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1. Introduction

For the development of smart surfaces high attention is focused on stimuli-responsive poly-
mers [1]. Since type and rate of response to environmental stimuli can be regulated by chain
length, composition, architecture and topology, polymer films offer a variety of opportunities to
design such stimuli-responsive surfaces. Here different types of film architectures were developed
in the past decades, among them regularly ordered block-copolymer films [2-4], cross-linked
hyperbranched polymer networks [5], smart hydrogels [6-10] and polymer brushes [11-14], the
latter characterized by unique properties due to the tethering of polymers by one end, thus dif-

ferent stretching behavior of the chains in this confined geometry as compared to the solution.

Polymer brushes were firstly investigated because of their positive influence on the steric
stabilization of colloids [14]. But also possible applications, like the formation of chemical
gates [15-17], tunable adhesion of biomolecules [18,19], liquid separation in capillaries [20,21]
or sensor applications with immobilized nanoparticles [22], were discussed in recent years for
different compositions of polymer brushes. Furthermore biocompatibility of selected brush ar-
chitectures could be shown [23-26]. Alongside titanium surfaces [27] and positively charged
coatings [28] these brushes are appealing for biomedical applications, e.g. as implant coatings

preventing adhesion of biomolecules.

On the path to the development of applications it is of high interest to investigate the unique
stimuli-responsive behavior of polymers tethered to interfaces and comprehensive experimental
and theoretical studies on homopolymer polyelectrolyte as well as temperature sensitive brushes
can be found in the literature [11,29-34]. Additionally there are reports for a few specific
binary and ternary mixed brushes on physico-chemical interface properties, swelling behavior
and phase separation [35-38].

Among the field of polyelectrolyte brushes well investigated is the swelling behavior of weak
polyanionic brushes, such as poly(acrylic acid) (PAA) [29,31,39] or poly(methacrylic acid)
(PMAA) [40-42]. These polymers are characterized by their pH dependent deprotonation of
COOH-groups along the chains to negatively charged COO~ groups. For a fixed pH a non-
monotonic dependence on the ionic strength of the solution governs the swollen layer thickness
of these polyanionic brushes with an increase of thickness in the osmotic regime and a decrease
in the salted regime, thus leading to a maximum swollen layer thickness for intermediate ionic

strength [29,31]. Here the increase of the ionic strength of the solution is considered to lead
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to an increase of counter-ion condensation inside the brush, thus forcing the polymer chains
to expand due to the osmotic pressure of the trapped counter-ions [30,41]. With increasing
ionic strength in solution the Debye length x~! decreases, leading to a complete screening of
electrostatic interactions in the salted regime and thus the salted brush resembles a neutral

surface with collapsed polymer chains.

One of the best studied temperature sensitive polymers, the water soluble poly(N-isopropyl
acrylamide) (PNIPAAm), undergoes a phase transition in aqueous solution at its lower crit-
ical solution temperature (LCST) of 32 °C [43-45]. Below the LCST the polymer chains are
swollen in water, whereas above the solvent quality is decreasing and the chains form a more
compact structure due to dehydration [32,33]. Due to this phase transition, grafted PNIPAAm
brush surfaces display an increase in hydrophobicity [33] as well as a decreased swollen layer
thickness [34] above the LCST. Additionally the temperature range of the phase transition and
the absolute change in thickness or contact angle was found to depend on molecular weight
and grafting density. Since the LCST of 32 °C is close to physiological temperatures and can
be considerably increased by copolymerization [46,47] this polymer is appealing for biomedical

applications.

Protein resistance was especially examined for polymer brushes consisting of the water solu-
ble poly (ethylen glycol) (PEG) [14,24-26], whereas these brushes were found to reduce protein
adsorption considerably with protein resistance for high grafting densities and intermediate
chain lengths [48]. Due to their water solubility and high excluded volume, a repulsive osmotic
interaction occurs when these brushes are compressed or penetrated by other macromolecules,
therefore these PEG brush represent a steric barrier towards protein adsorption [28]. Theoreti-
cal concepts for the protein resistance of water soluble polymer brushes were developed [48,49],
stating the formation of a stable water film at the brush solution interface as important for the

repelling of proteins.

Next to polymer brushes, research on three-dimensional hydrogel networks is promising for
the application approaches discussed above [9,50-53]. Here a variety of gel compositions were
investigated, whereas for this work especially interesting are the findings for pH- and tempera-
ture sensitive hydrogels often consisting of the pH-sensitive PAA and the temperature sensitive
PNIPAAm [6,7,54]. For this type of hydrogel a complex pH and temperature sensitive swelling
behavior with suppressed temperature sensitivity at low pH was found [7] and discussed in

terms of an interpolymer complexation due to hydrogen bonding between these polymers [55].

Within this work we aimed at the combination of water soluble polymers with different en-
vironmental sensitivity in brush systems, thus combining PNIPAAm and PAA to establish
a mixed brush with pH- and temperature sensitivity in aqueous solution. We studied envi-

ronmental sensitive changes in the physico-chemical interface properties, the in-situ swelling



behavior and the protein adsorption affinity of these mixed brushes in Chapter 9, and their
corresponding homopolymer brushes in Chapter 7 and Chapter 8. By comparing these mixed
brush systems with the homopolymer brushes we obtained information about the influence of
brush composition and solution parameters on their stimuli-responsive swelling and hence their
interaction behavior with the surrounding solution (Sections 7.1, 8.1, 9.1 and 9.2). With the
help of these findings we interpreted protein adsorption experiments and tuned the amount of
protein at the surface, switching between adsorption and release in tuning pH, salt concentra-
tion, temperature and the brush composition (Sections 7.2, 8.2, 8.3 and 9.3). We also included
ternary brushes containing PAA-b-polystyrene (PS) into the investigations, where the PS-block
represents a hydrophobic model moiety intended for a permanent immobilization of functional
biomolecules, e. g. enzymes by hydrophobic interaction (Section 9.4).

Furthermore PNIPAAm was exchanged for the more hydrophilic PEG, and the influence of
this polymer on the swelling and adsorption behavior in mixed brushes with PAA was studied
and is presented in Chapter 10.

Finally functional biomolecules, e.g. enzymes, shall be exposed switchable to the brush
solution interface to tune the enzyme activity due to the stimuli-responsive behavior of mixed
polymer brushes. Here we present first results on the activity of the enzyme glucose oxidase
immobilized at mono and mixed brush surfaces and the temperature sensitive switching of its
activity in binary PNIPAAm-PAA brushes (Chapter 11) .






Part |.

Fundamentals






2. Polymer brushes

The theory of polymer brushes has been extensively reviewed in the past decades [11,12,56]
and thus will be introduced very shortly here, whereas only important aspects for the following

swelling and adsorption measurements will be discussed.

2.1. Preparation of polymer brushes

The preparation of polymer brushes can be divided, according to the type of interaction of the
chains with the surface, into physisorption [57-59] and chemisorption [57,60,61]. In the first
process polymer chains, often block-copolymers, are attached via physical interaction forces,
whereas in the second process polymers are covalently bound to a given substrate. Typical
binding energies of covalent bonds range from 250 % to 390 % and the bond lengths are in
the Angstrom regime (e.g. 1.54 A for C-C bonds in alkanes). Physical interaction energies are
considerably lower, but due to multiple binding points polymers can also be attached irreversibly
to a surface [62].

Chemisorption can be performed by the ”grafting-from” or the ”grafting-to” method. In the
”grafting-from” process precursor molecules are covalently attached to the substrate and the
polymer chains are polymerized directly at the surface from a surrounding monomer solution
by e.g. conventional radical polymerization or living polymerization methods [14,63,64]. With
”grafting-from” high thicknesses and grafting densities can be achieved, but it is rather difficult
to control the grafting density. Also the polydispersity index (PDI) of the chains can be very
high, ranging for conventional radical polymerization between 1.5 and 3 [64]. Here a decrease
of the PDI can be achieved by living polymerization methods, for example by controlled radical
polymerization [65]. For binary or ternary mixed brushes polymerization of different types of
polymers at the surface is difficult to guide and ”grafting-to” methods are preferable to achieve
defined brush compositions.

In the ”grafting-to” process preformed polymer chains with a reactive end-group are
grafted to a substrate, whereas grafting in the melt or solvent-assisted grafting leads to higher
grafting densities due to screening of excluded volume interactions [66]. Carboxyl or vinyl
functionalized chains are used [61,67], and unbound polymer is usually extracted via a selective
solvent for the brush polymer material. In the form of the method used in this thesis firstly
polymers or silanes equipped with epoxy groups are reacted with the silanol groups of a silicon

substrate to establish an anchoring layer covalently bound via ether bondings to the substrate
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for the following attachment of the brush polymers [35,61]. Secondly COOH - functionalized
polymer chains are reacted with remaining epoxy groups of this anchoring layer to form ester
bondings. The reaction scheme, the functional groups and the resulting chemical bonds are

displayed in Figure 2.1.

(0] (0]
Ngi—oH ’>/\O ——Si—O/Y\O
© 0 OH [¢]
¢ 1) &
+ O/\<(|) —_— O/\(é
3 3,

fo) - (0]
_ o
—Si—O/\(\o HO . ——Si—O/Y\O
OH 0 OH o
Z @ Z o
O/\<C|) + = . O/\I/ .
= S, OH (0]

Figure 2.1.: Reaction scheme of the polymer brush formation by ”grafting-to” displayed for the
example of the grafting of polystyrene chains to a PGMA anchoring layer on a
silicon substrate. 1) Grafting of PGMA via ether bonds to the silicon substrate. 2)
Grafting of COOH-functionalized polystyrene via ester bonds to the PGMA layer.

With this method the grafting density can be controlled by the annealing time and tempera-
ture as well as the thickness of the polymer (melt) layer on top of the anchoring layer, whereas
the latter is strongly determined by the concentration of the polymer solution spin-coated onto
the anchoring layer. However, the grafting density is limited due to the increasing osmotic
pressure of grafted chains against the diffusion of more chains into the brush layer in the ongo-
ing grafting process of the brush polymer chains [12,14]. Thus often the brush regime cannot
be achieved with this method and polymers are grafted in a mushroom conformation. Here
the usage of an anchoring layer consisting of reactive polymers (e.g. PGMA) is favorable for
achieving considerably high grafting densities. Because of its loop-tail structure these anchoring
layers provide an increased amount of epoxy groups for the grafting of brush polymers compared
to self-assembled functionalized monolayers (e.g. GPS) [68]. Iyer et al. calculated the initial
amount of epoxy groups in a 1 nm thick PGMA film (M,, = 24,000 -£;) to be 4.5 £2£* and
estimated the amount of active epoxy groups available for the brush preparation to be at least
1.3 22552 They explained the decrease of active epoxy groups in the grafting of the PGMA film
with a loss of 60 % due to self-crosslinking and of 15 % — 25 %, the train fraction, due to the
reaction with the silicon surface [61,69]. When grafting the brush polymers, e.g. polystyrene
as shown in Figure 2.1, to this anchoring layer a mixing of PGMA loops and brush polymers
can occur [69]. The free energy of mixing and the interface thickness can be calculated by the
Flory-Huggins equation and for the example of PGMA and PS an interpenetration of up to 1.8

nm was found leading to a fractal interface [69].
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2.2. End-grafted polymer brushes

End-functionalized polymers chemically grafted to a surface can be characterized according to
the distance between different grafting points and the thickness of the polymer layer.
In [12] the reduced tethered density

Y= a7rR3 (2.1)

is introduced, that is proportional to the grafting density

deA
g =
M,

(2.2)

and the square of the radius of gyration R,. Here the grafting density o can be calculated
from the ellipsometrically obtained layer thickness d, the polymer brush density p, Avogadros
constant V4 and the number average molecular weight M, of the polymer chains. Additionally
the amount I' of polymer per unit surface area can be calculated from the polymer brush density
p and the layer thickness d:

F'=p-d, (2.3)

whereas often the brush density p is unknown and the polymer bulk density is taken for the

calculations of ¢ and I' to obtain approximative results.

With the reduced tethered density >, grafted polymers at a surface can be classified into
brush, mushroom or pancake regime. Physically > is the number of chains within the area that
a free non-overlapping chain would occupy at the same environmental conditions [12]. The %
parameter for the transition between mushroom and brush regime depends on the excluded
volume, which varies for different systems. Nevertheless it was found for several brush systems
that the brush regime is often present for ¥ > 5 whereas for 1 < ¥ < 5 a transition regime

occurs followed by mushroom conformations for ¥ < 1 [70-73].

Regarding the swelling behavior of polymer brushes, the first quantitative theoretical inves-
tigations led to scaling laws describing the swollen layer thickness of classical neutral brushes
in non-polar solvents of different quality (poor, theta or good solvent) dependent on the graft-
ing density and the molecular weight of the polymer chains [11,74-76]. They were followed
by self-consistent mean field calculations and simulation studies, whereas additional informa-
tions about e.g. the brush profile as well as the distribution of polymer chain ends could be
described [11,77-79].

Polymers, like polystyrene, as classical neutral brushes can be described by the classical
Flory-Huggins model with the Flory-Huggins interaction parameter as the central quantity to
describe the polymer-solvent and polymer-polymer interactions [11]. Typically these brushes

have an upper critical solution temperature (UCST) below which the solvent changes its quality
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from good to poor and the polymer chains deswell. As an example the swelling of end-grafted
polystyrene in the good solvent toluol and the near-6 solvent cyclohexane has been investigated
[63,80]. A good agreement with the theoretical brush height predicted by mean-field theory
was found for PS brushes at an intermediate grafting density [63], whereas deviations from the
scaling laws were demonstrated for very dense PS brushes with grafting densities higher than
1 nm=2 [80].

2.2.1. Water soluble polymer brushes: LCST behavior

Water soluble polymer brushes have a more complicated interaction behavior than classical
neutral brushes because they induce an ordering in the surrounding polar solvent due to H-
bonding. Their effective Flory interaction parameter y depends on temperature and polymer
concentration in contrast to classical neutral brushes, where y was only changing with tempera-
ture [11]. This leads to the phenomenon of a lower critical solution temperature (LCST) where
these water soluble polymers exhibit a phase transition from a swollen to a collapsed configura-
tion upon increase of temperature, thus monomer-monomer interactions are more favorable at
elevated temperatures than interactions between the monomers and the polar solvent. Typical
water soluble polymers showing this phase transition are expressed with their LCST in Table
2.1.

The LCST depends on the molecular weight as well as the environmental conditions (solvent,
pressure) and can be shifted by statistic copolymerization [46, 83, 84]. Introduction of more
hydrophilic monomers increases the LCST whereas more hydrophobic monomers decrease it.
For PNIPAAm-co-PAA in a polyelectrolyte complex with poly(allylamine) a dependency of
the LCST on the pH and the concentration of polyelectrolyte complex was found, shifting the
LCST in the range of 20 °C to 60 °C [83].

PNIPA Am is one of the best studied water soluble polymers and undergoes a phase transition
in aqueous solution at its LCST of 32 °C [43-45]. The phase transition of PNIPAAm brushes
in aqueous solution was studied with a variety of methods including neutron reflectometry
[34,85,86], contact angle measurements [32, 33, 87], surface plasmon resonance [87] and atomic
force microscopy [88]. Several aspects of the temperature sensitive phase transition like the

increase of the hydrophobicity of the brush surface above the LCST, the collapse of the polymer

Table 2.1.: Lower critical solution temperatures of selected polymers in water.

Polymer Molecular weight M,, | LCST | Reference
el [C]

PNIPAAm 13,200 32 [32]

Poly(2-ethyl-2-oxazoline) | 500,000 - 20,000 61-64 | [81]

PEG 3,000 173 [82]
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chains and changes in the vertical density profile of the brushes could be monitored. Here a
distinct transition was found for high molecular weights and intermediate to high grafting
densities with all methods, whereas no collapse of the PNIPAAm chains could be concluded
from force-distance measurements for low molecular weights and low grafting densities [88].

These results are accompanied by evaluations of the first momentum < z > of the brush
density profile dependence on temperature obtained by neutron reflectometry [34,85,86]. Here
the decrease of < z > due to a temperature sensitive deswelling was found to occur over a
broader temperature range when decreasing molecular weight M,, as well as grafting density
o, and the total changes in < z > between 20 °C and 40 °C depended non-monotonically on
the ratio M,, / o with a maximum of thickness change for intermediate o. Furthermore for
high grafting densities a vertical phase separation with a dense and a dilute brush region was
observed in the range of the LCST [86].

These changes in the brush density profile with temperature could be connected successfully
to self-consistent field simulations [89], and were also proposed on the basis of force-distance

measurements [88].

2.2.2. Polyelectrolyte brushes

Polyelectrolyte brushes are characterized by ionizable groups at each monomer unit, thus long-
range Coulomb interactions become important in the interaction of these brushes with envi-
ronmental molecules. In aqueous solution charges can be compensated by oppositely charged
counter ions forming electrostatic double layers around charged moieties and at surfaces [90].
The range of the Coulomb interactions is characterized by the Debye screening length 1
which is strongly dependent on the salt concentration in solution. Typical Debye lengths are

displayed in Table 2.2.

Table 2.2.: Typical Debye lengths of monovalent ions in salted solutions [90].

salt concentration | £7!
[M] [nm]
0.0001 30
0.01 3.0

1 0.3

Increasing salt, pH

Deprotonation of COOH n
Na*

Figure 2.2.: Dissociation scheme of PAA.
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According to the fraction of charged monomers polyelectrolyte brushes can be distinguished
into quenched brushes (strong polyelectrolytes) with a fixed fraction of charged monomers and
annealed brushes (weak polyelectrolytes) with a variable fraction of charged monomers [30]. For
quenched brushes the swelling behavior is only dependent on the ionic strength of the solution,
whereas for weak polyelectrolytes the degree of dissociation is also a function of the local pH.
Thus annealed brushes swell sensitive to both pH and salt concentration in solution. For weak
as well as strong polyelectrolyte brushes the swelling is driven by an osmotic pressure, caused
by counter-ion localization inside the brush layer, whereas the entropic elasticity of the chains
opposes the extension. A representative and well investigated example are brushes consisting
of the weak acid poly(acrylic acid) (PAA) (Figure 2.2), which were investigated in the form of
Guiselin brushes in this work. Hence the overview of the properties of polyelectrolyte brushes

will be restricted to the annealed case and polyanionic brushes in this chapter.

Comprehensive theoretical studies have been done to understand the swelling behavior of
polyelectrolyte brushes [91-94]. In his theory for the explanation of colloidal stabilization with
grafted polyelectrolytes, Pincus developed a scaling theory for these brushes and found for
brushes with no additional ion in solution (thus only dissociated groups with their monovalent
counter-ions are present), that the thickness of the swollen layer scales directly with the number
of monomers N, the length a of a monomer unit and the square root of the degree of dissociation
a (Equation 2.4) [91].

d = a'?Na (2.4)

When additional ions, in form of a defined salt concentration cg,, are present in solution,
annealed polyelectrolyte brushes can appear in two different regimes. For cg,p >> cy+ (with
cy+ the proton concentration in solution given by the pH) the brush is in the salted regime
and the concentration of protons inside the brush is approximately the same as in solution [29].

The average degree of dissociation «; at a fixed pH can be calculated to:

1

= Ct
1+ oon

Qyp (25)

which is the same as for a monomer (e.g. acrylic acid) in bulk solution. K, is the monomer
dissociation constant. The height of the salted brushes can be calculated with the help of
mean-field models [29,93] to

o2 1/3

d = Na%c'/? <—b) . (2.6)

Csalt
Here N is the number of monomers in an end-grafted polymer chain and o the grafting density.
For c,; < cy+ and especially in the limit of zero salt concentration the dissociation of protons

is hindered because an equal amount of counter-ions for charge neutralization of the negative

dissociated groups per monomer is not present, thus a < ay. This regime is called annealed
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osmotic brush regime and the degree of dissociation as well as the brush height where derived
as [29,93]:

o 2/3
o (1 _babaa_l (cy+ + csalt)> (2.7)
o 1/3
d= NCL4/30'_1/3 (ﬁ (CH+ + Csalt)) . (28)
—

Here o increases with the salt concentration until it reaches o3 and also the thickness is in-
creasing with the salt concentration. However when the brush enters the salted regime d will
decrease again according to Equation 2.6, thus a maximum of the swollen layer thickness is

expected from theory.

2.3. Guiselin brushes

Guiselin brushes are formed due to the immobilization of polymer chains with more than one
grafting point to an attractive surface [62,95, 96|, forming loops and tails of different sizes
(Figure 2.3). This polymer layers can be characterized by thickness d, monomer density profile
® as well as loop and tail size distribution S(n). Here the latter refers to the number of loops
and tails per unit surface with more than n monomers.

Theoretical descriptions for the swelling at good and bad solvent conditions exist for Guiselin
brushes reversibly and irreversibly physisorbed at a surface, whereas in the latter case the loops
are pinned to the surface and no rearrangement is possible [95]. Adsorption was examined
either from solution or from the melt. Also chemisorption was discussed and described as
non-instantaneous but slow irreversible adsorption leading to the theory of the slowly formed
Guiselin brush [96].

Scaling laws for the loop density profile S(n) and for the thickness d of such Guiselin brushes
were developed and with the assumption that each loop, consisting of 2n monomers, behaves
equally to two tails with n monomers, the problem could be converted into describing a very
polydisperse end-grafted polymer brush [95]. This assumption is not trivial since loops of 2n
and tails of n monomers are generally expected to behave energetically differently but at least
in the case of reversibly adsorbing chains it could be shown that the layer thickness d as well

as the monomer density ® are independent of the modeling as loops or tails [97].

e anchoring
points

Figure 2.3.: Scheme of a Guiselin brush where the polymer chains are immobilized via more
than one anchoring point along the chain.
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Since the pseudo brushes prepared within this work consist of polyanionic PAA the theory
of classical neutral Guiselin brushes is only applicable in the case of neutralized PAA chains to
describe the scaling behavior of the layer thickness dependent on the number of monomers per
chain. The scaling behavior of the brush thickness in a good solvent for irreversibly instanta-

neous physisorption or non-instantaneous chemisorption is the same, leading to:
d = aN>/ (2.9)

Here a is the monomer size and N the number of monomers of a single chain, whereas the
thickness scales independent of the number n of monomers per tail. Unlike the total thick-
ness, the loop density profile differs for physisorbed and chemisorbed Guiselin brushes. Non-
instantaneous chemisorbed brushes swollen in a good solvent have two density regions: A more
dense inner region and an outer region with a density profile similar to the physisorbed Guiselin
brush.

2.4. Mixed polymer brushes

Since physico-chemical interface properties can be tuned by the grafting of polymer brushes, it
is possible to switch these properties between extrema or to enhance the range of sensitivity, e.g.
in creating response to different stimuli, when combining differently behaving polymers in mixed
brushes. Polymers of one type with a determined mixture of chain lengths as well as chemically
different polymers were grafted [67,98]. In the latter case tuning of the wetting behavior after
treatment with different solvents was achieved for polystyrene (PS) - poly(2-vinylpyridine)
(P2VP) brushes, and a ripple morphology of the brush surface due to phase segregation could
be observed [98]. Alongside these experimental findings, theoretical explanations were derived
for the phase separation of polymers in binary mixed brushes and diblock copolymer brushes
(38,99, 100].

Mixed polyelectrolyte brushes

The switching of physico-chemical interface properties by organic solvents prohibits the use
of the mixed brush systems mentioned above within biological / physiological environments,
hence the investigation of mixed brushes that are sensitive to stimuli adjustable in aqueous
solutions has increased lately, and polyelectrolyte brush systems consisting of polyanionic PAA
and polycationic P2VP were developed [18,35,37,101]. This mixed brush system was designed to
switch the surface charge between positively charged at low pH (P2VP swollen, PAA contracted)
and negatively charged at high pH (PAA swollen, P2VP contracted).

