and a depth of 3.0 nm.26 BSA
solutions of 50 mg/1 in phosphate buffer of pH 7.00 (Merck, I = 0.148 mol/1) were
used, so the average charge of BSA is negative in the adsorption experiments. All
experiments were performed at room temperature. The occurrence of desorption
was checked by switching from BSA solution to buffer solution after a plateau
value for the adsorbed amount was reached. Desorption will result in a decrease
of the reflectometry signal. The reflectometry measurements were performed in

duplicate or triplicate; the data shown are average values.

2.3. Results and Discussion

2.3.1. Preparation and Characterization of Brushes
Interfacial Pressure—Area Isotherms. Monomodal brush (N=770)
The IT— A isotherms of the PEO77¢ monolayer at the air-water interface are pre-

sented in figure 2.4. II—o ! curves, presented in figure 2.4 as well, are constructed
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FIGURE 2.4. II — A and II — o~ ! isotherms for PS37-b-PEO770 at
room temperature. Three successive compression/expansion curves
are shown: first compression (a), first expansion and second compres-
sion (b), and second expansion and third compression (¢). Compres-
sion/expansion speed is 50 mm?> /s. Waiting time in between compres-

sions and expansions is 5 min. Brush regime is indicated.

from the IT — A isotherms and the amount of copolymer molecules supplied to the
air-water interface. The II—o~! isotherms are similar to those previously reported
by Bijsterbosch et al. 1! and Fauré and coworkers.> The curves show three dis-
tinct regions: at large molecular area (i.e., low o) the interfacial pressure increases
only slightly upon compression until it levels off to a II-value of approximately 10
mN/m at intermediate o. Upon further compression a steep rise occurs in the in-
terfacial pressure at low molecular area. This isotherm shape is interpreted in the
following way:1% 12 when the area per molecule is large, the copolymer molecules
spread onto the surface, and both hydrophobic PS and hydrophilic PEO units
are located at the interface. Surface micelles are formed via self-assembly as de-
scribed by Israelachvili®” and by Eisenberg et al. 323* for different amphiphilic
block copolymers, including PS-b-PEO. With the decrease in area, the PS-b-PEO
molecules start to interact and PEO partly desorbs from the air-water interface

(loops and tails are formed), which is reflected in the rise in pressure. Then, at
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an interfacial pressure of approximately 10 mN/m, the PEO part starts to desorb
completely into the water phase and continues to do so over a considerable range
of o-values, whereby II only slightly increases (’plateau regime’). The plateau
value of 10 mN/m corresponds to the interfacial pressure of a saturated surface
of a PEO solution.?®> Both numerical and experimental isotherms show a contin-
uous increase in II with a decreasing area per molecule in the ’'plateau regime’,
indicating a continuous adsorption-desorption transition.?® As soon as all PEO is
desorbed, the PEO chains are essentially end-grafted at the air—-water interface by
the PS block. Upon further compression the PEO chains have to stretch out from
the surface into the solution, i.e., a polymer brush is formed. This compression
results in a sharp increase of II. The region of sharp increase of II is called the
"brush regime’ (¢~ < 30nm?, indicated in figure 2.4). In the 'brush regime’ the
surface pressure is considered to consist of two contributions: a constant pressure
Mpiatean (0of 10 mN/m) resulting from a monolayer of adsorbed EO segments of
constant density and an increasing surface pressure Il due to the formation of a
brush.?0 In this region IT, ~ ¢°/3. The shape of the II — o~! isotherm as found
by SCF calculations is fully consistent with this scenario.?¢

In figure 2.4, the compression and expansion isotherms coincide. Only at large
area (low o-value) do the curves differ (a-c), probably due to relaxation of the
copolymer layer after a compression/expansion cycle.

Monomodal brush (N=48)

In contrast to the isotherms in figure 2.4, the Il — A (and II — ¢~ 1) isotherms
for the short copolymer in figure 2.5 are rather complicated. Four cycles are
shown. The curves of the second to fourth compression (b) coincide and are
shifted to grafting densities lower than those for the first compression isotherm
(a). The shape of the compression isotherms is similar to that of the isotherms
for PS37-b-PEO77¢ (however, without a ’plateau regime’). In contrast, the expan-
sion curves do not coincide with the compression curves and exhibit a dip at low
area per molecule (c). With increasing number of compression/expansion cycles
the dip becomes less pronounced (c, 1-4). This kind of hysteresis behaviour has
previously been reported in literature for short PS-b-PEO copolymers (PS;7-b-
PEO4g and PS3s-b-PEQg),%%67 but a satisfactory explanation of that effect has
not yet been given. The hysteresis suggests that upon compression some kind of
2D-aggregation of the PSog-b-PEQOyg occurs. For the purpose of preparing PEO
brushes the obtained IT — ¢~ isotherms are sufficient.
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FIGURE 2.5. II— A and II — 0! isotherms for PSog-b-PEQus at room
temperature. Four successive compression/expansion curves are shown:
first compression (a), second to fourth compression (b), and expansions
(c, 1-4). Compression/expansion speed is 50 mm?/s. Waiting time in
between compressions and expansions is 5 min. Brush regime is indi-

cated.

Bimodal brushes

As for the short-chain brush (figure 2.5), we observed a dip in the interfacial
pressure of bimodal brushes upon expansion (figure 2.6), but it was less pro-
nounced, and gradually vanished with increasing ratio of PS37-b-PEO77g to PSag-
b-PEOQ,s (from a to ¢). This indicates that the length of the PEO block relative to
that of the PS block and the average density of the short-chain copolymer which
is reached in compression, are important factors for the observed hysteresis phe-
nomenon. For the purpose of preparing bimodal brushes at a solid surface, the
obtained isotherms are adequate.
Langmuir-Blodgett. In view of the foregoing, some precautions were taken to min-
imize a possible (adverse) influence of the II(o) hysteresis on the preparation of a
well-defined brush on the solid surface. First, LB deposition was carried out only

after the layer was compressed, expanded, and compressed again to a required



24 2. BSA ADSORPTION ON BiMODAL PEO BRUSHES

35

25 L

20; ': L

TT, mN/m

15

10

100 200 300 400 500 600
2
A, cm

FIGURE 2.6. II — A isotherms for bimodal brushes and monomodal
PS29-b-PEO4s at room temperature. Only first expansion curves are
shown: monomodal PS29-b-PEQ4s (a), bimodal with PS29-b-PEQ4s to
PS37-b-PEO770 weight ratio 5:1 (b), and bimodal with PS29-b-PEO4s
to PS37-b-PEO770 weight ratio 1:1 (¢). Compression/expansion speed
is 50 mm? /s. Waiting time in between compression and expansion is 5

min.

value of surface pressure (corresponding to a desired grafting density). The other
precaution was to avoid too high interfacial pressure values, so that there would
be minimal hysteresis in compression/expansion regimes. Furthermore, after the
second compression to the desired o the monolayer was left to relax until a con-
stant surface pressure was reached, enabling controlled LB transfer. Preparation
of short-chain brushes at o values below 0.12 nm~2 did not succeed in complete
transfer, so no adsorption data were obtained below ¢ = 0.12 nm™2.

Characterization of the Brushes. Ellipsometry yielded PS-b-PEO layer thicknesses
ranging between 0.5 and 6.0 nm, the thicker layers being measured for higher val-
ues of ¢ and long-chain brushes. In this way, ellipsometry confirmed a successful
transfer of PS-b-PEO copolymer. The (advancing) contact angles for the bimodal
brushes are presented in figure 2.7A as a function of o77¢, together with the (ad-
vancing) contact angles for the long chain monomodal brush. The advancing

contact angles for PEOyg brushes are shown in figure 2.7B. The contact angles of
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and monomodal PEO77¢ brush (A) and monomodal PEOyg brush (B).
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all the brushes are lower than the measured values on a pure PS film (88.8° +
0.8°), confirming the presence of a PEO layer. In case of the bimodal and long
monomodal brushes (figure 2.7A) the contact angle decreases with increasing o770,
because the number of (water-soluble) long PEO chains per unit surface area in-
creases. However, at high o-values the contact angle leveled off to 65-70°, which
is higher than we anticipated, considering the increasing amount of PEO at the
interface with increasing o. Equilibrium contact-angle measurements by Gombotz
et al. on covalently bound PEO films (side-grafted) at a poly(ethylene tereph-
thalate) surface showed values ranging from 25° to 55°.%° Roosjen and coworkers
prepared PEO brushes by chemical grafting of vinyl-terminated PEOss on glass

and silica.4!

Advancing and receding contact angles of water were determined
at PEO brushes with a grafting density of about 0.6 nm~2. Reported advancing
contact angles are 48° on PEO-coated glass and 36° on PEO-coated silica. Again,
finite contact angles were obtained. The advancing contact angle for PEOys (fig-
ure 2.7B) also leveled off with increasing grafting density, to approximately 70°.
It can be concluded that a PEO brush possesses a finite contact angle for water,

even at high grafting densities (see appendix).

2.3.2. Reflectometry

Adsorption of BSA results in an increase of the reflectometry signal AS. In real
time this signal gradually levels off to a plateau value (steady-state adsorption),
which, for most brushes, was reached within 90 min. At high grafting densities
the adsorption is very slow and a true plateau value could not be reached; the
signal at 90 min is used as an approximate saturation value. As an example a few
reflectometry experiments of BSA adsorption at long PEO brushes are displayed
in figure 2.8. T values, calculated from the change in signal AS, vs. sampling time
are displayed. After reaching the plateau value, the protein solution was replaced
by a pure buffer solution and the reflectometer signal was monitored up to 7 h.
For none of the brushes could any protein desorption be detected.

Monomodal PEO Brush

Results of reflectometry of BSA adsorption on monomodal PEO brushes with
N =48 and N = 770 are presented in figure 2.9. For N = 48 there is a gradual
decrease of adsorbed amount as a function of grafting density. This result is
consistent with other observations for ’short’ PEO chains, e.g., McPherson and
coworkers!'® (lysozyme, Nppo = 75, 98 and 128) and Currie et al. 3° (BSA,
Npgpo = 148). At high grafting density (0 = 0.60nm~2) the adsorbed amount is
reduced by 90%, to approximately 0.10 mg/m?.
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F1GUurE 2.8. Examples of a few reflectometry experiments of BSA ad-
sorption at PEO77¢ brushes: ¢ = 0.00 nm~2 (PS) (o), ¢ = 0.06 nm~?
(A), 0 =0.08 nm™2 (o), and o = 0.17 nm ™2 (A).

BSA adsorption on the long-chain PEO77¢ brushes shows a similar behaviour

as observed by Currie et al. :3°

at low o the adsorption is enhanced, probably as
a result of ternary adsorption and at higher o the adsorption gradually decreases,
due to increasing excluded volume interactions between BSA and PEO chains.

The errors for the adsorption values in figure 2.9 are considerable, especially
at low grafting densities. In reflectometry each measurement is performed at one
single spot of the wafer and duplicate experiments are performed with different
wafers. This might account for the observed variations in the adsorbed amount.
The accuracy of the average adsorption values would increase if more wafers were
used. Nevertheless, our data provide unambiguous trends for T'(o).

Bimodal PEO Brush

Based on the BSA adsorption on PEO,g brushes two types of bimodal brushes
were prepared, with total grafting densities oiotal (= 04s + o770) of 0.30 and
0.50 nm~2 respectively. Hence, they have a dense layer of PEO close to the PS

2

surface with oiota; of 0.30 or 0.50 nm 2. Gyoa = 0.60nm 2 was not attainable

due to a too high IT in the Langmuir trough.
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FIGURE 2.9. BSA adsorption onto PEO4s and PEO77p monomodal
brushes as a function of the grafting density. Average measured values

are shown, including calculated error bars and trend lines: PEOz7¢
(7A7) and PEO48 (fo)

From figure 2.9 it can be concluded that for the PEO,g brushes the adsorbed
amount at o = 0.30 nm~2 is 0.55 mg/m? and at o = 0.50 nm~? it is 0.20 mg/m?.
Based on this, one expects for the bimodal brushes with cyota; = 0.50 nm™2
strongly suppressed primary adsorption (< 20%). For the bimodal brushes with
Ttotal = 0.30 nm~2 the primary adsorption will be < 55%.

Figure 2.10 displays the BSA adsorption on bimodal PEO brushes as a function
of the grafting density of the long PEO chain (o779) for the two total grafting
densities, together with data for the monomodal PEO77¢ brush. The adsorption
data for the bimodal brushes are very similar to those for the monomodal PEO77
brushes. In both cases there is a maximum at low grafting densities and a gradual
decrease at higher grafting densities. Also, the maximum adsorption values are
very similar, although the maximum for the bimodal brushes is shifted to a lower
grafting density (0.03-0.05 nm~2) compared to the monomodal brush (0.06 nm~2).
This can be due to extended stretching of the long chains of the bimodal brush
at low grafting density, imposed by the dense short-chain layer near the surface
as described by Currie and co-workers.?? 4! It would yield more sites at the long

chains available for adsorption and therefore more ternary adsorption at lower
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grafting density, compared to the monomodal PEO77g brush. This corresponds to
the observed increasing maximum with increasing chain length of PEO (increasing

39 as well

number of adsorption sites), both experimental as with SCF calculations,
as the observed shift of the maximum to lower grafting density (increasing osmotic
penalty with increasing chain length).?”

From the similar maximum values for BSA adsorption at the bimodal and
monomodal PEO77¢ brushes it can be concluded that the contribution of primary
adsorption to the total adsorption of BSA on PEO77g brushes is negligible. If
there were primary adsorption at low o, then this primary adsorption would be
suppressed by the dense PEQyg layer at the surface in case of the bimodal brushes.
Accordingly, the adsorption curves for the bimodal brushes in figure 2.10 should
display (much) less adsorption at the maximum than the adsorption curve for the
monomodal brush. This is not the case. This suggests the following scenario: at
low grafting densities the BSA can penetrate the brush, but it presumably does

not reach the PS surface. The observed maximum can only be explained with
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adsorption at the long PEO chains (ternary adsorption). Because no desorption
was detected during 7 h of washing with buffer, the BSA is not kinetically "trapped’
in the grafted PEO layer and the attraction between BSA and PEO is substantial.

Probably a preferred orientation of the BSA molecules is required to allow them
to penetrate the brush. BSA is a heart-shaped protein which can be approximated

to a triangle with sides of 8.0 nm and a depth of 3.0 nm.?8

At low o770 (=
0.05 nm~2), where the maximum adsorbed amount is observed, the area between
the PEO chains (= 1/0 ~ 20nm?)is comparable to the area occupied by a BSA
molecule in an end-on orientation (24.0 nm?). Furthermore, from light-scattering
and electron spin resonance data a hydrodynamic radius of 2.64 nm has been
inferred for BSA.26 The cross-sectional area of a BSA molecule calculated from
the hydrodynamic radius is 21.9 nm?, again comparable to the area between PEO
chains at the observed maximum. This suggests that the BSA penetrates the brush
in an end-on orientation, where it is 'captured’ inside eventually. The adsorption
at the PEO chains might be due to conformational changes of the EO units,
caused by the penetrating protein. This conformational change results in more
apolar/protein adsorbing EO moieties. At higher grafting densities the brush
becomes more dense, inhibiting the penetration of BSA, due to excluded volume
interactions between the (long) PEO chains and the BSA, a ’squeezing out’ effect
anticipated in ref.3?

Atomic Force Microscopy (AFM) (images not shown) of bimodal brushes re-
vealed the possible existence of domains with an excess of long respectively short
PEO chains, in contrast to monomodal brushes which provide homogeneous
brushes.?”-4%:5% This inhomogeneity of the bimodal brushes might contribute to
the observed shift of the maximum to lower o. Moreover it may cause variation in
the adsorbed amount between different wafers with brushes of the same (average)

grafting density.

2.4. Conclusions

Bimodal brushes consisting of PEOgsand PEO77¢ demonstrated similar BSA
adsorption behaviour as monomodal PEO77y brushes: a maximum in the low
grafting density regime and a subsequential gradual decrease at higher grafting
densities. The maximum in BSA adsorption at low grafting density is ascribed
to ternary adsorption, because the contribution of primary adsorption can be

neglected and no desorption could be detected, indicating an attraction between
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the BSA and PEO chains. This supports the conclusions made by Currie et al.
based on experimental data and SCF calculations.3’

The possible inhomogeneity of the bimodal brushes is still under investigation.
The observed hysteresis phenomena of the interfacial pressure will be analyzed in
more detail in the General Discussion. The length of the PEO block relative to
that of the PS block and the average density of the short-chain copolymer seem

to be the important parameters.
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2.5. Appendix

Since the publication of this chapter in the J. Colloid Interface Sci. in 2005 a
number of research results were published that are relevant to the content of this
chapter. The main features will be mentioned here, together with the consequences
for the preparation of bimodal PEO brushes and the adsorption of BSA at these
brushes.

2.5.1. Ternary Adsorption Theory

Halperin and coworkers” studied the primary versus ternary adsorption of pro-
teins onto PEO brushes using a scaling theory, in the weak adsorption limit. The
protein adsorption is considered a reversible process and the focus is on the equi-
librium situation. In their discussion they use the simple Alexander model for

6 They compared the expressions for the adsorption isotherms with ex-

brushes.
perimental data. One of their conclusions is that BSA adsorption at long PEO
brushes (as an example they use N=770) can be described by pure ternary ad-
sorption and that a maximum in the adsorbed amount is observed as function of
the grafting density. They used the data of BSA adsorption at PEO77o brushes
presented in this chapter (fig 2.9) to fit their scaling expressions. According to
Halperin et al. the measured I' values incorporate contributions due to primary
adsorption, however for these long PEO chains the ternary adsorptions is domi-
nant. More recently Halperin et al. * analyzed the ternary protein adsorption

onto brushes using a SCF theory and comparing two ternary adsorption modes:
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weak, due to nonspecific weak attraction between polymer segments and the sur-
face of the protein (e.g. BSA) and strong, due to strong binding of polymer
segments to specific protein sites as it occurs in antibodies. Again, a maximum
in I" is exhibited as function of o, for both weak and strong attraction. Further-
more, the concentration profile of adsorbed proteins displays a maximum at some
distance away from the solid surface that shifts outwards as o increases. These
conclusions confirm the ternary adsorption mechanism proposed in this chapter.
Although there are some different assumptions between the scaling theory and
SCF theory of Halperin et al. and the nSCF theory of Currie and coworkers, they
yield similar results, e.g. the observed maximum and an attractive interaction en-
ergy between BSA and PEO of 0.05 kT per EO unit that can describe the ternary

adsorption.

2.5.2. Contact-angle Measurements

Water contact-angle measurements were used to characterize the PEO brushes,
as a means of determining the presence of PEO at the solid surface and to in-
dicate the grafting density of PEO. The results were presented in figure 2.7. It
shows that at high o-values the contact angle leveled off to 65-70°, thus, the PEO

brush possesses a finite contact angle for water. Cohen Stuart et al. 3°

explained
this, using SCF calculations and experiments for water contact angles at PEO
brushes, as being typical behaviour for wetting of a polymer brush by a good sol-
vent. Grafted chains adsorb at the solvent—air interface, forming a bridge between
the solid surface and the solvent—air interface, thereby preventing the droplet to
spread. Therefore, even at high grafting densities of a hydrophilic polymer, a fi-
nite contact angle of water is observed. Consequently, the use of contact-angle
measurements to determine the grafting density of a polymer brush at a solid sur-
face is erroneous. An accurate way e.g. is to calculate o from the measured layer

thickness in a dry state with ellipsometry.

2.5.3. LB Deposition

The most important discovery concerning our BSA adsorption on bimodal PEO
brushes study was made by de Vos.'®* He studied the production of PEO brushes
via LB deposition on PS surfaces applying PS-b-PEO with various PEO chain
lengths, similar to the method described in this chapter. He observed an incom-
plete transfer of the PS-b-PEO copolymers to the PS-coated surface by deter-
mining the transfered amount with ellipsometry. The extent of transfer proved

to be dependent on the ratio of the PEO to PS chain length of the copolymer.
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For PS35-b-PEO145 the mass transfer is 94%, for PS3s-b-PEQO37¢ the transfered
amount is 57%, while for the longest PEO chain length, PS37-b-PEO77¢, a transfer
of 19% is obtained. This reduced mass transfer is attributed to a competition for
the PS surface between the PEO block and the PS block, since both PS and PEO
can adsorb at a PS surface. Adsorbed PEO blocks act as a kinetic barrier for the
adsorption of a PS block. The longer the PEO compared to the PS chain, the
less chance the PS block has of strongly attaching to the PS interface, the less
the transfed amount. Additional research by de Vos demonstrated that applying
the Langmuir-Schaefer (LS, horizontal) deposition resulted in much higher mass
transfers compared to the LB method.