As described in Section 2.2.2 these polyelectrolytes change their swelling state sensitive to
changes in pH and ionic strength of the solution due to protonation / deprotonation of disso-

ciable groups along the chains. The swelling degree of PAA increases with increasing pH due
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Figure 2.4.: Switching of a PAA-P2VP mixed polyelectrolyte brush with pH.

to the deprotonation of COOH groups, whereas P2VP is in its swollen state at low pH due to
the protonation of the nitrogen atom in the pyridine ring.

The complex dissociation behavior of this mixed brush was investigated with several tech-
niques like contact angle and streaming potential measurements [35] or infrared ellipsometry [37]
and a charge complexation for intermediate pH could be found, rendering the surface neutral

with an isoelectric point of pH 4.9.






3. Adsorption of proteins to surfaces

The adsorption of proteins to surfaces is of great interest in a variety of different fields. On
the one hand a number of proteins tend to perform their tasks in-vivo at phase boundaries,
e.g. membrane proteins, and the understanding of the influence of these protein-interface-
coordination on structure and function of the protein is desirable [102]. On the other hand
protein adsorption on artificial surfaces shall be either prevented on medical implant devices

[103], or it is desired in a controlled way to create drug delivery systems or biosensors [104,105].

3.1. Physico-chemical properties of proteins in solution

Proteins can be characterized by their molecular weight, shape, state of hydration and their
electrochemical behavior [106]. Due to the variation in hydrogen-bonding capacity, hydropho-
bicity and dissociation behavior of the amino acid residues in the polypeptide chains, proteins
are amphiphilic as well as amphoteric. Analytical methods for the determination of properties
of proteins are listed in Table 3.1. In changing environmental conditions mostly the ternary
structure of the proteins can be affected, leading to denaturation and even unfolding of the

protein under extreme conditions.

Protein structure

The primary structure of a protein consists of linear polypeptide chains, where defined sequences

of amino acids are covalently linked via peptide bonds, and the sequence of amino acid residues

Table 3.1.: Common methods for the determination of physico-chemical properties of proteins.

Properties ‘ Analytical method

Molecular weight | Ultracentrifugation
Sedimentation and gel filtration [107]

Shape X-ray diffraction of crystallized proteins
Sedimentation and gel filtration

Hydration state | High-frequency dielectric spectroscopy
Electron microscopy

Electrochemistry | Electrophoresis
Electrometric titration

17
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in the chain also determines the secondary and ternary structure of the protein (Figure 3.1).
Proteins can appear as monomers with one polypeptide chain, but also dimers (e.g. human
serum albumin, gluxose oxidase), trimers (e.g. a-chymotrypsin) or multimers (e.g. fibrinogen),
with the respective number of polypeptide chains exist. These subunits are often connected via

disulfide bonds and resemble the quarternary structure of a protein complex.

Common secondary structures are (3-sheet and a-helix, which are stabilized by H-bonding
between the CO- and NH- groups of the peptide backbone and are due to the chirality of their
monomers [108]. It was found that within these ordered structures the number of possible
conformations was reduced to 25 % compared to the conformations possible in the expanded
coil structure [102]. The ternary structure is determined by the interaction of the amino acid
residues (Figure 3.1). Here different interaction forces are present between the residues as well
as towards the solvent molecules ranging from disulfide and hydrogen bonding to hydrophobic

effects and Coulomb as well as van der Waals forces [109].

The shape of proteins can vary very much with the extrema of globular proteins (closely
folded structure) and fibrous proteins (unidimensional threadlike structure). Within this work
globular proteins in an aqueous environment were used for adsorption studies. These proteins
are almost spherical with packing densities around 75 %, which is in the range of the maximum
packing density of hard spheres of equal size (74 %), thus a large fraction of atoms within the
protein have to be in van der Waals contact. Hydrophobic side groups are mainly located in
the interior of the molecule and charged groups are mostly in the periphery in contact with
water [102].

‘ Structure Primary ‘ Secondary Ternary
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Figure 3.1.: Schematical built up of proteins from amino acids to the compact protein structure.
The natural place of protein formation are thereby the ribosoms within cells.
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State of hydration

Hydrophilic groups on proteins are present due to dissociated and polar chemical groups on
different amino acid residues. Dependent on the pH positively charged groups can be found at
lysine, arginine and histidine and negatively charged groups on aspartic and glutamic acid side
chains, but hydrogen bonding is also possible with polar groups like amide groups at asparagine
and glutamine or OH groups at serine and threonine side chains [106, 110].

The state of hydration is often important for the biological function of proteins, but also
for molecular weight or structure determination the knowledge of the amount of hydration is
helpful. Often the molecular weight is determined too large due to the bound water, whereas
the crystal structure necessary for X-ray diffraction is lost when dehydrating the protein. The
water amount bound to one gram of a protein varies with the protein type. For example for the
elongated fibrinogen 4g H,O /g protein was found [111]. The water uptake depends on the pH
and is expected to be lower for globular than for fibrous proteins due to their compact structure
with an increased amount of hydrophobic groups in the interior.

Furthermore the solubility of proteins in aqueous solutions is affected by their state of hydra-
tion and proteins can be precipitated by adding salts like sodium chloride to the solution. Since
hydration of the additional ions of the dissolved salt reduces the amount of water molecules
available for interaction with polar amino acid side chains of the protein its state of hydration

decreases, leading to this salting-out effect.

Charge state

When regarding the charge state of proteins mainly electrometric titration and electrophoresis
are used to characterize the amount of positively and negatively charged groups as well as the
isoelectric point due to the migration in an electrical field, respectively. As mentioned above
anionic and cationic groups are present on amino acid residues, dissociating dependent on the
pH.

This results in a buffering effect by the protein at pH 3 to 4 (Reaction of COO~ to COOH
at the side chains of aspartic acid and glutamic acid) and pH 9 to 10 (mainly reaction of N H,
to N H, at the side chain of lysine) since added acid or base does not change the pH of the
solution but leads to a dissociation of the mentioned side chain groups. In the basic region
also the loss of protons from hydroxyl groups of the amino acid tyrosine is contributing to the
protein buffer capacity noticeably.

In electrophoretic measurements, nowadays mostly zone electrophoresis with the protein
placed inside a gel-like material at a defined pH is used and the isoelectric point of the protein
can be determined. Since the proteins move towards the negative cathode when positively
charged (low pH) and to the positive anode when negatively charged (high pH) the isoelectric

point can be determined as the pH when the protein is not moving at all in the electrical field.
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3.2. Adsorption process

3.2.1. Transport to the surface and deposition

The process of adsorption is characterized by individual steps including the transport to the
surface during adsorption and from the surface in the desorption process, the deposition and
relaxation at the surface as well as the detachment process and a restructuring of the desorbed
protein in solution [109].

Here the transport to the surface is driven by diffusion but also by convection if the solution

above the sorbent surface is in laminar or turbulent flow. In the absence of convection (batch

tsolution

soution) a depleation zone next to the sorbent surface occurs, leading

geometry with time ¢ >>

to a flux J of protein molecules to the surface of

T = (s —cs) (2)1/2 | (3.1)

7t

Here ¢, and ¢, are the protein concentrations in the bulk solution and at the surface, and D is
the diffusion constant.

If the experiments are performed under steady-state conditions, e.g. in laminar flow, the flux
to the surface is determined by the protein concentration difference and the rate constant k;

which depends on the flow conditions, the geometry and the diffusion constant:
J =ki(cy —cs) . (3.2)

The deposition of protein molecules at the surface is now determined by the rate constant ks
This deposition rate constant decreases with increasing ¢, until the rate of attachment equals

the rate of detachment, leading to:

dl’
E = kQ(CS — Ceq) . (33)

Here the change in the adsorbed amount I' with time depends on the difference between the
protein concentration at the surface c; and the concentration c., corresponding to the saturation
value of I' which is determined by the adsorption isotherm (Section 3.2.3). Thus when the

protein concentration at the surface equals c., the adsorption rate becomes zero.

3.2.2. Driving forces

Energetically protein adsorption at constant temperature and pressure takes place if the Gibbs
energy G decreases (Equation 3.4) [109]. Here H is the enthalpy, S the entropy and T the

absolute temperature in Kelvin.

AadsG = AadsH — TAadSS <0 (34)
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Thereby the adsorption process is mainly governed by structural rearrangements of the protein
and its surface polarity, but also by changes in the distribution of charges at the interface and
a partial dehydration of the surface. Here different contributions to the change in the Gibbs

energy can be assigned to specific interaction processes as listed in Table 3.2 [102].

The strongest driving effect when non-polar surfaces are present in the adsorbing system is
dehydration. Although the apolar groups tend to be in the interior of globular proteins, most
have still apolar patches near or on the surface . Thus even if the sorbent surface is polar and

hydrated, protein adsorption can occur.

Here often structural rearrangements of the protein structure are involved. Since the hydra-
tion state in the protein-surface contact area changes, intramolecular hydrophobic interaction
becomes less important to maintain the stability of the protein and secondary structures like
a-helices or (-sheets can become destabilized. This decrease in structural order increases the
conformational entropy of the protein and thus favors the adsorption process. However struc-

tural changes are usually small and no unfolding into a loop and tail structure occurs.

Interaction between electrical double layers at the surface and around the protein molecule
can also contribute to a negative change in AG. An electrical double layer is formed by the
charge at a surface and the countercharge present as bound and diffuse counter as well as co-
ions around this surface. Often the sorbent surface can be described by the Gouy-Stern model

and the protein by a discrete-charge model [112,113].

A scheme of the electrical double layer with a compact immobile double layer region at
the charged surface and a diffuse layer further away from the surface is depicted in Figure
3.2. This double layer model was developed according to the Gouy-Chapman theory with
an additional modification of Stern regarding the ions not as point charges but with finite
sizes [112]. Here the thickness of the immobile layer is determined by the inner Helmholtz
plane with the potential W77 and the outer Helmholtz plane with W77 where the surface
potential decreases linearly within this distance from the surface. The potential at the shear

plane between compact and diffuse double layer is called (-potential and can be determined for

Table 3.2.: Contributions to AG,4s according to the specific interactions present in a system of
one type of protein molecules and a defined sorbent surface in a well-known aqueous
environment [102,109)].

‘ Interaction forces

Contribution to AG

AGysp | van der Waals dispersion forces —1to —3 % at polymer surface
—4 to —7 % at metal surface

AGy ‘ Interaction between electrical double layers ‘ order of 10 %

AG gprue ‘ Rearrangement in structure of protein ‘ order of 10 %

AGhyar ‘ Dehydration of apolar surfaces ‘ —60 to —120 %
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Figure 3.2.: Scheme of the electrical double layer of counter and co-ions as well as water
molecules and differently defined planes of potential [114].

planar surfaces from streaming potential measurements [114]. Shear plane and outer Helmholtz
plane can differ slightly due to the hydration of surface bound co- and counterions, indicated
by the dipol symbols (blue) for water in Figure 3.2. Here the Debye length 7! is a measure of

the thickness of the diffuse double layer, characterizing the distance from the outer Helmholtz
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plane where the potential W77 reduces to

If the Debye length is smaller than the thickness of an adsorbed compact protein layer (as in
most cases) the net charge density at the protein-sorbent interface is zero because the proteins
screen it from further electrostatic interaction with the solution. Also an adjustment of the
charges at the sorbent-surface as well as for the protein molecules takes place [115]. To maintain
local charge neutrality an incorporation of additional ions at the interface is possible, whereas
this process is chemically unfavorable and opposes the adsorption process. Thus the highest
adsorbed amount can be found when the charge density on the protein matches that on the

surface so no additional ions have to be incorporated [116].

Van der Waals dispersion interactions between the electron orbitals in close vicinity are
present as well in the adsorption process. Here the contribution to AG for a sphere interacting
with a planar surface, where the distance h between surface and sphere is much smaller than

the radius a of the sphere, can be approximated to [109]:

a
AGaisy = —A1326—h (3.5)

Aq3e is the Hamaker constant for the interaction and can be calculated from the individual

constants A;, Ay and Az between the molecules of each phase in aqueous solution [117].

If the sorbent-surface is not solid but flexible two opposing tendencies are discussed. Adsorp-
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tion is favored in optimizing the contact by adjustment of the surface morphology to the protein
shape, but an increased osmotic pressure and a decrease in the conformational entropy of e.g.
surface bound polymers when the protein ”presses” on the surface opposes the adsorption.
Furthermore at polar surfaces the adsorption of "hard” proteins happens only at electrostat-
ically attractive conditions, whereas ”soft” proteins can also adsorb at repulsive conditions due

to their structural rearrangements [109].

The relaxation of protein molecules due to structural rearrangements at the sorbent-surface
is addressed quantitatively in modeling the protein molecules as tiny core-shell droplets with
effective interface tension and "hardness” [108]. The interface tension may change with changes
in the protein conformation, whereas adsorption is treated as a droplet spreading. After contact
with the surface spreading occurs to increase the contact area. Here the central quantity is the
spreading parameter S (derivative of G) and it is expressed in terms of the interface tensions
in analogy to a droplet of liquid at a surface. With this model the smaller adsorbed amount
I' of a saturated protein monolayer on a surface with high adsorption affinity compared to a
surface with lower adsorption affinity is explained. Here an increased tendency of spreading
of the protein due to high adsorption affinity is discussed to lead to a faster saturation of the

sorbent-surface with protein molecules.

3.2.3. Adsorption isotherm and reversibility of adsorption

The measurement of I' at ¢ — oo for different supply rates (concentration of the protein in
solution) leads to the adsorption isotherm I'(c.,) [109] (Figure 3.3).

For globular proteins usually well defined plateau values can be reached. Here c., to achieve
the plateau region is often in the range of a few tenths of mg/ml. Since the protein molecules
undergo relaxation at the sorbent-surface the plateau adsorbed amount depends on the ratio

of relaxation rate and supply rate, thus the mode of supply, e.g. undesired convection, affects

F(Ceq)'

Pr e

Ceq

Figure 3.3.: Scheme of I'(c.,) of the adsorption (solid line) and the desorption (dashed line).
Hysteresis between adsorption and desorption isotherm indicate an irreversible ad-
sorbed amount of protein [109].
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If hysteresis between adsorption and desorption as indicated in Figure 3.3 occurs, the adsorp-
tion process is not fully reversible. Here reversibility of the process would be given if I'(¢ey)des
would be the same as I'(c.q)qds When decreasing again the protein concentration in solution.
When hysteresis is observed two metastable states exist, one on adsorption and desorption
isotherm respectively, separated by a Gibbs energy barrier. This implies that physical changes,
like a structural rearrangement within the protein molecules have ocurred in the adsorption
process, that are not fully reversed after desorption. Thus the physical structure of the protein
molecules is different before adsorption and after desorption, characterizing an irreversible pro-
tein adsorption process. As an example for BSA adsorption to silica surfaces at pH 4 a decrease
of a-helix structure from 69 % before adsorption to 50 % after desorption could be found [118].
Here the BSA molecules were replaced by surface-active morpholine to analyze a high amount

of desorbed protein.

3.3. Adsorption at non-swellable surfaces

The theoretical concepts for protein adsorption given in Section 3.2 have been developed along-
side adsorption experiments at solid surfaces employing techniques like ellipsometry [119-122],
total internal reflection fluorescence [119], radio labeling [121] or X-ray reflectivity [123]. Here
metal [116, 122] as well as silica surfaces [124, 125], but also hydrophobic polymer surfaces
[115,120] or lipid membranes [126] have been studied.

At a solid or hydrophobic surface it was found that the plateau value of the adsorption
isotherm is mostly lower or comparable to a monolayer of closely packed protein molecules
with protein layer thicknesses in the range of the dimension of the molecules [109, 127], the
latter taken as indication that only comparably small structural rearrangements in the protein
molecule take place and no expanded loop and tail structure is formed. Regarding the protein
concentration necessary to reach the plateau value of I', for example studies of HSA and fib-
rinogen adsorption have been performed on hydrophobic fluorocarbon polymer films and the
plateau value for HSA was found for concentrations starting from 0.15 4 [120].

In several studies also competitive adsorption was addressed [119,128-130]. In a mixed
protein solution with equal fractions of different protein types the proteins with the highest
diffusion coefficients (smallest molecular weight) are expected to adsorb at first at the sorbent
surface but can be replaced by other proteins that have a higher adsorption affinity for the

surface.

Regarding the electrochemical situation at the protein-sorbate interface, studies have been
performed that demonstrate the charge regulation at the surface as well as on the protein
molecules [115,126]. Furthermore on the one hand adsorption of the protein lysozyme at silica

surfaces was found to have a maximum at the isoelectric point (IEP) of the protein [131], ex-
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plained by a minimum of electrostatic repulsion between individual protein molecules but also
an increased structural stability of the protein at its IEP. Thus closely packed protein layers
with a low spreading parameter (high thickness) are forming. On the other hand for the ad-
sorption of lysozyme at a fixed pH at metal surfaces (electrodes) under variation of the applied
electrode potential a minimum of the adsorbed amount was found close to the point of zero
charge (PZC) of the electrode and an increase of the adsorbed amount around the PZC of the
electrode occurred. Since the interface tension of the electrode decreases when it is polarized
the adsorption affinity as well as the spreading parameter of the protein decreases leading to a

slower saturation of the surface and thus a higher adsorbed amount [108,116].

Biochemical processes have been investigated as well at silica surfaces, for example enzymatic
degradation of protein layers [124], complement activation [125] or the activity of chymotrypsin

immobilized at a hydrophobic surface [132].

3.4. Adsorption at hydrogels and polymer brushes

Protein adsorption at highly swellable surfaces like hydrogels [9,50,133-135] or polyelectrolyte
brushes [18,136-139] was investigated because of their large potential for applications in bio-
logical environments, especially in drug release systems [9]. Novel effects of these flexible
surfaces like adsorption enhancement due to large water accessible charged surfaces and en-
tropic effects (polyelectrolyte mediated adsorption) [139] as well as protein resistance could be

found [25,28].

Among the field of hydrogels, modulated release systems, that are able to release proteins
or drug molecules due to swelling upon external stimuli are most interesting for this work [9].
Here temperature [50,135] as well as pH-sensitive [134,140] hydrogels have been developed but
also interpenetrating polymer networks, that are sensitive to both stimuli [7,51]. Adsorption of
negatively charged proteins within cationic hydrogels was found to be highly reversible at low
ionic strength [134]. Whereas for temperature sensitive PNIPAAm hydrogels (crosslinked with
N, N’- methylenebisacrylamide) the release of insulin and albumin was found to be incomplete,
with higher amounts of the larger albumin molecules than of the smaller insulin molecules re-

maining in the gel [135].

The adsorption of particles (including proteins) to polymer brushes has been divided into
three different types according to the place of adsorption (Figure 3.4) [14]. In the case of
primary adsorption the particle diffuses trough the brush and can adsorb directly at the graft-
ing surface, whereas if the particles are too large or the grafting density too high secondary
adsorption can occur with the particles adsorbing at the brush-solution interface. Also the

case of ternary adsorption may be possible where particles interact directly with the polymer
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chains and can adsorb distributed within the brush layer. The type of adsorption is strongly
influenced by the particle size but also chain length, distance between grafted chains and types

of interactions between particles and polymer chains are of importance.

3.4.1. Polyelectrolyte brushes

Intensive theoretical and experimental studies have been done for polyelectrolyte brushes, in-

cluding albumin adsorption on PAA brushes in spherical or planar geometries [59,136,141-143].

Here adsorption for likewise negative net charges on brush and protein at the ”"wrong side” of
the IEP of the protein was found, whereas two possible explanations exist for this phenomenon.
On the one hand the possibility of charge regulation / reversal on the protein is discussed in
terms of an adjustment of the charge of weakly charged amino acids to the local electrostatic
potential inside the polyelectrolyte brush. On the other hand due to a charge anisotropy
(patchiness) of the protein, positive charged patches exist on the protein that could lead to
an entropically favorable replacement of the small counter-ions inside the brush with protein
molecules. In reference [143] these effects were discussed to be additive, whereas the process of
charge regulation was considered as the dominating driving force for most types of proteins.

Furthermore the penetration of protein molecules inside the brush layer could be demon-
strated [136], whereas a homogeneous filling of the brush with albumin molecules was found for
adsorption at pH 6.7 with a volume fraction of 7 — 10 % [142] (Scheme 3.5). In this study the
adsorbed amount also increased with increasing temperature indicating an entropically driven
adsorption mechanism for these experiments [142].

Systematic experimental studies on the influence of polymer length, grafting density, pH and
salt concentration have been performed as well [59]. The adsorption maximum was found near
the IEP of the protein and a fraction of 30 vol% of BSA content in the brush estimated at
the maximum, whereas the adsorbed amount strongly increased with higher grafting density

and higher polymer chain length. Almost no effect of the protein concentration in solution on

Secondary
Primary adsorption Ternary
adsorption I D adsorption

2

Figure 3.4.: Modes of adsorption on a grafted polymer layer [14].
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Figure 3.5.: Scheme of the homogeneous distribution of albumin molecules (green) within a
spherical polyelectrolyte brush grafted to a polystyrene core particle [136].

the adsorbed amount was observed as expected for this high-affinity system. Furthermore the
critical pH above the IEP until which adsorption on the "wrong side” takes place was examined
to decrease with increasing ionic strength, and a good agreement of the experimental data with
an analytical polyelectrolyte brush model, based on charge regulation and excluded volume

interaction, could be found.

Protein adsorption on mixed polyelectrolyte brushes has been studied so far on a binary
brush system consisting of the oppositely weak charged polymers PAA and poly(2-vinyl pyri-
dine) (P2VP) [18]. Here the interface charge can be switched from positively charged at low pH
to negatively charged at high pH and the influence of pH and ionic strength on the adsorption
of a-chymotrypsin (IEP at pH=8.1) and a-lactalbumin (IEP at pH=4.3) was studied. Here
polyelectrolyte mediated adsorption at net repulsive conditions could be found for this system

at low pH for a-lactalbumin and at high pH for a-chymotrypsin.

Within spherical PAA brushes the activity of immobilized enzymes was tested as well and
nearly full activity of the immobilized enzyme could be observed, indicating a large potential

of these systems in the field of biosensors [137].

3.4.2. Protein repelling brushes

Further interfaces of great interest for bio-related applications are protein repelling surfaces as
well as surfaces allowing controlled biofilm adhesion [28]. Here experimental and theoretical
results for highly water soluble polyethylene glycol (PEG) brushes that reduce protein adsorp-
tion considerably shall be presented briefly.

PEG chains have high excluded volumes [144]. Thus it is discussed that, if a protein ap-
proaches the brush surface and compresses the chains, a repulsive osmotic pressure is induced
aiming at the restorage of the initial brush volume [14]. This consideration could be proven

experimentally in measuring repulsive interaction forces at the brush surface upon compres-
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sion [24].

Further interaction forces that are present in the neutral protein - polymer brush - substrate
system are long-range attractive van der Waals forces between protein and substrate as well as
a short-range steric repulsion between protein and polymer segments, leading together with the
repulsive osmotic pressure to an effective interaction potential (Figure 3.6) [14]. Here depen-
dent on the magnitude of the individual interactions a potential barrier is present. Within this
simple model no attractive interaction between the protein molecules and the polymer chains
are considered and the proteins are treated as inert particles with sizes much larger than the
average distance between grafted polymer chains. Thus for neutral systems (no Coulomb in-
teractions) the brush acts as a steric barrier reducing or even preventing protein adsorption at
the brush-solution interface, referred to as secondary adsorption. However, if the distance be-
tween grafting sites increases and becomes similar to the dimensions of the adsorbing molecules

primary adsorption could occur.

This behavior was found for PEG brushes with high grafting densities and moderate chain
length [48,145,146]. Here systematic studies of BSA adsorption on PEG brushes showed that
for PEG chain lengths of 148 monomers (M, = 6,500 —%;) the adsorbed amount decreased
with increasing grafting density and virtually protein resistance could be found for a grafting
density of 0.3 nm=2 [48]. However for long PEG chains with more than 445 monomers (M, =
19,600 %) a maximum of the adsorbed amount at low grafting densities (around 0.05 nm=?2)
was observed and for PEG chains with 700 monomers (M,, = 23,000 ~%) protein adsorption
could be found for all grafting densities. This adsorption behavior was discussed in terms of
ternary adsorption indicating an additional attractive interaction between the proteins and
the PEG monomers [25,48,49, 147], that was not accounted for in the model considerations
discussed above. Here for self-consistent field calculations an effective segmental adsorption

energy per monomer was considered, and the maximum of adsorption at low grafting densities

for PEG brushes with long chains theoretically confirmed [48]. The maximum is explained by

/ steric repulsion
-

total potential

f/kT

: distance
E 0 \ van der Waals

interaction

Figure 3.6.: Total force per unit area % acting on a neutral particle approaching a neutral

brush (solid line) and individual contributions (dashed lines) [14].
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the possibility of protein molecules to diffuse into the PEG brush at low grafting densities and to
interact with the monomers [25]. With increasing grafting density on the one hand the number
of attractive interaction sites increases leading to a higher adsorbed amount of protein, but on
the other hand the fraction of proteins diffusing into the brush decreases, leading eventually to
a decrease in the adsorbed protein amount. For short PEG chains the number of adsorption

sites along the polymers is too low to increase the adsorbed amount considerably.






4. Methods for surface characterization

Surface characterization methods used within this work are summarized in Table 4.1. Most
of the experiments have been performed with in-situ spectroscopic VIS-ellipsometry or single-
wavelength null-ellipsometry and a detailed discussion of ellipsometry follows in Section 4.2.
Also extensive dynamic contact angle measurements and quartz crystal microbalance experi-
ments have been done and the methods will be presented in Section 4.3 and Section 4.4. Further
methods applied for the surface characterization like streaming potential measurements, atomic
force microscopy or ATR-FTIR spectroscopy have been used in their standardized way and thus

only selected aspects will be mentioned here.

4.1. Survey of AFM, (-potential determination and
ATR-FTIR spectroscopy

Atomic force microscopy (AFM) in "tapping mode” (Nanoscope IITa, Dimension 3100,
Veeco, USA) operated in air was used to control homogeneity and roughness of the surfaces
after preparation and after pretreatment at different pH. Tips of the type BSTap (Budget Sen-
sors, Bulgaria) with a resonance frequency of 300 kHz and a spring constant of 40 N/m were
used.

The cantilever oscillates slightly above its resonant frequency, and it contacts the surface
for a short period during its oscillation cycle. To overcome adhesion forces between tip and
surface as well as the sticking in an adsorbed liquid layer at the surface the amplitude of the
cantilever has to be considerably high and is usually in the range of 100 nm. Within the tapping
measurement this oscillation amplitude A is maintained constant at Agsepoint via a feedback loop
and changes in the z-coordinate of the cantilever required to keep A constant are recorded and
displayed as a topographic image of the surface. The root mean square (RMS) roughness o
was evaluated with the help of the AFM evaluation program (WSxM [148]), whereas opgys is
defined as the standard deviation of the height value Z; of data point i from the average height
value Z,,e of the image (Equation 4.1).

ORMS = \/Zf\il(zZ — Zove)’ (4.1)

N

N represents the number of measured data points within the image.
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4.1 Survey of AFM, (-potential determination and ATR-FTIR spectroscopy

Table 4.1.: Survey of surface characterization methods used in this thesis.

Method ‘ Measurement principle ‘ Measured quantity ‘ Instruments
Ellipsometry Changes in polarization | Ellipsometric angles | Multiskop, Optrel
state of light upon A and ¥ Berlin, Germany
specular reflection M44 and M2000
J. A. Woollam Co., Inc.,
Lincoln, NE, USA
AFM Constant oscillation Az of cantilever NanoScope I1la,

(Tapping-mode)

amplitude secures
constant tip-sample
interaction

to keep Amplitude
A at set-point

Dimension 3100
Veeco, USA

Dynamic
contact angle

Wetting of surface
by liquid drop

Angle between solid
surface and tangent
plane to liquid

OCA20, DataPhysics
Instruments GmbH,
Filderstadt, Germany

surface
Streaming Potential at Isoelectric point of | ElectroKinetic
potential hydrodynamic charge (IEP) Analyzer (EKA),
shear plane (-Potential Anton Paar GmbH
Graz, Austria
QCM-D Changes in oscil- Frequency change Crystal QSX 301
lation of acoustic A f and Dissi- and ellipsometry
shear wave of pation change AD | modul QELM 401
quartz crystal (Q-Sense, Frolunda,
Sweden)
ATR-FTIR IR absorption Absorbance spectra | IFS 55 Equinox FTIR

in evanescent field
(sample-reference mode)

A(v)

spectrometer (BRUKER-
Saxonia, Leipzig)

with SBSR mode
(OPTISPEC, Ziirich,
Switzerland)
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Streaming potential measurements can be used to derive the (-potential at the hydrody-
namic shear plane of the diffuse double layer of macroscopic surfaces for example silicon wafers,
fibers or membranes (Figure 3.2) [149]. Here the (-potential as a function of the pH was mea-
sured with the ElectroKinetic Analyzer (EKA, Anton Paar GmbH, Graz, Austria, Figure 4.1).
Two silicon surfaces coated with equal polymer brushes are arranged face to face to form a
small channel where the electrolyte solution is pumped through in controlled flow. The voltage
AU corresponding to the streaming potential as a function of the pressure loss Ap in the flow
channel is measured by two electrodes.

Here AU is connected to the (-potential by a relation derived by Helmholtz and Smoluchowski

[151].
AU L n 1
g_Ap.é'e-eo'E (4.2)

L is the channel length and Q the cross-section area, whereas 7, ¢y and € are the viscosity, the

absolute and relative dielectric constants of the liquid, respectively. R is the electrical resistance
of the system. The pH-value was adjusted with 100 mM KOH and 100 mM HCI.

Attenuated total reflexion Fourier-transform infrared spectroscopy (ATR-FTIR) was op-
erated in-situ to monitor shifts and changes in the shape of characteristical vibration bands of
thin polymer brush films upon changes in the environmental conditions. Thin film sensitivity
can be achieved with this infrared spectroscopy method due to the utilization of the evanescent
wave extending into the brush film. An infrared beam is guided trough a silicon internal reflec-
tion element according to Figure 4.2(b) with an angle of incidence that leads to total internal
reflection at the silicon-environment interfaces, hence a near-field standing wave, the evanescent
field, forms at this interface with an exponential decay of intensity /(z) into the environment.
In wavelength regions where an excitation of vibration modes in the thin brush film is possible
the evanescent field is attenuated and its altered energy is passed back into the IR beam, thus
contributes to the absorption of the IR beam and characteristical vibration bands of the film

can be measured.

titrator

computer

voltage
meter

electrode electrode

Figure 4.1.: Scheme of a setup (ElectroKinetic Analyzer) for the streaming potential determi-
nation in a microslit between two sample surfaces [150].
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=
Detector

liquid inlet liquid outled

IR beam, . Detector

Figure 4.2.: Single-beam-sample-reference concept (a) and scheme of the in-situ cell (b) for
ATR-FTIR measurements [152].

A commercial ATR-FTIR attachment in the single-beam-sample-reference (SBSR) mode
(OPTISPEC, Ziirich, Switzerland) was used [153]. The ATR-FTIR attachment was installed
on the IFS 55 Equinox FTIR spectrometer (BRUKER-Saxonia, Leipzig, Germany) equipped
with globar source and MCT detector. Trapezoidal silicon internal reflection elements (IRE, 50
x 20 x 2 mm?) from Komlas GmbH, Germany, allowing incident angles of § = 45 ° were used
as substrates for the brush films. In-situ measurements were done in a homebuilt in-situ cell
(M.Miiller, IPF Dresden), which sealed the upper sample (S) half and the lower reference (R)
half of the Si-IRE by oval O-rings forming S- and R-compartment, respectively, which both can
be filled with various aqueous solutions (Figure 4.2).

The brush layer was located solely on the S half of the Si-IRE and the R half was uncoated.
The SBSR concept implies, that single channel spectra I g(v) were recorded separately of the S
and R half of the Si-IRE by guiding one IR beam alternately through these halves. Normalizing

the single-channel spectra according to

[S(l/)

Alv) = —logIR(V)

(4.3)

resulted in an absorbance spectrum (A(v)) with proper compensation of the background ab-
sorptions due to the SiO, layer, solvent, water vapor (spectrometer) and ice on the MCT
detector window. The temperature of the in-situ cell was controlled by a homebuilt heating
jacket, whose temperature could be adjusted via a thermostat water bath. Each measurement

was made after an equilibration time of 30 minutes.

4.2. Ellipsometry

Ellipsometry is known as an optical method used in the observation of thin film layer parameters
like optical constants (refractive index n, extinction coefficient k) or layer thickness d. Changes
in the polarization state of light upon reflection or transmission at a sample are expressed
by the ellipsometric angles A and ¥ and the experimentally recorded values are compared to
theoretical angles calculated from a layer model.

Most often for the monitoring of organic films ellipsometers are operated in the visible range
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of light or as single-wavelength ellipsometers but also measurements in the IR range have
considerably increased recently [37,154,155]. For example spectroscopic VIS ellipsometry was
successfully applied to study the structural variation of protein monolayers upon adsorption at
hydrophobic surfaces [120].

Within this work solely VIS ellipsometric measurements were performed and basic principles,
selected device setups as well as the employment of ellipsometry for the study of thin organic

films will be discussed in the following sections.

4.2.1. Theory of ellipsometry

To characterize the reflection of polarized light at a specular surface the electric field is described
on the basis of two eigenmodes, the components parallel (E,) and perpendicular (Ej) to the
plane of incidence (Figure 4.3).

Here the state of polarization is described by the amplitude ratio g_: and the phase difference
0, — 05, whereas a linear, circular or elliptical polarization is possible for the conditions listed
in Table 4.2

Table 4.2.: States of polarizations for the electric field vector E.

Polarization ‘ Amplitudes ‘ Phases

linear E, = E, 9, =05 = 0/180
circular E, = E; dp — 05 =90
elliptical E, # E dp #0

Changes in the polarization upon reflection at a specular surface are now described with the

change in the relative amplitude ratio tanW and the relative phase shift A according to:

tan¥V = E;/E‘: 4.4
A = (5; —0r) — (5; — ) (4.5)

E p-plane

s-plane

plane of incdence

Figure 4.3.: Scheme of the reflection of the electric field vector at a specular surface [156].
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Here the indices r and i indicate the reflected and the incident electric field vector respectively.

The reflectivity properties of a surface are described by the complex reflection coefficients R,
and R,:

r

R, = f’;e“@—%) (4.6)

p

leading to the basic equation of ellipsometry:

% = tanWe'? (4.8)
R, and R, can be derived from the individual reflectances given by the Fresnel coefficients
rf;i on a phase boundary between two media that are described by the Fresnel equations. 7j,,
depends on the refractive indices N;, N,, of the media at the phase boundary as well as the
angles of propagation ®;, ®,, in the media, whereas for the latter the law of refraction is valid
(Figure 4.4).

Tim = F(Nj, Ny, @5, @) (4.9)

In general the refractive index n = /e for a material is complex and dependent on the wave-
length A following
N(A) =n(A) +ik()N) . (4.10)

Here n is the real part of the refractive index, the extinction coefficient k the imaginary part
and i the imaginary unit.
For a layer system of two phase boundaries as displayed in Figure 4.4, R, and Ry can be

calculated to:

rgl + Tzljs 6_26”

R, = . 4.11
P T e o
R, iy i (4.12)
1+ T81Tf36_2a2
d
a = ZWXNlcosfbl (4.13)
Np & /
WA
N %s« \

Figure 4.4.: Reflexion in the case of one layer at the substrate surface [157].
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whereas d is the thickness of the layer, and ry; and 14 are the Fresnel coefficients at the air-layer
and the layer-substrate interface respectively. Thus it is comprehensible that the ratio of the
reflection coefficients is also a complex function of the wavelength A, the layer thicknesses d;
of a layer stack and its refractive indices IV; as well as the refractive index N of the substrate
and the angle of incidence ®.

% = F(®y, A\, Ny, N;,d,) (4.14)

S
The basic equation of ellipsometry is valid for homogeneous isotropic systems and the optical
constants are evaluated in fitting a model system to the measured ellipsometric data A and

tan U by mean-square minimization.

4.2.2. Ellipsometric setups

Basic components of an ellipsometer are light source , polarizer (P), analyzer (A) and detector
(D), whereas optional also a compensator (C) can be included into the system. Here differ-
ent settings were developed either with rotating analyzer, polarizer or compensator, but also
settings with phase modulator instead of the compensator (Figure 4.5) [158]. For these setups
errors of the rotating elements are the primary source of inaccuracy, because non-idealities in
these elements like multiple reflections or a temperature dependent retardance can occur. Thus
the accuracy in the ellipsometric angles (¥, A) is limited to 0.05 ° - 0.5 ° [159].

A special ellipsometer setup is used in null-ellipsometry. Here both analyzer and polarizer
are rotating elements and often a compensator is also included but fixed at 4+ 45 °. With this
setup the angles of polarizer and analyzer are adjusted to achieve minimum intensity at the
detector. Thus the change in polarization introduced by the sample surface is compensated by
the combined polarizer - compensator setting leading to linear polarized light upon reflection
at the sample surface. With this signal compensation method a very high accuracy within
the range of 0.01 ° to 0.05 ° for (¥, A) can be achieved since possible instrumental errors are
eliminated due to relative measurements [159]. However since the null-setting of the rotating
elements depends on the wavelength, and the iterative adjustment of them is a relatively slow

process, single-wavelength ellipsometers are most common when using this setup.

4.2.3. Ellipsometry on thin organic films

Single wavelength ellipsometry was regularly used to study the formation of protein layers on
solid surfaces, focusing on the adsorbed amount of protein, but also the increase of refractive
index for the single wavelength and the increase thickness in the build up of protein layers

was studied [127,161,162]. Structural parameters like the fraction of surface coverage of the
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Figure 4.5.: General ellipsometric setups [160].
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biomolecule could be derived [161], and the adsorption in monolayers or multilayers could be
concluded [127].

Beyond single wavelength measurements spectroscopic ellipsometry (SE) offers the opportu-
nity to derive the dielectric function (the complex refractive index n(\)) of thin organic layers
over a given wavelength range and to use n(A) for a straight forward determination of its surface
concentration in multicomponent surface layers by an effective medium approach. Furthermore
microstructural modeling, surface dynamics, molecular orientation, clustering, multilayering
and layer density effects can be best addressed by spectroscopic ellipsometry due to an en-
hanced set of experimental data [163]. Here studies of self assembled monolayers with infrared
SE are a prominent example for the determination of molecular orientations due to an analysis

of the optical anisotropy of these films [164,165].

Within this thesis spectroscopic VIS ellipsometry was applied for the measurements of poly-
mer brush films in dry state and in-situ, and to study protein adsorption onto these highly
swellable brush films.

Ellipsometric setups with rotating compensator (M2000, J. A. Woollam Co., Inc., Lincoln,
NE, USA) and with rotating analyzer plus additional retarder (M44, J. A. Woollam Co.) were
used. For the swelling and adsorption measurements the polymer brush samples were fixed in
a batch cuvette (TSL Spectrosil, Hellma, Muellheim, Germany) that was closed with a Teflon
covering. Dry film measurements were performed at angles of incidence @, of 65 °, 70 * and 75
°in the wavelength range of 371 - 1679 nm, whereas for in-situ ellipsometry ®, was fixed at 68
° to achieve irradiation of the sample perpendicular to the cuvette sides. The wavelength range
for in-situ measurements was reduced to 371 - 800 nm to avoid errors due to absorption in the
aqueous buffer solution.

A single wavelength null-ellipsometer was applied solely for protein adsorption studies on
PNIPAAm homopolymer brushes, whereas the refractive index n(\) of dry and swollen PNI-
PA Am brushes was predefined by spectroscopic ellipsometry before. Since the null-ellipsometer

provides its pair of ellipsometric angles (A and W) with increased accuracy compared to the
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rotating analyzer and the rotating compensator setup, we thought it best suitable to study
these brush surfaces with very low adsorbed amounts of protein. The same in-situ setup was

used as described previously.

4.3. Dynamic contact angle

By studying contact angles of liquids at solid surfaces the phenomenon of wetting can be
qualitatively understood [90,166]. Here the contact line of the liquid drop is formed due to
balancing three different forces, that are the interface tensions between liquid and solid (vg),
between liquid and vapor (7;,) and between vapor and solid (7s,) (Figure 4.6).

In the case of smooth, rigid, insoluble and chemically homogeneous surfaces the liquid contact
angle is determined as the angle between the solid surface and the tangent plane to the liquid
surface, whereas the balance between all interface tensions in the solid surface plane is described

by the Young equation (Equation 4.15).

Ysv = ’}/lUCOSH + Vs (415)

In a non equilibrium drop state, a larger ~,, than the sum of v, and the projected part of ~,,
leads to a spreading of the drop, whereas when -, is smaller the drop would contract. Since vy
and g, are constant at constant experimental conditions (temperature, humidity) for a specific
pair of solid and liquid, the force balance is characteristically described by cosf and thus the
contact angle . However several assumptions are necessary to evaluate interface tensions from
contact angle measurements. Firstly, the drop should be rotationally symmetric, which means
that the balance between all interface tensions around the contact line is similar. Secondly the
equilibrium should instantly form after contact of solid and liquid neglecting inertial effects or

the viscosity of the liquid.

According to the equilibrium described by Equation 4.15 three types of wetting regimes can
be distinguished. If the contact angle is finite (f > 0) partial wetting occurs and the corre-

sponding energetic state is characterized by hydrophobicity of the surface. For 6 even larger

Figure 4.6.: Balance of interface tensions between solid, liquid and vapor determining the liquid
contact angle [167].
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than 90 °the surface is defined as non-wetting because the liquid runs easily off the surface and
by additionally increasing the surface roughness, e.g. due to structuring, the effect of ultra-
hydrophobicity can be introduced [168]. In the opposite case of complete wetting of the surface

0 is zero and the surface is defined as hydrophilic.

Furthermore for chemically heterogeneous surfaces, e.g. mixed polymer brushes [], the frac-

tion of each polymer on top of the brushes can be estimated by using the Cassie equation [169]:
cost = ficosb + facosby (4.16)

where 0; and 6, are the Young contact angles for the homopolymer brushes and f; o the frac-

tions for polymer 1 and 2 at the surface [98,169].

Contact angle measurements within this thesis were carried out as dynamic sessile drop ex-
periments employing an OCA20 (DataPhysics Instruments GmbH, Filderstadt, Germany) at
controlled room temperature (T=23 °C) and relative humidity (¢, = 50%). Advancing contact
angles were evaluated from dynamic dispensing / redispensing measurements with a volume of
the sessile drop of 5 ul to 10 ul at a suspension rate of 0.2 “;l using the gonimeter technique
by aligning a tangent at the point of contact between solid surface and sessile drop profile.
Low suspension rates were chosen to assure the mechanical equilibrium of all interface tensions
between single measurement steps. Receding contact angles could not be measured due to a

pinning of the contact line.

For temperature sensitive measurements, a calibrated temperature stage from DataPhysics
Instruments GmbH was attached to the contact angle device and the temperature of the
dry brushes adjusted to a set-point temperature, whereas the real sample temperature was
monitored. Dynamic contact angle measurements were than performed with de-ionized water

droplets at room temperature of 23 °C.

In general, polymer brushes, that are swellable in aqueous solution, present non-ideal sur-
faces for a determination of water contact angles with the goniometer technique. Chemical
heterogeneity, swelling in the measurements process, and a possible reorientation of molecular
groups at the interface can alter the thermodynamic equilibrium, thus the Young equation can
be inapplicable to derive interface tensions [166]. Here the captive bubble method in combi-
nation with the Axisymmetric Drop Shape Analysis - Profile (ADSA-P) can be better suited
to determine contact angles and interface tensions [166,170]. With this method contact angles
are measured between a captive gas bubble and a swollen surface in a liquid chamber and the
shape of the experimental drop is fitted to a theoretical drop profile derived from the Laplace

equation of capillarity.
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We are aware of the limits of applying the goniometer technique to derive advancing contact
angles on swellable polymer brushes. However we obtained all contact angles presented in
this thesis reproducibly in the given error limits, and base the presentation of these results
on existing literature, where this method for the determination of contact angles, e.g. on
PNIPAAm or polyelectrolyte brushes, was applied [33,35,84].

4.4. Quartz crystal microbalance with dissipation mode
(QCM-D)

In a quartz crystal microbalance, based on the piezo-electric effect, a mechanical oscillation is
induced by an applied alternating current [171,172], and frequency changes Af are measured
upon adsorption of thin films on the crystal. For the dependency of the frequency on an
oscillating rigid surface layer with the mass Am the following equation derived by Sauerbrey
is valid [173]:

2f3

- A/liqPq

Parameters within this equation are f; the resonance frequency of the quartz crystal, A the

Af = Am (4.17)

piezoelectric area, p, the shear modulus and p, the density of the crystal. Here the mass has to
be coupled under no-slip conditions to the crystal so that the dissipation change AD = 0. In
the case of measurements in fluids these conditions are no longer valid and dissipation changes
have to be taken into account due to the strong damping of the sensor shear wave.

Novel settings also allow the monitoring of these dissipation changes [174], whereas the
dissipation of the oscillating mass is inversely proportional to the time constant 7 of the damped

oscillation:

_ 1 Lissipated ‘ (4.18)

2rfT 27 Estored
Here Fgissipated 18 the energy dissipated in one period of oscillation and Fyoeq the energy stored
in the oscillating system. In an experiment the time constant 7 of the damped oscillation is
measured in periodically disconnecting the crystal from the driving circuit and fitting the decay

of the oscillation to an exponentially damped sinusodial function [175]:
A(t) = Age " sin(2m ft + B) (4.19)

A modeling of the dependency of Af and AD on the layer parameters ps, ps, 1y and
ds of the film, as they are defined in Table 4.3, was developed mainly by Kanazawa [176]
and Voinova [177,178]. They first introduced the bounding conditions of a Newtonian fluid
in describing the frequency change of the crystal with one side immersed in the liquid [176]
and secondly the viscoelasticity of adsorbed molecules on the crystal is taken into account in
the Voigt-Voinova model [177,178]. The latter model is based on the Voigt-Kelvin model for
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viscoelastic solids [179], whereas the additional pre-assumptions of a uniform film thickness and

density have to be valid.
The following model equations are thus used to fit the layer parameters to Af and AD

numerically [180]:

1
Af = m(p) (4.20)
21 dqpq
—-R
ap = —Eeld) (4.21)
T fdgpq
2mfny —ipy 1 — ae®rds
= . 4.22
g & 27 f 1+ ae*uds (4.22)
& 2nfnp—ipg
G ety g
_ & 27 fmy
o« = Eat— (4.23)
&2 2m fmy
27 f)?
b = o -2m Vo (4.24)
fif + 127y
2
£ = /i /o (4.25)
T

Here the allocation of the parameters of layer, liquid and crystal are summarized in Table 4.3.

In this work QCM-D was utilized in a coupled setup with spectroscopic ellipsometry, as
displayed in Figure 4.7, in the ellipsometry workgroup of the University Nebraska-Lincoln.
An ellipsometric compatible module from Q-Sense was used (QELM 401, Q-Sense, Frolunda,
Sweden) and installed on a M2000 (J. A. Woollam Co., Inc., Lincoln, NE, USA). A 0.3 mm
thick AT-quartz crystal coated with a 100 nm thick gold layer (QSX 301, Q-Sense) was taken

for the measurements. Its resonance frequency is at 4.95 + 0.05 M Hz.