The consequence of this discovery is that the PEO brushes described in this
chapter are much diluter than anticipated. The grafting densities of the prepared
brushes have to be corrected. The o of the monomodal PEO77q brushes is corrected
with 19%, because the same PSs7-b-PEO77¢ copolymer was used as de Vos.'64
For the monomodal PEO,g brushes the PS and PEO block are of comparable size
(PS29-b-PEQO4g) and in addition, the PEO block is much smaller than the smallest
studied by de Vos (PS36-b-PEO143), that showed 94% transfer. Therefore a 100%
transfer is assumed for the monomodal PEQOyg brushes and no correction of o
is needed. Considering no data are available on the transfer efficiency of the LB
deposition of bimodal brushes of PEO77y and PEQyg chains, we assume the tranfer
of the long chains of the bimodal brush (PS37-b-PEO~77¢) to be equal to that of
the monomodal PEO77g brush, i.e. 19%. It is likely that the large PEO chains of
the bimodal brush (partly) adsorb at the PS surface, in a simalar way as the PEO
chains of the monomodal PEO77g brush. The adsorbed PEO forms a barrier for
the PSog-b-PEOy4s chains to reach the PS surface, hence, the transfer of PSog-b-
PEO,g in the bimodal brush is less than 100%. The exact values of the transfer
of long and short chains in the bimodal brush need to be studied.

The implications for the adsorption of BSA at the monomodal and bimodal
brushes are as follows. The data for BSA adsorption at monomodal PEO,g in
figure 2.9 do not change, the I'(0) curve for monomodal PEO77y in figure 2.9
shifts to much lower o (figure not shown). The corrections of the adsorption data of
figure 2.10, for both bimodal PEO brushes and monomodal PEO~77(, are presented
in figure 2.11. It clearly shows the considerable shift of the curves to lower o,
compared to figure 2.10. Explaining the corrected data is not straightforward.
The brushes used in the adsorption experiments proved to be very dilute (o770 <
0.03 nm~2), in such a way that part of the grafted PEOy7¢ layers used is in
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FIGURE 2.11. Corrected BSA adsorption data onto bimodal brushes
for two different total grafting density. Data for monomodal PEOz7
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(—A—), and monomodal PEO77¢ brush (- -x- -).

the mushroom regime. It is most certain that adsorbed BSA can penetrate the

PEO layers and some of it might even reach the PS surface. In case of monomodal

PEO77¢ it can adsorb at the surface, in case of the bimodal brushes it might adsorb

at the PS surface as well, because the grafting density of the PEO,g at the surface is

lower than anticipated. Consequently, primary adsorption (reasonably) did occur

in the reflectometry experiments. However, after correction of the reflectometry

data, still a maximum in the adsorbed amount is observed as function of the

grafting density, for monomodal and bimodal brushes, with a maximum exceeding

the adsorption value at a bare PS surface. This phenomena can only be explained

by a ternary adsorption mechanism. Therefore, the main conclusion of this chapter

is maintained.
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3.1. Introduction

Biofouling is the undesired accumulation of biological substances at surfaces and
occurs on solids exposed to biological fluids such as blood, urine, saliva, tear fluid,
milk, fruit juices and seawater. It is usually initiated by protein adsorption and
causes many problems in medical applications (such as implants), food technology
(pollution of processing equipment), and water processing. Research has shown
that coating surfaces with hydrophilic polymer brushes can prevent or reduce pro-
tein adsorption and hence retard biofouling.'%% '8 So far, these brushes usually
consist of flexible, synthetic polymers, often based on poly(ethylene oxide) (PEO).
In biological systems the use of natural polymers may be preferred and polysac-
charides seem to be the most plausible candidate. In nature polysaccharides can
be found in extra-cellular polymer layers and in the glycocalyx of biomembranes,
having the function to prevent non-specific adsorption of for example proteins.® 89

Polymer brushes can be prepared by physical adsorption or by chemical grafting.
Physical adsorption can be performed either from a polymer solution or by using
the Langmuir-Blodgett technique.!!?

The object of the research presented here was (1) to synthesize and characterize
linear polystyrene—polysaccharide diblock copolymers and (2) to study the inter-
facial behaviour of these copolymers at the air—water interface. The copolymers
will be used in future research to prepare polysaccharide brushes at a solid sur-
face, with the Langmuir-Blodgett technique, and subsequently to perform protein
adsorption experiments. The polystyrene (PS) block of the copolymers serves as
an anchor for the polysaccharide block at the air—water interface. Moreover, the
PS block will be the adsorbing part of the copolymer when brushes are prepared
at a solid surface.

Copolymers can be synthesized in different ways. One possibility is to cou-
ple different small oligomers and then to grow the chains by polymerization, e.g.
Kobayashi.”® Another route is to first synthesize one of the blocks, then couple it
to another type of monomer and polymerize the second block, for example Loos!%®
and Ziegast.!™ A third way is to polymerize blocks separately and then perform
a coupling reaction between them, e.g. Xie.!™ In the present study the last ap-
proach (coupling of prefabricated blocks) was used to couple polysaccharides to
amino-terminated PS. In the context of a comparative study different polysaccha-
rides were used (dextrans and maltodextrins) with various chain lengths. Dextrans
(mainly) consist of a(1 — 6)-linked glucosyl units, maltodextrins of a(1 — 4)-

linked glucosyl units.
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The copolymers were analyzed using IR spectroscopy. To characterize the in-
terfacial behaviour and investigate the possible application as brush material, a
monolayer of these polymers was spread on an air-water surface in a Langmuir
trough. PS does not dissolve in water and serves as an anchor for the polysac-
charide chain, preventing the copolymer from dissolving in the water phase. The
interfacial pressure as a function of the surface area was measured during sequen-

tial compressions and expansions.

3.2. Experimental

3.2.1. Synthesis

All solvents were purified by conventional methods. Dextrans (weight-average
molecular mass (M,,) 1500 Da, 6000 Da, 9500 Da and 15000-20000 Da (Fluka)),
and maltodextrins (Paselli MD 20, number-average molecular mass (M,,) approxi-
mately 850 Da and Paselli MD 6, M,, about 2800 Da (AVEBE)) were used without
further purification. The Paselli-type maltodextrins are characterized by the DE
value, the dextrose equivalent (20 and 6, respectively). This DE value corre-
sponds to a number-average molar mass (M,, = (100/DE) « Mgycosyi (= 162Da)).
Maltoheptaose, a maltodextrin, (M, 1150 Da) was kindly provided by Lorant
Janossy (Institute of Biochemistry, University of Debrecen, Hungary). Glucose
(Merck) was used to test the reaction. Amino-terminated PS (M,, 12300 Da,
My, /M, = 1.02, (M, /M, is a measure of polydispersity)) was purchased from
Polymer Source Inc., and used without further purification. IR spectra were
recorded on a Bio-Rad spectrometer using Win-IR software.

The coupling reaction was performed under the following general conditions:
20 mg sodium cyanoborohydride (NaCNBH3), as reducing agent, was added to a
mixture of amino-terminated PS and polysaccharide dissolved in the appropriate
solvent (N, N-dimethylformamide (DMF) or DMF /water). The reaction mixture
was stirred for 7 days at 60 °C, and NaCNBH;3 (20 mg) was added every day.
Subsequently the mixture was cooled to room temperature and diluted with water
(100 ml) to form a precipitate. The precipitate was filtered and washed several
times with cold water to remove the excess polysaccharide. Afterwards the pre-
cipitate was dried in a vacuum desiccator (with P2Oj5) to obtain the copolymer as
a white powder.

In table 3.1 the reaction mixtures and yields of the coupling reaction of the
different polysaccharides are summarized. The yield, in wt%, is based on the mass

of polystyrene derivative before and after reaction.
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Polysaccharide Molar mass [Da] | Polysaccharide [g] | PS [mg] | Solvent Yield" [wt%]
Glucose 180 2.0 100 DMF (10 ml) 95
Maltodextrin MD20 | 850 (M,,) 1.0 100 DMF (25 ml) 90
Maltoheptaose 1150 (M,,) 2.0 200 DMF (35 ml) 90
Maltodextrin MD6 | 2800 (M, 4.0 100 DMF /water 30/1 (31 ml) | 85
Dextran 1500 (M,,) 1.2 100 DMF /water 30/1 (31 ml) | 80
Dextran 6000 (M,,) 4.8 100 DMF /water 50/3 (53 ml) | 75

“ Yield (in wt%) is based on the mass of polystyrene derivative before and after reaction.
TABLE 3.1. Reaction mixtures and reaction yield of the polysaccharides.

3.2.2. Interfacial Pressure

The interfacial pressure (IT) versus area (A) isotherms of PS-b-Dextrans and
PS-b-Maltodextrins at the air-water surface were determined in a Teflon Langmuir
trough with a computer-controlled barrier. The interfacial pressure was measured
continuously using a platinum Wilhelmy plate. Ultra pure water (specific conduc-
tivity < 0.05 uS/m, pH 6) was used for the water phase and chloroform (Sigma) was
used as spreading solvent. The concentration of the copolymer solutions ranged
between 0.25 and 1.00 g/1, depending on the solubility of the copolymer. A small
amount (100 to 400 ul) of the copolymer solution was spread drop wise with a
micro syringe. After allowing the chloroform to evaporate (5 minutes), the TI-A
measurement was started. The copolymer monolayer was compressed from 600
to 80 cm?. The compression speed was 30 mm? /s, unless mentioned otherwise.
The measurements were performed at constant room temperature. Several succes-
sive compression and expansion cycles were performed with varying time intervals
between expansion and compression. Reproducibility of the interfacial pressure
isotherms was verified by performing experiments in duplicate. ITI-A isotherms
of the two separate polymer blocks (PS and the different polysaccharides) were
recorded for comparison with the isotherms of the copolymers. The PS used (M,
= 13700 Da, without amino end group) was purchased from Aldrich. The Trurnit
method was applied for spreading of the water-soluble polysaccharides with ultra
pure water as spreading solvent.!? The obtained isotherms are presented as in-
terfacial pressure (II) versus area per molecule (0~ !) isotherms (o is the polymer
grafting density). The area per molecule (0 ~1) was calculated from the amount of
copolymer added to the air-water interface (V x C, V is the volume added, C' is

the copolymer concentration) and the area (A) of the (compressed) monolayer in

AXM

: R
the Langmuir trough: 07" = = N

(M is the molar mass of the copolymer,
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FIGURE 3.1. Synthesis of polystyrene-dextran block copolymer:
amino-terminated polystyrene reacts with dextran, in the aldehyde end
group isomer (not shown), with sodium cyanoborohdride as reducing
agent (n=7 or 35, m = 120).

N4, is Avogadro’s number). The glycerol used in the hysteresis experiment was
obtained from J.T. Baker.

3.3. Results and Discussion

3.3.1. Synthesis

The synthesis strategy was based on a coupling reaction between a polysac-

charide and amino-terminated PS.107.108

In figure 3.1 the coupling reaction is
illustrated for dextrans and amino-terminated PS. Conventional reductive ami-
nation was chosen to couple the two blocks, with sodium cyanoborohydride as a
reducing agent.'® Polysaccharides have two structural isomers, one containing a
glucosyl end group and the other containing an aldehyde end group. The isomer
containing the aldehyde end group reacts with the amino-terminated PS. Each

polysaccharide chain contains only one aldehyde end group. Consequently, each
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polysaccharide chain reacts with only one amino-terminated PS chain, resulting
in only linear diblock copolymers. The different polysaccharides used varied in
linkage type and molecular weight. Glucosyl a(1 — 4)-linked maltodextrins and
a(l — 6)-linked dextrans were investigated.

To test the reaction, glucose was coupled to the polystyrene, dissolved in DMF.
Subsequently the maltodextrins and dextrans, mentioned in table 3.1, were coupled
to the polystyrene. The coupling reactions were performed in DMF in the case
of Maltodextrin(850) and Maltodextrin(1150) or in DMF /water mixtures in the
case of Maltodextrin(2800), Dextran(1500) and Dextran(6000). The choice of
reaction solvent(s) proved to be very critical with respect to the solubility of the
reacting polymers and consequently the conversion. Adding water isolated the
synthesized copolymers. A white precipitate was formed, which was purified by
extensive washing and filtering, to remove remaining unreacted polysaccharide.
Afterwards, the precipitate was dried in a vacuum desiccator and characterized
by IR spectroscopy. The synthesized copolymers were used for interfacial pressure
measurements without further purification. To achieve high conversion of the
amino-terminated PS, large excesses (50-100 eqv.) of polysaccharides were used
combined with a long reaction time (7 days). The yield of reaction was 75 to 95
wt% (see table 3.1). During purification of the precipitate, some of the copolymer
is lost, which contributes to yields of less than 100%. The presence of uncoupled
amino-terminated PS in the products can be excluded, because of a ninhydrin
test performed on the products showing negative results (no presence of primary
amine).

Figure 3.2 shows the IR spectra of the carefully dried starting compounds and
the product obtained upon coupling PS with Dextran(6000). The broad peak
between 3600 and 3100 cm ™! for dextran in figure 3.2 illustrates the OH vibration
of the OH groups of dextran. The sharp peaks at 1500 to 1600 cm™' for PS
indicate the C=C vibrations of the aromatic ring. Both peaks can be found in the
copolymer (PS(12300)-b-Dextran(6000)), indicating the presence of OH groups
and aromatic rings in the formed product. Because of the intensive washing,
the presence of remaining uncoupled polysaccharide is unlikely. Hence, it can be
concluded from the IR spectra that the coupling reaction between PS and dextran
was successful. IR spectra of the other synthesized copolymers exhibit similar
results (data not shown).

Attempts to couple longer dextrans (M,, 9500 Da and M,, 15000-20000 Da) with
the same PS and using the same method and several different solvent systems were
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FIGURE 3.2. Transmission IR spectra (KBr,700-4000 cm™' region)
of amino-terminated polystyrene (top), Dextran(6000) (middle) and
PS(12300)-b-Dextran(6000) (bottom).

not successful (data not shown). For the synthesis of these longer copolymers a

different approach is required.

3.3.2. Interfacial Pressure
Interfacial Pressure Isotherms and Scaling Relationships. All isotherms were recorded
in duplicate and proved to be reproducible. Figures 3.3 and 3.4 display the in-
terfacial pressure (II) of the individual polysaccharides and PS as a function of
the area per molecule (¢71). The interfacial pressure of the polysaccharides levels
off at low 0!, the value being dependent on the length of the polysaccharide:
< 0.7 nm? /molecule for Dextran(6000) down to < 0.05 nm?/molecule for glucose
(see figure 3.3). It indicates that at this compression level the polysaccharides are
pushed into solution. The leveling off starts at almost identical values of II for all
the polysaccharides, i.e. 16 mN/m. Hence, the saturated interfacial pressure of a
monolayer of the polysaccharides used is approximately 16 mN /m.

PS can be compressed up to high interfacial pressures (see figure 3.4). PS
is not forced into solution at pressures < 30mN/m, which is plausible because
of the insolubility of PS in water. As PS has no hydrophilic group, the surface

pressure measured is not a true surface pressure but an apparent one, originating
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FicUre 3.3. Interfacial pressure — area per molecule isotherms
for various polysaccharides at room temperature. Glucose (—e—),
Maltodextrin(850) (--- o ---), Maltodextrin(1500) (-00-), Maltodex-
trin(2800) (--- A ---), Dextran(1500) (—M-) and Dextran(6000) (—A-).

from a mechanical resistance (during compression) instead of a decrease in surface
tension.!% The IT — 0 ~! curves of PS also demonstrates that there is a difference
between successive compression/expansion cycles. This will be further discussed
in section 3.2.2.

Figure 3.5 gives the interfacial pressure isotherms of PS(12300)-b-Dextran(6000).
The first compression isotherm exhibits a pattern generally observed for monolay-
ers of amphiphilic block copolymers.!1:36:112:114 At Jarge area per molecule the
polysaccharide block is adsorbed at the air-water interface (a in figure 3.5). The
PS block is in the collapsed state. Upon compression the molecules are forced
into contact and the interfacial pressure starts to increase. The increasing pres-
sure leads to desorption of dextran from the surface (b), ’loops’ and ’tails’ are
formed.?® The onset of the interfacial pressure increase, at 12.0 nm?/molecule is

indicated by o, ! in figure 3.5.
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FIGURE 3.4. Interfacial pressure — area per molecule isotherms for
PS(13700) at room temperature. Successive compression and expan-
sion curves: first compression (-B-), first expansion (-J-), second
compression (—A—), second expansion (—A—) and third compression (-
v-).

Between 8.0 and 5.5 nm? /molecule the interfacial pressure increases very gradu-
ally and assumes a quasi-plateau value of 11-16 mN/m. In this region the dextran
chains stretch out into the water phase to form a polymer brush (¢). The main
contribution to the interfacial pressure in this region results from the interacting
dextran chains in the air—-water surface, corresponding to the saturated interfacial
pressure of dextran (16 mN/m, see figure 3.3). The PS block of the copolymer, at
the air-water interface, prevents the dextran chains from dissolving in the water
phase. At approximately 5.5 nm?/molecule all dextran chains are desorbed from
the interface. Additional compression causes a sharp increase of the interfacial
pressure, due to the repulsive interactions between the dextran chains in the poly-
mer brush (d). At II = 45 mN/m the monolayer collapses at an area of nearly 3
nm? /molecule (e). The different conformations of the copolymer at the interface

are drawn schematically in figure 3.6, corresponding to a — e in figure 3.5.
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FicUrRE 3.5. Interfacial pressure—area per molecule isotherms for
PS(12300)-b-Dextran(6000) at room temperature. Successive compres-
sion and expansion curves: first compression (—Ml-), first expansion (—
[0-), second compression (—A—), second expansion (—A—) and third com-

pression (—4-).

The expansion isotherms and the second and third compression isotherm do
not coincide with the first compression isotherm, indicating that during compres-
sion/expansion equilibrium is not attained. This hysteresis will be discussed in
more detail in section 3.2.2.

For a polymer brush in a good solvent the conformation is determined by a
balance between the segment-segment excluded volume interactions, causing the
chains to stretch, and the entropic cost of this stretching, causing the chains to
contract. Polymer brush models describe the relation between the interfacial pres-
sure of a brush (II;), the chain length (N) and the grafting density (o). Accord-
ing to the Alexander-de Gennes model the pressure scales as II, ~ Ng11/66,64
Analytical and numerical self-consistent-field (SCF) models predict a scaling of
I, ~ Ng®/336.119.174 Ip figure 3.7 the first compression isotherm of the Dex-
tran(6000) brush is plotted as InIl, versus Ino~!) for the brush regime (region d

in figure 3.5). I = II — IIpjateau, Hplateau 1S the saturated interfacial pressure of a
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FicUre 3.6. Conformations of PS-b-Dextran at the air—water inter-
face: adsorbed at the interface (a), desorption from the interface (b),
polymer brush formation (c), compression of the polymer brush (d),

and collapse of the monolayer (e).

Dextran(6000) monolayer, with a value of 16.0 mN/m, as mentioned before. Lines
corresponding to power laws of 11/6 and 5/3 are drawn for comparison. Figure 3.7
demonstrates that for sufficiently dense brushes the scaling behaviour approaches
predicted power laws, even though the dextran chain is relatively short. The scal-
ing exponent at high grafting densities is approximately 2.2, somewhat higher than
predicted by the polymer brush models. Variation of Il jatcan between 11.0 and
17.0 mN/m showed only a slight change in the scaling exponent of II, (data not
shown). Corrections, by assuming 25 wt% unreacted PS and consequently lower
grafting densities, results in a scaling exponent of about 1.8, which is in good
agreement with the predicted power laws. However, 25 wt% unreacted PS is over-
estimated. The yield of less than 100% is also caused by loss of copolymer during

purification (see section 3.1). To verify whether the polymer brush models are
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FIGURE 3.7. Interfacial pressure of Dextran(6000) brush (II;) vs area
per molecule (¢~ !). Experimental (-B-), Alexander-de Gennes model

(scaling exponent 11/6) and SCF model (scaling exponent 5/3).

PS-b-polysaccharide Hplatean [MN/m] | oyt [nm? /molecule]
PS(12300)-b-Glucose 16° 8.2
PS(12300)-b-Maltodextrin(850) | 18% 6.5
PS(12300)-b-Maltodextrin(1150) | 17¢ 6.2
PS(12300)-b-Maltodextrin(2800) | 17¢ 5.9
PS(12300)-b-Dextran(1500) 16 8.0
PS(12300)-b-Dextran(6000) 16 12.0

@ The values of ITjjateau for PS(12300)-b-Glucose and the PS(12300)-b-Maltodextrins

are average values of II in the semi plateau region.
TABLE 3.2. Iatean and o, ! values of different PS-b-polysaccharides
determined from interfacial pressure isotherms.

applicable for polysaccharide brushes, a broader range of copolymers with longer
polysaccharides is needed.