The ellipsometry module consists of Teflon and Titanium and has an angle of incidence of
65 °. The liquid volume above the crystal surface is 100 pl, whereas flow or stagnant liquid
measurements are possible. Measurements were either done in flow with a constant flow rate
of 0.4 mﬂfn or with stagnant solutions. For the exchange of liquids a syringe pump was applied,

and a gradient increase of the flow rate was performed when exchanging the solutions.

Table 4.3.: Layer, liquid and crystal parameters (j=q,1,f) important for the evaluation of QCM-
D measurements.

Symbol ‘ Description

P; Density of crystal (q), liquid (1) and film (f)
d; Thickness of crystal (q), liquid (1) and film (f)
n; Viscosity of liquid (1) and film (f)

i Shear modulus of liquid (1) and film (f)
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Figure 4.7.: Image and scheme of the combined spectroscopic ellipsometry (SE) - quartz crystal
microbalance with dissipation mode (QCM-D) setup [181].
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5. Materials, brush preparation and

properties of dry brushes

5.1. Polymers

PGMA PEG
HO 0] COOH
%n ooy
O n 0
O

PNIPAAM PAA PAA-b-PS

Figure 5.1.: Structural formulas of the polymers used in this thesis.

Polymers used in this thesis for the brush preparation are listed in Table 5.1 and their
structure is displayed in Figure 5.1. All polymers, except poly(ethylene glycol) (PEG), were
purchased from Polymer Source, Inc. (Montreal, Canada) and used as received. Characteris-
tical data like molecular weight and poldispersity index (PDI) was supplied by the company.
Poly(ethylene glycol) (PEG) was kindly provided by B. Zdyrko (Clemson University).

For the calculation of the number of monomers N per chain M,, was divided by the molecular

weight of one monomer. The length of a fully stretched chain was calculated according to:

d, =N -+/i-a2(1 — cosv) (5.1)

with a = 0.154 nm the C-C binding length, v = 109.45 ° the angle of a C-C bond, and i the
number of C-C bonds per monomer. The glass transition temperature was determined with

differential scanning calorimetry (DSC).

47
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Table 5.1.: Characteristical parameters of polymers used in the brush preparation, including

molecular weight M,,, PDI = ]]\\/[4—;", number of monomers N, length d. of a fully

stretched chain and glass transition temperature 7.

Polymer My (-] %—VA‘; N dJnm] T,°C]
Poly (glycidyl methacrylate) PGMA 17,500 1.7 — — 59
Poly (acrylic acid) PAA 26,500 1.12 368 93 105
Poly (acrylic acid) -b- Poly (styrene) PAA- 27,000 1.26 375 94
b-PS 1,000 10 P

Poly (N-isopropyl acrylamide) PNIPAAm
PN28k 28,500 1.46 252 63 138
PN45k 45,000 1.72 398 100 138
PN47k 47,600 1.22 421 106
PN132k 132,000 1.29 1168 294 140

Poly(ethylene glycol) PEG 5000 15 114 35  -60 [182]

5.2. Model proteins

The globular model proteins a-chymotrypsin and human serum albumin (HSA) as well as the
glyco-protein glucose oxidase (GOD) have been chosen for adsorption studies (Table 5.2). Here
a-chymotrypsin and glucose oxidase are enzymes, a special class of functional proteins, and the

activity of glucose oxidase at different brush surfaces was investigated.

a-chymotrypsin is a digestive enzyme and belongs to the class of serine proteases. It hy-
drolyzes peptide bonds on the carboxyl end of the bond. The isoelectric point of this functional

protein is in the neutral to basic pH regime at pH 8.1 and thus it was chosen here for adsorption

Table 5.2.: Characteristical parameters of model proteins [18,183-187].

protein molecular weight size IEP structural details
[Dal [nm?] [pH units]
a-Chymotrypsin 25,200 5.1x4x4 8.1 11% a-helix
51 % [-sheet
HSA (defatted) 66,430 3x8x8 5.7 55% a-helix
45% random coil
glucose oxidase 160,000 2.0x7x8 4.2 glyco-protein
with 16 %

carbohydrates
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studies of a protein with an IEP at high pH. According to its structure a-chymotrypsin belongs
to the globular proteins and has a high ( sheet fraction. Here a-chymotrypsin from the bovine
pancreas (C4129, Sigma-Aldrich, Inc., St. Louis, MO, USA) Type II in the form of lyophilized

powder was used.

HSA s also a globular protein and constitutes about 55% of the human blood plasma. These
protein molecules stabilize the colloid osmotic pressure in the blood and serve as carriers of less
water-soluble molecules like for example fatty acids. It consists of a single stranded polypeptide
and its ternary structure, consisting of two strands is stabilized by 17 disulfide bonds [185]. The
protein shape varies with the pH value and it is considered to be a prolate ellipsoid (14.1 x 4.1
nm, N-form) at pH 7, whereas at acidic pH two different forms around pH 4, the F form, and
below pH 3, the E form, a molten globule like state, are known [188]. In the transition from N
to F the net loss of structure (a-helix) amounts to 8 %, whereas in the transition to the E form
only 1 % more of a-helices is destructured. At high pH between pH 7 and pH 9 an expansion
of the protein takes place with a loss of 2.5 % of helix structures [189]. The isoelectric point
for lipid-bound HSA is at pH 4.7 but increases to pH 5.7 when defatting the protein [190].

Glucose oxidase is an enzyme oxidizing the C1 carbon of glucose, and is present in fungi, e.g.
Aspergillus niger. The enzyme contains two flavin adenine dinucleotide (FAD) molecules, that
function as redox cofactors in the catalytic reaction. Different from HSA and a-chymotrypsin
this enzyme contains 16 % carbohydrates and is a glyco-protein. The enzyme reaction will be

discussed in more detail in Section 11.1.

5.3. Buffer solutions

Phosphate buffered saline (PBS buffer) was purchased from Sigma-Aldrich, Inc. (St. Louis,
MO, USA). This buffer contains 12 mM of the buffer salts disodium hydrogen phosphate and
monopotassium phosphate as well as 137 mM sodium chloride and 2.7 mM potassium chloride
and has a pH of 7.4. Due to the additional salt content it has the same osmotic pressure,

present in human blood and was used here for investigations at isotonic conditions.

For the preparation of buffer solutions with varying pH and cation content, sodium phosphate
monobasic dihydrate, sodium phosphate dibasic dihydrate, acetic acid and sodium acetate tri-
hydrate were purchased from Sigma-Aldrich as well. The adjustment of the salt concentration
in solution was done with sodium chloride. To secure the pH stability in the pH- and salt
dependent swelling experiments the measurements were performed in buffer solutions with a
concentration of cy,+ = 0.01 M, if the desired ionic strength of the solution was not below
0.01 M, using sodium acetate buffer in the range of pH 4 to pH 5.8 and sodium phosphate

buffer between pH 5.9 and 8. For lower ionic strength the pH of the measurement solution was
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controlled before and after the experiment and higher ionic strength was adjusted with sodium

chloride. Measurements at pH 3 were done solely in sodium chloride solution.

For all buffer solutions the refractive index n(\) was measured with a digital multiple wave-
length refractometer DSR-lambda (Schmidt+Haensch GmbH u. Co.) at eight different wave-
lengths from 435.8 nm to 706.5 nm and in case of PBS buffer also for five different temperatures
between 20 °C and 40 °C. Thus dispersion relations for all buffer solutions could be used in the
modeling of spectroscopic ellipsometry data. Characteristical dispersion relations of the refrac-

tive index n(A) are displayed in the appendix in Figure A.1.

5.4. " Grafting-to” of polymer brushes

(100)-Silicon wafers with a native silicon oxide layer of about 2 nm have been pre-cleaned for
15 minutes in absolute ethanol in an ultrasonic bath to remove fatty acid residues. Afterwards
they have been stirred in a solution of ammonium hydroxide, hydrogen peroxide and deionized
water in the mixture of 1 : 1 : 5 for 20 minutes at 70 °C. In the last step silica particles
at the surface should be removed as well as the silicon oxide layer rebuilt in a smoother way
introducing a high amount of OH-groups which leads to a high surface potential and a very
hydrophilic interface with an SiO layer thickness of 1.4 + 0.1 nm.

Onto these cleaned silicon oxide surfaces a PGMA solution of 0.02 wt% in chloroform was spin
coated (Spin 150, SPS Coating, The Netherlands) for 10 seconds with a speed of v = 2000 —%

min

u
min-s’

minutes to form ether bonds using epoxy groups of the PGMA and OH-groups of the silicon

and an acceleration of a = 1000 This layer was heated under vacuum at 100 °C for 20
oxide leading to a thin covalently bound polymer monolayer of 2.3+ 0.2 nm thickness equipped
with remaining epoxy groups for the following grafting-to process [69].

For PNIPA Am brushes 1 wt% solution of PNIPAAm-COOH in THF was spin-coated onto
the anchoring layer and annealed in a vacuum oven at 150 °C for several time intervals ranging
from 5 min to 10 h to obtain grafted brush layers with different grafting densities attached
to the PGMA via ester bondings. Non-covalently bonded polymer was removed by Soxhlet
extraction for 2.5 h in THF.

For PAA Guiselin brushes 1 wt% solution of PAA in ethanol was spin-coated onto the
PGMA layer and annealed at 80 °C in a vacuum oven for 30 min. Ungrafted PAA was removed
by extraction in 96 % ethanol. The annealing conditions for these brushes with multiple grafting
points were optimized to achieve covalently grafted but still highly swellable polymer layers.
According to Figure 5.2 the temperature was chosen at 80 °C, well below the glass transition
temperature of 105 °C of this polymer. It could be shown that for annealing temperatures
near and above the bulk 7, the swelling degree of the PAA films strongly decreased (Figure
5.2(b)). Since the mobility of the PAA chains increases strongly in the region of the glass
transition temperature, more COOH-groups react with the epoxy groups of the PGMA layer
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and a higher amount of grafting points is formed, pinning the PAA chains to the surface.
Thus the swelling degree in aqueous solution is reduced for PAA Guiselin brushes prepared at
elevated temperatures.

The preparation of PAA-b-PS Guiselin brushes follows the same steps as described for
PAA Guiselin brushes but with Methanol as the solvent for the polymer.

For PEG brushes the end-functionalized polymer was grafted from the melt by depositing
PEG powder on the surface of a clean glass slide and covering the melting powder with the
PGMA coated silicon wafer [191]. Samples were annealed in air at 110 °C for 5 h.

For PNIPA Am-PAA mixed brushes first the PNIPAAm brush was formed as discussed
above and after extraction of the non-grafted PNIPAAm, PAA was spin-coated, annealed and
extracted as described for PAA Guiselin brushes. PNIPAAm-PAA-b-PS, PEG-PAA and PEG-

PAA-b-PS mixed brushes were prepared in the same manner.
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(a) Dry layer thickness of PAA Guiselin brushes mea-  (b) Degree of swelling and refractive indices of PAA
sured with a fixed refractive index at n = 1.522. Guiselin brushes upon swelling in 10 mM sodium phos-
phate buffer solution at pH 7.66.

Figure 5.2.: Layer parameters of PAA Guiselin brushes in the dry state (a) and upon swelling
at pH 7.66 (b) after annealing at different temperatures.

5.5. Surface homogeneity and roughness after preparation

To control surface homogeneity and roughness of the prepared polymer brush films, AFM and
dynamic contact angle measurements were performed step by step. AFM images are displayed
for the PGMA layer and selected brush layers in Figure 5.3 and contact angle results after
preparation and extraction as well as roughnesses o,,,, are listed in Table 5.3.

Roughness values for all brushes, except PEG brushes, are below 1 nm and no surface inhomo-
geneities in the brush layers were observed when the PGMA anchoring layer was homogeneous.
PGMA is subject to dewetting on silia surfaces at a relative humidity higher than 10 % and

has to be controlled continuously in the preparation process [192].
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Table 5.3.: Typical surface roughness values for selected dry brushes after preparation and

extraction in the respective solvent and advancing contact angles after immersion in
pH 3 solution with 0.1 mM salt concentration. Uncertainties are 0.05 nm for o,
and 2 ° for 0,4,.

Brush type | Polymers % polymer 2 | 0rms | Gadw
mm] | []
PGMA 0.3 60
mono PAA 0.4 40
mono PAA-b-PS 0.8 52
mono PNIPAAm 0.3 73.5
mono PEG 1.1
mix PN47k-PAA 49 0.6 64
mix PN47k-PAA-b-PS | 32 0.8
mix PN47k-PAA-b-PS | 49 54.5
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Figure 5.3.: AFM images taken directly after preparation and extraction in the corresponding

solvents. Displayed are measurements after applying the simple flattening proce-
dure, subtracting an offset line by line [148]. Additionally the cross-section profile
is displayed as an inset in each image for a path of 400 nm marked in black.
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Regarding the advancing contact angle, 6,4, for PAA Guiselin brushes is 30 ° lower than for
PNIPAAm brushes thus indicating a noticeable contrast between these two polymers. For the
PAA-b-PS Guiselin brush 6,4, is considerably higher than for PAA but still distinguishable
from the value for the PNIPAAm brush. The advancing contact angle for the mixed brushes
is also considerably lower than for the PNIPAAm brush, thus the second polymer should be
present at the surface after immersion of the sample in pH 3 solution at 0.1 mM. Here it is
interesting that the smaller contact angle value is achieved for the mixed brush containing PS,
which indicates differences in the formation of the binary and ternary mixed brushes. The

calculation method for the mixed brush composition will be presented in detail in Section 6.2.

5.6. (-potentials

(-potentials were calculated from pH-sensitive streaming potential measurements (Figure 5.4).
Here the (-potential is negative for all brushes in the investigated pH regime. Only the isoelec-
tric point of the PNIPAAm brush could be measured ranging from pH 3.2 (PN28k as displayed
in Figure 5.4(a)) to pH 3.8 for PN132k [193]. The trends are similar for all brushes contain-
ing PAA and the presence of negative surface charges can be concluded for all investigated
samples in the pH-range between pH 4 and pH 8, which is the relevant range for the protein
adsorption studies performed here. These charges are either due to the dissociation of COOH
to COO~ groups at the PAA chains or due to preferential adsorption of negative ions (e.g.
Cl~, phosphate) on the surface [114].

It is interesting to note, that the (-potential for PAA-b-PS Guiselin brushes starts to deviate
for pH > 4 from the (-potential for PAA Guiselin brushes towards higher values, indicating a
lower negative charge density at the surface (Figure 5.4(a)). In agreement with these results
in Chapter 8 pH-dependent advancing contact angles and HSA adsorption experiments are
discussed, that point at an influence of the PS block on the dissociation behavior of PAA at
higher pH values for the PAA-b-PS Guiselin brushes.

The pH dependent (-potentials for mixed brushes containing PN28k are situated between
values for the corresponding homopolymer brushes (Figure 5.4(b)), with higher values between
pH 3 and pH 5.1 for (45:55) PN28k-PAA brushes than for (20:80) PN28k-PAA-b-PS brushes
due to the higher PAA content in the latter mixed brushes.

Varying the molecular weight of PNIPAAm and the brush composition does not lead to
significant changes in the (-potential and thus other mixed brushes with their corresponding
mono brushes are not presented here. We also refrain from a quantitative discussion since
corrections due to the surface conductivity of PAA would be necessary, which are not possible
with the EKA device [194]. Also in general the concept of a defined shear plane necessary for the
calculation of a (-potential has to be regarded critically for highly swellable brush surfaces [195],
and thus (-potentials for highly swellable PN47k brushes, as presented in Section 7.1.3 will not

be discussed.
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Figure 5.4.: Zeta-potential measurements for homopolymer (a) and mixed brushes (b). Differ-
ing from Table 5.3 PN28k and its mixed brushes are displayed [150].

5.7. Stability

The investigation of the stability of homopolymer and binary polymer brushes was considered
important because on the one hand the grafting points of the brush polymers are ester bonds
and thus can be hydrolyzed at high pH, on the other hand PAA and PNIPAAm chains can
interact in the mixed brush, whereas an immobilization of PAA onto the PNIPAAm brush via
e. g. hydrogen bonding has to be considered.

In Figure 5.5 the stability of refractive index and swollen layer thickness for three exemplary
brushes upon swelling in a 10 mM buffer solution at pH 7 are displayed. At this pH COOH
groups along the PAA chains are dissociated and a hydrogen bonding interaction between
PNIPAAm and PAA should not be present. As can be seen no significant changes in n and d
could be observed for the PNIPAAm brush, the PAA-b-PS Guiselin brush and a PN45k-PAA
mixed brush over 12 hours. Stability was also observed when changing the molecular weight of
PNIPAAm or the mixed brush composition as well as changing PAA to PAA-b-PS.
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Figure 5.5.: Monitoring of the stability of swollen brush thickness (left) and refractive index
n (632.8 nm) (right) swollen over 12 h in 10 mM buffer solution at pH 7 with
null-ellipsometry.



6. Ellipsometric measurements and

modeling

6.1. Course of in-situ measurements

Most of the in-situ ellipsometric experiments were done in a batch cell. After measurement of
the sample in dry state at three different angles of incidence (see Section 4.2.2), the sample
was put into the cell. The nominal angle of the cuvette side windows was adjusted to achieve
perpendicular irradiation. Erroneous results due to window misalignment were eliminated in
controlling the dry sample parameters again in the cell. Here another possibility to determine
the window errors is the fitting of a A offset upon fixed sample parameters, but was not
used here. For both options however the cell has to be thoroughly dry since the samples
investigated are highly swellable and already very sensitive to increased humidity, thus the
sample parameters change considerably upon changes in the humidity.

After the dry film measurement, the cell is filled with 3 ml buffer solution and the sample
equilibrated for at least 10 min. Usually the swelling of these thin films, with a dry layer
thickness between 5 - 20 nm was so fast, that the kinetics were not detectable.

After equilibration in the buffer, 0.5 ml of a concentrated protein solution is inserted into
the cell to achieve an end-concentration of 0.25 ™% protein in the solution. Adsorption was
allowed for at least 2 h and the increase of the combined layer thickness d.o,, of polymer brush
and protein and the combined refractive index nepmpy at A = 631.5nm (one-layer model), or
the formation of a separate protein layer with distinctive protein layer thickness at a fixed
refractive index of n = 1.375 (two-layer model), was monitored. After a plateau value in the
layer parameters was achieved the protein solution was exchanged to the buffer solution. This
was performed in exchanging 2 ml of the solution four times, whereas the brush surface was
kept in a rest of 1.5 ml solution at all times to prevent intermediate drying.

Desorption processes were monitored at least for 1 h. The modeling conditions and their

range of application are described more closely in Section 6.3.

55
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6.2. Modeling of dry polymer brushes

6.2.1. Optical box model

Thickness d and refractive index n of the investigated polymer brushes have to be modeled
using the measured ellipsometric angles A and ¥ according to the fundamental equation of
ellipsometry (Equation 4.8).

For the modeling a layer-by-layer built up of a box model with sharp interfaces between all

layers has been considered appropriate (Figure 6.1(a)) [37,120, 196].
Buffer Buffer Buffer
solution solution solution

(a) (b) () (d)

Figure 6.1.: Different box models for modeling of the dry polymer brush (a), the swollen polymer
brush (b) and modeling of protein adsorption (c¢) and (d). The scheme is not in
scale and thickness ratios between different layers are arbitrary. For the models (b)
and (c) an effective medium approach according to Bruggeman (see Section 6.3.2)
was used to model polymer and protein volume fractions.

For the silicon substrate and the SiO, layer tabulated refractive indices n(\) were used [120],
whereas for the PGMA layer the refractive index was fixed to npgya = 1.525, evaluated from
ellipsometric data of a thick polymer layer. For layer thicknesses higher than ca. 10 nm it was
possible to model the dependence of the refractive index of the dry polymer brush according
to a Cauchy dispersion (Equation 6.1) with k = 0 for transparent layers.

n(A) =A+ % (6.1)

However for very thin brush layers a separation of thickness d and refractive index n is not
possible and then refractive indices determined for thick layers of the corresponding polymers
were used to evaluate the brush thickness. Typical refractive indices and thicknesses of dry
polymer brush layers are listed in Table 6.1.

Here it is interesting, that for PN47k-PAA-b-PS mixed brushes the total layer thickness as
well as the refractive index is higher than for PN47k-PAA brushes. We will discuss differences
in these binary and ternary mixed brushes in more detail in Section 9.4.

The composition of mixed brushes was calculated from the ellipsometric thickness data ac-

cording to Ionov et al. [198], by assuming a similar density of both polymers at the surface.



6.2.1

Optical box model

o7

Table 6.1.: Typical parameters thickness d and refractive index n of dry polymer brushes. The
grafting density o of PNIPAAm brushes was calculated according to Equation 2.2

using the bulk density of PNIPAAm of p = 1.07

_9_
cm

5 [197]. For the mixed brushes

the volume fraction of polymer 2 was calculated from the ellipsometric thickness
data [198]. *Refractive index fixed. The error of n is less than 0.003.

Brush type | Polymers d n o % Polymer 2
[nm] (631.5 nm) | [nm 2]

mono PAA 54+0.2 | *1.522 —

mono PAA-b-PS 57+0.2 | *1.522 —

mono PN28k 5.04+0.4 | *1.448 0.11

mono PN45k 7.3+0.3 | 1.487 0.10

mono PN47k 15.1+1 1.474 0.20

mono PN132k 1204+ 0.4 | 1.448 0.06

mix PN47k-PAA 11.2+0.4 | 1.477 20

mix PN47k-PAA 74403 | *1.474 60

mix PN47k-PAA-b-PS | 145+ 0.2 | 1.507 17

mix PN47k-PAA-b-PS | 11.3 +£0.2 | 1.495 41

The mixed brush ratio can also be calculated directly from the amount Iy, of the individual

polymers at the surface, whereas to derive I',, from the ellipsometric thickness data, again
the density of the polymers is needed. In the case of PNIPAAm (pyur = 1.07 %3 [197]) and
PAA (ppur = 1.4 225 [199]) in mixed brushes the bulk density of the polymers is considerably

different. Thus we compared both calculation methods for the mixed brush composition and

found a deviation of less than 5 %. Sydorenko et al. proved the validity of this calculation

approach by comparison of the ellipsometrically determined brush composition of 8 nm thick

polystyrene - poly(vinyl pyridine) mixed brushes with FTIR spectroscopy results [200].
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Figure 6.2.: Grafting series for PN47k-PAA mixed brushes.

Thicknesses achieved for a whole grafting series for PN47k-PAA are displayed in Figure 6.2.
Here the thickness of the grafted PNIPAAm brushes and the total layer thickness are displayed
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as a function of the PNIPAAm grafting density as derived from Equation 2.2. The amount
of grafted PAA is decreasing with increasing PNIPAAm grafting density, whereas no second
polymer could be grafted for PNIPAAm brushes with a grafting density of 0.18 nm=2. Thus
we concluded that PAA is grafted directly to the anchoring layer and is not only immobilized
along the PNIPAAm chains by physical interaction.

6.3. Modeling of swollen polymer brushes and protein

adsorption

In a first approach the optical box model was also applied to determine n and d for swollen
polymer brushes in aqueous solution (Figure 6.1(b)). For the swollen state Cauchy dispersions
were applicable to determine n in all cases. Furthermore with the help of an effective medium
approach the content of dry polymer within the swollen layer could be determined (Section

6.3.2). Here the approach according to Bruggeman was used.

6.3.1. Brush profiles

Swollen in an aqueous solution, for all brushes investigated in this work a diffuse brush-solution
interface rather than a sharp transition has to be considered [11]. With the help of neutron
reflectometry measurements especially the brush profile of PNITPAAm brushes was investigated
in the literature [11,34,86]. Here a continually decreasing PNIPAAm volume fraction with
height above the substrate could be found below the LCST and the formation of two different
density regimes with a dense region close to the substrate and a dilute region in the outer brush
zone was found at the LCST (Figure 6.3). Above the LCST the sharpness of the brush-solution

interface was increasing again.
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Figure 6.3.: PNIPAAm volume fraction with distance from the grafting sites at three different
temperatures determined by neutron reflectometry [11].
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Figure 6.4.: Comparison of a simple optical box model (black solid line) to a box model with
additional roughness layer (gray rectangle) and to a box model with graded top
layer (blue shaded field). The additional roughness layer was modeled by an EMA
layer(see Section 6.3.2) with a volume fraction of buffer and swollen polymer brush
of 50 % each. In the graded top layer the volume fraction of the polymer brush
is assumed to decrease linear with the distance from the brush surface given by a
box model.

Since the swelling of polymer brushes was monitored with ellipsometry in this thesis, an
attempt on the modeling of the brush profiles out of ellipsometric data was performed and
results are expressed in Figure 6.4 for the swelling of PN47k brushes with two different grafting
densities in PBS buffer solution at 23 °C, 30 °C and 40 °C. We compared a simple box model,
a box model with additional roughness layer with 50 % buffer content and a box model with
linear graded top layer. The dispersion relation of the swollen brush was fixed at the dispersion
relation obtained for the simple box model and deviations in the dispersion at the brush-solution
interface fitted to the two roughness models. As can be seen in Figure 6.4(a), the deviations
from the optical box model decrease with decreasing total layer thickness for a PN47k brush

with a grafting density of 0.21 nm™2

and reflects the improvement of the sharpness of the
brush-solution interface with increasing temperature as monitored with neutron reflectometry
in the literature [11]. Here the highest differences in the swollen layer thickness between box

model and model with gradient top layer at 23 °C amount to 43 %, with a total thickness of
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144 £ 3 nm for the additional gradient layer compared to 101 & 1 nm for the simple box model
. In the case of a PN47k brush with a low grafting density of 0.07 nm~2 the improvement of
the modeling with increasing temperature is less pronounced and even a small increase of the
deviations can be observed when comparing the modeling for 30 °C and 40 °C (Figure 6.4(b)).

The dependence of the swelling behavior of PN47k brushes on the grafting density will
be discussed more closely in Section 7.1.3, whereas here the possibilities and limits of the
box modeling should be expressed. Since the swollen layer thickness determined with the box
model, that is obtained along with a defined dispersion relation, is in all subfigures of Figure 6.4
very close to the center of the deviations, we assume that the simplest modeling is sufficient to
obtain reliable results on changes in the brush layer thickness upon changes in the environmental
conditions.

The dependency of refractive indices n(A = 631.5 nm) of these PN47k brushes on temperature
changes can be found in the Appendix in Figure A.6, whereas An(A = 631.5 nm) decreases
with decreasing grafting density.

Another method to obtain swollen brush thicknesses, also applied for PNIPAAm brushes, is
in-situ AFM [201], whereas to the best of our knowledge so far no combined investigations with

both methods are reported.

6.3.2. Effective medium approach (EMA)

To describe the effective dielectric functions of heterogeneous media, effective medium ap-
proaches have been developed [202-204]. Here the individual dielectric functions of the com-
ponents contribute to an effective € according to the underlying model assumptions. Besides a
linear combination more advanced approaches were developed leading to the Maxwell-Garnett,

the Bruggeman and the Lorentz-Lorenz expression (Table 6.2).

Table 6.2.: Two-component EMA approaches with their model assumptions.

Approach ‘ Assumptions

Lorentz-Lorentz | Mixing of a and b on atomic scale in host medium vacuum
Maxwell-Garnett | b is the host medium and f, >> f,
Bruggeman fa= fo

In this thesis the effective medium approach according to Bruggeman was used, described by

the equation [202,204]:

2 2 n

fam fb 2 2 o (6.2)
Here f, and f, are the volume fractions of two components a and b and n, are the corresponding
refractive indices with n the total refractive index of the heterogeneous medium. Typically f,
and f, are the fitting parameters and refractive indices are given for the components. Also

more than two-component effective medium approaches are possible, and a three-component
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approach was used to model protein adsorption experiments. However correlations between the
volume fractions of the individual components are strongly increasing.

For some situations, e.g. strong swelling of polymer brushes or marginal protein adsorption,
the Maxwell-Garnett EMA approach seems more suitable to model the volume fractions cor-
rectly because one component, for example the buffer solution, would be the host medium.
Both EMA approaches were tested and differences in the modeling results were found to be

small enough to be covered by the uncertainties of the modeling.

6.3.3. Modeling of the layer parameters upon protein adsorption
Two-layer model with distinct protein layer

A variety of ellipsometric studies of protein adsorption on surfaces, that are not or very low
swellable in aqueous solution, have been performed in recent years [120, 121, 127,196, 205].
Here a distinct protein layer often with a fixed refractive index of n,.,; = 1.375 was modeled
[120], whereas ny.,; was directly determined from null-ellipsometry data upon adsorption at
methylated silica surfaces for several proteins and was found in the range from n = 1.365+0.01
for HSA to n = 1.380 £ 0.002 for lysozyme [127].

For polymer brushes this model approach as depicted in Figure 6.1(d) is applicable if sec-
ondary adsorption would be the dominating adsorption process in the system. For highly
swellable neutral brushes and polyelectrolyte brushes as presented in this thesis, we observed
that this approach is often not successful to describe the protein adsorption. Here ternary
adsorption (see Figure 3.4) is expected to dominate the adsorption process for both types of
brushes as it was discussed in Section 3.4.1 for polyelectrolyte brushes and in Section 3.4.2 for
water soluble PEG brushes with a high number of monomers.

Thus the two-layer model with n,,,; = 1.375 was not applied for the protein adsorption on
PAA and mixed brushes containing PAA or PAA-b-PS. However it was used to derive the
adsorbed amount on P2VP brushes as a reference of protein monolayer adsorption onto neutral

brushes with a very low swelling degree in PBS solution at pH 7.4 in Section 7.2.

One-layer model with a combined polymer-protein layer

Modeling protein adsorption with one layer as depicted in Figure 6.1(c) was done for all ex-
periments where protein adsorption was performed on PAA containing brushes. A Cauchy
dispersion was applied to derive the effective refractive index ngomp(A), and the effective layer
thickness d ., of a combined polymer-protein layer was modeled.

With the help of a three component effective medium approach (EMA3, Section 6.3.2) the
protein volume fraction was derived in using the components dry polymer, buffer solution and
dry protein. Here the volume fractions of the protein f,..+ and of the dry polymer f,, in the

combined protein-polymer layer can be strongly correlated thus f,, was fixed according to the
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following equation:
_ d,
fpol = fpol ' d y (63)

comb
whereas the volume fraction of the dry polymer f, in the swollen brush before protein adsorp-
tion is weighted with the ratio of swollen layer thickness ds before adsorption and combined
protein-polymer layer thickness d.,,;, after adsorption. For the dry protein a refractive index
of n=1.575, obtained for BSA adsorption at gold surfaces by H. Arwin [206], was used in the
EMA3 approach.

6.3.4. Evaluation of the adsorbed amount of protein

A common approach to evaluate the adsorbed protein amount I' of a distinct protein layer is
the de Feijter approach, originally developed to calculate the adsorbed amount of synthetic
and biopolymers on an air-water interface [207]. Here I is calculated from the ellipsometrically
obtained layer thickness d,,., the layer refractive index n,,., the ambient refractive index ngmy
and the refractive index increment ‘é—z of the protein layer.

T = dyor - W (6.4)

de
This equation is applicable to derive the adsorbed amount at an interface if the refractive
index increment is constant up to high concentration values of the adsorbing macromolecules,
which was found to be satisfied for several proteins including BSA [207]. Here ‘fi—z for BSA was
calculated from refractive index measurements of protein solutions up to a concentration of
0.27 £ to 0.187 + 0.003 ? [207], whereas the same value of % was found for HSA [127] and
a-chymotrypsin [208].

The validity of the de Feijter approach for the calculation of adsorbed amounts of BSA at solid
surfaces was shown by comparison of null-ellipsometry measurements to radio-immunoassays
(RIA) in [121], whereas a good agreement between these methods upon adsorption at smooth
silicon surfaces with roughnesses below 1 nm was observed. Different adsorbed amounts, how-
ever, were derived when adsorbing the protein at etched silicon or proteolytic carbon with
roughnesses above 10 nm.

Another method to calculate the adsorbed amount from ellipsometric data was developed by
Cuypers et al. [209]. They used a modified Lorentz-Lorenz relation to derive I' from the layer
thickness, the refractive index, the specific refractivity and the partial specific volume of the
deposited molecules.

A comparison between the evaluation methods according to Cuypers and de Feijter were
done for surfactant adsorption to methylated silica and a general agreement between the de-
rived amounts of surfactat with both methods could be found [210].
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In this thesis the adsorbed amount of protein was calculated according to a modified de
Feijter approach, via subtraction of the amount of polymer in the swollen brush from the total
amount of polymer and protein in a combined composite polymer-protein layer, as displayed in
Scheme 6.5 and Equation 6.6. Considering different possibilities to model the adsorbed amount
(see Appendix Section A.2), we think that the modeling of a combined polymer-protein layer
is the best description of the surface after adsorption of the protein and thus this modified de

Feijter approach is applied.

I'vor0f polymer brush

] . EMA model:
n and d of combined — | «—— dn/dc g, < 2%° | % of protein in
polymer and protein layer combined layer

I..mb Of polymer brush and adsorbed protein

Substraction (Eq.: 6.5)

Iorot Of protein

Figure 6.5.: Scheme of the evaluation method applied for the adsorbed amount of protein when
using a one-layer model with a combined polymer-protein layer.

I_\prot = Fcomb - I_\pol (65>

Ncomb — Namb Nsg — Namb
Deomb gy — s 1@y
o (C(ii_c)comb ) (Z_C)pol
(d_n) _ fp’r‘ot ’ (Z_Tcl)prot + prl ) (Ccll_Z)pol (6 6)
dc comb fprot + f_pol .

The amount of brush polymer I',,; at the surface is also calculated by the de Feijter equation,
for the swollen polymer brushes before protein adsorption, from the swollen brush layer thick-
ness dg, refractive index ng and the refractive index increment of the polymers, whereas the
refractive index increment (‘fl—’;)pol of the water soluble polymers PNIPAAm and PAA was deter-
mined from the measurement of polymer solutions with different concentrations at A = 589 nm
with a refractometer (Leica AR 600, Leica Microsystems GmbH, Wetzlar, Germany) (Table

6.3.4). For mixed brushes Z—’Z was calculated as linear superposition according to the mixed
brush ratio, and for PAA-b-PS the refractive index increment of PAA was taken.

dn

The refractive index increment ( dc)comb

of the combined polymer-protein layer was derived
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from the individual ‘;—’CL values considering the volume fractions of polymer and protein (EMA

3), respectively (Equation 6.6).

Table 6.3.: Refractive index increment in 10 mM salted solution of PNIPAAm and PAA and
literature values for P2VP [211], HSA [127], a-chymotrypsin [208], and glucose
oxidase [212].

Polymer Z—Z Protein ‘fl—’;
cm3 cm3

) )

PNIPAAm 0.169 HSA 0.187

PAA 0.133 (pH 4) | a-chymotrypsin 0.187
0.138 (pH 8) | glucose oxidase 0.177
P2VP 0.254

6.4. Colorimetric quantification of the protein amount

A commercial colorimetric assay (Roti-Nanoquant (K880), Carl Roth GmbH, Karlsruhe, Ger-
many) was used to verify the modeling of the adsorbed amount of the protein human serum
albumin (A3782, defatted, IEP at pH 5.7, Sigma-Aldrich, Inc.) from ellipsometric data by
measuring the absorbances at 450 nm and 590 nm of the desorption solution with an UV-VIS
spectrometer.

Adsorption of the protein (¢ = 0.25 24) to PAA Guiselin brushes was performed at pH 4.8
at 10 mM salt concentration in glass containers for 2h (Step I) with subsequent desorption in
the same pure buffer solution for 1h (Step II). A buffer solution prepared from sodium acetate
trihydrate and acetic acid was used for these experiments. Finally the protein was desorbed
in 10 mM sodium phosphate buffer at pH 7.9 for 1h (Step III) and the solution with desorbed
protein of Step III reacted with the colorimetric working solution. The remaining protein
amount at pH 7.9 was determined by ellipsometry to 1.0 £0.7 4.

In the colorimetric reaction the protein concentration in solution can be quantified on the
basis of the Bradford Coomassie brilliant blue (G-250) assay, where the complexation of G-250
with the protein leads to a shift in the adsorption maximum of the dye [213]. Here it could
be shown in the literature that the ratio of the adsorbances at 590 nm and 450 nm depends
linearly on the protein concentration down to 50 ng of the protein in solution [214].

A calibration curve for the ratio 432 for HSA dissolved in 10 mM buffer solution at pH 7.9

Asso

is displayed in Figure 6.6(a), and the comparison of the adsorbed amounts I'yg4 determined
by ellipsometry and adsorbance measurements are presented in Figure 6.6(b).

Here I' g4 released from the PAA Guiselin brush in Step III as determined by the colorimetric
assay is compared to the difference of the ellipsometrically evaluated adsorbed amounts of HSA
at pH 4.8 (Step II: 29.7 £ 1.1 4) and pH 7.9 (Step III: 1.0 £ 0.7 7).
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In the colorimetric assay a protein concentration of 1.9 & 0.1 £% was evaluated from ab-
sorbance measurements, equivalent to 6.6 + 0.4 ;g of protein in the desorption solution (V=3.5
ml), which than was referenced to the wafer surface with an area of 2 cm? to allow comparison.
Laser cutted wafers and micro liter pipettes were used for maximal accuracy, and ellipsometric
as well as colorimetric measurements were repeated for five similar PAA Guiselin brush sam-

ples. Uncertainties in the evaluated I'yg4 are primarily due to sample variations.

A general agreement of 'y 54 determined by ellipsometry and by the colorimetric assay could
be found, whereas adsorbed amounts modeled from ellipsometric data are lower than I'yga
obtained from absorbance measurements for all investigated samples. We refer this systematic
deviation in the ellipsometrically determined I'yg4 to the assumtion of a box model as well
as the limited contrast at the interface of combined polymer-protein layer and buffer solution.
For small adsorbed amounts the sensitivity of the colorimetric assay is too low, and IR-related
techniques like ATR-FTIR or IR-ellipsometry will be considered for future experiments to
verify the modeling of ellipsometrically determined adsorbed amounts of protein. Nevertheless
relative deviations between both methods are less than 15 % for this high amounts of adsorbed

proteins.
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(a) Calibration curve for the colorimetric assay for  (b) Comparison of adsorbed

HSA in 10 mM buffer solution at pH 7.9. amounts derived from el-
lipsometry and absorbance
measurements.

Figure 6.6.: Commercial colorimetric assay to determine the amount of protein desorbed from
the PAA brush surface and thus to verify the previously adsorbed amount modeled
from ellipsometric data.
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7. Poly(N-isopropyl acrylamide)
grafting-to brushes

End-grafted PNIPAAm brushes are promising for the creation of responsive surfaces due to
their deswelling above a lower critical solution temperature of ~ 32 °C. Some applications for
these smart surfaces, like cell adhesion or adsorption of bacteria, depend critically on changes
in short range interactions that can be introduced by changes in the hydrophobicity of the
surface [215,216]. For other applications the magnitude of conformational change is important,
for example in the separation of molecules due to their specific size or the controlled binding
of ligands [217,218]. Here few studies exist on the influence of brush parameters, like graft-
ing density o and molecular weight M,,, of end-grafted PNIPAAm brushes in the intermediate
grafting regime on the LCST behavior [32,88]. Whereas these PNIPAAm brushes and their
corresponding mixed brushes are especially interesting for the applications mentioned above,
due to a high magnitude of changes in the physico-chemical interface properties for intermedi-

ate grafting densities.

Thus the LCST behavior of these end-grafted PNIPAAm brushes was investigated more
closely in this chapter, and the influence of grafting density as well as molecular weight on the
temperature sensitive swelling is reported in Section 7.1, analyzed with three different methods
probing different effects of the LCST behavior. Furthermore the protein adsorption affinity was

investigated in Section 7.2 at isotonic conditions with in-situ ellipsometry.

7.1. Temperature sensitive swelling

The high sensitivity of the ATR-FTIR technique on changes in molecular vibration bands
offers a way to investigate the interaction between molecules, especially the vibrations of the
amide and isopropyl groups of the PNIPAAM brush in contact with water molecules. Here
changes in the vibration bands for three different molecular weights were investigated below
and above the LCST. Dynamic contact angle measurements were done on the same brushes
probing changes in the surface wettability upon switching above the LCST. Finally changes
in the brush parameters refractive index n and layer thickness d were monitored with in-situ
spectroscopic ellipsometry, whereas the highly swellable PN47k was used to monitor changes

in the temperature sensitive transition with different grafting densities.

69
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7.1.1. Molecular mechanism - ATR-FTIR spectroscopy

In Figure 7.1 ATR-FTIR spectra of PNIPAAM brushes grafted on a silicon internal reflection
element (Si-IRE) are given in the dry state, swollen at T = 24 °C and swollen at T = 50 °C for
the molecular weights 132,000, 45,000 and 28,000 g/mol. The corresponding layer parameters
in the dry state can be found in Table 6.1 in Section 6.2.

Generally, these spectra on thin PNIPAAM brush films agreed with those on PNIPAAM in
solution [219], when comparing the position of the intense Amide I band (mainly v(C' = O))
between 1625 and 1650 cm ™! and the Amide IT (mainly (N H)) band between 1535 and 1555
em~!. These bands form mainly due to the excitation of stretching (v(C' = O)) and bending
(0(NH)) vibrations of the amide groups, but also the stretching vibration of CH bonds in the
isopropyl goups between 3000 - 2800 ¢m~! can be detected. The small peak at 1730 em ™!
corresponds to a ¥(C' = O) band due to the ester group formed between the COOH group of
end-functionalized PNIPAAM and PGMA in the grafting process.
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Figure 7.1.: ATR-FTIR spectra of PNIPAAm brushes for three different molecular weights:
132,000 - (solid line), 45,000 £ (broken line) and 28,000 -%; (dotted line) in
the dry state (a), swollen in PBS buffer solution at 24 °C' (b), and 50 °C (c).
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The position peak maxima of Amide I and II of PNIPAAM are highly indicative for type
and degree of hydrogen bonding in dependence of the temperature (T) as it was described for
PNIPAAM solutions [220,221]. For T' < LCST = 32 °C, where PNIPAAM is claimed to be
in the expanded state, the wavenumber position of the Amide I appears lower and that of the
Amide II band higher than for 7" > LCST, where PNIPAAM is claimed to be in the collapsed
state. Lowering the Amide I band position can be assigned to hydrogen bond formation between
the amide C=0 and water (C =0 ---H --- 0O — H) due to weakening the C=0 double bond
character. The enhancement in the Amide II band position is due to H bond formation between
amide N-H and water (N — H --- O — Hj) restricting the §(NH) bending mode and increasing
its force constant. Wavenumber positions of the PNIPAAM brush film in dependence of sample

state, temperature and molecular weight are given in Table 7.1.

Generally, significant shifts of the Amide bands could be obtained for the different sample
states. An upward shift from 1627 (1628) to 1635 cm ™! and a downshift from 1558 to 1553 cm ™!
was obtained for the Amide I and Amide II band, respectively, upon raising the temperature
from T = 25 to 50 °C. Moreover no significant influence of the molecular weight as well as
the grafting density was obtained on that transition behavior. Interestingly, an upward shift
to 1647 em™! and a downshift to 1535 cm ™! of the Amide I and Amide II band, respectively,
was obtained for the dry PNIPAAM brush compared to the wet state for both T = 25 °C and
50 °C. This suggests that the PNIPAAM chains at 50 °C are still considerably more hydrated
than in the dry state. Furthermore, significant shifts of the antisymmetric C'Hs-stretching
vibration, denoted as v,s(C Hj), due to the isopropyl groups could be obtained for the studied
samples, which are also given in the Table 7.1. Here the PNIPAAM brush in the wet state
showed a downshift from 2981 (2980) cm ™! for T = 25 °C to 2975 (2976) cm ™! for T = 50 °C
and further to 2970 ¢cm ™! for the dry sample, again independently on the molecular weight.
An analogous downshift of the v,s(C' Hs) position for PNIPAAM solution upon heating above
the LCST was reported by Maeda et al. [220]. They explained this effect, i.e. an upward
shift upon cooling below LCST, by contraction of the C-H bond, if water molecules are in the
vicinity of the isopropyl group, yet postulating hydrogen bonding between water and C-H bond
(C — H --- OH,), which is supported by ab-initio calculations [222].

Table 7.1.: Wavenumbers positions of v,,(C H3), amide T and 1T peak of PNTPAAM brushes at
the dry and two swollen states at 24 °C and 50 °C.

Wavenumber position [cm™!]
dry state swollen at 24 °C' swollen at 50 °C'
peak PN132k PN4bk PN28k | PN132k PN45k PN28k | PN132k PN45k PN28k

vesCHs | 2970 2970 2971 2981 2980 2980 2976 2976 2975
Amide I | 1647 1647 1647 1627 1627 1628 1635 1635 1635
Amide II | 1536 1535 1535 1558 1558 1558 1552 1553 1552
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7.1.2. Surface hydrophobicity - Contact angle

Contact angle studies for PNIPAAm ”grafting-to” and ”grafting-from” brushes can be found
in the literature [32,33]. In [33] a dependency of the advancing contact angle on the dry layer

2 and

thickness could be observed. Here the grafting density was kept constant at o ~ 0.4 nm~
advancing contact angles were measured on polymer brushes with different molecular weight. A
sharp phase transition was found for high molecular weights, whereas the highest 0,4, measured
at 36 °C was 88 ° for a 87.3 nm thick brush and the maximum change in 0,4, was ca. 14 °.
In [32] for PNIPAAm brushes (M, = 13,200 -%;, PDI=1.06) prepared with ”grafting-to”, f,ay
changed from 51 ° to ca. 89 ° (Af,4, = 38 °) by increasing the temperature to 36 °C, obtained

with the dynamic Wilhelmy plate technique.

In this work temperature dependent advancing contact angles for PN28k and PN45k brushes,
investigated by ATR in the last section, as well as PN132k brushes with a lower grafting density
were measured in steps of 2 °C and are displayed in Figure 7.2(a).

Similar changes towards a more hydrophobic behavior above the LCST like in the literature
were monitored, whereas an additional stick-slip behavior was observed for PN45k and PN132k
brushes and an example of a dynamic measurement is displayed in Figure 7.2(b). Here the
upper limit of the advancing contact angle in the stick-slip pattern was evaluated and is shown
in gray in Figure 7.2(a). In [223] stick-slip behavior was discussed due to vapor adsorption in
the film as well as due to a surface heterogeneity. We assume these reasons also hold here since
penetration of water molecules inside the brush is possible and furthermore the temperature
differences between probing drop and surface could lead to surface patches with different surface
wettability having lower temperature below the drop than on the contact line thus leading to

heterogeneity of the surface. In [223] for a two component surface the upper limit in the stick-
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Figure 7.2.: Advancing water contact angles (black) and upper limit of the advancing contact
angle in stick-slip pattern (gray) for PNIPAAm brushes with different molecular
weight and grafting density (a). Example of a stick-slip behavior (b).
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slip pattern was discussed as the advancing contact angle of component one, whereas the lower
limit was assigned to the Cassie angle, which is given by the weighted average of the advancing
contact angles of the two possible surfaces. Thus here we assigned the upper limit to the
advancing contact angle of the PNIPAAm brush at the given substrate temperature, although
it is most probable that the situation can not be explained by a two component system ((1)
PNIPAAm at substrate temperature, (2) PNIPAAm at water drop temperature of 23 °C) but
rather by a gradual change of temperature between water drop and substrate temperature
throughout the surface.