The other synthesized copolymers, PS(12300)-b-Dextran(1500) and the PS(12300)-
b-Maltodextrins, show interfacial pressure isotherms similar to those of PS(12300)-
b-Dextran(6000), including hysteresis. However, the values of o, ! are different,

as shown in table 3.2. The Il,jatcau-values seem to be rather constant, indicating
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a uniform saturated interfacial pressure for the different polysaccharides. More-
over, the semi plateau regime of PS(12300)-b-Dextran(1500) is smaller than that
of PS(12300)-b-Dextran(6000) and the PS(12300)-b-Maltodextrins do not have
pronounced plateau behaviour at all; the I jatean values of the PS(12300)-b-
Maltodextrins in table 3.2 are average values of II in the semi plateau region.
These differences are in accordance with previous research on amphiphilic block
copolymers with varying hydrophilic block lengths (e.g. PS-b-PEO by Bijsterbosch
et al. 11). Considering the range of the semi plateau regime, it was associated with
the length of the hydrophilic block of the copolymer: the longer the hydrophilic
block length, the more time it takes to completely desorb the polymer chain from
the air—water surface upon compression, and the broader the semi plateau regime.

The differences between the o !-values in table 3.2 are due to differences in
polysaccharide type and chain length: for longer polysaccharides the onset of the
interfacial pressure increase starts at higher values of 0 ~!, because larger molecules

start to interact at larger area per molecule.

Hysteresis; Chain Interactions and Time Dependency

Compression of PS-b-PEO77g copolymer at the air-water interface shows no
hysteresis'? (see figure 2.4, chapter 2). PEO is a very flexible polymer and accord-
ingly adsorbs and desorbs rapidly at the surface.'?® In case of PS-b-polysaccharide
copolymers hysteresis is observed in the interfacial pressure isotherms. This may
be due to loss of copolymer from the monolayer, or it may be an intrinsic prop-
erty of the monolayer itself.!!? To discriminate between these two possibilities,
compression/expansion cycles were performed with PS(12300)-b-Dextran(6000),
where time intervals in between cycles as well as the compression rates were var-
ied. The time interval, the time between completion of the expansion and start of
the compression, ranged from 0 to 900 minutes. The compression rate was varied
from 5 to 100 mm?/s. The difference between the onset area values (o, !) of the
first and second compression isotherm (Ao ') can be considered a measure for
the hysteresis.

The values of Ao, ! are presented as function of the time interval in figure 3.8.
Figure 3.9 displays the Ao, !-values as function of the compression rate. When
the time interval is increased or the compression rate decreased, the hysteresis
diminishes (Ao, ! decreases). This is also reflected in a less dramatic drop of
IT upon expansion (data not shown). It suggests that, during expansion and

compression, the dextran chains need some time to adsorb and desorb, respectively,
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FIGURE 3.8. Influence of time interval (between expansion and
compression) on hysteresis in the interfacial pressure isotherm of
PS(12300)-b-Dextran(6000): experimental (o) and exponential curve

fit (—), with relaxation time of 85 min. (Ao, !, see text).

from the air—water interface and adapt to a more favourable conformation. Fitting
of the data in figure 3.8 to an exponential relaxation function results in a relaxation
time of 85 minutes (indicated in figure 3.8). Apart from the time dependency of
the hysteresis, the results in both figure 3.8 and 3.9 show a time independent
hysteresis of Ao, ! ~ 1.5 — 1.8 nm?/molecule. This indicates a permanent change
in the structure of the copolymer or loss of copolymer during the experiment. The
latter is less likely, because of the (large) PS block keeping the copolymer at the
air-water surface.

To explain the behaviour of monolayers of PS-b-Dextrans and PS-b-Maltodextrins
upon compression and expansion we consider the mutual interactions between the
PS chains and the polysaccharide chains and the interaction of the polysaccha-
ride chains with water. Dextrans and maltodextrins are rather stiff molecules
compared to flexible molecules like PEO; desorption from and adsorption at the

air—water surface is therefore presumably slow in comparison with PEO. This
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FIGURE 3.9. Influence of compression rate on hysteresis in the inter-
facial pressure isotherm of PS(12300)-b-Dextran(6000) (M) (Ao, !, see
text).

probably leads to the observed hysteresis in the interfacial pressure isotherm (fig-
ure 3.5). Furthermore, the hydroxyl groups of the polysaccharide chains may
form H-bonds between neighbouring glucosyl units of the same chain or neigh-
bouring polysaccharide chains.?” In addition, H-bonds can be formed with water
molecules, where water molecules can be shared by hydroxyl groups of adjacent
polysaccharide chains.?” These H-bonds contribute to the stiffness of the chains
and support aggregate formation. Upon expansion these aggregates break up only
slowly, because it requires activation energy.

Kumaki demonstrated that monolayers of PS at an air—water interface may
also aggregate.!? Upon compression the PS particles tend to rearrange and form
aggregates, which do not, or only partially, break up during expansion. This causes
a shift of the second and following compression cycles towards lower values of o1,
which can also be seen in figure 3.4.

As judged from figure 3.5 the influence of the interactions between the polysac-
charide chains dominate the interfacial pressure behaviour of the block copoly-
mers. This is illustrated by the extent of hysteresis between PS (figure 3.4) and
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FicUreE 3.10. Interfacial pressure—area per molecule isotherms for
PS(12300)-b-Dextran(6000) with 2.5 wt% glycerol in water phase, at
room temperature. Successive compression and expansion curves: first
compression (M), first expansion (—J-), second compression (—A—),

second expansion (—A-) and third compression (—4-).

PS(12300)-b-Dextran(6000) (figure 3.5). In figure 3.10 another set of interfacial
pressure isotherms is presented for PS(12300)-b-Dextran(6000) with 2.5 wt% glyc-
erol added to the water phase. Glycerol is known to form H-bonds with carbo-
hydrates, thereby preventing the formation of intra- and inter-molecular H-bonds
in carbohydrates, and hence, serves as a plasticizer in carbohydrate-based ma-
terials.'®® A small amount of 2.5wt% glycerol in the water phase reduces the
hysteresis considerably. This gives support to the hypothesis that the hysteresis is
due to H-bonds between polysaccharide chains, in addition to the slow adsorption
and desorption of the polysaccharide chains. Adding 2.5wt% glycerol to the water
phase has no significant influence on the interfacial pressure of ‘pure’ water.

3.4. Conclusions

Linear diblock copolymers of polystyrene and dextrans, respectively maltodex-

trins, were synthesized successfully. Yields of 75 to 95 wt% were achieved. IR
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spectroscopy confirmed the coupling of amino-terminated PS and the different
polysaccharides. Moreover, the interfacial behaviour of a monolayer of the synthe-
sized copolymers points to a successful coupling. The interfacial pressure pattern
of the copolymers is typical for amphiphilic compounds and is clearly different from
those of the individual PS and polysaccharides. The copolymers demonstrate in-
terfacial pressure hysteresis between consecutive compression and expansion cycles
of a monolayer. This is due to slow adsorption/desorption of the polysaccharide
chains at the air—water surface and the formation of aggregates of copolymer at
the interface. Both the PS chains and the polysaccharide chains can aggregate.
However polysaccharide aggregation, due to H-bonds between adjacent chains,
seems to be predominantly responsible for the observed hysteresis. Increasing the
time interval between expansions and compressions or reducing the compression
rate reduces the extent of hysteresis. The relaxation time for the hysteresis is 85
minutes.

The synthesis method here described proved to be unsuccessful for the coupling
of long polysaccharides (M,, > 6000 Da). A different synthesis approach is needed
for longer polysaccharides, which will be the focus of future research,together with
the preparation of polymer brushes (LB films) of the different PS-b-polysaccharides
and protein adsorption experiments on the polymer brushes.
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4.1. Introduction

In the previous chapter the synthesis and interfacial behaviour of different
polystyrene (PS) - polysaccharide diblock copolymers were described, including
PS(12300) - b - Dextran(6000) (block copolymer of PS with weight-average molec-
ular mass (M,,) of 12300 Da and dextran with M,, of 6000 Da). A block coupling
method, based on reductive amination of dextran with amine-terminated PS, as

described by Loos,06-108

was used. The block copolymers are applied to pre-
pare dextran brushes, that are used in protein adsorption studies. Our purpose
is to investigate the influence of the dextran block length on the protein adsorp-
tion. However, with the method used in chapter 3, synthesis of PS-b-Dextran with
dextran M,, > 6000 Da proved to be unsuccessful. We therefore synthesized PS-b-
Dextran in a different way. The synthesis and interfacial behaviour of these block
copolymers are described in this chapter. As in chapter 3, a block coupling method
was chosen, to be able to control the block length of PS and dextran. Though,
this time 1,6-diaminohexane (DAH) was used as a spacer between the PS and
dextran block, to increase the effectiveness of the coupling reaction. First, DAH
was coupled to dextran through reductive amination. Because a large excess of
DAH was used, a high yield of DAH-dextran is obtained. Next, the DAH-dextran
was coupled to epoxide-terminated PS. The reaction of an amine with an epoxide

."® Because of the two-step reaction procedure the overall reaction

is very efficient
efficiency was expected to be high. Low molecular weight maltodextrins were used
to test the coupling mechanism with the DAH spacer.

The products were characterized with NMR, and IR spectroscopy. Moreover,
interfacial behaviour at the air-water interface was used to identify typical be-
haviour for amphiphilic block copolymers, thereby providing more definitive proof
of the coupling.

The epoxide-terminated PS used here has a M,, of 2100 Da, different from the
PS M,, in the previous chapter. The influence of the PS block length on the in-
terfacial behaviour of the PS-b-Dextran copolymers will be demonstrated. The
homogeneity of the PS-b-Dextran layer at different grafting densities was inves-
tigated with Atomic Force Microscopy (AFM). The AFM images were recorded
using Langmuir-Blodgett (LB) depositions of PS-b-Dextran monolayers transfered

to a PS coated silicium wafer.
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4.2. Experimental

4.2.1. Materials and Methods

Dextran (M,, 6000 Da, M,,/M, = 1.65, Fluka (M,, is number-average molecu-
lar mass, M,,/M,, indicates polydispersity) and M,, 8500-11500 (’10000’), Sigma),
maltodextrins (Paselli MD20, M,, approximately 850 and Paselli MD6, M,, about
2800, AVEBE) and vinyl-terminated polystyrene (M,, 2100 Da, M,,/M,, = 1.11,
Polymer Source Inc.). 1,6-Diaminohexane (DAH), sodium cyanoborohydride, ox-
one, tetrahydrothiopyran-4-one (THTP), ethylenediamine tetraacetic acid(EDTA),
tetrabutylammonium hydrogen sulphate (TBAHS) and the solvents acetic acid
(AcOH), dioxane, dimethylformamide (DMF), dimethylsulphoxide (DMSO), am-
monia and ethyl acetate - all purchased from Aldrich. Solvents from Aldrich
were used without further purification (except for DMSQO). Dialysis membrane
(MWCO=1000 and MWCO=3500) was purchased from Spectrum, cationic ex-
change resin (Amberlite TR-120) and molecular sieve 3 Afrom Aldrich. 'H-NMR
(200 MHz) and '*C-NMR (50 MHz) spectra were obtained with a DPX 200 spec-
trometer (Bruker) and the IR spectra were recorded on a Vector 22 FTIR, spec-
trometer (Bruker). Silicon wafers ( Si(100)), with 2-3 nm SiO (Wafernet GmbH).

4.2.2. Synthesis Procedures

Synthesis of DAH-linked Polysaccharides. The reaction was carried out under the
following conditions, using Maltodextrin(850) as an example: a 50 ml round—
bottom flask equipped with a Teflon-coated magnetic stirrer and reflux cooler was
charged with 1.44g (12.4 mMol) of DAH, 0.6g (9.6 mMol) of sodium cyanoboro-
hydride, 0.35 ml of acetic acid and 10 ml of DMF and the mixture was slowly
heated for 3 hours to reach 85 °C. During this period 1.02 g (1.2 mMol) of Mal-
todextrin(850) was added in small portions. The reaction mixture was maintained
at 85 °C for 24 hours. After cooling the reaction mixture to room temperature,
100 ml of p-xylene was added and then the solutes were concentrated by vacuum
distillation (bath temperature no more than 45 °C). The obtained product was
dissolved in 50 ml of water and the component precipitated with 200 ml of absolute
ethanol. The precipitate was filtered and repeatedly washed with small portions
of absolute ethanol and acetone. The obtained powder was dissolved in 75 ml
of deionized water and passed through a strong cationic exchange column (2 cm
diameter x 50 cm length, packed with Amberlite IR-120). The unreacted polysac-
charide (150 mg) was washed off with water. The DAH-linked polysaccharide was

eluted with a 10% ammonia solution. The eluate was concentrated under reduced
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pressure to give 910 mg of a slightly yellow powder which was expected to be the
DAH-linked Maltodextrin(850). From this amount of product, it can be calculated
that 80% of the Maltodextrin(850) was coupled to DAH (yield = 80 Mol%).

DAH-linked Maltodextrin(850) 3C-NMR (D20, ppm): 102.141 (C1, anomeric),
79.274, 75.857, 75.375, 75.271, 74.235, 74.050, 64.705, 62.961 (C2-C6 from mal-
todextrin), 41.954 (maltodextrin-NH-CHs(CH2)4CHo-NHs), 28.987 (maltodextrin-
NH

-CH2CH,(CHz2)2CH>CH,-NHy), 28.133 (maltodextrin- NH-(CHsz)o(CHsg)o(CHsg)o-
NH,)

DAH-linked Maltodextrin(2800) '*C-NMR (DO, ppm): 101.151 (C1, anomeric),
75.848, 73.850, 72.629, 71.960, 67.960 (C2-C6 from maltodextrin), 41.774 (maltodextrin-
NH-CHa (CHa )4 CH,-NHy), 28.966 (maltodextrin-NH-CH, CHy (CH, )o CH, CHy-NTH,),
27.583 (maltodextrin-NH-(CHj)2(CHz)2(CHz)o-NHs)

DAH-linked Dextran(6000) **C-NMR (DMSO, 6d, ppm): 98.008 (C1, anomeric),
73.707, 72.134, 70.717, 68.575, 65.838 (C2-C6 from dextran), 39.638 (dextran-NH-
CHa(CH,)4CH,-NH,), 26.810 (dextran-NH-CHy CHa (CHy)o CHo CHo-NH, ), 25.551
(dextran-NH-(CHz)2(CHs)2(CHg)2-NHs)

DAH-linked Dextran(10000) 3C-NMR (DMSO, °d, ppm): 102.498 (C1, anomeric),
78.142, 76.342, 74.908, 74.365, 70.181 (C2-C6 from dextran)

Note: in the case of Maltodextrin(2800), Dextran(6000) and Dextran(10000)
DMSO was used as solvent instead of DMF. The solvent and the unreacted reagents
were removed by dialysis against water, using dialysis membranes (MWCO = 1000
and MWCO = 3500). The aqueous solutions obtained after dialysis were concen-
trated by vacuum distillation and then passed through a strong cationic exchange
column. Unreacted polysaccharide was removed with water. The product was
eluted with 10% ammonia solution and finally concentrated under reduced pres-
sure to give DAH-linked maltodextrin or dextran.

Synthesis of Epozide-terminated Polystyrene. To a 50 ml round-bottom flask with
a Teflon-coated magnetic stirrer, 375 mg (0.196mMol) of vinyl-terminated PS, 25
mg (0.23 mMol) of THTP, 100 mg (0.294 mMol) of TBAHS, 5 ml of aqueous EDTA
4*10=* M solution and 10 ml of dioxane was added. After 3-4 hour of intense
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stirring at room temperature (dissolving the vinyl-terminated PS), a mixture of
1g (1.63 mMol) of oxone and 0.450 g (5.35 mMol) of sodium bicarbonate was
added in small portions over a period of 3 hr at room temperature. Thereafter the
reaction mixture was stirred for 2 more hours at room temperature until evolution
of gas bubbles was no longer observed. The content of the flask was diluted with
50 ml water, transferred to a separating funnel and extracted repeatedly with 100
ml of ethyl acetate. The pooled organic layers were washed with 50 ml of salt
water, dried over anhydrous magnesium sulphate, filtered and concentrated under
reduced pressure. The yield was 315 mg (as a mixture of vinyl-terminated PS
(40 Mol%) and epoxide-terminated PS (60 Mol%)).

'H-NMR (CDCl3, ppm): 6.2-7.2 (Broad peak, C¢Hs, C¢Hy, Hg), 5.90 (dd, Ha

or Hp), 5.40 (dd, Hx or Hgp), 3.85-4.2 (Hy,), 3.31 (dd, H, or Hy), 2.91(dd, H, or
Hy,), 1.25-2.0 (broad peak, (-CHz-CH(Ph)-),-CH2CH-0-)
Coupling of DAH-linked Dextran with Epozide-terminated Polystyrene. In a 25 ml
round bottom flask with magnetic stirrer, 2.6 g of DAH-linked dextran 6000 (dried
in a vacuum oven for one week at 75 °C) was dissolved in 5 ml DMSO (distilled over
CaH, and kept over a molecular sieve 3 A) at 60 °C. When the reaction mixture
turned clear, a solution of 200 mg of epoxide-terminated PS (60 Mol%), dissolved
in 3 ml of anhydrous THF, was added drop by drop, under argon, during one day.
The reaction mixture was stirred for 5 days at 60 °C. Subsequently the mixture
was cooled to 30 °C and diluted with 50 ml of DMSO. The obtained solution
was dialysed against deionized water, using a dialysis membrane (MWCO=3500).
After two days the dialysed solution was filtered over a G5 sintered glass funnel
and a white precipitate was obtained. The precipitate was washed several times
with cold water to remove the excess polysaccharide. Subsequently, the precipitate
was dried in a vacuum oven at 50 °C for 48 hours. To remove unreacted vinyl-
terminated PS, the precipitate was suspended in chloroform and sonicated in an
ultrasonic bath at room temperature for 24 hours. The precipitate was filtered
and dried over P2Os5 in a vacuum desiccator to obtain the copolymer as a slightly
yellow powder. The yield was 88 mg (11 Mol%) PS(2100)-b-Dextran(6000). The
yield for PS(2100)-b-Dextran(10000) was 53 mg (5 Mol%).

PS(2100)-b-Dextran(6000): 'H-NMR (DMSO, %d, 80 °C, ppm): 6.4 - 7.4
(broad peak, CgHs, CgHy), 4.80 (d, Hanomeric from (CH19O5)y), 3.1 - 3.9 (H2 -
H6 from (CsH1005)n), 1.2 - 2.1 (broad peak, from (-CHs-CH(Ph)-),-CH2CH,0-
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and DAH linker (-NH(CH,)sNH-))

PS(2100)-b-Dextran(10000): 'H-NMR, (DMSO, 6d, 80 °C, ppm): 6.5-7.2
(broad peak, CeHs, CeHy), 4.8 - 4.9 (d, Hunomeric from (CgH1905),), 3.2 - 4.7 (H2
- H6 from (C¢H190s5)n), 1.2 - 1.8 (broad peak from (-CH,-CH(Ph)-),-CHOHCH,-
and DAH linker (-NH(CHs3)sNH-))

4.2.3. Interfacial Behaviour

II versus o~ Isotherms. The procedure to obtain the interfacial pressure (IT)
versus area per molecule (o~ !) isotherms at room temperature for PS(2100)-b-
Dextran(6000) and PS(2100) - b - Dextran(10000) is similar to the procedure
for PS(12300) - b - Dextran(6000) described in chapter 3, except for the use of
chloroform as spreading solvent, because the newly synthesized copolymers did
not dissolve in chloroform. Instead, the PS(2100)-b-Dextran copolymers were
dissolved in DMSO (distilled over CaHy and kept over a molecular sieve 3 A) at
70 °C at a concentration of 0.49 g/l under vigorous stirring. Because DMSO is
miscible with water, the Trurnit method was used to bring the block copolymer on
the air-water interface.!? After 10 minutes, to allow for dissolution of DMSO in
the water phase, compression/expansion cycles of the copolymer film were started
at a speed of 30 mm? /s, while recording II. Reproducibility of the isotherms was
tested by performing experiments in duplicate.