The highest difference in 6,4, was observed for PN132k brushes with changes from 68 ° at
20 °C to 100 ° at 40 °C. Here it is noteworthy, that for two brush types of PN45k and PN132k
with the same dry layer thicknesses but different grafting densities at o*°* = 0.11 nm =2 and
o3% = 0.04 nm~2 the increase in hydrophobicity as well as the total contact angle values
are very similar, indicating higher importance of the dry layer thickness / adsorbed amount of
polymer at the surface for changes in the surface wettability than molecular weight or graft-
ing density. For PN28k brushes with the shortest polymer chains investigated here, the total
increase of the advancing contact angle was considerably lower than for the other two brush
types, the transition smoother and no stick-slip behavior occurred. Here 6,4, increased about
16 ° compared to 21.5 °for PN45k and 32 ° for PN132k brushes. Also the influence of the
decreased dry layer thickness of 4.5 nm of PN28k brushes on the total advancing contact angle

values is visible.

7.1.3. Integral brush behavior - Spectroscopic ellipsometry

Changes in the layer parameters swollen brush thickness and in-situ refractive index upon tem-
perature sensitive deswelling of PNIPAAm brushes were investigated for one molecular weight
(M,, = 47,600 %) dependent on the grafting density. Here dry layer parameters of PN47k
brushes are listed in Table 7.2.

Table 7.2.: Dry brush layer thickness, refractive index and grafting density o of PN47k brushes
examined because of their temperature sensitive swelling behavior. The grafting
density was calculated with Equation 2.2 and a bulk density of PNIPAAm of p =
1.07 %5 [197].

dary[nm)] | nayy(631.5nm) | o]-3]

3.3 1.400%* 0.04
5.2 1.465 0.07
7.9 1.462 0.11
15.7 1.468 0.21
24.1 1.478 0.33
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For following EMA evaluations of the swollen state of these brushes it is interesting to note,
that the refractive index of the dry layer increases with increasing amount of polymer at the
surface.

Swelling was monitored in PBS buffer solution in a heating and cooling cycle with in-situ
spectroscopic ellipsometry with a change rate of 0.2 % of the temperature. Typical changes in
the swollen brush thickness upon heating and cooling for a high grafting density at 0.33 nm ™2
and a low grafting density at 0.07 nm~2 are displayed in Figure 7.3.

As can be seen a hysteresis between heating and cooling curve of the swollen brush thickness
occurs for low grafting density (Figure 7.3(b)) but not for high grafting density (Figure 7.3(a)).
At the latter the brush continues to deswell also above the LCST, whereas for low grafting
density the brush restarts to swell again above the LCST until the maximum temperature in

the experiment.
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Figure 7.3.: Typical modeled swollen layer thicknesses of PN47k brushes in PBS solution. Heat-
ing and cooling experiments for high (a) and low grafting density (b) and corre-
sponding refractive indices (c,d) are displayed.

When cooling the brush surface in both cases the thickness remains at a plateau value until the
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point of phase transition were the brush swells again for 7' < LC'ST'. It is also noteworthy that
no plateau value of the swollen brush thickness is achieved below the LCST, but the thickness
increases with decreasing temperature until the minimum temperature of the experiment.

The increase in the swollen brush thickness below the phase transition temperature is signif-
icantly more pronounced for the lower grafting density than for & = 0.33 nm~2. The changes
in the swollen brush thicknesses are also reflected in an inverse behavior of the refractive in-
dices (Figures 7.3(c) and 7.3(d)), with changes of An(631.5nm) = 0.09 for o = 0.33 nm™2
and An(631.5nm) = 0.03 for ¢ = 0.07 nm™2. Here the different behavior at high and low
grafting density above the LCST and thus the hysteresis between heating and cooling is even
more pronounced by a considerably decreasing refractive index between 30 °C and 45 °C in the
heating curve of the PN47k brush with 0.07 nm =2 (Figure 7.3(d)). Changes in the wavelength-
dependent dispersion of n(\) are displayed for the latter PN47k brush as an example in the
appendix in Figure A.5(a)

To discuss changes in the temperature sensitive phase transition with varying grafting density
more closely the swollen brush thicknesses derived from cooling experiments of several PN47k

brushes are presented in Figure 7.4.
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Figure 7.4.: Typical modeled swollen layer thicknesses of cooling experiments for PN47k brushes
swollen in PBS buffer solution for different grafting densities. The corresponding
refractive indices can be found in the appendix (Figure A.6).

Here a decrease in the total layer thickness below and above the LCST and a broadening of
the transition region can be observed from a grafting density of 0.33 nm =2 down to 0.11 nm =2
(Figure 7.4(a)), whereas the latter smoother temperature sensitive decrease of swollen brush
thickness with decreasing grafting density was also found for the first momentum < z > of PNI-
PAAm brush density profiles measured with neutron reflectometry [34]. For grafting densities

lower than 0.11 nm 2

, as can be seen in Figure 7.4(b), changes in the swollen brush thickness
are virtually identical between 20 °C and 30 °C whereas the total layer thickness below the

LCST increases again with decreasing grafting density.
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It is also interesting, that the total layer thickness above the LCST is higher for the boundary

2 and 0.04 nm~2 than for brushes with intermediate

cases with a grafting density of 0.33 nm™
grafting densities. This aspect can be discussed more closely when regarding temperature sen-
sitive changes in the dry polymer volume fraction inside the swollen PN47k brushes as depicted
in Figure 7.5. These volume fractions are calculated by an EMA approach (see Section 6.3.2)
from the dispersion relations known for the dry polymer brush, the buffer solution and the
swollen polymer brushes, whereas for the latter refractive indices n(631.5 nm) are presented in

the appendix in Figure A.6.

Below the LCST at the beginning temperature of the measurements at 15 °C the volume
fraction of the dry PNIPAAm brush was 10£5 %, similar for all investigated grafting densities,
which indicates highly swollen polymer brushes. Actually the swelling degrees dsyolten/ddry at
this temperature increased monotonically between dsyouen/dary = 5 for a grafting density of
0.33 nm~2 and dywoiien/ dary = 30 for a grafting density of 0.04 nm~2. Although the latter value
is very high and has to be considered critically with respect to the box modeling of a diffuse
brush-solution interface as described in Section 6.3.1, these results can be discussed when
regarding both refractive index and layer thickness of the swollen brushes. Here refractive
indices at 15 °C differed from n(631.5nm) = 1.340 for a grafting density of 0.04 nm=2 to
n(631.5nm) = 1.354 for 0 = 0.33 nm =2 (Figure A.6).

Above the LCST a differentiation in the dry polymer volume fraction according to the grafting
density is visible in Figure 7.5. Here a general increase in the dry polymer volume fraction can
be observed with increasing grafting density, whereas for the two lowest grafting densities the
volume fraction is almost identical and for the highest grafting density at 0.33 nm ™2 it is again
decreased about 8 % compared to the PN47k brush with 0.21 nm~2. This behavior is reflected
in the literature where a maximum of thickness changes for high molecular weight brushes
(75,600 % - 230,000 ~%;) was observed for intermediate o [34].

Finally the temperature of the phase transition was evaluated in determining the temperature
Unaiy were either refractive index or swollen layer thickness was decreased / increased by half
compared to its starting value at 15 °C and its lowest / highest value above the LCST (Figure

7.6). Here also differences due to heating or cooling of the brush surfaces are presented.

As can be seen in Figure 7.6 an increase in the transition temperature ¥4y with increasing
grafting density was observed, whereas 5,4y obtained from refractive index measurements was
1-2 °C higher for all grafting densities than ¥4 derived from the swollen layer thicknesses. For
the latter U4, varied between 26.4 & 0.2 °C for a grafting density of 0.04 nm~2 to 31.2 £ 0.6
for 0.33 nm~=2. Here differences upon heating and cooling the brush surface were highest for
intermediate grafting densities amounting to +1 °C and indicating a grafting density dependent
hysteresis. The dependency of the transition temperature on the grafting density can be fitted

linear for the heating curves and to a parabola for the cooling curves leading theoretically to
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of PN47k brushes.
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two intersections, however a physical explanation for these dependencies cannot be provided at
the moment.

For PNIPAAm chains in PBS buffer solution with its salt content of &~ 200 mM a decrease
in the phase transition temperature compared to an LCST of 32 °C in water could be found,
ranging from 25 — 27 °C in the literature [215,224,225]. Thus it is interesting to note that
Unarr values for the end-grafted PN47k brushes are starting for 0.04 nm~2 at 26.4 £ 0.2 °C in
the range of the LCST value for PNIPAAm chains in the corresponding solution. In [226] a
salting out effect was described for PNIPAAm chains in salted solutions leading to a decrease
in the LOST, whereas the presence of cations as well as anions in the solution is discussed to
change the water structure, the polymer hydration sheath and thus the polymer interaction with
the solvent [227]. Since ¥4y is increasing with increasing grafting density for the PNIPAAm
"grafting-to” brushes presented here, less influence of the ions in solution on the hydration
sheath of individual polymer chains could be concluded most probably due to increased inter-

chain interactions.

7.2. HSA resistance at isotonic conditions monitored by

ellipsometry

Controlled protein adsorption is desirable in a variety of possible application like drug delivery
systems [228], biosensors or in-vitro serological tests [229]. But also the complete resistance of
surfaces to protein adsorption, thus forming biocompatible interfaces, is appealing for applica-
tion. Here protein adsorption has been found to initiate for example non-desirable thrombosis
development in cardiovascular implants, blood coagulation or complement activation [230-233].

The resistance of polymer brushes towards protein adsorption was experimentally and theo-
retically investigated on the example of PEG brushes [14, 28,48, 146], leading to a theoretical
prediction of suitable brush parameters for neutral water soluble polymer brushes to gain pro-
tein resistivity, whereas the formation of a stable water film on top of the brushes is considered
important for protein resistant brush surfaces [49, 147].

Before the adsorption experiments the swelling of PNIPAAm brushes in PBS buffer solution
was monitored with in-situ spectroscopic ellipsometry below and above the LCST dependent on
the molecular weight of PNIPAAm, to connect the adsorbed amount with the swelling behavior
of the brushes (Figure 7.7) [193].

The highest swelling degree and thus the largest relative amount of buffer solution inside
the brush was obtained for PN47k with a swollen layer thickness 6.3 times higher than the
dry thickness and a percentage buffer content of 82 %. For temperatures above the LCST this
PNIPAAm brush deswells to 1.5 times of the dry thickness and the buffer content is reduced
to 16 %. The high swelling degree below the LCST of PNIPAAm can be explained by the

formation of hydrogen bonds between the amide moieties and the ambient water molecules
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Figure 7.7.: In-situ spectroscopic ellipsometric swelling measurements of PN28k, PN47k,
PN132k, P2VP and PEG brushes at 23 °C and 40 °C. Displayed are the fitted
swollen layer thicknesses (a) and the percentage amount of buffer solution (b)
within the brush layers as well as the refractive indices n(A = 631.5 nm) (c) of the
swollen brushes.

leading to the water solubility of PNIPAAm at 23 °C and its possible suitability as protein
resistant surface coating in the brush conformation [49]. Since the polymer brush is less soluble
above the LCST more protein adsorption at 40 °C could be expected.

Comparing PN132k and PN28k with the results for PN47k brushes a similar swelling behavior
is visible though less pronounced. For the PN28k brushes the swollen layer thicknesses are
considerably reduced due to the low molecular weight of the chains of 28,500 g/mol leading to
a very thin brush layer above the LCST, whereas the percentage buffer content is equal to the
content in PN47k brushes below the LCST and is increased above the LCST. For the PN132k
brushes less deswelling above the LCST with a higher remaining buffer content can be seen
than for PN28k and PN47k brushes. For P2VP brushes virtually no swelling could be observed
at 23 °C and 40 °C as expected, because the nitrogen atom in the pyridine ring is deprotonated
and thus the brush is in its neutral, collapsed state at pH 7.4.

Refractive indices increased as expected at 40 °C for all brushes that showed deswelling behav-
ior above the LCST of PNIPAAm (Figure 7.7 (¢)). For PN28k brushes swollen layer thickness
and refractive index could not be determined separately at 40 °C, thus a refractive index of
n = 1.4 that is similar to measured values for PN47k and PN132k was used to model a layer

thickness for the deswollen brush.
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As can be seen in Figure 7.8 virtually no albumin adsorption from 1 mg/ml HSA in PBS
buffer solution on all three PNIPAAm brushes could be evaluated for 23 °Cand 40 °C. Only for
the shortest brushes with Mn = 28,500 g/mol a marginal adsorbed amount of less than 0.2 ™4
was calculated at 40 °C [193].
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Figure 7.8.: Adsorbed amount of HSA at PN28k, PN47k and PN132k brushes at 23 °C and 40
°C compared to the adsorbed amount at a P2VP and a PEG brush at 23 °C in
0.01M PBS buffer solution at pH 7.4 with a protein concentration of 1 mg/ml. The
error of the adsorbed amount was calculated to be maximal 5 % of the absolute
value. Only for PN28k brushes at 40 °C an adsorbed amount of HSA could be
calculated.

Here the adsorption of HSA onto the PNIPAAm brushes was modeled according to the
one-layer approach described in Section 6.3.3 and the adsorbed amount of HSA evaluated in
subtracting the amount of polymer from a total amount of macromolecules on the silicon-
PGMA surface (Section 6.3.4). We also evaluated the adsorption experiments with a two layer
model, with one layer as the swollen polymer brush and an additional protein top layer, where
very similar results were obtained as depicted in the appendix in Figure A.3.

A similar adsorbed amount like for PN28k brushes at 40 °C was obtained for the investigated
PEG brushes at 23 °C. Also contrary to PN47k and PN132k the swollen brush thicknesses for
these protein adsorbing brushes are in the same range below 20 nm, whereas the relative buffer
content is higher than for PN47k brushes. Here it is interesting, that the total swollen layer
thickness seems to be important for the resistance of the brushes, whereas an influence of the
relative amount of buffer inside the polymer layer is not evident for the presented examples of
PNIPAAm brushes. This behavior could indicate secondary adsorption of HSA at the brush-

solution interface at PN28k and PEG brushes with low swollen brush thicknesses.
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However at the moment we do not have an explanation why the PNIPAAm brushes, pre-
sented in this thesis, are also highly protein repellent in their collapsed state above the LCST
in PBS buffer solution, although contact angle measurements as presented in Figure 7.2(a)
point to a considerable increase in the surface hydrophobicity. We assume this special behavior
is due to the unique brush structure as well as the brush-solution interface properties in-situ,
but also an influence of the salt concentration seems likely when comparing the results with
HSA adsorption in less salted buffer solutions (see Figure 9.10(a)). Here further investigations
with in-situ AFM, in-situ ATR-FTIR or QCM-D could increase the insight into the adsorption
mechanisms on these PNIPAAm brushes. A reference to first cell adhesion studies at similar
PNIPAAm brushes will be discussed at the end of this section.

For comparison protein adsorption on P2VP brushes at this environmental conditions was
evident. We chose the P2VP brush to demonstrate the sensitivity of the ellipsometric measure-
ments of adsorbed protein layer thicknesses. This brush is chemically neutral at the investigated
pH of 7.4 and by using the relatively high salted PBS buffer virtually all remaining charges can
be screened. Thus assuming a neutral brush surface we only expect adsorption to take place via
the hydrophobic effect resulting in a maximal adsorbed amount of ~ 0.8 =, that represents a
monolayer of HSA [127]. When HSA was adsorbed to the PGMA anchoring layer an adsorbed
amount of 0.75 + 0.05 ¢ was observed at 23 °C in PBS buffer solution, indicating similarly

m

monolayer adsorption.

Since these results for protein resistance of PNIPAAm brushes depend on the chosen mod-
eling, the differences in the ellipsometric angles A and W for the swollen brushes and after
adsorption are presented additionally in Figure 7.9. Here a pronounced increase in A and ¥
for the adsorption at PN28k brushes at 40 °C is visible, whereas for PN47k and PN132k the
differences in A and ¥ are close to zero, indicating virtually no changes in the swollen brush
parameters (refractive index and thickness) and thus resistance towards HSA adsorption at the

present environmental conditions can be concluded for the latter molecular weights.

Null-ellipsometry is capable of detecting differences in A and ¥ as small as 0.01 °, leading to a
surface layer sensitivity in the sub-Angstrém regime and thus to a very high sensitivity towards
adsorption of macromolecules at a surface. In further experiments we plan to recheck these
findings on protein resistance in PBS buffer solution with activity measurements on immobilized

enzymes, like glucose oxidase.

For buffer solutions with lower salt content so far no consistent results, whether these brushes
are resistant, could be obtained but adsorbed amounts were below 0.6 7§ in all investigations.
Here more detailed studies would be necessary to identify the influence of pH, temperature,
polymer chain length and brush grafting density. Due to the dipolar character of the amide
groups at the PNIPAAm chains, we expect a less repelling behavior of these brushes for low

salt content, since the screening of dipoles would be less effective and van der Waals interac-
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Figure 7.9.: Differences in the ellipsometric angles A (a) and ¥ (b) between the values for the
swollen brush in 0.01 M PBS buffer solution and after adsorption of HSA from a
1 4 protein solution for PN28k, PN47k and PN132k.

tions (dipoles on amide groups - permanent charges on protein molecules) have to be considered.

When comparing these findings to cell adhesion studies on PNIPAAm-g-PEG hydrogel films
(234, 235], and on PNIPAAm "grafting-to” brushes with a molecular weight of 66,000 -
[152,236]!, an influence of the brush structure on its protein repelling effect could be concluded.
In adhesion studies of L929 mouse fibroplast cells on PNIPAAm brushes low cell adhesion
and no proliferation could be observed above and below the LCST of PNIPAAm, whereas at
PNIPAAm-g-PEG hydrogel films good adhesion / proliferation was monitored above the phase
transition temperature. Below the LCST of the hydrogel film detachment of the cell layer took
place. Most interestingly the swelling degree of dgdLTey” ~ 2 of the brushes and the hydrogel films
above the LCST is comparable, thus the hydration state is not considered as the main effect
for the different cell adhesion affinities of these polymer surfaces. An influence of the brush
structure above the LCST on its adsorption / adhesion affinity could be possible, because of
a potentially more ordered structure in the brushes than in the hydrogels due to inter-chain
interactions below and above the LCST as well as the excluded volume effect in these end-
grafted brushes. But also the presence of PEG in the hydrogel and the cross-linking of the
gel by a low-pressure argon plasma could be factors for the different behavior of brush and

hydrogel.

7.3. Summary

Temperature sensitivity as well as protein adsorption affinity at isotonic conditions was pre-

sented for end-grafted PNIPAAm brushes with intermediate grafting densities, whereas these

Microscopy images of cell adhesion studies at 23 °C and 37 °C on PN66k-brushes made by Dr. Burkert
can be found in her PhD-thesis at p. 89. Dr. Burkerts thesis is also available online at http://nbn-
resolving.de/urn:nbn:de:bsz:14-qucosa-26105
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brushes are appealing for applications in drug release systems, as substrates for cell growth and
harvest or in other fields where a precise actuation of physico-chemical interface properties like

hydrophobicity and layer density is necessary.

Temperature sensitive swelling was investigated with three different methods, probing changes
in vibration bands of amide and isopropyl goups with in-situ ATR-FTIR, changes in the surface
hydrophobicity with dynamic contact angle measurements and changes in the brush layer pa-
rameters thickness and refractive index as well as the temperature of transition and the fraction

of buffer inside the brush with in-situ spectroscopic ellipsometry.

The amide I and amid IT bands were found to shift with temperature reflecting the decrease
of water-polymer hydrogen-bonding above the LCST, whereas at 50 °C the brushes were still
considerably hydrated compared to the position of vibration bands in the dry state. No depen-
dency of the band position at 24 °C and 50 °C on molecular weight and grafting density could be
observed, indicating a similar state of hydration of the individual polymer chains in the brush
for all three PNIPAAm brushes (PN28k: ¢ = 0.11 nm~2, PN45k: o = 0.10 nm ™2, PN132k:
o = 0.06 nm~2) for each temperature respectively. The absolute intensity of the vibration
bands increased with increasing molecular weight and thus with the amount of polymer at the

surface.

The surface hydrophobicity was found to increase with increasing temperature, but with
significantly higher changes in the advancing contact angle than reported in the literature for
PNIPAAm brushes with high grafting density (¢ = 0.4 nm™2). Again a dependency on the
amount of polymer on the surface was observed with increasing amplitude of change in 6,4, for
higher amounts at the surface alongside with lower grafting densities. Stick-slip behavior could
be observed, that was not reported in the literature for equivalent contact angle measurements.
Here a connection between the occurrence of stick-slip and these very high changes in the

surface hydrophobicity can be assumed.

For the investigation of changes in the brush layer parameters swollen brush thickness d,
refractive index n(631.5 nm) and polymer content, we focused on the influence of the grafting
density . Here for all ¢ < 0.33 nm =2 the polymer content above the LCST was found to in-
crease with increasing grafting density, thus a densification of the brush layer above the LCST
with o could be concluded. The temperature ¥4, determined by a decrease in n or d about
half their starting value, increased with increasing grafting density starting for the lowest graft-
ing density at Upqr(d/2) = 26.4 °C, close to the LCST observed for PNIPAAm chains in PBS
buffer solution in the literature. Thus inter-chain interactions between polymers were found to
increase with increasing grafting density, reducing the salting out effect in PBS buffer solution.
Hysteresis in n and d between heating and cooling the brush surface could be found for low

but not for high grafting densities.

Protein adsorption at isotonic conditions was monitored by HSA adsorbing experiments at
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23 °C, below the LCST and at 40 °C, above the LCST, at PNIPAAm brushes with different
molecular weight in comparison to PEG and P2VP reference brushes. Adsorption of HSA at
PNIPAAm brushes could only be found at 40 °C for the shortest PN28k brushes, also indicated
by significant changes in the ellipsometric angles A and V. The total swollen brush thickness
of HSA adsorbing brushes was below 20 nm, whereas for HSA repelling brushes the swollen
brush thickness was higher than 20 nm below and above the LCST. Thus the swollen brush
thickness was concluded to be more important for a protein repelling behavior than the relative
buffer volume fraction inside the brushes for the presented brush examples. Also the unique
brush structure with end-grafted chains, that stretch away from the surface, could be a possible

reason for the dramatic reduction of adsorbed protein, when regarding the literature on cell
adhesion studies at end-grafted PNIPAAm brushes and PNIPAAm-g-PEG hydrogel films.



8. PAA and PAA-b-PS Guiselin brushes

In this chapter we focus on polymer Guiselin-brushes consisting of the weak polyelectrolyte
poly(acrylic acid) (PAA) with an isoelectric point of 2.1 [195] and the block-copolymer PAA-b-
PS. Here the polymers are grafted with multiple grafting points to a substrate via the carboxy
groups along the chains [12,95]. Above the IEP the remaining free COOH - groups start to
dissociate increasing the amount of negative charges in the brush layer [42,237]. The corre-
sponding pH-sensitive swelling behavior was investigated with in-situ spectroscopic ellipsometry
in Section 8.1. This swelling behavior is also influenced by the ionic strength of the buffer so-
lution [29,238], whereas the transition from the annealed osmotic brush regime to the salted
regime was monitored as well [29].

Furthermore the pH-sensitive adsorption / desorption behavior towards human serum albu-
min (HSA) and a-chymotrypsin was investigated (Section 8.2). Here dominating driving forces
are assumed to be electrostatic interaction between the polymers and proteins, including charge
regulation on the protein, but also entropic driving forces [59,109,143], whereas a penetration
of the protein into the brush layer was observed for similar experiments on spherical PAA
brushes [136]. The thickness and the refractive index of a combined polymer-protein layer were
modeled from in-situ VIS - ellipsometry measurements and the adsorbed amount was evalu-
ated. Finally in Section 8.3 we used a coupled quartz crystal microbalance - ellipsometry setup
to monitor changes in the optical layer parameters and the amount of viscoelastically coupled
buffer (water) molecules as well as changes in the shear viscosity upon swelling of the Guiselin

brushes and adsorption of protein.