Langmuir-Blodgett Deposition. The homogeneity of the PS-b-Dextran monolayers
was studied with tapping mode AFM. To this end, a compressed PS-b-Dextran
copolymer monolayer was transferred from the air-water interface to a PS-coated

silicon wafer, using the Langmuir-Blodgett (LB) deposition technique,3:14-139

as previously described for PS-b-PEO copolymers3?: 126

(also see chapter 2). It
turned out that the IT versus o~ ! isotherms do not behave in a reversible, time-
independent manner, as expected for an equilibrium situation, i.e. a time-dependent
hysteresis is observed. Therefore, in the LB deposition, at each o the freshly added
PS-b-Dextran monolayer was compressed once and left to relax at the desired graft-
ing density. After relaxation, two PS-coated wafers, put side by side (to produce
duplicates), were vertically inserted through the copolymer film into the sub phase
while keeping IT constant, thereby transferring the monolayer to the wafers. A dip-
ping ’speed’ of 1 mm?/s was used. Subsequently the wafers were heated for 10
min. at 120 °C (that is beyond the glass transition temperature of PS) in an oven,

allowing diffusion of the PS-block of the copolymer into the PS sublayer. After
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cooling to room temperature, the PS layer becomes glassy. This treatment results

in block copolymers that are irreversibly attached to the surface.

4.2.4. AFM
Tapping mode AFM was applied to investigate the structure of the PS-b-

Dextran monolayers in water, prepared with LB deposition on PS-coated silicon
wafers as described in the previous section. A Nanoscope III, Veeco Instruments
Inc. was used, equipped with a fluid cell filled with ultra pure water (Seralpur Pro
90C, conductivity < 0.055 uS/cm, pH 6). Veeco TESP silicon cantilevers were
used with length of 125 pm and tip radius of 10 nm. 1 x 1 cm? pieces were cut
from the LB wafers, placed in the fluid cell and covered with ultra pure water.
The surface was scanned in tapping mode at a scan rate of 0.5-1 Hz and with a
cantilever driving frequency of 130 kHz. 3D AFM images are obtained, as well as
a cross section perpendicular to the scanning direction. To test the smoothness of
the spincoated PS layer, contact mode AFM in air was performed. For that Veeco
DNP silicon nitride cantilevers were used with a tip radius of 20 nm and a scan
rate of 2 Hz.

4.3. Results and Discussion

4.3.1. Synthesis
DAH-linked Polysaccharides.

Our goal was to develop methods and procedures that could specifically be
adapted for the synthesis and purification of PS-b-Dextran using DAH-linked
polysaccharides with high molecular weight (6000, 10000 and higher) and epoxide-
terminated PS. First we discuss the synthesis of DAH-linked polysaccharides. As
model compounds for high molecular weight dextrans, Maltodextrin(850) and Mal-
todextrin(2800) were chosen. Maltodextrin is composed of «(1 — 4)-linked gluco-
syl units, dextran of a(1 — 6)-linked glucosyl units. To create a new C-N bond
between a carbohydrate (in the open-chain aldehyde form) and a diamine, the re-
ductive amination reaction was chosen with sodium cyanoborohydride as reducing
agent,'® see figure 4.1.

Although the reaction works best in the pH range of 6 to 8, the reaction has
also shown to proceed successfully at a pH as low as 4 and as high as 10.'3!
A series of UV labels was linked with oligosaccharides by reductive amination

with yields that vary from good to excellent: 2-aminopyridine,®? p-aminobenzoic
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FIGURE 4.1. Synthesis of DAH-linked polysaccharides: reductive ami-
nation of maltodextrin (MD) (m=3 or 15) and dextran (DEX) (n=35
or 60) with DAH and sodium cyanoborohydride as reducing agent.

Polysaccharide Polysacch. [g] | DAH [g] | Molar ratio Na(BHs)CN [g] | Solvent/AcOH | Yield [Mol%]
polysacch.:DAH [ml] /[ml]

Maltodextrin(850) | 1.02 1.44 1:10 0.60 A 10/0.35 80

Maltodextrin(2800) | 3.00 3.00 1:24 1.60 B 5/0.73 85

Dextran(6000) 3.00 3.60 1:62 2.40 B 8/0.88 78

Dextran(10000) 3.00 3.60 1:103 2.40 B 10/1.2 63

A = DMF, B = DMSO.
TABLE 4.1. Reaction mixtures and reaction yields of the DAH-link reaction.

acid,® 4-aminobenzonitrile,'*? 8-aminonaphtalene-1,3,6-trisulfonic acid,'®* and 3-
(4-carboxybenzoyl)-2-quinoline carboxyaldehyde.'?> We have modified the proce-
dure of Williams (commonly used for short oligosaccharides or branched oligosac-

charides) to apply to polymeric carbohydrate.!” To achieve high conversion of
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FIGURE 4.2. '"H-NMR of DAH-linked Maltodextrin(2800) in D20 at 25 °C.

polysaccharides, a large excess of DAH was used (also to avoid the formation
of diblock polysaccharide as a result of double reductive amination on the same
molecule of DAH). The conditions for obtaining DAH-linked polysaccharides are
presented in table 4.1. The molar ratios polysacch.:DAH in table 4.1 indicate the
large excess of DAH used.

The obtained DAH-linked polysaccharides were separated from uncoupled polysac-
charides by ion-exchange chromatography. A ninhydrin test of the aqueous solu-
tion of purified DAH-linked polysaccharides gave a positive result (presence of
amine groups) and inspection by TLC showed no unreacted DAH. From this we
concluded that the products were pure enough for investigation by NMR spec-
troscopy and for further use in the coupling with epoxide-terminated PS.

I3C-NMR spectra show three signals between 25 and 42 ppm (except for DAH-
linked Dextran(10000)) that correspond to aliphatic carbons from DAH, con-
firming a successful reductive amination reaction. In case of DAH-linked Dex-
tran(10000) no *NMR-peaks from DAH-aliphatic carbons could be detected,
probably due to the large excess of carbons present from the Dextran(10000).

The 'H-NMR spectra verify a successful reaction, for all polysaccharides. As an



64 4. POLYSTYRENE-B-DEXTRAN BY EPOXIDE-AMINE COUPLING

CH,-CH]_-CH,CH OCI]CIZCH CH=CH, — o S8 o o, CH], -CHCH OCI]CIZCH CH—CH
'[ 2'| ]p' 2 ] Lt Bt le-ﬂ'F'.l'EDTP«."TEIAHS '[ 2'| ]p' 2 2 & 1_\ 2

Ph Ph 0

(PS—C\}\I}CHQ)
o

FI1GUurE 4.3. Epoxidation of the double bond of vinyl-terminated PS
(p=18) with oxone, in phase transfer catalyst conditions.

example the 'H-NMR spectrum for DAH-linked Maltodextrin(2800) is shown in
figure 4.2: the region 4.5-5.3 ppm points to the presence of anomeric protons from
glucose units, the region 3.0-3.9 ppm corresponds to H2-H6 of glucose units and the
region 1.0-1.5 ppm corresponds to aliphatic protons of the DAH-linker. Further-
more, electrospray ionization quadrupole time-of-flight tandem mass spectrometry
verified the successful coupling of DAH with the maltodextrins and Dextran(6000)
(data published elsewhere).!4”

Epoxide-terminated Polystyrene. The epoxidation of vinyl-terminated PS has so
far not been reported in literature. In contrast, the epoxidation of the double bond
of styrene is well documented. There are several oxidizing agents that can be used
for this: m-chloroperbenzoic acid with or without N-methyl-morpholine-N-oxide

153,173 Hy04 in acetonitrile (in situ generation of peroxycar-

in dichloromethane,
boximidic acid) with MnSO, as catalyst,!?1:159 NalO, in acetonitrile/water,%®
NaClO in the presence of catalytic or stoichiometric amounts of bromide”® and
trichloroisocyanoic acid followed by treatment of the resulting chlorohydrin with
aqueous KOH in ether/pentane.'” The best result for epoxidation of styrene
(70 Mol%, quantitative yield) was obtained using dioxirane, a powerful and en-
vironmentally safe oxidant that can be generated in situ from ketones and oxone

(2KHSO5.KHSO4.K280,).3

This last approach was applied to vinyl-terminated PS, essentially using the method

172 as depicted in figure 4.3. The following modifications were applied

of Wong,
(see figure 4.3): first, instead of acetonitrile, dioxane was used as solvent, in order
to improve the solubility of the polymer. Second, in order to facilitate the access of
oxidizing reagent in organic media, TBAHS was utilized as phase transfer catalyst.
The best yield obtained was 60 Mol%. Other attemps using any of the epoxidizing
reagents mentioned above failed in obtaining higher conversions. However, the
relatively low yield of 60 Mol% is not surprising, in fact corresponding to reac-

tion efficacies found in literature.> 172 The efficacy of epoxidation by dioxirane
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FIcURE 4.5. 'H-NMR spectrum of the oxidation product of vinyl-
terminated PS obtained in CDCl3 at 25 °C.

is strongly dependent on the substrate that is being oxidized. For example, the

conversion of 1-dodecene is 43 Mol%.3 Likely, unwanted side-reactions occur.
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FI1GURE 4.6. Coupling reaction: Synthesis of PS-b-Dextran copolymer
from epoxide-terminated PS (p=18) with DAH-linked Dextran (n=35
or 60).

The epoxidation yield (60 Mol%) was evaluated by 'H-NMR spectra of epoxide-
terminated PS (product) and vinyl-terminated PS (starting compound), from the
ratio of integrated areas of vinylic geminal protons, as can be seen from figure 4.4
and figure 4.5. This is possible due to the fact that the chemical shifts of the
vinylic geminal protons of vinyl- and epoxide-terminated PS are located at differ-
ent spectral regions: Hq and H o between 5.2-6.0 ppm (figure 4.4), H,; and Hgo
between 2.8-3.4 ppm (figure 4.5). The peaks at 2.9 and 3.3 ppm were assigned to
geminal protons from the epoxide compound in agreement with data in literature:
2.79 and 3.13 ppm for geminal protons in styrene epoxide.'”™ The obtained modi-
fied polymer was used, without any further purification, for the coupling reaction
with DAH-linked dextrans. The unreacted vinyl-terminated PS in the epoxidation

product is washed out after the coupling reaction.

Coupling Reaction. An epoxide will react with an amine in a ring-opening pro-
cess™ (see figure 4.6). The reaction requires moderate alkaline pH conditions. The
coupling reaction of epoxide-terminated PS and DAH-linked Dextran(6000) and
Dextran(10000) was performed in DMSO at 60 °C to ensure the solubility of the
reacting polymers (see figure 4.6). The NHy of DAH-linked dextran can react to
both the C1 and C2 of the epoxide, C1 being more reactive, thereby forming a
B-hydroxy group on the epoxy compound™ (illustrated in figure 4.6). To achieve
high conversion of epoxide-terminated PS, excess of DAH-linked dextran was used

(molar ratio 4.5:1) combined with a long reaction time (5 days). To remove the
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FIGURE 4.7. 200 MHz 'H-NMR spectrum of PS(2100)-b-
Dextran(6000) in DMSO-d® at 80 °C.

unreacted DAH-linked dextran, the precipitate obtained after dialysis and filtra-
tion was purified by extensive washing with ultra pure water. Unreacted PS (both
vinyl- and epoxide-terminated) was removed by suspending the precipitate in chlo-
roform and sonication in an ultrasonic bath.

After filtration, the product was dried and analyzed by '"H-NMR spectroscopy
(figure 4.7 and figure 4.8). Both products (PS(2100)-b-Dextran(6000) and PS(2100)-
b-Dextran(10000)) show the chemical shifts of the dextran hydrogens and PS hy-
drogens. Accordingly, it can be concluded that both PS and dextran are present
in the products. However, the 'H-NMR spectra do not allow confirmation of the
presence of a C-N bond between epoxide-terminated PS and DAH-linked dextran.
The reason is the great number of hydrogens present in the large PS-b-Dextran
molecule, which screen the detection of the hydrogens of the -HN-CHs- link be-
tween DAH-linked dextran and PS with 'H-NMR. No signals corresponding to
geminal protons of vinyl-terminated PS between 5.2-6.0 ppm were observed, indi-
cating that all vinyl-terminated PS had been washed out.

IR spectra of both PS(2100)-b-Dextran(6000) block copolymer and the starting
materials, are presented in figure 4.9. The broad peak between 3600 and 3100 cm ™!
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FiGurRE 4.8. 200 MHz 'H-NMR spectrum of PS(2100)-b-
Dextran(10000) in DMSO-d® at 80 °C.
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FIGURE 4.9. Transmission TR spectra (KBr, 700-4000 cm™* region) of
a) PS(2100)-b-Dextran(6000) - full line, b) epoxide-terminated PS —
dashed line and ¢) DAH-linked Dextran(6000) — dotted line.
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for DAH-linked Dextran(6000) in figure 4.9 illustrates the OH-vibration of the OH-
groups of dextran. The sharp peaks round 1500 cm™! for epoxide-terminated PS
mark the C=C-vibrations of the aromatic ring. Both OH- and C=C-vibration
peaks can be found in the IR spectrum of PS(2100)-b-Dextran(6000), proving the
presence of dextran and PS in the product. Hence, IR and 'H-NMR indicate
a successful coupling reaction between epoxide-terminated PS and DAH-linked
Dextran(6000). In the next section, the interfacial behaviour of the synthesized
PS(2100)-b-Dextran(6000) will provide more evidence for a successful coupling.
The yield of coupling is low, 11 Mol% for PS(2100)-b-Dextran(6000) and 5 Mol%
for PS(2100)-b-Dextran(10000). One possible reason for the low yield is hydrolysis
of the epoxide-terminated PS into PS-ethylene-diol. Even small traces of water in
the reaction mixture can cause this hydrolysis. Another reason for the low yield
is the very low reaction rate, due to the small probability that the reactive end-
groups of both polymers meet. This will be discussed in more detail in the next
section.

4.3.2. Interfacial Behaviour

PS(2100)-b-Dextran(6000). In figure 4.10 the recorded II — o1 isotherms for the
newly synthesized PS(2100)-b-Dextran(6000) at the air-water interface are dis-
played. Several successive compression and expansion cycles are shown. The ob-
served interfacial behaviour of PS(2100)-b-Dextran(6000) is typical for amphiphilic
diblock copolymers (e.g. PS-b-PEO!!) and confirms the successful synthesis of the
block copolymer.

For comparison, the [I—o ! isotherms of PS(12300)-b-Dextran(6000) are shown
in figure 4.11 (data from the previous chapter). The isotherms in figure 4.11A are
for the air-water surface and those in figure 4.11B for the air-water+glycerol
interface.

From the first compression isotherm of PS(2100)-b-Dextran(6000) and PS(12300)-
b-Dextran(6000) the orientations and conformations of the block copolymers at
the air—water interface, at different area per molecule, can be interpreted. This is
illustrated by means of cartoons in figure 4.12, corresponding to the regions a-d
in figures 4.10 and 4.11A. Both side views and top views are presented.

The PS coil is collapsed at the air-water surface (PS does not spread on water)
and serves as an anchor for the dextran chains at the air—water interface. PS is not
forced into solution upon compression, which is plausible because of the insolubility
of PS in water. At large area per molecule (a in figures 4.10 and 4.11A) surface mi-

celles are formed, similar to the surface micelles described by Israelachvili®” and by
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FIGURE 4.10. Interfacial pressure — area per molecule isotherms for
PS(2100)-b-Dextran(6000) at room temperature. Successive compres-
sion and expansion curves: first compression (—l-), first expansion (—

0O0-), second compression (—A—). Dextran brush regime is indicated.

Eisenberg et al. 3233104 for different amphiphilic block copolymers. This is illus-
trated in figure 4.12a. Self-assembly into surface micelles is favourable because of
hydrophobic attraction of the PS blocks.86:8% The surface micelles remain isolated
(see figure 4.12a, top view) because the dextran chains, adsorbed at the air-water
surface, repel each other. In this range we have in a zero surface pressure. When
the copolymer layer is compressed, the surface micelles start to interact, causing
the dextran chains to desorb (figure 4.12b); "loops’ and ’tails’ are formed.*® This
results in an increase in interfacial pressure (b in figures 4.10 and 4.11A). Upon
further compression dextran chains become gradually desorbed from the air-water
surface due to excluded volume interactions (figure 4.12c). More dextran chains
desorb completely with increasing compression. In figures 4.10 and 4.11A this is
reflected as a region of weaker increase in surface pressure, the 'desorption region’
(c). In case of PS(12300)-b-Dextran(6000) a (quasi-)plateau regime is attained.
This can be explained in the following way: due to the desorption of dextran,

the water layer close to the air—water interface can be considered as a saturated
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FIGURE 4.11. Interfacial pressure — area per molecule isotherms for
PS(12300)-b-Dextran(6000)(A) and PS(12300)-b-Dextran(6000) with
2.5 wt% glycerol in water phase (B) at room temperature. Consecu-
tive compression and expansion curves: first compression (—Hl-), first
expansion (—[J-), second compression (—A—), second expansion (—A—)

and third compression (—4-). Dextran brush regime is indicated.
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F1GURE 4.12. Conformations of PS-Dextran at different stages of com-
pression (a-d), corresponding to stages indicated in figure 4.10 and
figure 4.11A.

surface of a dextran solution. Therefore, the interfacial pressure in this region of
the isotherm (c) is similar to the surface pressure of a saturated air—-water surface
of a dextran solution (approximately 16 mN/m, see figures 3.3 in the previous
chapter). The continuous increase in IT with a decreasing area per molecule in the
"desorption region’ indicates a continuous adsorption-desorption transition.3

During desorption of the dextran chains, the PS blocks of the surface micelles
aggregate into larger patches due to hydrophobic attraction, illustrated in fig-
ure 4.12¢ (top view). Moreover, the stability of the larger (quasi-) 2D aggregates
may be enforced by intermolecular H-bonds between hydroxyl groups of the des-
orbed dextran chains.?”*? The presence of the large aggregates are demonstrated
in the AFM section.
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Eventually all dextran chains are desorbed from the air—-water interface, stretch-
ing out into the water phase. For PS(2100)-b-Dextran(6000) this occurs at an area
of 3.3 nm? /molecule and for PS(12300)-b-Dextran(6000) at an area of 5.5 nm? /molecule.
This marks the onset of the formation of a dextran brush (figure 4.12d). A steep
increase of II is observed upon further compression (d in figures 4.10 and 4.11A),
which reflects repulsion between dextran chains due to excluded volume inter-
actions. Region d is called the ’brush regime’ and is indicated in figures 4.10
and 4.11A. For PS(2100)-b-Dextran(6000) it covers the range 1.4 nm? /molecule <
o~! < 3.3 nm?/molecule and for PS(12300)-b-Dextran(6000) this is 3.0 nm? /molecule <
o~! < 5.5 nm?/molecule. In the brush regime the interfacial pressure is consid-
ered to consist of two contributions: a constant pressure Ilpjqteqn (approximately
16 mN/m) resulting from a monolayer of dextran segments of constant density

and an increasing interfacial pressure IT, due to the formation of a brush.3¢

Hysteresis: dextran chain interactions and time dependency

We see that for both copolymers the curves for compression (filled symbols) and ex-
pansion (open symbols) do not coincide (hysteresis). This means that the recorded
isotherms do not represent equilibrium. Reducing the compression/expansion
speed resulted in less hysteresis for compression of PS(12300)-b-Dextran(6000)
(figure 3.9, chapter 3), indicating that the hysteresis is time-dependent and indica~
tive of a slow relaxation process. In chapter 3 the hysteresis of the PS(12300)-b-
Dextran(6000) copolymer was partly attributed to the slow adsorption/desorption
of dextran chains at the air—water surface, due to its relative stiffness, as well as
aggregation of dextran chains in the brush regime. Experiments in this chapter
will prove the contribution of slow adsorption/desorption to be of minor impor-
tance. The aggregation of dextran chains is most likely caused by intra- and in-
termolecular H-bond formation between hydroxyl groups of the desorbed dextran
chains.?”*? Moreover, water molecules can form H-bonds with hydroxyl groups of
dextran, within the same chain or between adjacent chains.?”*4? The lifespan of
a H-bond of a polysaccharide chain in water is 10~%s, orders of magnitude longer
than the lifespan of a H-bond in pure water: 107'%s.4?2 Taking into account that
each dextran chain in the brush regime is involved in multiple intra- and inter-
molecular H-bonding, this might explain the strong aggregation within the brush
layer. By adding glycerol to the water phase, we tested this hypothesis: glycerol
is known to form H-bonds with carbohydrates like starch, thereby preventing the
formation of intra- and intermolecular H-bonds in the carbohydrates (referred to
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as a plasticizing effect),>: 150,151

so that we expect a reduced hysteresis. The result
is presented in figure 4.11B (data from the previous chapter). Indeed, a strong
decrease in hysteresis is observed when glycerol is added to the water phase. An-
other experiment supports this view of strong aggregation of dextran chains in
the brush regime: when a PS(12300)-b-Dextran(6000) film was compressed down
to the beginning of the ’desorption region’, at 8.0 nm?/molecule (see 4.11A), and
then expanded, no hysteresis was observed.

The experimental data suggest the following scenario. Upon expansion the
compressed film breaks up, first into large aggregates and eventually, into small
aggregates. This break up process is slow. Cracks are formed in the aggregated
layer, causing the surface pressure to drop dramatically (see figures 4.10 and par-
ticularly 4.11A). However, after full expansion to the starting surface area, the
initial stage of only surface micelles is likely not attained until much later; small
aggregates are preserved. This is reflected in the shift of the second and third
compression isotherm to lower values of 0~ (compression of small aggregates in-
stead of surface micelles). Increasing the time interval between an expansion and
a compression or reducing the compression and expansion rates reduces the ob-
served hysteresis (see figure 3.8 and figure 3.9 in chapter 3). This implies that,
because of the increased relaxation time, more aggregates break up into smaller

aggregates during the expansion and might even break up into surface micelles.

Hysteresis: PS aggregation

In spite of the qualitative similarities, there are a few quantitative differences be-
tween the compression and expansion isotherms of PS(2100)-b-Dextran(6000) and
PS(12300)-b-Dextran(6000). These differences can be attributed to the difference
in PS block length, which means that the PS block also takes part in the dynamic
behaviour of the film. First, the area per molecule at which the surface micelles
start to interact upon compression and, hence, II increases (a in figures 4.10 and
4.11A) is larger for the block copolymer with the large PS block: approximately
12.0 nm? /molecule for the large and about 7.5 nm?/molecule in case of the short
PS. We ascribe this to the fact that the large PS block occupies a larger surface
area than the small PS block, accordingly forming bigger surface micelles. Sec-
ond, PS(2100)-b-Dextran(6000) shows a much less pronounced ’desorption region’
(¢) than PS(12300)-b-Dextran(6000). In previous research on amphiphilic block
copolymers (e.g. PS-b-PEO by Bijsterbosch et al. 1) the range of the *desorption
region’ was associated with the length of the hydrophilic block of the copolymer:
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the longer the hydrophilic block length, the more time it takes to completely desorb
the polymer chain from the air—water interface upon compression, and the broader
the ’desorption region’. However, the PS block of the copolymers used was small
compared to the PEO block. In case the PS-b-Dextrans the hydrophilic block
length is the same for both copolymers and the PS is relatively large. Therefore,
the PS of PS-b-Dextran occupies a large fraction of the surface area, especially in
case of PS(12300)-b-Dextran(6000), and consequently, contributes to the range of
the 'desorption region’; besides the contribution of the dextran chains. Upon com-
pression in the 'desorption region’, the PS(12300) parts 'meet’ more easily than
the PS(2100) parts, because of their larger surface area and therefore form bigger
(quasi-) 2D aggregates. The surface area in between the aggregated PS is filled
with (partly) adsorbed dextran chains (see figure 4.12c). In order to completely
desorb all dextran chains the PS-b-Dextran(6000) films need to be compressed to
a low area per molecule, causing more aggregation of the PS. This strong aggre-
gation, being more pronounced for PS(12300)-b-Dextran(6000), is demonstrated
in the more extreme hysteresis observed for PS(12300)-b-Dextran(6000).

This brings us to the third quantitative difference: PS(2100)-b-Dextran(6000)
displays much less hysteresis than PS(12300)-b-Dextran(6000). Upon expansion a
dramatic drop of the interfacial pressure is observed for PS(12300)-b-Dextran(6000),
much more than for PS(2100)-b-Dextran(6000). The PS(12300)-b-Dextran(6000)
film breaks up and large patches are formed with cracks in between. These cracks
grow upon expansion. Hence, the PS-b-Dextran film has become inhomogeneous
and the interfacial tension measured by the Wilhelmy plate is that of the low-
est density of the film, i.e. the interfacial tension of a pure air-water interface.
This results in a vanishing surface pressure as can be seen in figure 4.11A. At-
tempts to demonstrate the cracks in the copolymer film using Brewster Angle
Microscopy were unsuccessful. Because of the strong aggregation of PS(12300)-b-
Dextran(6000), the patches formed upon expansion very gradually fall apart into
smaller aggregates and the original situation of surface micelles is not attained.
This break-up process is so slow, that the interfacial pressure measured during

! range. In the case

the expansion cycle is 0 mN/m over almost the complete o~
of PS(2100)-b-Dextran(6000) the aggregation is less strong, which is reflected in
a more gradual decrease of Il upon expansion. Nevertheless, in the final stage of
expansion (right-hand side of figure 4.10) II is 0 mN/m, indicative of the presence
of (large) aggregates. The difference between the first and second compression is

much larger for the copolymer with the larger PS block. This reflects the stronger
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aggregation in case of PS(12300)-b-Dextran(6000): the second compression of the
PS(12300)-b-Dextran(6000) film is a compression of large aggregates (larger than
in case of PS(2100)-b-Dextran(6000)) and not of surface micelles. These large
aggregates start to interact, displayed as an increase of II, at a much lower value
of the area per molecule than the original surface micelles (first compression). In
other words, the relaxation of the compressed monolayer is very slow.

The aggregation of the PS blocks in the copolymer film upon compression is
affirmed by compression/expansion experiments on a PS film, see figure 3.4 in
chapter 3 and the study by Kumaki.'%° In figure 3.4 hysteresis is observed, indi-
cating that the PS aggregates formed upon compression do not easily fall apart
during expansion. The second and third compression isotherm are shifted to lower
grafting densities, implying strong aggregation as well. This is supported by the
research of Kumaki: surface balance experiments conducted on PS monolayers
of different M,, displayed hysteresis. Direct evidence of PS aggregates at the
air-water surface was obtained from transmission electron microscopy (TEM).!00
Recorded TEM pictures of compressed PS monolayers at different compression
states show that the PS particles are already aggregated before compression and
the aggregated structure is forced to rearrange during compression, resulting in
an increasingly dense PS monolayer; large aggregates are formed that do not de-
compose upon expansion (because there is no repulsive driving force between the
PS particles). The interfacial pressure measured is not a true interfacial pressure
(as PS has no hydrophilic group), but corresponds to the mechanical resistance
against these rearrangements.

Fourth difference is the difference in brush regime, which is for short PS
1.4 nm2/molecule <o 1<33 nm2/molecule and for long PS 3.0 nm2/molecu1e <
o~ < 5.5 nm?/molecule. The difference can be assigned to the area of the PS
block occupied at the air-water surface, being larger for PS(12300)-b-Dextran(6000).

Based on figures 4.10 and 4.11 it can be concluded that there are two major
contributions to the formation of (quasi-) 2D PS-Dextran aggregates at the air—
water surface, resulting in the observed hysteresis: aggregation of the PS blocks
due to hydrophobic interaction, already starting at large area per molecule (in the
"desorption regime’), and aggregation of dextran chains due to H-bonding (in the
brush regime), when the monolayer is more compressed. A third, minor, contri-
bution to the hysteresis is the slow adsorption/desorption of dextran chains at the
air-water interface. The observed time-dependent hysteresis of PS-b-Dextran at

the air—water interface has implications for the preparation of dextran brushes at a
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solid surface using the Langmuir-Blodgett deposition. We adopted as a procedure
that a freshly added PS-b-Dextran monolayer is compressed once to the objected
o, and then left to relax prior to the LB transfer.

PS(2100)-b-Dextran(10000). In figure 4.13a consecutive compression and expan-
sion I — o~ ! isotherms for the synthesized PS(2100)-b-Dextran(10000) at the air—
water interface are shown. There is no recognizable ’desorption region’, no sharp
increase of II at low values of 0! (indicating the absence of a 'brush regime’) and
no pronounced hysteresis. Compared to the PS(2100)-b-Dextran(6000) copoly-
mer a ’desorption regime’ over a broader o~! range was expected, because of the
longer dextran chains. All these observations suggest that the interfacial pattern
in figure 4.13a does not resemble the interfacial behaviour of amphiphilic block
copolymers. It resembles more to the II—o ! isotherms of a compressed PS mono-

100 a5 illustrated in figure 3.4. Based on the observed interfacial behaviour it

layer,
is concluded that the coupling reaction between epoxide-terminated PS(2100) and
DAH-linked Dextran(10000) failed. Most likely, the product consists mainly of
PS(2100), in the form of PS-ethylene-diol, as explained in section 4.3.1. To check
this supposition the first compression isotherm of PS(2100)-b-Dextran(10000) was
replotted in figure 4.13b. The area per molecule was recalculated assuming only
PS(2100)-ethylene-diol was present. A recorded first compression isotherm of
PS(2100)-ethylene-diol is plotted for comparison. The isotherms do not coin-
cide. Therefore, it can be concluded that the product does not consist of pure
PS-ethylene-diol. The increase of II of the replotted "PS(2100)-b-Dextran(10000)’
isotherm starts at 2.0 nm?/molecule, much higher than for the PS-ethylene-diol
isotherm, 0.35 nm?/molecule. This means that some other surface active material
is present in the obtained product (and adsorbed at the air—water surface).

Our attempts to synthesize copolymers with a long dextran block, described
in this chapter and in chapter 3, proved to be unsuccessful. It turns out that
the block coupling method is not suitable to synthesize PS-b-Dextrans with a
dextran block M,, > 10000 Da. This is probably due to the small chance that
the reactive end-groups of the PS and dextran blocks meet, in order to undergo
a coupling reaction. The reason for this may be that the PS and dextran coils
cannot inter penetrate, due to excluded volume interactions. The probability that
the reactive end-groups meet (Ppg..deztran) is @ function of the number of polymer
segments in both blocks. This can be calculated with an overlap integral using the

probability functions of both reactive end-groups and provided that the PS and
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FIGURE 4.13. Interfacial pressure — area per molecule isotherms for
PS(2100)-b-Dextran(10000) (a) at room temperature. Successive com-
pression and expansion curves: first compression (—B-), first expan-
sion (-J-), second compression (—A—). And first compression isotherm
of PS(2100)-b-Dextran(10000) (-M-) and PS-ethylene-diol (-A-) (b)

at room temperature (see text).
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dextran coils do not inter penetrate (closest contact is at the sum of the mean-
end-to-end distances of both coils). In terms of the number of polymer segments N

and the second virial coefficient v, the following scaling arguments were deduced:

—3/2
PPSHde:vtran ~ (NPS + Ndewtran) / (theta solvent)
0.34 n71.20 0.34 1.20 —3/2
PPS‘_’del'tT'a” ~ (VPS NPS + VdextranNdertran) / (gOOd SOZUent)

DMSO is used as solvent for the coupling reaction. It is a good solvent for
dextran, but not for PS (still, PS does dissolve in DMSO at 60 °C, the reaction
temperature used) Therefore, we assume that theta conditions are valid for the
coupling reaction, so the Ppgs..destran for a theta solvent is applied. With in-
creasing chain length of the dextran block Ppg— gestran becomes much smaller.
This apparently results in hardly any or no coupling reaction in case of PS(2100)
and dextran(10000). Most likely, the epoxide-terminated PS is hydrolyzed to PS-
ethylene-diol. Consequently, choosing more reactive coupling mechanisms (like
using the DAH spacer) will not help to synthesize copolymers with long dextran
blocks, because the chance that the reactive end-groups meet is too low. A differ-
ent approach would be needed to synthesize long PS-b-Dextran. One may think
of a polymerization of glucose to dextran, starting from end-funcionalized PS as a

106-108

macro-initiator. Loos already proved this is a successful way to synthesize

long PS-amylose block copolymers using an enzymatic polymerization procedure.

4.3.3. AFM

Tapping mode AFM images were captured of PS(12300)-b-Dextran(6000) LB
depositions, on PS-coated silicon wafers, immersed in water. They are presented
in figures 4.14b—e for different areas per molecule. A cross section of the image
is shown as well. For comparison, a contact mode AFM image and cross section
of a PS-coated silicon wafer in air is displayed in figure 4.14a. It shows that the

spincoated PS surfaces, used for LB deposition, are smooth. At 075 = 0.12 nm =2

1 = 8.3 nm?/molecule) the surface is inhomogeneous (figure 4.14b). Large

(o
patches of PS-b-Dextran are observed and interstices without block copolymer.
On a scale of 500 nm (figure 4.14c) patches of 50-150 nm can be distinguished,
demonstrating the presence of large aggregates of PS(12300)-b-Dextran(6000) at
the surface. The LB deposition was performed at o~! = 8.3 nm?/molecule, in
region c of figure 4.11A. Consequently, the AFM images confirm our interpreta-
tion of the II — ¢~ isotherms of the block copolymers and the time-dependent
hysteresis: in the 'desorption region’ small surface micelles of the block copolymer

are pushed together to form large aggregates (50-150 nm as observed by AFM).
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FIGURE 4.14. AFM images (3D and cross section): PS-coated silicon
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wafer (a) and grafted dextran orp = 0.12 nm™~, scale 5 pm (b) and
500 nm (c), and orp = 0.26 nm™2, scale 5 um (d) and 500 nm (e).
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At orp = 0.26 nm~? (0~! = 3.8 nm?/molecule) a homogeneous layer is cap-
tured with tapping mode AFM (figure 4.14d). On a scale of 500 nm (figure 4.14e)
the surface is still smooth. Considering the observed layer lies within the brush
regime (region d of figure 4.11A), the dextran brush must be homogeneous. Appar-
ently, the observed PS-b-Dextran patches at intermediate o ~! are pushed together
upon compression, forming a homogeneous layer, whereby the closely packed dex-
tran chains are stretched out into the solution to form a homogeneous brush (as
illustrated in figure 4.12d).

4.4. Conclusions

We used a novel method to prepare PS-b-Dextran copolymers, applying a block
coupling method with a DAH spacer. We successfully coupled DAH to several
maltodextrins and dextrans, up to a M, of 10.000 Da, as confirmed by 'H- and
I3C-NMR and mass spectrometry. Moreover, under mild conditions we converted
vinyl-terminated PS into epoxide-terminated PS, as proven by 'H-NMR spec-
troscopy. DAH-linked dextran 6000 was coupled to epoxide-terminated PS, ver-
ified by 'H-NMR and IR. The yield of coupling was low, which might be due
to hydrolysis of the epoxide-terminated PS. The surface pressure isotherms of
PS(2100)-b-Dextran(6000) showed behaviour typical of amphiphilic copolymers,
thereby confirming the successful coupling. The PS(2100)-b-Dextran(10000) prod-
uct showed a different interfacial behaviour, thereby indicating that the coupling
was unsuccessful, even though the 'H-NMR spectrum indicated the presence of
PS- as well as dextran-fragments.

The interfacial pressure measurement turned out to be the conclusive test for
the coupling reaction. Synthesis of ’small’” PS-b-Dextran (dextran M,, = 6000 Da)
using a block coupling method as described in this chapter, proved to be effective.
Attempts to synthesize large PS-b-Dextran (dextran M,, > 10000 Da) were failing.
Apparently, block coupling methods as described in this chapter and in chapter
3 are not suitable to produce large PS-b-Dextran. The plausible reason for this
failed coupling is the insufficient inter penetration of the PS and dextran coils. We
reasoned, with scaling arguments, that the probability for reactive end-groups to
meet in the reaction mixture drops dramatically with increasing block lengths of
PS and dextran.

Interfacial pressure measurements and AFM imaging demonstrated aggrega-
tion of the PS - b - Dextran copolymers at the air—-water interface. Comparison
of PS(2100) - b - Dextran(6000) and PS(12300)-b-Dextran(6000) revealed that
there are two contributions to this aggregation: hydrophobic attraction between
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PS blocks and hydrogen bonding between dextran blocks. The hydrophobic inter-
actions between PS blocks already starts at a large area per molecule, resulting in
surface micelles. These surface micelles grow into larger aggregates at intermediate
area per molecule. When the area per molecule is small, a dense, homogeneous
layer is formed, in which the dextran chains stretch out into the water to form a
molecular brush. In this region multiple intra- and intermolecular hydrogen bonds
are formed between the dextran chains. Aggregation of PS-b-Dextran has impli-
cations for the preparation of dextran brushes at a solid surface and for the use of
these surfaces in protein adsorption experiments, as will be discussed in the next
chapter.
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5.1. Introduction

Proteins at interfaces may lead to hazardous situations. Proteins tend to adsorb
at solid surfaces and can thereby initiate the formation of an undesired biofilm
at the surface (biofouling) - the adsorbed proteins form a conditioning film to
which (bacterial) cells adhere that grow into a mature biofilm.3!:686%71,125 Ty
the (human) body biofilms cause serious problems - artificial implants can induce
thrombosis or microbial infections.?!:68 697,75 Ultimately, reoperation may be
necessary, however, inflammation could also result in osteomyelitis, amputation,
or even death.”? Other examples of biofouling can be found in diagnostics and
therapeutics,®! the food industry and water purification plants (fouling of pro-

)125

cess equipment and the shipping industry, where algae and shellfish stick to

ship hulls enhancing drag forces.”> Microorganisms in biofilms are resistant to

31,6971 consequently prevention of biofilm formation may be the only

antibiotics,
solution to prevent the problems mentioned. Two ways of prevention may be dis-
tinguished: (1) modification of the material surface and (2) the use of biomimetic
materials. Progress in biomaterial research with respect to biofilm formation has
been reported, e.g., in the review by Ratner and Bryant.!?6 A specific way of
modification of the surface is coating with a protective polymer layer to prevent
proteins adsorbing at the surface, thereby inhibiting the formation of a condi-
tioning film to which (bacterial) cells can adhere. Research over the past decade
has shown that polymer coatings, especially of PEO (poly(ethylene oxide)) in a
brush conformation, are most successful in reducing or preventing the adsorption
of proteins and /or adhesion of bacteria at a solid surface.>” However, under certain
conditions attraction between PEO (or oligo(ethylene oxide)) and proteins was ob-
served.? 39,51, 75,138,145 Thjig attraction is explained by a change in conformation
of the EO segments from a protein repellent, polar conformation into a protein
attractive, apolar conformation.?’>7>168 In a commentary Israelachvili touched
on the “different faces’ of PEO, including PEO-protein attraction.?® He suggested
that hydrophobic patches on the protein could be responsible for the short-range
attraction, by inducing intramolecular rearrangements within the PEO layer.
Polysaccharides may be a good alternative for PEO to form an antifouling brush.
They are natural polymers and may therefore be more appropriate for use as an
antifouling agent in biomedical applications. Amylose brushes have been manufac-
tured before,'% 199 though, without testing the protein repellency of these brushes.
In nature oligosaccharides are found in the extracellular matrix and glycocalyx of

living cells; these coatings have the function to specifically bind proteins and cells,
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while preventing non-specific adsorption.® %1139 These oligosaccharides consist of
a broad variety of glycosylic units, charged and non-charged, and their sequence
determines the recognition of proteins and cells in biological fluids.%" 3% To mimic
such a layer is quite a task. Successful attempts have been made to unravel and/or

express glycosylation sequences®!: 130

or prepare self-assembled monolayers (SAMs)
of glycopolymer grafted phospholipids.®*

In the present work, we aimed at preparing polysaccharide brushes using a sim-
pler approach, namely using neutral polysaccharides consisting of only one kind
of glycosyl unit. We focused on dextran, a (relatively) flexible, neutral polysac-
charide. At the low molecular weight used in our research, dextran can be con-

146 and

27,127

sidered linear.®* Tt (mainly) consists of a(l — 6)-linked glycosyl units
shows good solubility in water, where it adopts an open coil conformation.
Because dextran is neutral it has no electrostatic interactions with proteins. Pro-
teins and neutral polysaccharides in solution repel each other, due to excluded
volume interactions, as demonstrated in partitioning studies of protein—dextran
and protein—pullulan solutions.! 2% 48,83, 111,144,169 Qyer the past decades dextran
gels (Sephadex) for protein chromatography and electrophoresis demonstrated rel-
atively weak protein interactions.® Dextran (and other polysaccharides like cellu-

lose, maltose, agarose and heparin® 43 94,128,134)

has been employed in several ways
to cover surfaces, and its protein-repelling capacity at a surface has been studied.
Applying a physically adsorbed dextran layer does not suppress protein adsorp-
tion, because the dextran at the surface is displaced by protein molecules.*3: 116
In a considerable number of studies, dextran was grafted to surfaces, in most
cases in a side-on configuration, so that loops and tails are formed at the sur-

43,44,59,60,115,117, 132,133,152 The adsorption suppression of different proteins

face.
at such dextran-grafted surfaces is 30-95% of the adsorbed amount at the uncov-
ered surface, depending on the number of anchoring points of the dextran and
also on the type of protein. For bovine serum albumin the suppression of adsorp-
tion by side-on grafted dextran is 65-90%.%% 117 Marchant et al. used SAMs of
comb-like surfactants containing end-grafted dextran side-chains that exhibited a
protein repellence of 90%.89 128 Osterberg and coworkers studied the fibrinogen
adsorption at dextran grafted end-on (dextran brush) and compared it to dextran
grafted side-on.** They concluded that dextran grafted side-on is more effective in
preventing protein adsorption. However, they only studied adsorption on a dilute
brush and at one grafting density only. Althogether, no solid conclusions could be

drawn about the protein-repelling efficiency of dextran brushes. Shortcomings of
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most studies cited are the ex situ measurement of the adsorbed amount and the
use of a washing step prior to the determination of the adsorbed amount, by which
weakly adsorbed protein may be washed off. Consequently, the protein-repellency
capacity of the dextran layers is probably overestimated in these investigations.