8.1. pH- and salt sensitive swelling behavior

The first section of this chapter is aimed at the understanding of the pH- and salt sensitive
swelling behavior of PAA Guiselin brushes and the investigation of the influence of a small PS
block (6 % of average number of monomers per chain). Experiments on the swelling behavior of
these PAA Guiselin brushes were done in cooperation with the ISAS - Institute for Analytical
Sciences, Berlin, Germany [239].

The sensitivity of end-grafted PAA brushes with pH and salt content is well investigated in
the literature and a short survey was given in Section 2.2.2. Here we present results on the
changes in swollen brush thickness and refractive index with pH for PAA Guiselin brushes in

Figure 8.1(a), whereas the corresponding dispersions of n(A) can be found in the appendix
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(Figure A.5(b)).
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Figure 8.1.: Swollen brush thickness and refractive index at A = 631.5 nm (a) as well as degree
of swelling (b) of PAA and PAA-b-PS Guiselin brushes upon swelling in 10 mM
buffer solutions.

A characteristical increase in the swollen brush thickness with increasing pH value could
be monitored accompanied with a decrease in the refractive index. Comparing these results
for PAA Guiselin brushes (Mn = 26, 500 miol) with swelling experiments on end-grafted PAA
brushes with a molecular weight of 23,600 % and a grafting density of 0.1 nm~2, a comparable
degree of swelling dsyoiien/dary can be observed for both brush systems (Figure 8.1(b)). Here the
end-grafted PAA brushes were prepared as reference via hydrolysis of poly(tert.-butyl acrylate)
end-grafted brushes [18,167].

Also the swelling of PAA-b-PS Guiselin brushes was monitored for selected pH values and no
significant differences compared to the pH-sensitivity of PAA Guiselin brushes in the swelling
degree could be found. Here it has to be noted, that the swelling measurements were performed
starting at low pH and exchanging the buffer solutions in the liquid cell towards increasing pH.
Since the concentration of Na™ at 10 mM, chosen for the pH-sensitive swelling, is below the
counter-ion concentration where all COOH groups that can dissociate at the given pH are ac-
tually dissociated, the degree of dissociation of each pH step is expected to be lower than the
degree of dissociation of PAA chains in solution at the same environmental conditions. Thus
the total value of the parameters for n and d as well as the degree of swelling depend on the

history of the sample.

To quantify the effect of the counter-ion concentration on the swelling behavior of the Guiselin
brushes, salt dependent swelling experiments in NaCl solutions were performed at pH 3, where
the amount of dissociated COOH groups on PAA chains in solution is very low, and at pH 8,
where for PAA chains in solution the COOH groups are expected to dissociated to a very high
degree. Results for both Guiselin brushes are presented in Figure 8.2.

The swollen brush thickness increases for both Guiselin brushes with increasing salt concen-
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Figure 8.2.: Salt dependent swelling of PAA (a) and PAA-b-PS (b) Guiselin brushes in NaCl
solutions at pH 3 and pH 8. The corresponding refractive indices can be found in
the Appendix in Figure A.7.

tration until the dissociation fraction fyx(pH) of the investigated pH value is achieved and
decreases again in the salted brush regime. The salt concentration for maximal swelling is com-
parable for PAA and PAA-b-PS Guiselin brushes at both pH and lies in the range of 0.1-0.2 M
for pH 8. It was found in the same region for end-grafted PAA brushes in the literature either
assembled from PS-PAA block copolymers or ”grafting-from” of the precursor polymer PtBA
and subsequent hydrolysis [29, 238].

Differences between PAA and PAA-b-PS Guiselin brushes can be seen in comparing the
measurements for pH 3 and pH 8 at salt concentrations below 0.01 M. Here a sensitivity of
the swollen brush thickness on the pH could be observed for the PAA-b-PS copolymer Guiselin
brushes that was not present for PAA.

For end-grafted PAA brushes Dong et al. found, that the effective bulk pKa value, the log-
arithmic value of the acid dissociation constant inside the brush, was at pH 6.5 - 6.6, whereas
the pKa of the surface differed from the bulk value and was determined at pH 4.4 close to
the pKa value found for PAA in solution at pH 4.3 [42,237]. Thus they proved the presence
of a dissociation gradient inside an end-grafted PAA brush with increased charge fraction at
higher distances from the substrate surface. As possible reasons for this gradient minimization
of the systems free energy [240], an inhomogeneous polymer volume fraction [241], or the for-
mation of a double layer at the brush-solution interface, reducing the ion transport into the
brush layer [241], are discussed. Hence we assume, that an influence of the PS-block on volume
fraction or free energy minimum is most likely, which could possibly lead to a pH-dependent
influence on the dissociation behavior of PAA in the PAA-b-PS copolymer Guiselin brushes.
It would be interesting to e.g. correlate titration measurements of these brushes with a quan-
tification of intra-polymer and polymer-solvent H-bonding to get more indices for a correct

explanation of this differing swelling behavior.
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To estimate the number of grafting-points per chain in these Guiselin brushes the theory of
Pincus can be applied, modeling the swelling of the PAA brush with full dissociation ( fyux(pH))
but in the absence of additional charges in solution [91] (Section 2.2.2). At the counter ion
concentration of maximum swelling, the degree of dissociation in the PAA Guiselin brush was
calculated according to Equation 2.5 and the average number of freely swelling monomers
Nyree per chain calculated from the swollen brush thickness (Equation 2.4). The condition of
no additional charges is not fully satisfied since C'l™ co-ions are also present in solution, thus

the calculation of the average number of grafting points of a PAA chain in the Guiselin brush

N
Nfree

treated like PAA chains neglecting the small PS block.

out of the ratio remains a coarse estimation (Table 8.1). Here the PAA-b-PS chains were

As can be seen in Table 8.1 the values for the average grafting points per chain differ con-
siderably between pH 3 and pH 8 due to the poor applicability of the estimation according
to Equation 2.4 and a possible deviation of the dissociation constant from the value of PAA
in solution [42]. However important for this work is the fraction of 1-3 COOH-groups per
chain forming grafting points with the PGMA surface. Thus a nominal grafting density of
0.30 & 0.15 nm~2 can be assigned to these PAA Guiselin brushes, and their swelling behavior
compared to end-grafted brushes. Here the grafting density was calculated by Equation 2.2
from the dry Guiselin brush thickness of 5.4 nm, the bulk density of PAA of 1.4 %3 [199],
and a nominal molecular weight of M, /2 = 13,250 -, considering an average number of two

grafting points per chain.

Next to the effect of pH-sensitive swelling at very low salt concentrations in solution an-
other influence of the PS block on the Guiselin brush behavior was observed in monitoring
the advancing water contact angle 6,4, after pretreatment of the brushes in solutions with a
counter-ion concentration of cy.+ = 0.1 mM at several pH (Figure 8.3).

On the one hand for a small fraction of dissociated COOH-groups at low pH 6,4, is 12 °
higher for PAA-b-PS than for PAA Guiselin brushes at pH 3, whereas a surface fraction of

Table 8.1.: Estimation of the average number of grafting points from the number of freely
swelling monomers Ny, along a PAA chain in a Guiselin brush. For the calculation
of the degree of dissociation the dissociation constant for PAA in solution of pK, =
4.3 was used [237], and the monomer length was calculated according to Equation

5.1,
Polymer N | pH oy, ez | Nree | grafting points
[nm] per chain
PAA 38 | 3 |0.0477 | 20 364 1.1
8 10.9998 | 39 155 2.5
PAA-b-PS | 375 | 3 | 0.0477 | 18.5 | 337 1.1
8 10.9998 | 38 151 2.5
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Figure 8.3.: Advancing water contact angles after pH treatment in 0.1 mM NaCl solutions

compared for PAA and PAA-b-PS Guiselin brushes.

PS of 20 + 3 % can be estimated with the help of the Cassie equation (Equation 4.16) and an
advancing contact angle for PS-brushes of 627 = 90 ° [98]. On the other hand for pH > 5 a
plateau value at 0,4, = 38 =2 ° is observed, with a PS surface fraction of 11 % after treatment
at pH 6 and 17 % after treatment at pH 9, whereas for the PAA Guiselin brushes 0,4, decreases
continually with increasing pH until a value of 6,4, = 17.5 & 1.5 ° is achieved at pH 9.

The roughness of these brushes after treatment in 0.1 mM solutions with different pH was
controlled with AFM and was below 1 nm, thus the contact angle results should not be influ-
enced critically by the surface roughness. Since contact angle measurements probe the chemical
composition of the brush in an interface region of 1-2 nm, this contact angle measurements can
be taken as indication that a fraction of PS can be found in the outer region of the PAA-b-PS
brush-air interface after swelling in these 0.1 mM solutions and subsequent gentle drying in ni-
trogen flux. Here the PAA-b-PS Guiselin brush has a total dry layer thickness of 5.7+ 0.2 nm.
Thus a concentration of the PS at the PGMA surface, as in PAA brushes, that are physisorbed
by PS-blocks to a PS-surface, seems not likely. We assume for the ellipsometric modeling, that
the PS-blocks are evenly distributed troughout the PAA-b-PS Guiselin brush layer.

8.2. Controlled protein adsorption and release

Since polyelectrolyte brushes or networks are promising for controlled drug delivery and the
immobilization of functional biomolecules like enzymes [9,59,137,140], in this chapter investiga-
tions on the protein adsorption affinity of PAA and PAA-b-PS Guiselin brushes are presented.
A scheme of the electrostatic conditions in the brush-protein system below and above the iso-
electric point (IEP) of the protein but always above the IEP of an acidic polymer surface can

be seen in Figure 8.4.
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increasing pH

Pratein

Figure 8.4.: Scheme of the electrostatic attractive conditions below the IEP of the protein and
of electrostatic repulsive conditions above the IEP of the protein, not considering
counter- and co-ions that are also present in the system.

The mechanism of protein adsorption on negatively charged polyelectrolyte brushes especially
at the "wrong side” of the IEP of the protein was discussed in Section 3.4.1. Two theoreti-
cal concepts exist for protein adsorption at electrostatic repulsive conditions [143]. On the
one hand adsorption can take place due to charge regulation on the protein molecules: Weak
amino acids adopt their charged state to the environment, resulting in a charge reversal when
penetrating a polyelectrolyte brush that is likewise charged as the protein in solution. On the
other hand proteins are expected to replace counter-ions along the charged polymer chains.
Although their net-charge would prevent adsorption onto a likewise charged surface, protein
surfaces are characterized by a patchiness with a non-homogeneously charge distribution. Thus
a replacement of e.g. positive counter-ions like Na™ on a negatively charged PAA brush could
be possible by positively charged patches on the adsorbing protein. This would lead to an
increase of the entropy of the sytem, due to the release of small mobile counter-ions from the
surface and immobilization of less mobile large molecules. In [143] both effects were discussed

to contribute to the adsorption, whereas charge reversal is considered the dominating effect.

In the literature one comprehensive experimental and theoretical study on the adsorption
of BSA onto end-grafted PAA brushes immobilized via a PS-b-PAA block copolymer can be
found [59]. Here the influence of parameters like pH, chain length and grafting density as well
as the salt concentration in solution was monitored with fixed-angle optical reflectometry. At
10 mM salt concentration de Vos et al. observed a maximum of adsorbed protein amount at pH
5 and a width at half maximum of approximately 2 pH values for a brush with 270 monomers
per chain and a grafting density of 0.1 nm ™2, whereas the maximum of adsorption varies only
slightly with the salt concentration and could be found for ¢ = 1 mM to ¢ = 100 mM in the
vicinity of the isoelectric point of the investigated BSA at pH 5.4. With increasing grafting
density the amount of adsorbed BSA was observed to increase from 15 =4 at o = 0.05 nm=2 to

30 % at o = 0.30 nm 2 measured in a 10 mM salted solution with 0.1 % BSA concentration.
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8.2.1. pH sensitivity

We investigated the pH-sensitive adsorption of a-chymotrypsin and human serum albumin
(HSA) onto PAA Guiselin brushes and results for the adsorption in 0.25 ™4 concentrated pro-
tein solution (blue) and the desorption after exchanging the protein-buffer solution again to
10 mM pure buffer solution (black) are presented in Figure 8.5. HSA was also adsorbed onto
PAA-b-PS Guiselin brushes to retrieve the influence of the PS-block on the adsorption of this
globular protein (Figure 8.7).

Adsorption of HSA onto PAA Guiselin brushes

Individual adsorption measurements for fixed pH values on PAA Guiselin brushes are depicted
in the Figures 8.5(b), 8.5(d) and 8.5(f). Here the qualitative dependence of the adsorbed
amount on the pH for serum albumin found by de Vos et al. [59] could be reproduced with very
high adsorbed amounts, presented in Figure 8.5(b), that are increasing until a maximum at
the isoelectric point of the protein (pH gp at 5.7 for defatted HSA) is achieved. The width of
the maximum here is approximately 1 pH value and thus smaller than for end-grafted brushes.
For the latter it is discussed, that the pH inside the brush is lower than the pH at the brush-
solution interface leading to a shift of the pK, in the interior to pK’"* = 6.5 — 6.6 [42]. Thus
this dissociation gradient in the polyelectrolyte brush could be a possible explanation for a
broad protein adsorption maximum when regarding the additional adjustment parameters of
charge regulation and charge-patchiness on the protein molecules. Since for the PAA Guiselin
brushes presented here the width of the maximum is considerably smaller than for end-grafted
brushes this could indicate a more homogeneous dissociation behavior possibly due to a more
fractal brush-solution interface as it would be expected when considering these Guiselin brushes

as equivalent to a highly polydisperse end-grafted brush.

We could also model the refractive index and the layer thickness of a combined layer of protein
and polymer. Here the thickness (Figure 8.5(d)) increases until pH 5.7 and the refractive index
(Figure 8.5(f)) decreases. Since the overall adsorbed amount of HSA is increasing with pH
this results for n and d indicate a stretching of the combined layer for higher pH values, most
probably due to the increase of negative charges on the polymer chains and the protein, whereas
the latter should also lead to an increase of counter-ions inside the polymer layer, thus stretching
due to the increased osmotic ion pressure is also likely.

At pH values higher than the IEP of the protein the adsorbed amount starts to decrease
and so does the refractive index of the combined layer. Nevertheless the thickness of this layer
remains virtually constant and is more than two times higher than that of a PAA brush without
adsorbed HSA at similar environmental conditions (see Figure 8.1). Here large changes in the

combined protein-polymer thickness can be observed for the adsorption and the desorption
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process with a difference of 26 nm upon adsorption at pH 7. Above the I E P, i also the
adsorbed amount differs between adsorption and desorption, indicating an increased effect of
diffusion of protein molecules, due to a concentration gradient between protein solution and

protein-brush surface, on the adsorption at the "wrong side” of the IEP.

A very sharp decrease of adsorption capacity can be found in comparing the values of I' for
pH 6 and 6.2. Here the adsorbed amount decreases about 93 % when considering I" after des-
orption. It is also interesting, that the refractive index of the combined polymer-protein layer
undergoes a minimum around pH 6.2 that is lower than the corresponding refractive index of
the PAA brush at this pH, whereas for pH 7 the refractive index n..,,; is increased again. Here
the latter points to a higher stretching of the PAA chains in the presence of HSA molecules
than in the corresponding swollen PAA Guiselin brush.

Finally the volume fraction of HSA in the combined polymer-protein layer was derived and is
displayed in Figure 8.6(b). Here a volume fraction of 45 % could be monitored at pH 5.7 where
', was obtained. No distinction is made between protein inside the brush and adsorbed on
the brush-solution interface and especially at the IEP of the protein, multilayer adsorption is
possible [242]. In [59] a BSA volume fraction of 30 % at the maximum adsorbed amount was
estimated in assuming a PAA brush height equal to the PAA chain contour length. Since the
swollen brush thickness and refractive index as well as changes in these parameters upon protein
adsorption cannot be measured with optical reflectometry, in-situ spectroscopic ellipsometry

provides additional data on the surface layer composition before and after adsorption.
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Figure 8.6.: Protein volume fractions of a-chymotrypsin and HSA.

Protein volume fractions of a-chymotrypsin and HSA in a combined polymer-protein layer at
different pH.
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Adsorption of a-chymotrypsin onto PAA Guiselin brushes

The pH-sensitive adsorption behavior of a-chymotrypsin (pH (" = 8.1) was monitored to

retrieve the influence of the IEP of the protein upon adsorption on these PAA brushes. Results
for the adsorption of this protein can be found in Figure 8.5(a), 8.5(c) and 8.5(e). Contrary to
the adsorption of HSA the maximal adsorbed amount T',,q, is not in the region of the pH ™
but can be found in the range of pH 6. Here a distinctive difference between adsorption and
desorption is present. For the experimental part of adsorption, I',,.. can be found broadly
centered around pH 7, whereas after desorption in pure buffer solution I',,,, is centered around
pH 6 and differences in I" between adsorption and desorption increase with increasing pH.
This behavior can be qualitatively understood when regarding the pH-dependent charge
situation of a-chymotrypsin in solution. Dissociation constants (pK) for COOH and N H;
containing side chains in the protein can be found in the region of pH 3-4 and pH 9-10, re-
spectively, whereas environmental conditions, like other charges in vicinity or hydrophilic /
hydrophobic neighboring groups affect the pK-value. Thus at low pH this protein contains
a large amount of positive NH, groups and is positively charged, adsorbing via electrostatic
attraction at the PAA brush surface. When increasing the pH COOH-groups start to dissoci-
ate, leading to negatively charged groups and the amount of positive charges decreases until
at the IEP of this protein the amount of positive and negative charges is equal. Additionally
the amount of negative charges at the brush surface, also due to dissociation of COOH groups,
increases. The maximum of a-chymotrypsin adsorption at intermediate pH could now be under-
stood as a consequence of equal densities of negative charges at the brush surface and positive
charges at the protein molecules plus a diffusion (thus protein concentration) controlled effect
that accounts for the differences between I' after adsorption and desorption. The decrease of
' towards higher pH would be due to a strong decrease in positive charges (NHy — N Hy),
whereas the amount of COO™ groups is expected to increase only marginally at pH > 6.
Unlike the adsorption of HSA at this PAA brushes, where I',,,, could be found at the iso-
electric point of the protein, here for a-chymotrpysin I',,., seems to be determined by equal
densities of opposite charges on the brush surface and on the protein molecules, where sup-
posedly the incorporation of additional ions to remain charge neutrality, is minimized [109].
Here detailed information on the charge density at the surface and on the protein molecules in

solution would be necessary to discuss the adsorption behavior comprehensively.

Although I' decreases above pH 6 - 7, the combined polymer-protein layer thickness after
adsorption increases over the whole pH range, spanning a difference of 68 nm between pH 3.8
and pH 8.7. Interestingly d .., stays constant at 82 nm after desorption for all investigated
pH values above pH 6.8, which could be due to a completed dissociation of COOH-groups
along the PAA chains, thus the density of possible adsorbing sites at the surface is constant
above this pH. Refractive indices and the protein volume fraction decrease over the whole pH

range, whereas two regimes are visible, the first one with only marginal decrease until pH 6 and



8.2.1 pH sensitivity 95

the second with more changes above pH 6. Together with the plateau in the combined layer
thickness above pH 6.8 after desorption, a decrease in the adsorbed amount between pH 6.8 and
pH 8.7 is reflected in the thickness and refractive index data. Differences in the protein volume
fraction after adsorption and desorption increase above pH 6 in accordance to the results for I'
with a difference of 2.2 % at pH 6.25 and 14.3 % at pH 8.7.

Adsorption of HSA to PAA-b-PS Guiselin brushes

To conclude this section HSA was adsorbed on PAA-b-PS Guiselin brushes to retrieve the
influence of the PS block on the adsorption behavior of this protein (Figure 8.7).
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Figure 8.7.: HSA adsorption at PAA-b-PS Guiselin brushes in 10 mM buffer solutions monitor-
ing the adsorbed amount of protein (a), layer parameters (b,c) and layer composi-
tion (d) after adsorption of HSA from a 0.25 ™2 protein solution in 10 mM buffer

ml
and after exchanging the solution to pure buffer and subsequent desorption.

A similar pH-dependency as for the adsorption on PAA Guiselin brushes is observed. However
total I'-values are slightly smaller and the width of I',,,, is larger. Also there is no significant
difference between I' after adsorption and desorption, whereas at pH 7 a slightly higher re-

maining amount of 4.8 & 0.5 ~§ could be detected after desorption compared to HSA on PAA
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Guiselin brushes where the HSA amount was reduced to 1.140.5 7§ at this pH after exchanging
the protein solution to pure buffer.

A larger difference in I' of 13.0 £1 2§ can be found at pH 6.2 when comparing the adsorbed
amount after the adsorption process at both brushes. Here the small PS-block could lead to a
shift in the critical pH, where no adsorption at the ”wrong side” of the IEP of the protein takes
place, to higher pH. This behavior is also reflected in an increasing combined layer thickness
up to pH 7 both after adsorption and desorption, whereas for PAA Guiselin brushes deo.,;, after
desorption dropped considerably starting at pH 6.

Finally a decrease in I" comparable to the protein amount at pH 7 at PAA Guiselin brushes
can be found at pH 8, accompanied by a pronounced decrease in the combined layer thickness
and an increase in the refractive index. For the latter a minimum could be found around pH
7 With Neemp(631.5nm) = 1.363, again smaller than observed for swollen PAA-b-PS Guiselin
brushes without protein (Figure 8.1).

8.2.2. Dependency on the amount of PAA

Since we are interested in the adsorption behavior of mixed brushes with different polymer
ratios, the dependency of the adsorbed amount of HSA on the amount of PAA in a Guiselin
brush shall be discussed briefly in this section. In Figure 8.8(a) the increase of I'yga with the
PAA amount at the surface is displayed upon adsorption at pH 6 for Guiselin brushes with

FPAA =3 % to FPAA =9.8 %
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Figure 8.8.: Adsorbed amount of HSA and layer parameters n and d dependent on the PAA
r

amount grafted to the surface (a) and specific adsorbed amount 54 (b).

Here the combined polymer-protein layer thickness increased almost linear, whereas the re-
fractive index neomp(631.5nm) varied between 1.425 and 1.446. The specific adsorbed amount
as displayed in Figure 8.8(b) is in the range between 1 and 4, with a constant binding capacity
of HSA of Egﬁ = 3.5+ 0.3 at high T'pa4 in the given error region. The decrease in SZS4 with

Tpaa
decreasing amount of PAA could be due to different effects in the grafting process of these very
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thin PAA films. The amount of PAA grafted to the surface was controlled via the concentra-
tion of the solution spin-coated beforehand, thus different PAA concentrations in the grafting
process could lead to an increased amount of grafting points for small I'p44. PAA films with
smaller amounts could not be prepared as homogeneous layers and an increasing influence of
the surface and the PGMA anchoring layer on HSA adsorption would have to be considered,

disturbing the dependency of I'gss on I'pga.

8.3. Quantification of coupled buffer components: A
simultaneous SE - QCM-D study

Coupled spectroscopic ellipsometry (SE) and quartz crystal microbalance measurements with
dissipation mode (QCM-D) were performed to obtain kinetic informations about changes in
the amount of buffer components (water molecules and counter- as well as co-ions) coupled to
the PAA brushes upon salt and pH dependent swelling and adsorption of the protein bovine
serum albumin (BSA). The work was done in cooperation with the ellipsometry group of the
Department of Electrical Engineering at the University of Nebraska-Lincoln, USA [243].

In the literature combined SE-QCM-D measurements were, for example, used to derive the
amount of water molecules coupled to polyelectrolyte multilayers [244], to investigate the
swelling of polystyrene brushes in cyclohexane [245], and to quantify changes in the water
content of a protein layer upon cross-linking [180].