A more recent study by Razatos and coworkers showed that dextran coated sur-
faces resist Bovine Serum Albumin (BSA) adsorption.'®® They used Atomic Force
Microscopy (AFM) with a BSA-coated cantilever tip and immobilized dextran
on gold, that showed no adhesion on approach and no pull-off force. Rixman et
al. performed force measurements between Human Serum Albumin and SAMs of
various materials, including oligo(ethylene oxide) and oligomannose-9, with High
Resolution Force Spectroscopy.!3” They reported that the oligosaccharide exhibits
superior resistance to protein adsorption.

In the current study, we present data on protein adsorption for a wide range
of dextran-grafting densities, demonstrating the protein repellency of dextran
brushes. In order to control the grafting density of dextran at the solid surface
we applied polystyrene(PS)-b-Dextran copolymers that were transferred from an
air—water interface to a PS surface by using the Langmuir-Blodgett (LB) depo-
sition technique.!®® In a previous studies (see chapters 3 and 4) the interfacial
pressure (II) versus grafting density (o) isotherms of PS-b-Dextran demonstrated
the formation of a dextran brush at the air—water interface. To study the protein
rejecting capacity of the brushes, we used two different proteins, BSA and trypsin.
BSA is a main constituent of bovine blood. Its structure and physcical-chemical
characteristics are well known.?6 In previous studies, it proved to be a ’sticky’
protein, especially at hydrophobic surfaces like PS.”" 124 Furthermore, in various
studies, BSA was used to test the resistance to protein adsorption at modified
surfaces.3? 59,79, 117,126,138, 155 Tyyngin is an enzyme excreted by the pancreas and
takes part in the digestive degradation of food proteins. It may be immobilized
in bioreactors and biosensors, and in that context we have previously investigated
the adsorption behaviour and conformational changes of trypsin at silica and PS
surfaces.”” Applying a positively (trypsin) and a negatively (BSA) charged protein
allows us to study the influence of charge on the interaction between proteins and
dextran brushes. The grafted dextran layers were characterized with ellipsome-
try (to determine the efficiency of the LB transfer), contact-angle measurements
(to measure the wettability) and AFM (to determine the homogeneity). The
adsorption of proteins at the dextran layers was measured in situ with optical

reflectometry.
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5.2. Materials and Methods

5.2.1. Materials

All solvents used were pro analysis grade (Sigma-Aldrich). Ultra pure water
was processed using Seralpur Pro 90C (conductivity < 0.055 pS/cm, pH 6). Two
types of PS-b-Dextran copolymers were utilized, both with dextran weight-average
molecular mass M,, = 6000 Da (M,,/M, = 1.65 (M,, is number-average molec-
ular mass, M, /M, is a measure of polydispersity)) and with different PS block
lengths (M,, = 12300 Da (M., /M,, = 1.02) and 2100 Da (M,,/M,, = 1.11), respec-
tively). Synthesis and interfacial behaviour of these block copolymers is described
in chapters 3 and 4.

Two proteins, BSA (Sigma, A3912, minimum 96%, M,, = 66 kDa) and trypsin
(Sigma, from bovine pancreas, T1426, saltfree, M,, = 24 kDa) were used to test
the protein repellency of dextran brushes. BSA is a heart-shaped protein; its di-
mensions in solution (pH 4.5-8.0) can be approximated by a triangle with sides
of 8.0 nm and a depth of 3.0 nm and the isoelectric point is at pH 4.7.25 Based
on crystallographic information (Protein Data Bank entry 2PTN), the native con-
formation of bovine trypsin can be approximated as an ellipsoid with axes of 4.8
nm x 3.7 nm x 3.2 nm.'%% Tt is isoelectric at pH 10.5.19 BSA solutions of 50
mg/l in phosphate buffer (Merck, 52 mM, pH = 7.0) were applied. Trypsin was
dissolved in freshly prepared phosphate buffer (55 mM, pH = 7.6), from KoHPOy4
and KHoPOy4 (Merck), at 50 mg/1.

5.2.2. Preparation of the Brushes

The amount of adsorbed proteins on dextran brushes was measured using op-
tical reflectometry.*>46 As substrates reflecting silicon wafers (Wafernet GmbH,
Si(100) with a SiOz-layer of 2-3 nm) were used, cut in slides of 1 cm wide and 6 cm
long. Prior to grafting the dextran, the wafers were coated with a polystyrene (PS)
film (approximate thickness 70 nm) as reported in chapter 2. The dextran brushes
were applied by transferring a compressed PS-b-Dextran copolymer monolayer
from an air-water interface in a Langmuir trough to the PS-coated wafer, using
the LB deposition technique,'3® as previously described for PS-b-PEO copoly-
mers®” 126 (see chapter 2 as well) and PS-b-PAA copolymer.?®

The PS(12300) - b - Dextran(6000) copolymer was dissolved in chloroform and
spread on a clean air-water surface with a micro syringe. The PS(2100) - b -
Dextran(6000) copolymer was dissolved in DMSO at 70 °C and introduced to the

air-water interface using the Trurnit method. %
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Figure 5.1A and figure 5.1B show the IT — o~ ! isotherms for both block copoly-
mers for successive compression and expansion cycles (o~ is the area per molecule).
The brush regime is indicated. For explanation of the isotherms in figure 5.1, see
chapter 4. The copolymer with the smaller PS block is used to prepare dextran
brushes at high grafting densities; & > 0.30 nm~2. The recorded interfacial pres-
sure isotherms do not represent an equilibrium situation. There is appreciable
time-dependent hysteresis, having consequences for the LB deposition. For each
o, a freshly added PS-b-Dextran monolayer was compressed to the desired grafting
density and left to relax until a stable, constant Il was reached. At high grafting
density, a relaxation period up to 24 hr was needed. After relaxation, the LB
deposition to the PS-coated wafers was performed with two wafers at a time, to
produce duplicates. A dipping ’speed’ of 1 mm? /s was used.

The dextran-grafting density (o1 p) was calculated from the amount of copoly-
mer added to the air-water interface (V x C, V is the volume added, C is the
copolymer concentration) and the area of the (compressed) monolayer in the Lang-
muir trough at the start of LB transfer (Ag): orp = %ﬁ\g’“ (M is the molar
mass of the copolymer, N4, is Avogadro’s number). At high grafting densities
(0 > 0.28 nm~2), a vertical transfer was not possible, probably due to a strongly
aggregated monolayer. At these high grafting densities, the monolayer was trans-
ferred horizontally, according to the Langmuir-Schaefer (LS) method.!%? After
deposition of the PS-b-Dextran, the wafers were annealed for 10 min. at 120 °C
(above the glass-transition temperature of PS) in an oven, allowing diffusion of
the PS block of the copolymer into the PS sublayer. After cooling to room tem-
perature, the PS layer becomes glassy and the block copolymers are irreversibly

attached to the surface.

5.2.3. Ellipsometry

The thickness of the transferred PS-b-Dextran layer was determined with el-
lipsometry (Sentech Instruments GmbH, A = 632.8 nm, # = 70.00°). The ellip-
sometry measurements were performed in air (implying that the dextran brush
is collapsed), at 3 different spots on the wafer. At each spot the thickness was
measured 3 times and the lowest value was used. The values at the 3 different
spots were averaged. The thickness of the PS-b-Dextran layer (d) is the difference
between the measured thickness of the PS-coating + PS-b-Dextran and the thick-
ness of the PS layer, measured beforehand. From the d values the grafting density
of the dextran brush at the wafer (o) can be calculated with o¢y = pdNg, /M,
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where p is the density of the PS-b-Dextran layer, N4, Avogadro’s number and M

the molar mass of the PS-b-Dextran.

5.2.4. Contact-angle Measurements

The water wettability of the LB wafers was tested by advancing contact angles
of a sessile drop of ultra pure water at room temperature in air, using a Kriiss
microscope and a digital camera setup. For each wafer, contact angles were deter-
mined at 4 different spots of the wafer and averaged. For comparison, the contact

angle on a PS-coated wafer was measured.

5.2.5. AFM

Tapping mode AFM was applied to investigate the structure of the dextran
brushes in water, at different grafting densities. A Digital Instruments Nanoscope
IIT Multimode Scanning Probe Microscope was used, equipped with a fluid cell
filled with ultra pure water. Veeco TESP silicon cantilevers were used with length
of 125 pm and tip radius of 10 nm. A 1 x 1 cm? piece was cut from the LB
wafers, placed in the fluid cell and covered with ultra pure water. The surface
was scanned in tapping mode at a scan rate of 0.5-1 Hz and with a cantilever
driving frequency of about 130 kHz. 3D AFM images are displayed, as well as a
cross section perpendicular to the scanning direction. The smoothness of the spin-
coated PS layer was investigated with contact mode AFM in air, using a Veeco
DNP silicon nitride cantilever with a tip radius of 20 nm. A scan rate of 2 Hz was

applied.

5.2.6. Reflectometry

We made use of an optical reflectometry set-up described in detail by Dijt45 46
and, more recently, by Cohen Stuart and de Keizer.?? Detector sampling time was
1 second; the flow of protein solution was set at 1 ml/min. All experiments were
performed in duplicate or triplicate at room temperature and average values are

displayed, including error bars.

5.3. Results and Discussion

5.3.1. Characterization of Dextran Brushes

Ellipsometry and Contact-angle Measurements. Average ellipsometric PS-b-Dextran
layer thicknesses (d) are listed in table 5.1, together with IT values at LB transfer,
orp and oy values. The d value from ellipsometry at each spot on the wafer is

calculated as the difference between the measured thicknesses of the PS-layer +
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I /mN/m/‘ org [nm72] @ ‘ d [nm] ® ‘ ooy [nm72] ¢

PS(12300)-b-Dextran(6000)
10 0.1240.007 (4.6%) | 2.7+0.4 (16.8%) 0.094+0.02 (16.8%)
12 0.13+£0.006 (4.6%) | 3.4£1.3 (38.3%) 0.12+0.04 (38.3%)
20 0.2040.012 (6.1%) | 5.8+0.7 (12.6%) 0.204+0.03 (12.6%)
27 0.23£0.011 (51%) | 8.1+0.3 (3.6%) 0.28+0.01 (3.6%)
31 0.26£0.012 (4.6%) | 6.1£1.1 (18.3%) 0.21£0.04 (18.3%)
39 0.304+0.020 (6.7%) | 11.2£1.7 (14.9%) 0.3940.06 (14.9%)

PS(2100)-b-Dextran(6000)

29 0.534+0.031 (4.6%) | 4.5+0.6 (14.2%) ‘ 0.374+0.05 (14.2%)

@ Error calculated with: Ao p/oLs = AV/V + AC/C + AAp/Ao.
V is the volume and C the concentration of the PS-b-Dextran solution, Ag is the area of the compressed monolayer.
b Average value from 3 measured d values at different spots of the wafer, including calculated error from these 3 values.
¢ Error calculated with: Aoey/oen = Ad/d.
TABLE 5.1. LB interfacial pressure (after compression) (II), LB graft-

ing density (orp), average ellipsometric thickness of transferred PS-
b-Dextran layer (d) and calculated grafting density from ellipsometry

(Cent)-

PS-b-Dextran and that of the PS layer. The latter being relatively thick compared
to d; one expects an considerable scattering in the d values at each wafer. This
contributes to the observed errors of the d values in table 5.1 and, consequently,
of Tell-

In figure 5.2 oy values are plotted against o g values, to check the efficiency of
the LB and LS transfer. For the majority of samples, the data in figure 5.2 confirm
a successful transfer of PS-b-Dextran copolymer. Only at o5 = 0.53 nm ™2, is a
significant difference between o.;; and o observed. Those wafers were prepared
with the LS method, which is less controllable than the LB method. Furthermore,
at such a high grafting density the PS-b-Dextran monolayer is strongly aggre-
gated at the air—water surface in the Langmuir trough, which probably reduces
the transfer of the monolayer. In the contact-angle and adsorption results the
grafting density value of o5 = 0.53 nm~2 was corrected to the actual oy value
of 0.37 nm~2.

The advancing contact angles (0,4,) of water on the brushes are presented in
figure 5.3 as a function of ¢ (including a trend-line). The contact angle for all
the brushes is lower than the values measured on a pure PS film (88.8° £ 0.8°),
confirming the presence of a dextran layer. 6,4, decreases with increasing ¢ and

levels off at high o to a finite contact angle of approximately 70°. The 0,4,
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values are higher than might be expected for a coating of a hydrophilic polymer
such as dextran. Yet, this is typical behaviour for wetting of a polymer brush
by a good solvent, as explained by SCF calculations and experiments for PEO
brushes by Cohen Stuart et al.3® Grafted chains adsorb at the solvent-air interface,
forming a bridge between the solid surface and the solvent—air interface, thereby
preventing the droplet from spreading. Therefore, even at high grafting densities
of a hydrophilic polymer, a finite contact angle for water is observed. Accordingly,
the data in figure 5.3 do indicate the presence of a dextran brush at the solid
surface.

AFM. Figure 5.4a shows a 3D AFM image and cross section of a spin-coated PS
surface in air, displaying a smooth surface onto which the PS-b-Dextran layers
are transferred. Figures 5.4b—e show AFM images of grafted dextran immersed
in water, at different grafting densities, captured with tapping mode AFM. The
images in figure 5.4 are the same as those in figure 4.14 in chapter 4. At opp =
0.26 nm~2 the grafted dextran chains form a homogeneous layer (see figure 5.4d).
On a scale of 500 nm (figure 5.4e) the dextran-covered surface is smooth. This
is the region where the dextran chains are in the 'brush regime’ (o > 0.18 nm~2,
see figure 5.1). However at o5 = 0.12 nm~? the surface is inhomogeneous (see
figure 5.4b and figure 5.4c). On a scale of 500 nm (figure 5.4c) patches of 50—
150 nm can be distinguished, indicating the presence of aggregates at the surface,
which were formed during the compression of the PS-b-Dextran monolayer at the
air-water interface. Thus, the AFM images confirm our interpretation of the II—o
isotherms, including the time-dependent hysteresis, in terms of aggregation of the
PS-b-Dextran copolymer, explained in chapter 4. As will be discussed in the next
section, the existence of patches of PS-b-Dextran at low ¢ has large implications

to the effect of the dextran coating on the adsorption of proteins.

5.3.2. Protein Adsorption

Two proteins were used to challenge the (brushed) surfaces, namely BSA and
trypsin. The average charge of BSA is negative and of trypsin is positive at the
pH applied. In figure 5.5 results of a few reflectometry experiments are shown,
exemplary for BSA adsorption at dextran brushes at different grafting densities.
Depending on the substrate, a steady-state adsorption is reached in 20 to 100
minutes. At low grafting densities (¢ < 0.20 nm~2) the initial adsorption is fast,
comparable to the initial adsorption on PS. With increasing grafting densities, the

initial adsorption is slower and the steady-state adsorption values are lower.



94

10.0 nm

0.0nm

5um

5. SWEET BRUSHES AND DIRTY PROTEINS

R P b s e

B
2
B
o

El
=

Pleind

es 1 a5 2 25 3 35 4 45 um S0 100 150 200 250 300 350 400 450

FIGURE 5.4. AFM images (3D and cross section): PS-coated silicon

2

wafer (a) and grafted dextran orp = 0.12 nm™~, scale 5 ym (b) and

500 nm (c), and orp = 0.26 nm~2, scale 5 pm (d) and 500 nm (e).



5.3. RESULTS AND DISCUSSION 95

1,2

I [mg/m ?]

THR I T ST N R T T N I T SR Y O N

I I I I
0 20 40 60 80 100

time [min]

FIGURE 5.5. Some reflectometry experiments for BSA adsorption at
dextran brushes with different grafting densities (adsorbed amount I'
versus time): PS (~4-), 0 = 0.12 nm™ 2 (-O-), 0 = 0.20 nm~? (~e-),
0=026nm"?2 (-A-), 0 =0.30 nm~? (-A-), ¢ = 0.37 nm~? (V).

The averaged steady-state adsorbed amounts for BSA and trypsin from the re-
flectometry experiments are displayed in figure 5.6 as a function of the grafting
density. At o < 0.20 nm~2, the adsorbed amount is almost constant and similar
to the adsorbed amount on a bare PS surface. At grafting densities > 0.20 nm~—?2
the adsorption drops steeply with increasing grafting density until nearly com-
plete suppression of protein adsorption is attained at a grafting density as high as
0.37 nm~2.

This adsorption behaviour may be understood with the help of the AFM images
in figure 5.4. At o < 0.20 nm~2, islands of block copolymer aggregates are found,
leaving room for protein molecules to adsorb at areas of the PS surface that are
not covered with dextran. It is known that protein molecules tend to spread
on a hydrophobic surface like PS, reducing the adsorbed mass per unit surface
area.'?> The small dextran-free interstices probably do not allow for full protein
spreading, which could explain the almost constant adsorbed amount of protein
for 0 < o < 0.20 nm~2. At 0 > 0.18 nm~2 a homogeneous brush is formed, as
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FIGURE 5.6. Adsorbed amount (') as a function of grafting density
(o) for BSA (—M-) and trypsin (- -O- -). Lines shown are curve fits.

shown in AFM images 5.4d and 5.4e. Protein molecules trying to adsorb at the PS
surface have to penetrate the brush. Excluded volume interactions between the
protein and dextran chains oppose this penetration. This ’squeezing out’ effect
increases with increasing grafting density of the dextran chains, resulting in the
observed reduction of adsorbed amount of protein.

There is hardly any difference between the adsorption patterns for the negatively
charged BSA and the positively charged trypsin. This indicates that there is
no significant contribution of electrostatic interaction to the adsorption at the
electrically neutral dextran brush, as anticipated. Although BSA and trypsin are
different in size (molecular volume of BSA is 88.2 nm?32% and of trypsin is 29.8 nm?,
based on molecular dimensions), the adsorptions, at different grafting densities,
are similar. This might be due to the fact that BSA is heart-shaped and probably
penetrates the dextran brush in a preferential orientation ('point-down’). With

increasing grafting density, it is likely less immersed in the brush.
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After reaching a steady-state adsorption in the reflectometry experiments, the
protein solution was replaced by a buffer solution and the dextran-grafted wafers
were rinsed to test a possible desorption of protein. No desorption of BSA was
observed up to 120 minutes of rinsing. However, as for trypsin a desorption of 0—
20% was detected during 120 minutes of rinsing, for wafers with 0 < o < 0.25nm™2.
Densely dextran-grafted wafers (o > 0.25 nm~2) showed no desorption of trypsin
upon rinsing. This can be explained as follows. At low grafing density the trypsin
adsorbes at the dextran-free area of the PS surface, where part of the trypsin
is only loosely bound to the surface and can be rinsed off with buffer. This is
in accordance with research by Koutsopoulos and coworkers, who found 8-14%
desorption of trypsin by flushing with buffer, after adsorption of trypsin at a PS
surface.”? BSA that adsorbes at wafers with low grafting density (o < 0.20nm~2
cannot be flushed off, because BSA is a ’sticky’ protein that, once adsorbed at the
PS areas of the wafer, cannot be removed with buffer, as previous results of BSA
adsorption at PS surfaces reported.”” 124

The adsorption of BSA on brushes of dextran and of PEO are compared for
similar grafting densities and presented in figure 5.7. Dextran and PEO brushes of
similar molecular weight are displayed. Normalized adsorption is shown: T'/To, T
being the adsorption at the bare PS surface. The data for the PEO brushes are
taken from Currie and coworkers.> They used PS(4000)-b-PEO(6500) copolymer,
LB to prepare the PEO brushes at PS surfaces and reflectometry to measure BSA
adsorption. In the case of PEQO, there is a substantial decrease of adsorbed amount
at low grafting densities and a more gradual decrease at higher grafting densities,
whereas in the case of dextran, adsorption suppression starts beyond a critical
grafting density. There are a few possible reasons for this difference. First, in the
case of PS-Dextran, large aggregates are formed at low grafting densities during
the brush preparation, resulting in dextran-free areas at the surface where proteins
can easily adsorb. This PS-b-Dextran aggregation on the air-water interface is
promoted by the relatively large PS block of PS-b-Dextran (M,, = 12300 Da)
(see chapter 4). Second, at low o, PEO forms a larger barrier against adsorption
than dextran of similar molecular weight, due to the larger excluded volume of
PEO in water, reflected in the reported lower y-parameter (at room temperature);
0.44-0.46*7 for PEO-water as compared to 0.49-0.51 for dextran-water.?® This is
supported by calculations by Szleifer et al.?* who showed that flexible grafted
polymers are more effective in preventing protein adsorption than rigid grafted
polymers (the bulky glycosylic units make dextran less flexible than PEO). Despite
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FIGURE 5.7. Normalized BSA adsorption (I'/Tg) for dextran brushes
(M, = 6000 Da) (—B-) and PEO brushes (M,, = 6500 Da) (- -O- -)

as a function of the grafting density. Lines shown are curve fits

the difference between PEO and dextran, laid out in figure 5.7, it can be concluded
that at high grafting densities dextran brushes can reach the same level of protein
repellency as PEO brushes (of comparable molecular weight).

Dextran brushes do not outperform PEO brushes as oligomannose-9 SAMs out-
performed oligo(ethylene oxide) SAMs in surface force experiments with Human
Serum Albumin.'” Oligomannose-9 is a branched, neutral oligosaccharide. It is
one of the oligosaccharides found at numerous blood-contacting surfaces through-
out the human body that are likely evolutionarily selected because of superior anti-
adhesive properties. Accordingly, it might form better protein rejecting surfaces
than dextran-grafted surfaces. However, no protein-adsorption measurements at

oligomannose-9 grafted surfaces have been reported yet.
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5.4. Conclusions

We successfully prepared dextran brushes at a solid surface of PS at various
grafting densities in a controlled way. The brushes were characterized by ellip-
sometry and water contact-angle measurements. Tapping mode AFM imaging
showed that a homogeneous dextran brush is formed at o > 0.18 nm~2. At lower
grafting densities, aggregates of PS-b-Dextran are observed. This inhomogene-
ity can explain the relatively high amounts of adsorption of BSA and trypsin at
o < 0.20 nm—2. Beyond this value of 0.20 nm~? adsorption of these proteins
is suppressed because of the presence of a homogeneous dextran brush. Adsorp-
tion decreases with increasing grafting density due to increasing excluded volume
interactions between the brush and the proteins. Almost complete adsorption
suppression is reached at high grafting density, up to levels comparable to PEO
brushes (of similar molecular weight). However, at low grafting densities PEO
brushes seem to block protein adsorption better than dextran brushes.

Using PS-b-Dextran copolymers and the LB method to prepare dextran brushes
in a 'real life” application is likely to be unsuitable, because of the aggregation and
long relaxation times of the PS-b-Dextran monolayer and the fact that only flat
surfaces can be coated in this way. Other preparation techniques, ’grafting from’
(using e.g. the enzymatic method of19®) or the adsorption of complex coacervate

core micelles!8 20,162

are promising in that case.

What can be concluded from this research is that dense dextran brushes per-
form well in preventing BSA and trypsin to adsorb at a solid surface. Because the
resistance of polymer brushes to protein adsorption is governed by generic physical-
chemical interactions, the observed adsorption pattern may apply to other proteins
as well. Therefore, dense dextran brushes could be used for e.g. biomedical an-
tifouling purposes. Moreover, the dextran brushes could be functionalized to bind
specific proteins or enzymes while blocking the non-specific adsorption of other
proteins. This could be applied to biosensors, separation technology and con-
trolled release devices. Preparation of even more effective antifouling surfaces is

likely accomplished using biomimetic oligo- or polysaccharides instead of dextran.

Acknowledgement
I thank Katja Patzsch for performing the trypsin adsorption experiments. I

enjoyed our pleasant collaboration and useful discussions.



100 5. SWEET BRUSHES AND DIRTY PROTEINS



Part 111

General Discussion






CHAPTER 6

General Discussion

In this General Discussion two phenomena will be elaborated, encountered dur-
ing my research. First, some complications of preparing polymer brushes using
Langmuir-Blodgett deposition will be reported. Second, some characteristics of
the interaction of proteins with polymer brushes will be outlined, with special

emphasis on the nature of the polymer used.

6.1. Langmuir-Blodgett Deposition and (Quasi-) 2D Aggregation

Over the last decade, Langmuir-Blodgett (LB) deposition of amphiphilic diblock
copolymers was believed to be an excellent technique to produce well-defined,
homogeneous, and reproducible polymer brushes at solid surfaces with tunable
grafting densities.?”3% 126 From the results in this thesis, it can be concluded that
LB still is an adequate technique. However, there are some complications that need
to be considered and under certain conditions the preparation of homogeneous
brushes is not possible with LB.

The first complication was discovered by De Vos,'®* preparing PEO brushes at
a PS surface with LB applying PS-b-PEO with various PEO chain lengths, in the
same way as mentioned in chapter 2. The transfer of PS-b-PEO to the PS surface
proved to be incomplete; the longer the PEO chain, the less the transfer. This
imperfection is due to a competition for the PS surface between the PEO block
and the PS block. Nonetheless, homogeneous PEO brushes were obtained with
LB.164

This incomplete transfer illustrates that the film deposition principle of LB is
not as straightforward as depicted in textbooks, like Langmuir-Blodgett Films.*3°
In fact, although the LB technique has been used extensively since the first publi-
cation of Blodgett in 1934,'2 a comprehensive mechanism explaining the transfer
of floating monolayers to solid substrates on a molecular level is still lacking. This
was previously questioned by Gaines and is still unresolved.%?

Another complication encountered, using amphiphilic diblock copolymers as ap-
plied in this thesis, is (quasi-) 2D aggregation. In chapters 3 and 4 the interfacial

103
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behaviour of PS-b-Dextran was outlined, as well as the LB deposition of mono-
layers of PS-b-Dextran to PS coated surfaces. (Quasi-) 2D aggregation of these
copolymers at the air—water interface was fully explained, including precautions
needed for LB deposition of these layers.

Chapter 2 showed some strange interfacial behaviour of monomodal and bi-
modal PS-b-PEO, especially II(0) hysteresis, suggesting a kind of 2D-aggregation.
It was assumed that, for the purpose of preparing brushes at a solid surface, the
obtained isotherms were adequate. We performed some additional experiments
to check this assumption and to investigate the nature of the observed interfa-
cial behaviour. As a starting point we used figure 2.5 in chapter 2 that presents
the II — ¢! isotherms of PSgg-b-PEOys. It demonstrates hysteresis, as well as
a minimum at low o~ upon expansion. This observation was first reported by
Gongalves da Silva et al.°:%7 for PS-b-PEO, with different PEO chain lengths
(x = 90 — 445), however without a satisfactory explanation. They attributed
the hysteresis to entanglements of the PEO chains. Our additional experiments
on PSs9-b-PEO4s monolayers proved this interpretation to be wrong. Gongalves
da Silva and coworkers showed that the hysteresis and the minimum gradually
disappeared with PEO chain length increasing from 90 to 445.56 In case of PSs7-
b-PEO779 we also did not record any hysteresis (see figure 2.4, chapter 2, except
for high area per molecule). Consequently, it can be concluded that the hysteresis

is maximal when the PS and PEO blocks are of similar size.

Fresh PSog-b-PEO,4g monolayers were compressed to different values of 1T and left
to relax. Furthermore, PSog-b-PEO,s monolayers were compressed and immedi-
ately slightly expanded, up to the minimum in the interfacial pressure. From these
experiments it appears that there are two types of relaxations of the monolayer,
one from the maximal pressure (after compression) and one from the pressure
at the minimum (after expansion), as can be seen in figure 6.1a. Besides, con-
cerning the relaxation from the maximal pressure, a trigger pressure of 15 mN/m
exists (see in figure 6.1b). Below a maximal pressure of 15 mN/m no relaxation is
recorded, which indicates that the monolayer is stable at lower pressures. In com-
parison, PS37-b-PEQO77¢ monolayers are stable even at high interfacial pressures;
no relaxation is observed. Figure 6.1b also shows that, beyond 15 mN/m, the
relaxation increases with increasing compression of the layer (increasing IT). The
relaxation times of the PSo9-b-PEQO 45 monolayer in figure 6.1b are relatively short.

Relaxation is (almost) completed within 12 min. much less than the relaxation
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FI1GURE 6.2. Contact mode AFM image of PSs9-b-PEO4s compressed
to I = 10 mN/m.

times for the PS-b-Dextran layers described in chapters 3 and 4. This denotes a
relatively short time scale process causing the pressure relaxation.

Subsequently, monolayers of PSy9-b-PEQyg at different states of compression
and expansion, and after relaxation as well, were transfered to a PS-coated silicon
wafer using the Langmuir-Schaefer (LS) deposition method. This horizontal de-
position technique was chosen to be able to transfer the PSog-b-PEO4g monolayer
without distorting it. The time in between completion of compression and the ac-
tual LS deposition was kept as minimal as possible, to be able to 'capture’ the state
of the monolayer at the completion of compression. Subsequently, the transfered
layers were investigated with contact mode AFM in air. Figure 6.2 presents the
contact mode AFM image of an PSy9-b-PEQO4g monolayer compressed to IT = 10
mN/m. At this pressure there is no relaxation. The image demonstrates that the
PSo9-b-PEO,g layer is inhomogeneous at this pressure. There is some structure
visible, although vague, indicating some height differences in the layer. Most likely,
the thicker patches are composed of large PSo9-b-PEQ,g aggregates, formed dur-
ing compression, according to the following scenario: at large area per molecule
(IT = 0) the PSs9-b-PEQys self assembles into surface micelles, as reported by
Eisenberg et al.. Upon compression, the PEO is forced to desorb into the water
sub phase, reflected in an increase in II. At a pressure of 10 mN/m the monolayer
is within the (quasi-)plateau regime (see figure 2.5), where the PEO chains start
to desorb completely into the water sub phase, as described in chapter 2. Because
the PS and PEO blocks are of similar size, and the PEO is desorbed from the
air-water surface, the PS blocks can meet and stick together through hydrophobic

attraction, in a similar way as described for PS-b-Dextran in the plateau regime in
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chapter 4. Thereby, large PSo9-b-PEQO,g aggregates are formed that coexist with
dilute regions of PSog-b-PEQO,g surface micelles.

In figure 6.3 a series of AFM images is collected, showing compressed PSag-b-
PEOys layers at different stages: compressed to IT = 30 mN/m (al and a2), com-
pressed to IT = 30 mN/m and left to relax for 15 min. (b1l and b2), expanded to II
=9 mN/m after relaxation (c1 and ¢2) and left to relax for 15 min. after expansion
(d1 and d2). The AFM images clearly prove that the PSs9-b-PEO4g monolayer
is inhomogeneous at high interfacial pressures (above the trigger pressure of 15
mN/m). A pronounced structure is displayed, with high and low patches. Com-
paring figures 6.3al and 6.3a2 with figures 6.3b1l and 6.3b2, respectively, shows
that the high and low patches grow significantly during relaxation. This resembles
spinodal decomposition. The question arises: what are the different patches that
get separated? Figure 6.3b1 and figure 6.3b2 represent a fully relaxed layer (com-
pared to the relaxation times in figure 6.1b) and the high patches have sizes in
the order of 100 nm. From figure 6.3b2 a height difference of £5 nm between the
high and low patches can be deduced. This approximately equals the (average)
thickness d of the PSag-b-PEO4g monolayer in air, d = o M/pN,,. At II = 30
mN/m, 0= = 1.75 nm? (from figure 2.5), therefore the average o = 0.57 nm~2.
Consequently, the calculated d = 4.5 nm. This indicates that the observed height
difference of £5 nm in AFM at II = 30 mN/m might originate from multilayers
of PSo9-b-PEQ,g present.

When the relaxed monolayer was slightly expanded, IT dropped to 9 mN/m,
implying the formation of cracks at the air-water interface. Figure 6.3c1 confirms
the presence of large cracks. Crack formation upon expansion was also affirmed
by Brewster Angle Microscopy (BAM) experiments (data not shown). The fact
that cracks are formed upon expansion, points out that the compressed layer
is aggregated on a macroscopic level. It can be argued that this is due to PS
aggregation, because of the relatively large size of the PS block of the copolymer.
According to Kumaki, who studied the compression of PS particles of various
molecular weights at the water surface, PS particles strongly aggregate at the
air-water surface, forming an extensive network that does not decompose upon
expansion.’®® The area occupied by PSag particles (M,, ~ 3000 g/mol) at the
water surface is 1.0 nm?.1%0 At a IT of 30 mN/m, the average o~ of PSag-b-
PEO.s is 1.75 nm?. Therefore, it can be concluded that the water surface is
largely covered with PS blocks, that strongly aggregate. From the cross section
in figure 6.3c2 the thickness of the different patches can be obtained. The high
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FIGURE 6.3. Contact mode AFM images of PS29-b-PEQO4s compressed
to IT = 30 mN/m (al and a2), left to relax for 15 min. (II dropped to
23 mN/m) (bl and b2), expanded to IT = 9 mN/m (c1 and ¢2) and left
to relax for 15 min. (II rose to 17 mN/m) (d1 and d2).
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patches have a thickness of about 15-20 nm (compared to the crack/water phase),
the low patches approximately 5 nm (compared to the crack/water phase). Again,
this is a proof of the presence of multilayers. When compared to the calculated
monolayer thickness of 4.5 nm, the high patches in figure 6.3 presumably consist
of three layers of PSo9-b-PEQysg, the low patches of one layer. This points to the
following scenario for the compression of a PSi9-b-PEO4s monolayer. Starting
from surface micelles, the PSo9-b-PEO,g starts to form bigger aggregates in the
(quasi-)plateau regime around 10 mN/m, where the PEO chains desorb into the
water. When the monolayer is compressed to high pressures (above the trigger
pressure of 15 mN/m), the lateral pressure in the monolayer is so high that the
layer becomes unstable. Parts of the monolayer are budded off as a bilayer of PSag-
b-PEQyg into the water sub phase, forced by the high interfacial pressure within
the monolayer. The PS parts face each other, the PEO chains are stretched out
into the water, forming the exterior of the bilayer. As a result of this 'budding
oft’, the grafting density at the air-water surface is reduced and, consequently, the
interfacial pressure relaxes. Eventually an equilibrium is attained, the relaxation
process terminates within approximately 12 min. as mentioned before. The bilayer
probably does not fold towards the interface, but dangles in the water phase,
because the bilayer will be repelled by the PEO layer at the air—water interface.
When the layers are transfered to the PS-coated surface and examined with AFM,
the layers have dried and the bilayer covers the PSog-b-PEQ4g monolayer, forming
a tri-layer. The relative speed of the bilayer formation process is also illustrated
by figure 6.3cl and figures 6.3d1 and d2, respectively. The cracks that are formed
upon expansion are filled with PSqg-b-PEQy4g from the bilayer in the water sub
phase, that folds back towards the interface. The recovery is completed within 15
min. and a structure similar to the one prior to the expansion is regained. This
PS-b-PEO interfacial behaviour is most pronounced when the PS and PEO blocks
are of the same size. In case of relatively long PEO blocks, e.g. PS37-b-PEO77,
the monolayer is stable upon compression and expansion.

A final peculiarity of the PSs9-b-PEQO4g layer exhibited in figure 2.5, is the
disappearing of the minimum upon expansion with increasing number of com-
pressions and expansions. Apparently, the layer becomes less rigid (although still
aggregated) through some reorganization. Eventually, no more cracks are formed
upon expansion, because the PSo9-b-PEQ,g layer responds to the expansion in a
more flexible way by (partly) folding back of the bilayer to the air—water surface
instead of breaking up.
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The AFM images in figure 6.3 clearly demonstrate that monolayers of PSag-b-
PEO,g, compressed up to the ’brush regime’, are inhomogeneous and, therefore,
the wafers used in chapter 2 did not comprise of homogeneous PEO,g brushes.
Though, the wafers did contain a layer of PEO chains at the surface and, when
in water, the bilayer present probably stretched out into the water phase. These
wafers repel proteins from the surface, as observed in the adsorption experiments
in chapter 2. However, because of the inhomogeneity, it is hard to draw solid

conclusions based on the adsorption experiments.

6.2. Brushes and Proteins

The main objective of this PhD research was to investigate whether polysac-
charide brushes were capable of preventing protein adsorption at a solid surface.
The results in chapter 5 clearly showed that a polysaccharide brush consisting of
dextran chains can reduce the protein adsorbed amount considerably. Almost com-
plete suppression of protein adsorption is attained at high grafting densities. The
performance of dense dextran brushes is identical to that of dense PEO brushes
of similar molecular weight and grafting density. In a way, this is not surpris-
ing, if one considers the theoretical models of the 1990’s.72:99:91:118 These models
describe the interaction of colloidal particles, like proteins, with grafted polymer
chains at a solid surface. According to these models, any flexible, water soluble
polymer of a specific chain length will perform in a similar way, irrespective of the
type of monomer. The main polymer brush parameters in these models, determin-
ing the adsorbed amount of protein, are the grafting density, the chain length and
the solvent quality. The reason the type of monomer has no influence is the major
assumption in these models that no attraction between the polymer (forming the
brush) and the proteins exists. Several researchers over the past decades have
proven this assumption to be wrong. Neutron scattering,? light scattering and

fluorescence spectroscopy,'® force measurements®!: 138145

and adsorption experi-
ments3? %9126 demonstrated an attraction between proteins and PEQ, the polymer
mostly used as brush material in antifouling studies. In a recent review on PEO
in drug delivery, Schubert and coworkers summarized some drawbacks of the use
of PEO in the biomedical field.?” One of the disadvantages is an immunological
response. When intravenous administrated, PEO can cause blood clotting, indi-
cating non-specific interaction with blood. Moreover, a hypersensitivity reaction
is observed in 5-10% of the patients administrated with PEO-containing carri-

ers, that can only be explained by some non-specific interaction with the immune
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system. More sophisticated theories were proposed in the past decade, that in-
clude attraction between EO units and proteins.36:37:51.73. 7 However, most of
these theories only describe the attraction in terms of an attraction energy, the
nature of the attration is not explained. It is evidential that PEO is not a ’simple’
polymer as considered for years. More ’complex’ models for PEO were proposed,
allowing for multiple and interconverting monomeric states of PEO.” In one of
these models, Leckband et al. suggest that the hydrophobic parts of the protein
are attracted to apolar EO segments, the apolar segments being induced by the

51 This seems plausible, although incomplete. Dehydration of

advancing protein.
the hydrophobic parts of the protein might contribute to the attraction as well.
Additionally, PEO is known to form hydrogen bonds in water. It might also form
hydrogen bonds with proteins in water, directly or through water molecules. Mul-
tiple hydrogen bonds between EO units in the brush and proteins can add to
the attraction. A study on complexation of Human Serum Albumin and PEO
in aqueous solutions confirms the suggested hydrogen bonding between proteins
and PEO.? Apart from that, Morra emphasized the role of hydrogen bonds and
hydration forces in a review on fouling resistant surfaces.'?! Yet, a comprehen-
sive model for protein—polymer brush interaction, including all contributions men-
tioned, is still lacking. Concerning the adsorption of proteins at dextran brushes,
the theoretical models used so far cannot be applied, because of hydrogen bonding
within the brush (see chapters 3 and 4). More sophisticated models are needed,
including dextran—dextran and dextran—protein hydrogen bonding. Because glyc-
erol prevents the formation of hydrogen bonds, as illustrated in chapter 3, protein
adsorption experiments at dextran brushes using glycerol can be performed to test
these models and to highlight the role of hydrogen bonds in the adsorption process.

The focus in theory and experiments of protein adsorption at brushes is mainly
on the brush characteristics and how to control them and less on the proteins
and their aspects related to adsorption. Proteins are mostly treated as spheres or
ellipsoids with some interaction energy with the surface and, in some cases, with
some interaction energy with the polymer in the brush. However, proteins are
much more complicated and should be treated likewise. This oversimplification of
proteins was previously remarked by Halperin and Leckband.” Theory depicting
protein adsorption at brushes needs to be more realistic, e.g. by incorporating the
contributions to adsorption mentioned above. Appropriate measurements should

be performed to test these contributions.
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Adsorption experiments of BSA at PEO77o brushes display ternary adsorption,
as discussed in chapter 2. This means that BSA is captured inside the PEO brush
where attraction between BSA and PEO occurs. As yet, there is no experimental
evidence that reveals the position of the protein inside the brush. Neutron Re-
flectivity (NR) is a technique that may provide this information. We performed a
preliminary NR experiment with silica particle adsorption at a PEO77g brush, as
a model system for colloid-brush interaction. The result is promising, because it
clearly demonstrates the position of the silica particles inside the brush.

Until now, PEO has been considered the ideal candidate for antifouling applica-
tions. For good reasons, because PEQ is a very flexible, water soluble polymer that
has a large excluded volume in water, has shown to reduce protein adsorption and
is nontoxic. Yet, there is substantial evidence of attraction between PEO and pro-

137,155 peutral

teins, that makes PEO less suitable. Based on force measurements,
oligo- or polysaccharides, e.g. dextran, are probably more appropriate candidates
for protein rejection, because no attraction occurs. Especially biomimetic saccha-

137 Even

rides seem to be very effective, like oligomannose-9 studied by Rixman.
more sophisticated oligo- or polysaccharide coatings, with neutral and charged
monomers, can be manufactured for e.g. biosensors, blocking non-specific adsorp-
tion, while binding specific proteins or enzymes. An important aspect of polysac-
charides in aqueous solutions is hydrogen bonding, intra- and intermolecular, as
well as with water molecules.?”42 121 This was clearly demonstrated for dextran
brushes at the air—water surface in chapters 3 and 4. Most likely, hydrogen bond-

89,135 also play an important role in the interaction of oligo- and

ing and hydration
polysaccharide coated surfaces with biocolloids. To which extent is not yet known.

Using amphiphilic PS-b-polysaccharide copolymers and the LB method to pre-
pare polysaccharide brushes, as outlined in this thesis, in a ’real life’ application
is inappropriate, because of the complications with diblock copolymers in LB (ag-
gregation, long relaxation times) and the fact that only flat surfaces can be coated
in this way. Furthermore, the use of PS in the biomedical field on a nanoscale may
not be safe.?” 123 Research shows that, although PS is considered a low-toxic mate-

1,'7 PS nanoparticles cause inflammatory effects as a consequence of their large

17,57

ria
Useful preparation techniques for dextran or other polysaccha-
106)

surface area.

ride brushes may be ’grafting from™ (using e.g. the enzymatic method of Loos

18,20,162 o1 the ’zipper brush’

5

the adsorption of complex coacervate core micelles

technique (ultra dense brushes through adsorption) of de Vos and coworkers.'6
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Summary

Protein adsorption is the first step in the formation of a biofilm. Biofilms can cause
serious problems, in technical equipment, but especially in medicine, where they
induce infections at biomaterials used for implants. The best cure is prevention.
This thesis presents research on the prevention of protein adsorption by polymer
brushes. In a polymer brush, polymers are end-grafted to a surface and stretch out
into the solution, thereby forming a barrier for the proteins to reach the surface.
Most research concerns the use of synthetic polymers to prepare brushes from,
particularly poly(ethylene oxide) (PEO). This thesis emphasizes the manufactur-
ing of natural, polysaccharide brushes and their antifouling capacity, as well. In
nature, oligosaccharides are found at the exterior of living cells, having the func-
tion to explicitly bind necessary proteins and cells, while preventing non-specific
adsorption. Moreover, polysaccharides are natural polymers and may therefore be
more appropriate for use in biomedical applications.

The first part, chapter 2, discusses protein adsorption at PEO brushes, high-
lighting the ternary adsorption of Bovine Serum Albumin (BSA) at relatively dilute
brushes of long PEO chains. Preparation of bimodal PEO brushes, consisting of
a dense layer of short PEO chains (N=48) and a variable grafting density of long
PEO chains (N=770), by Langmuir-Blodgett (LB) deposition is described, using
polystyrene(PS)-PEO diblock copolymers. With these bimodal brushes primary
adsorption of BSA at low grafting densities (o) of PEO(770) is suppressed. Re-
sults of BSA adsorption show that the observed maximum of the bimodal brush
is similar to the observed maximum for the PEO(770) brush, indeed confirming
ternary adsorption.

Moreover, the interfacial behaviour of compressed monolayers of PS-PEO(48)
and the bimodal PS-PEO layers at the air-water interface showed II — o~ !-
hysteresis (II is the interfacial pressure). This hysteresis is explained in more
detail in the General Discussion. It originates from 2D aggregation of the PS—
PEO(48) layer upon compression, due to hydrophobic attraction of the PS parts.
It is followed by relaxation of the aggregated layer at high interfacial pressure by
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budding off parts of the monolayer into the water sublayer. The hysteresis (and
hence, the aggregation and relaxation) turned out to be dependent on the size
of the PS block relative to the PEO block. When they are of comparable size
the hysteresis is maximal. With increasing PEO size it eventually vanishes (at
PEO(445)) and the PS-PEO monolayer is stable upon compression.

The second part, constituted of chapters 3 to 5, presents the results on polysac-
charide brushes, in particular dextran brushes. In chapters 3 and 4 the synthesis
and interfacial behaviour of PS—polysaccharide diblock copolymers is discussed,
in the context of preparing brushes using the LB method. The LB method is
chosen in order to control the grafting density. A coupling method of prefab-
ricated blocks is employed to control the size of the copolymer, i.e., the chain
length in the brush. In chapter 3 reductive amination is applied to directly couple
amino-terminated PS to dextrans and maltodextrins. In chapter 4 a different block
coupling route was employed, using 1,6-diaminohexane (DAH) as a spacer between
epoxide-terminated PS and dextran, aiming at synthesizing block copolymers with
a long dextran block. However, this procedure appeared to be unsuccessful. Re-
sults of the syntheses described in chapters 3 and 4 show that, using a block
coupling method, PS-b-Dextrans can be prepared with a maximum dextran M,
of 6000 Da. A plausible reason is an insufficient inter penetration of the PS and
dextran coils, through which the reactive ends of the polymers cannot meet.

The synthesized PS—polysaccharide copolymers show air—water interfacial be-
haviour typical for amphiphilic diblock copolymers. The II—o~! isotherms can be
explained by the changes in conformation of the block copolymers at the air-water
surface. When a monolayer of the block copolymer is compressed, the polysaccha-
ride chains are forced to desorb into the water phase, forming loops and tails. Upon
further compression, a quasi-plateau regime is observed in the II — o' isotherm.
In this region the polysaccharide chains completely desorb into the water sub
phase and the interfacial pressure corresponds to that of an air-water surface of
a saturated polysaccharide solution. When all the polysaccharide chains are des-
orbed, the onset of a brush at the interface is reached. Continuing compression
of the monolayer results in a sharp increase of II, reflecting the repulsion between
polysaccharide chains in the brush.

Successive compression and expansion II — o~1 isotherms of PS(12300) - b -
Dextran(6000) and PS(2100) - b - Dextran(6000) in chapters 3 and 4, respec-
tively, show time-dependent hysteresis, unusual for amphiphilic block copolymers.
There are two driving forces for this displayed hysteresis. The first, occurring at
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intermediate area per molecule, is PS aggregation due to hydrophobic attraction
of the PS blocks. This is similar to the observed aggregation of PS-PEO copoly-
mers. Again, the aggregation is stronger the bigger the PS block is. The second
contribution to the hysteresis is hydrogen bonding between the dextran chains in
the brush regime.

In chapter 5 protein adsorption experiments are presented at dextran(6000)
brushes of various o, using BSA and trypsin as model proteins. BSA is negatively
and trypsin is positively charged at the pH applied. The adsorption as function of
the grafting density proved to be discontinuous. No adsorption suppression at low
o, inhibition up to 90% at high o, comparable to protein adsorption suppression by
PEO brushes of similar M,,. This discontinuity is caused by the aggregation of the
PS-b-Dextran at low and intermediate grafting density, generating inhomogeneities
(patches without dextran) at the wafers prepared with LB. These inhomogeneities
at the surface are confirmed with AFM. At high o a smooth surface is detected
with AFM, indicating a homogeneous dextran brush. The adsorption of BSA and
trypsin at different grafting densities are similar, which is evidence of a minor
electrostatic contribution, if any, to the adsorption. The adsorption results show
that dense dextran brushes have a good protein repellency and might therefore be
used in antifouling applications. Because dextran is a natural polymer, it may be
preferable for use in biomedical practice.

The final part, the General Discussion (chapter 6) reflects on the LB deposition
technique to prepare polymer brushes and the existence of 2D aggregation of the
block copolymers used. Furthermore, some general comments on the interaction
of proteins with polymer brushes, stemming from theoretical and experimental
observations, will be given, with special interest on the nature of the polymer

used.
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Samenvatting

Mijn proefschrift is getiteld 'Brushes and Proteins’, oftewel 'Borstels en Eiwitten’.
Het gaat over het voorkomen van eiwit hechting aan oppervlakken door het aan-
brengen van een borstel aan dat oppervlak. In deze samenvatting zal ik proberen
wat meer duidelijkheid te geven over mijn onderzoek van de afgelopen jaren, aan
de hand van de titel.

Eiwitten

Eiwitten zijn alomtegenwoordig in alles wat leeft; in planten en bomen, in dieren
en in mensen. Er zijn ontelbaar veel verschillende eiwitten, met ieder hun eigen
functie. Ze zijn zeer belangrijk voor het leven op aarde. Ieder van u heeft wel
eens van eiwitten gehoord, want ze vormen een belangrijk bestanddeel van ons
voedsel. De eiwitten die u eet bevatten de bouwstenen waaruit weer de essentiéle
eiwitten worden gemaakt nodig voor uw lichaam. Eiwitten hebben vele bijzondere
eigenschappen. Ik zal het hier beperken tot slechts één eigenschap die van belang is
voor mijn onderzoek: eiwitten hebben de neiging zich te hechten aan oppervlakken,
zowel vaste oppervlakken alsmede het lucht—water grensvlak. In de wetenschap
wordt dat aangeduid met de term ’adsorptie’.

Deze hechting kan zeer vervelende gevolgen hebben. Tk zal een voorbeeld geven:
mensen met een implantaat, bijvoorbeeld een kunstheup of kunststof hartklep,
kunnen last krijgen van trombose, doordat eiwitten uit het bloed hechten aan het
lichaams-vreemde materiaal. Er is nog een veel groter probleem. De hechting van
eiwitten aan oppervlakken is namelijk de eerste stap in het proces dat 'biovervuil-
ing’ heet. Biovervuiling is de 'ongewenste hechting van eiwitten en bacterién aan
een oppervlak’. In figuur 1 zijn de vier stappen van biovervuiling weer-gegeven. In
figuur 1A is te zien hoe eiwitten zich hechten aan het vaste oppervlak. Vervolgens
maken bacterién contact met deze eiwitlaag (figuur 1B) en gaan ze zich stevig
hechten aan het oppervlak d.m.v. ’draden’ (figuur 1C). Als de bacterién zich een-
maal stevig hebben gehecht, gaan ze zich razendsnel vermenigvuldigen (figuur 1D).

Dit proces kan uiteindelijk leiden tot infectie. Het vervelende van een infectie bij
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FI1GUuUR 1. Het proces van biovervuiling: hechting van eiwitten (A),
contact tussen bacterie en eiwitlaag (B), bacterie hechting aan het op-
pervlak (C) en groei van bacterién (D). Met dank aan Willem Norde
voor de plaatjes.

een implantaat is, dat het niet te behandelen is met antibiotica (het is onmogelijk
alle bacterién die zich aan het oppervlak hebben gehecht te verwijderen). Het
is ook onmogelijk om te voorkomen dat er bacterién op het implantaat komen
tijdens het inbrengen in het ziekenhuis. Dit betekent dat mensen met een implan-
taat vaak opnieuw geopereerd moeten worden. In ernstige gevallen is amputatie
nodig, soms kan de infectie zelfs leiden tot de dood. Ook meer alledaagse prob-
lemen worden veroorzaakt door biovervuiling. Denk bijvoorbeeld aan vervuiling
van contactlenzen, maar ook tandbederf.

De enige manier om infectie te voorkomen, is het aanpassen van het oppervlak
van het implantaat, zodat eiwitten niet meer kunnen hechten. Daar wordt veel
onderzoek naar gedaan. Eén van de mogelijkheden is op zoek te gaan naar andere
materialen om het implantaat van te maken. Een andere oplossing is, de implan-
taten te voorzien van een beschermende laag tegen eiwitten en bacterién. Dat is
wat ik heb onderzocht. Daarover straks meer.

Omdat hechting van eiwitten de eerste stap is in het proces van biovervuiling,

is het logisch te kijken naar het voorkomen van die eerste stap en daarmee het hele
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FIGUUR 2. Model van het eiwit BSA.

proces van biovervuiling te stoppen. Als eiwitten hechten aan een oppervlak, zoals
weergegeven in figuur 1A, dan plakken ze met heel veel 'stukjes’ aan het oppervlak.
Bovendien past het eiwit zijn vorm vaak aan, zodat het optimaal kan hechten (het
smeert vaak uit als een dikke pannenkoek). Het is dan ook heel moeilijk om een
eiwit te verwijderen, als het eenmaal vast zit. Dus nogmaals: het is beter om de
eiwit hechting te voorkomen. Bijvoorbeeld door het aanbrengen van een borstel
aan het oppervlak, zoals ik heb onderzocht.

In mijn onderzoek heb ik voornamelijk gebruik gemaakt van het eiwit BSA
(Bovine Serum Albumine). Het is een van de belangrijkste eiwitten in bloed. Het
heeft een hartvormige structuur, zoals te zien is in figuur 2. Oplossingen met BSA
vormden het modelsysteem dat ik gebruikte om de borstels te testen. Wat ik nog
niet heb vermeld, is de zeer kleine afmeting van eiwitten, enkele nanometers groot
(een nanometer is een miljardste van een meter). De eiwitten zijn dus niet met
het blote oog te zien en ook niet met een microscoop. Ik heb speciale meetap-
paratuur gebruikt om de eiwit hechting te meten, gebaseerd op de eigenschappen

van laserlicht. Ik zal daar verder niet op ingaan.

Borstels

De borstels die ik heb gebruikt zijn zogenaamde 'polymeerborstels’. Allereerst,
wat is een polymeer? ’Polymeer’ is Grieks en betekent 'veel deeltjes’. Een polymeer
is een lange keten bestaande uit veel deeltjes, als kralen aaneengeregen aan een
ketting. Voorbeelden van polymeren zijn: alle plastics, maar ook veel natuurlijke

stoffen zoals koolhydraten en eiwitten zijn polymeren. Net als DNA.
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Als je zulke ketens dicht op elkaar vast maakt aan een oppervlak met een van de
uiteinden, dan krijg je een polymeerborstel. Hoe dit werkt, kun je zien in figuur 3.
De ketens zijn vastgemaakt op een afstand d van elkaar, de ketens strekken zich uit
tot een hoogte H. Deze afstand d en hoogte H zijn bepalend voor de eigenschappen
van de borstel. Om een borstel te kunnen vormen, moeten de ketens in een goed
oplosmiddel zitten. In mijn onderzoek is dat water, aangezien ik metingen gedaan
heb met eiwitten. Eiwitten lossen goed op in water. Daarom heb ik polymeren
gebruikt die ook goed oplosbaar zijn in water. Een andere eigenschap van de
polymeerborstels die ik heb gebruikt is hun flexibiliteit, waardoor ze zich aan
kunnen passen aan hun omgeving.

Omdat de afstand d erg belangrijk is, heb ik gekozen voor een techniek waarmee
deze afstand erg nauwkeurig te controleren is. Deze techniek heet Langmuir-
Blodgett’ (vernoemd naar de twee uitvinders ervan) en is ook schematisch weergegeven
in figuur 3. Bij deze techniek wordt gebruik gemaakt van polymeren met een
ankerblok, dat de ketens vastmaakt aan het vaste oppervlak (de zwarte bollet-
jes in figuur 3). De polymeren met ankerblok worden eerst aangebracht aan het
lucht-water grensvlak. Vervolgens worden ze samengeperst. Hierbij ontstaat een
polymeerborstel aan dat lucht-water grensvlak met de gewenste afstand d (zie
figuur 3, borstel is op kop). Vervolgens wordt deze borstel overgebracht naar een

vast oppervlak (verticaal weergegeven in figuur 3).

polymeerborstel Langmuir-Blodgett

4

FIGUUR 3. Tekening van een polymeerborstel (links) en de gebruikte
methode van borstels maken: de Langmuir-Blodgett techniek (rechts).

Voor uitleg, zie tekst.
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FI1GUUR 4. Drie manieren van eiwit hechting aan een oppervlak met een borstel.

Uit mijn onderzoek blijkt dat hierbij soms complicaties optreden, wat het bors-
tel maken bemoeilijkt. De ketens kunnen aan elkaar gaan klitten, doordat de
ankerblokken vastplakken aan elkaar aan het lucht—water grensvlak. Ik zal hier
niet verder op ingaan, maar het is een belangrijke conclusie van mijn onderzoek,

verwoord in Stelling 2.

Borstels en Eiwitten

Nu zijn we aanbeland bij het eigenlijke doel van mijn onderzoek: nagaan hoe
hechting van eiwitten aan een oppervlak kan worden voorkomen, door het aan-
brengen van een (polymeer)borstel. Het komt er in wezen op neer, dat er een
barriere wordt gevormd tegen de eiwitten, die daardoor het oppervlak niet meer
kunnen bereiken. Het belangrijkste daarbij is de afstand tussen de ketens van de
borstel. Dit bepaald voornamelijk 6f en hoeveel eiwit hecht aan het oppervlak.
Er worden drie manieren onderscheiden waarop eiwitten kunnen hechten aan een
oppervlak met een borstel. Dit is weergeven in figuur 4. Als de eiwitten klein zijn
t.0.v. de afstand tussen de ketens, dan kunnen ze doordringen in de borstel en
uiteindelijk hechten aan het oppervlak (zie A in figuur 4). Wanneer de eiwitten
groot zijn t.o.v. de afstand tussen de ketens (B), kunnen de eiwitten niet door-
dringen en blijven ze aan de buitenkant van de borstel. In het derde geval (C) zijn
de eiwitten ook klein en kunnen ze doordringen, maar hechten ze in de borstel aan
de borstelharen. Dit is nog niet zo lang bekend, maar er is wel steeds meer bewijs
dat dit gebeurt. Ik heb dit nader onderzocht in hoofdstuk 2.

Er is veel onderzoek gedaan naar het voorkomen van eiwit hechting m.b.v.
borstels van synthetische polymeren (met name PEO). In het verleden bleken
deze synthetische borstels vaak efficiént te zijn. Er is echter steeds meer bewijs
dat ze toch niet zo efficiént zijn. Eiwitten blijken te hechten aan de borstelharen,
zoals weergegeven in situatie C in figuur 4. Dit leidde tot de twee kernvragen in

mijn onderzoek: 1. Is het mogelijk borstels te maken van natuurlijke polymeren,
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FIGUUR 5. eiwit hechting aan dextraanborstels (—B-) en PEO-borstels
(- -O- -). Voor uitleg, zie tekst.

namelijk polysachariden (lange koolhydraten)? 2. Kunnen deze natuurlijke bors-
tels eiwit hechting tegengaan? Het antwoord op beide vragen is ja. De tweede, en
belangrijkste, conclusie is gebaseerd op figuur 5 (deze komt overeen met figuur 5.7
in hoofdstuk 5). In deze figuur zie je de eiwit hechting weergeven aan zowel dex-
traanborstels (de natuurlijke borstel, weergegeven met H) als aan PEO-borstels
(synthetische borstel, weergegeven met (). Ik zal de details van de figuur buiten
beschouwing laten. Het belangrijkste wat uit de figuur kan worden geconcludeerd,
is het halverwege kruisen van de lijnen van de dextraanborstel en de PEO-borstel.
Oftewel, de dextraanborstel en de PEO-borstel zijn net zo effectief bij deze afstand
d (zie pijl in figuur 5). Deze belangrijke conclusie heb ik verwoord in Stelling 1. In
dit kruispunt wordt ongeveer 90% van de eiwitten tegengehouden. Het is mogelijk
nog dichtere dextraanborstels te maken. Bovendien blijkt uit onderzoek door an-
deren, dat eiwitten niet hechten aan de dextraanketens. Vandaar dat ik verwacht
dat dextraanborstels, of andere natuurlijke borstels, uiteindelijk effectiever blijken

te zijn dan synthetische borstels. Dat moet verder onderzoek uitwijzen.
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