Also changes in the shear viscosity can be evaluated from the dissipation measurements and
thus can be discussed together with changes in the swollen brush thickness and refractive index

here, combining the monitoring of optical and mechanical response.

PAA Guiselin brushes were prepared on quartz crystals coated with a 100 nm thick gold layer
in firstly spin-coating and crosslinking PGMA on the crystal with a thickness of d = 24+0.5 nm
and secondly spin-coating and grafting the PAA chains according to the procedure described
in Section 5.4 with subsequent extraction of non-grafted polymers and a PAA layer thickness
of 5.3 £ 0.5 nm. For the adsorption studies bovine serum albumin (BSA) rather than HSA
from the human body was taken due to the high amount of protein that is needed in flow
experiments. Here BSA is expected to adsorbed similar to HSA onto PAA Guiselin brushes,

because of its similar structure and physico-chemical interface properties.

Course of experiments

Adsorption was performed at 1 mM (100 mM) salt concentration below the IEP of BSA
(pHrpp = 5.6, defatted BSA [246]) at pH 5.2 and above the IEP of the protein at pH 6.
Protein adsorption was monitored for overall electrostatic attractive and repulsive conditions,

respectively. Experiments were carried out by starting with the PAA brush in water, then
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exchanging the solution in constant flow at (0.4 2L} to 1 mM (100 mM) salted solution. Af-
terwards, the solution was stagnant for 20 min and exchanged to 0.1 >4 protein solution by
increasing the flow gradually until a constant flow (0.4 mlzln) was reached again, and the so-
lution in the measurement chamber was exchanged after approximately 8 min. A volume of
more than 10 ml protein solution was pumped through the cell with laminar flow above the
brush-solution interface, and adsorption was monitored for at least 25 min. When changes in
the layer thickness dsg grew smaller than 1 - the protein solution was exchanged again to
the pure buffer solution and changes in the combined polymer-protein layer were monitored in
the absence of protein in the salted solution. Finally desorption was performed at pH 7.6 at

increased electrostatic repulsive conditions.

8.3.1. Modeling of combined spectroscopic ellipsometry (SE) and
QCM-D data

Spectroscopic ellipsometry data

For the PAA Guiselin brush modeling of A and tan ¥ was done according to an optical box
model consisting of the gold substrate, a PGMA and a PAA layer. The dispersion of the gold
substrate was fitted to a B-spline function and A-offsets of the windows determined before
coating the crystal with PGMA and PAA [181]. The thicknesses of the PGMA layer and the
dry PAA layer (see above) were fitted using dispersion relations measured for thick bulk layers,
with npaara(631.5nm) = 1.525 and npaa(631.5nm) = 1.522. For the swollen PAA layer both
thickness and refractive index could be modeled using a two parameter Cauchy relation for
n(A).

The amount T'%, of buffer solution in the swollen PAA layer was evaluated to
Lsp = fo-po-dpaa - (8.1)

Here f; is the buffer fraction in the swollen PAA layer with a thickness dp44 modeled by a two
component effective medium approach according to Bruggeman, using the dispersion relation
for dry PAA (component one) and for the buffer solution (component two). The density of the
buffer solution p, was set to 1 -3 due to the usage of low salted aqueous solutions. To allow
comparison with the QCM-D data, changes AT'%, = I'%, — ', will be discussed, with T'%y
the amount of water inside the box layer for the brush already swollen in water, calculated in

the same manner as I'y, (Equation 8.1).

For the in-situ protein adsorption the box model was maintained, whereas instead of the PAA
layer, thickness do,p and refractive index 7o, of a combined PAA-BSA layer were modeled,
because protein can be assumed to penetrate into the PAA brush [136]. The adsorbed amount

of protein I'554 was evaluated with the modified de Feijter approach as presented in Section
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BSA

6.3.4, whereas I'gp” is obtained by subtracting the amount of the brush polymer I'ps4 from

the amount of the combined polymer-protein layer after adsorption.

Quartz crystal microbalance data

Frequency and dissipation shifts for the odd overtones m = 3,5,...,11 were measured with
reference to the PAA brush already swollen in water. Af,, and AD,, for the above overtones
were fitted to a Voigt-Voinova model of one viscoelastic layer [177,178,180], using the software
QTools (Q-Sense, Frolunda, Sweden). In the Voigt-Voinova model the combined polymer-
protein film is described as a viscoelastic layer with uniform density and a complex shear
modulus as described in Section 4.4. Thus an additional energy dissipation and a frequency
(overtone)-dependent response of this viscoelastic layer can be utilized to model viscoelastic
thickness dy;sc, viscosity n and shear modulus Ay individually.

Since we started with the PAA Guiselin brush already swollen in water, changes in the

_9_
om3

viscoelastic thickness Ad,;s. were evaluated for a fixed layer density p; of 1 reflecting

changes in the viscoelastically coupled amount AT'gcap with respect to the brush in water *:

Algemp = pr - Adyise - (8.2)

For the evaluation of protein experiments AL'gE,,, = AT gomp — ALgeyp was introduced,
subtracting changes in the coupled buffer amount AFZ)C wp due to the initial swelling in the
buffer solution from the total amount of coupled molecules AT'gonp upon protein adsorption.
Thus a direct comparison of changes in the viscoelastically coupled amount (buffer and protein
molecules) in the adsorption process to the adsorbed amount of protein 'S4 is possible, leading
to quantitative information on the changes in coupled buffer molecules AI‘%;} for = ATEE\ D —
I'E54 in adsorption and desorption of protein. Density and viscosity of the buffer solutions
were set to the values known for water. Additionally, for the protein adsorption experiments,

changes in the shear viscosity of the film were evaluated.

8.3.2. pH- and salt sensitive swelling

Swelling of PAA Guiselin brushes will be discussed for two pH values and two salt concentra-
tions. First the measured parameters in QCM-D, frequency shift A f and dissipation shift AD
for the measured overtones are displayed in Figure 8.9(a) and 8.9(b) for the swelling in 1 mM
buffer solution at pH 5.2; Af shifts are normalized by the overtone number m, respectively.
Large changes in both parameters indicate considerably increase of the viscoelastically cou-
pled amount to the brush surface and that modeling of the layer thickness by a viscoelastic

model is appropriate [178].

'We found no differences when modeling Ad,;s. or the total viscoelastic thickness d,;s., whereas since all
kinetic measurements were started with the brush in water (Afst%" = ADs$!" = (), for the modeling of
total values (starting point: gold surface) high offsets have to be added to Af and AD, leading to very high
fitting errors.
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(¢) Increase of amount of buffer in brush layer (AT'%
box-model) compared to increase in amount viscoelas-
tically coupled to the brush surface (AFZ)CMD).

(d) Change of refractive index and swollen brush
thickness in the experiment.

Figure 8.9.: Example of a combined in-situ swelling experiment of salt dependent swelling upon
change from water to 1mM buffer solution at pH 5.2.

The change in viscoelastically coupled amount AFZ)C wp 1s plotted together with the increase
in the amount of buffer inside the modeled box layer from SE measurements in Figure 8.9(c).
A large difference between the amount AT, inside the SE-box layer and AF%CM p 1is visible.
One explanation for this behavior could be the increased contrast of the acoustic QCM-D
method [245]. Single PAA chains are suspected to protrude into the buffer solution to a higher
extent than indicated by the thickness of the swollen brush modeled from SE measurements
and QCM was discussed to be sensitive to these dilute regions of the polymer segment density
profile (Figure 8.10(a)) [245]. Another reason could be changes in the electrical double layer due
to an increased dissociation of COOH-groups as well as a different counter- and co-ion density

at the brush-solution interface in 1 mM salted solution compared to water (Figure 8.10(b)).

Additionally the modeling of A%y, and thus the difference AT}eyp —

information of the increase in the amount of buffer molecules that are coupled to the brush-

ATY% ., provides

solution interface, in contrast to the amount inside the brush, as given by the SE box model.
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Figure 8.10.: Schemes of possible states of the brush surface, leading to differences in AT'%,
and AF%CMD. Displayed are the PAA chains with dissociated groups (black),
whereas COO™ groups are not separately marked, and counter- as well as co-ions
(gray). For these Guiselin brushes 1-3 grafting points could be concluded from
salt-dependent swelling experiments in Section 8.1.

The amount of PAA at the surface is in our case 7.6 =4

This salt sensitive swelling in 1 mM solution is reflected in 8.9(d) by an increase in the brush
thickness dgg from 29 nm to 36 nm and a decrease in the refractive index n(631.5 nm) from
1.365 to 1.357. Interestingly the total values for dsg both in water and in 1 mM salted solu-
tion are noticeably higher than they would be expected from the salt sensitive measurements
displayed in Figure 8.2. We refer this phenomenon to the usage of a gold substrate here and

measurements in flow rather than in stagnant solution.

Changes in the viscoelastically coupled amount as well as the buffer amount in the box-layer
were also evaluated for swelling in 100 mM solution and at pH 6. In Figure 8.11 the results for
both pH and salt concentrations are displayed.

Here a decrease in AF%CMD is observed in 100 mM salted solution compared to swelling
in 1 mM for both pH, although the swollen brush thickness dgg is higher at 100 mM and
thus the amount of buffer inside this box-layer is increased compared to swelling in 1 mM.
This observation favors an influence of the electrical double layer on the difference between
AF%C vp and AT% . since the extension of the electrical double layer decreases with increasing
salt content. The roughness or diffuse transition of the swollen brush layer-solution interface
on the other hand is expected to increase with increasing swollen brush thickness because of a
decreasing refractive index and thus a lower contrast between brush layer and aqueous solution.
If dangling polymers would contribute significantly to the differences between AF%C wp and
AT%p, an increase of A% ey, — A%, would be expected, contrary to the observed results.

However the Debye length =1, which is characteristic for the extension of an electrical double
layer above a surface, is roughly one order of magnitude smaller than the observed changes in
the viscoelastic thickness Ad,;s. (the viscoelastically coupled amount AF%C D)

The total values for ATlq,,, and A%, are higher upon swelling at pH 6 than at pH
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Figure 8.11.: Increase in the viscoelastically coupled amount derived from QQCM-D and in the
buffer amount inside the brush derived from SE for swelling at pH 5.2 (a) and
pH 6 (b) in 1 mM and 100 mM buffer solutions. All values are referenced to the
brush already swollen in water.

5.2 as could be expected due to a higher degree of dissociation of the COOH groups on the
brush polymers. Interestingly the difference in AF%C v p 1s increased as well, pointing to the

importance of surface charges on this salt dependent swelling effect.

8.3.3. BSA adsorption below IEP of protein

In Figure 8.12 the adsorbed amount of protein I'554 derived from SE-measurements, changes
in the amount of protein and buffer molecules AI'¢ QCMD viscoelastically coupled to the brush
surface, and changes in the coupled buffer amount AF‘gffj}feT are displayed, starting with ad-
sorption in 0.1 4 protein solution (I), desorption in the corresponding buffer solution at pH
5.2 (II) and desorption in 1 mM buffer solution at pH 7.6 (III). Since ALEE,,p is referenced
to the brush swollen in the buffer, negative AF“ds Cap imply a reduction of the viscoelastically

coupled amount compared to the brush in 1 mM salted solution.

In Field I of Figure 8.12 a different rate of increase for T§z* and ALY, can be observed.
In fact ALY, p first decreases before it increases again considerably faster than 254, Since
the SE data is evaluated according to de Feijter, solely the increase of the adsorbed amount of
protein is monitored, making the observation highly interesting. In AF“dS caup both the increase

of the coupled amount of protein and changes in the coupled amount of buffer components
FBSA

are reflected. Thus to the best of our knowledge differences between AF‘éd(‘jM p and

flect changes in the viscoelastically coupled amount of counter- and co-ions as well as water
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Figure 8.12.: Adsorbed amount of protein I'554, changes in the amount viscoelastically cou-

pled to the brush surface AF“ngMD and changes in the amount of coupled buffer
components Afggjfer. Measurements are referenced for clearer presentation to
the brush surface in buffer solution, displaying (I) adsorption in 0.1 4 protein
solution, (II) desorption in 1 mM buffer solution at pH 5.2 and (III) desorption in
1 mM buffer solution at pH 7.6. Dotted lines indicate starting times of the pump
for the exchange of solution, whereas the new solution reaches the brush surface
delayed about 8 min due to the tubing and the gradual increase of flow. Corre-
sponding frequency shifts and dissipation values can be found in the appendix in
Figure A.10.

molecules. Here a small increase of AF‘blff;fﬂ between 7.5 and 9 min followed by a noticeable

decrease from 9 to 11 min is visible. We refer this feature to the exchange of solution in the
measurement chamber. However the decrease in AI' ;}‘jj} fer from 9 to 11 min indicates a removing
of viscoelastically coupled molecules from the surface, possibly due to the exchange of coupled
buffer components to protein molecules. The subsequent increase in AF“ng v p With a higher
rate than observed for FESA can be well understood considering the absorption of hydrated
protein molecules with a surrounding electrical double layer to the brush surface. Here the
additional contribution due to ions and water molecules amounts to 16 £ 1 ™§ compared to the

pure brush in 1 mM solution.

Interestingly when exchanging the solution to 1 mM salted solution again (Field IT), although

the amount of protein at the surface (I'54) stays constant, AF“ng v p decreases. Thus ions and
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water molecules are released from the surface.

The decrease in AT, is accompanied by an increase in the total refractive index and a
decrease in the combined polymer-protein layer thickness (Figure 8.13), indicating a contrac-
tion of this polymer-protein layer within this box-model picture. But also a sharpening of the

polymer-protein - solution interface could possibly lead to this results for n and d.
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Figure 8.13.: Total refractive index neomp(A = 631.5 nm) and combined polymer-protein layer
thickness d.omp, corresponding to the measurements presented in Figure 8.12.

Finally BSA is desorbed in exchanging the ImM solution at pH 5.2 to a 1 mM solution at pH
7.6 (Field I1I). The desorption process can be monitored, where upon the decrease in I'554 first
a significant increase in AT, and thus in AT occurs. This behavior can be explained

buf fer
in an additional coupling of buffer molecules in t}g desorption process due to a temporarily
strong stretching of the polymer-protein layer before protein molecules start to desorb. This
stretching can also be found from the sharp increase in d.,,, that accompanies the increase
in ATEE ), p- It is also to be noted that after desorption of the protein, A'ge,,, remains at
a relatively high value at 26.4 =4, stating the difference in viscoelastically coupled amount of

buffer between pH 5.2 and pH 7.6 due to an increase of dissociated COO~ groups along the
PAA chains.

8.3.4. BSA adsorption above IEP of protein

The adsorption experiment was repeated in the same way at pH 6 to determine changes in the
amount of coupled buffer components upon adsorption at the ”wrong side” of the IEP of BSA

p .0), and 1 rigure 3.14 changes 1n , an are displayed.
H 5.6), and in Fi 8.14 ch in §54, ATHE,p and ALgS - are displayed
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Figure 8.14.: Adsorbed amount of protein FEEA, changes in the amount viscoelastically cou-

pled to the brush surface AFQCM p and changes in the amount of coupled buffer

components Afgfffcfer. Measurements are referenced for clearer presentation to

the brush surface in buffer solution, displaying (I) adsorption in 0.1 2% protein
solution, (II) desorption in 1 mM buffer solution at pH 6 and (III) desorptlon in
1 mM buffer solution at pH 7.6. Corresponding frequency shifts and dissipation
values can be found in the appendix in Figure A.11

254, Here over a range of 5 min

In Field I AT%E,,, again increases more rapidly than
an increase in Afgfffc fer U to 8 =1 7% can be observed that decreases again to 5.5+ 0.4 73
and stays constant in the adsorption process. Thus an excess amount of buffer components
is coupled to the brush surface at the beginning of protein adsorption at the ”"wrong-side” of
the IEP, which equilibrates during the adsorption process. Here the peak in Af‘gﬁjfﬁ at 14
min is reflected as negative peak in the refractive index n.pmp(631.5nm), whereas the combined
polymer-protein layer thickness deomp is still increasing (Figure 8.15). After 40 min dg,p stays
virtually constant but 7¢,,s(631.5nm) is further increasing until the end of the adsorption
experiment and exchange of the protein solution to pure buffer solution. These findings can be
interpreted as a densification of the combined protein-polymer layer in the ongoing adsorption
process, thus protein is continuously incorporated into the combined layer.

After exchange of the buffer both AT'gE,,, and B84 decrease in Field IT and protein des-
orption takes place, whereas the decrease in AF‘édCS v p s faster, indicating desorption of buffer
components alongside the protein, as it is expected when the hydration shell of protein molecules
is taken into account. The desorption process in pure 1 mM buffer at pH 6 is accompanied by
a decrease both in thickness d.,,, and refractive index n.ym, in 8.15. At this pH desorption of

protein begins with starting the pump for the exchange of solution at 158 min of the experi-
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ment, indicating a high sensitivity of the combined polymer-protein surface on shear forces /
flow for this pH at the "wrong side” of the IEP of BSA.
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Figure 8.15.: Total refractive index nepmp(A = 631.5 nm) and combined polymer-protein layer
thickness d.omp, corresponding to the measurements presented in Figure 8.14.

When exchanging the buffer to 1 mM at pH 7.6 the same desorption features as observed in
the adsorption experiment at pH 5.2 (8.12) are visible, but less pronounced. Also a temporarily
stretching of the layer, indicated by a change in the combined layer thickness d.,;,, from 69 nm
to 90 nm, takes place, whereas the increase is also smaller than at pH 5.2, where a stretching
from 68 nm to 124 nm could be observed. These differences are due to less protein adsorbed at
pH 6 than at pH 5.2. Therefore, fewer charged protein molecules contribute to the incorporation
of additional buffer components and thus the stretching of the layer in the desorption process.

The decreased adsorbed amount of protein at pH 6 compared to pH 5.2 was not expected from
the nominal IEP of the protein BSA at pH 5.6 and the pH-sensitive adsorption results obtained
for HSA on comparable PAA Guiselin brushes grafted onto silicon wafers (Figure 8.5(b)). Here
detailed pH-sensitive studies on the BSA adsorption would have to be done to clarify if this
effect is caused by the electrochemical properties of the protein, by the different electrochemical
properties of the gold substrate compared to silicon or by the different adsorption conditions

in stagnant solution and flow.

8.3.5. Changes in the shear viscosity during the adsorption process

Changes in the shear viscosity An, upon BSA adsorption in 1 mM buffer solution are displayed
in Figure 8.16 for adsorption at pH 5.2 (a) and at pH 6 (b) as discussed in the previous two
subsections.

Here for adsorption at pH 5.2 an increase in Amn; over one order of magnitude occurs upon
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adsorption (Field I). Thus the internal friction in the combined polymer-protein layer is consid-
erably higher than for the bare brush surface. When exchanging the protein solution to 1 mM
buffer solution again, a further increase in the shear viscosity is monitored (Field II), which is
interesting because the amount of ions and water molecules was shown to decrease in Figure
8.12. Thus a less hydrated protein-brush layer would have a higher viscosity at the present
environmental conditions than a more hydrated protein-brush layer in equilibrium with 0.1 74
protein concentration in the same 1 mM salted solution. With desorption of the protein in Field
IIT at pH 7.6, An; decreases to values comparable with the pure brush surface, underlining the

importance of the protein on the surface for a high shear viscosity.
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Figure 8.16.: Changes in the viscosity An, upon BSA adsorption in 1 mM salted solution at pH
5.2 and pH 6. Measurements are referenced for clearer presentation to the brush
surface in buffer solution, displaying (I) adsorption in 0.1 2% protein solution, (II)
desorption in 1 mM buffer solution and (III) desorption in 1 mM buffer solution
at pH 7.6.

At pH 6 the change in the shear viscosity upon protein adsorption is relatively small, only
0.002 7% (Field I), compared to the changes observed at pH 5.2. Here at the latter pH a 6
times higher Arn; was observed, whereas the adsorbed amount of protein at pH 5.2 was 2.3
times higher than at pH 6. The desorption of protein upon exchange to the buffer solution at
pH 6 is reflected again in A, which is decreasing with decreasing amount of protein at the
brush surface (Field II). Finally after desorption at pH 7.6 the remaining changes in the shear
viscosity are similar to A, after the adsorption experiment at pH 5.2 (Field III). Thus similar
brush states are achieved after adsorption experiments at overall electrostatic attractive and
repulsive conditions at this low salt content in solution, considering thickness deymp, remaining
amount I'524, viscoelastically coupled amount A “QdéMD and remaining change in the shear

viscosity Amn;.
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8.3.6. Comparison of adsorption in 1 mM and 100 mM buffer solution

In Figure 8.17 plateau values for the amounts I'554 and AF‘Z?dCS v p are compared after adsorption
and desorption in the corresponding buffer solutions for 1 mM and 100 mM salt content at pH
5.2 (a) and pH 6 (b).

After adsorption at pH 5.2, Al'gomp is similar for both salt concentrations, whereas a
decrease in the adsorbed amount of protein from 28 &1 7§ at 1 mM to 24.0 £ 0.4 73 at
100 mM can be found. Furthermore when exchanging protein to buffer solution, desorption
of protein takes place at 100 mM, which could not be observed in 1 mM salted solution. At
this high salt content the difference between AF“ng up and T'E24 stays virtually constant upon
desorption, indicating a constant amount of water and ion molecules viscoelastically coupled

to the surface after adsorption in protein solution and desorption in the pure buffer solution.

At pH 6 the adsorbed amount of protein is strongly decreased at 100 mM compared to
adsorption in 1 mM solution as it is expected from the literature since the critical pH for
adsorption at the "wrong side” of the I E P, e, decreases with increasing salt content [59]. In
the literature the critical pH was found to decrease from pH 6.75 at 1 mM to pH 5.15 at 100
mM for adsorption of HSA onto end-grafted PAA brushes.
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Figure 8.17.: Adsorption and desorption of BSA for 1 mM and 100 mM salt content in pH 5.2
(a) and pH 6 (b) buffer solutions.



8.4 Summary 109

8.4. Summary

Swelling of PAA and PAA-b-PS Guiselin brushes was investigated dependent on pH and
salt concentration and protein adsorption of defatted HSA with its IEP at pH 5.7 and -
chymotrypsin with its IEP at pH 8.1 monitored pH-sensitive. In coupled ellipsometry - quartz
crystal microbalance studies changes in the amount of buffer molecules coupled to the surface
in the swelling process as well as in adsorption experiments were observed and changes in the

shear viscosity of the surface layer monitored upon protein adsorption.

These highly swellable polyelectrolyte layers are very interesting in drug release applications,
where the amount of released protein has to be precisely controlled, although pH and salt con-
tent are restricting environmental parameters for this system. Especially at the ”wrong side” of
the isoelectric point of macromolecules immobilized in these Guiselin brushes (e.g. enzymes) it
can be expected that they preserve their structure and thus their function, leading to applica-
tions for functionalized surfaces or sensors. Also a very high sensitivity to changes in combined
polymer-protein layer parameters upon changes in environmental conditions around the IEP of

immobilized proteins makes these surface coatings suitable for accurate sensor applications.

In detail pH- and salt sensitive swelling of PAA Guiselin brushes was found to be comparable
to the swelling of end-grafted brushes and 1-3 grafting points per chain could be estimated.
An additional small PS block increased the pH-sensitivity at very low salt contents, and led
to an increased surface hydrophobicity of the dry PAA-b-PS Guiselin brushes for all pH after
pretreatment in 0.1 mM NaCl solutions. Thus an influence of the PS-block on physico-chemical

interface properties of PAA Guiselin brushes could be demonstrated.

Upon adsorption of HSA, very high adsorbed amounts could be found centered around the
IEP of the protein, comparable to results for end-grafted PAA brushes in the literature. Ad-
ditionally combined polymer-protein layer parameters were monitored and a stretching of this
combined layer with increasing pH, thus increasing negative charges at the surface could be
concluded. A very high sensitivity to pH changes was found between pH 6 and 6.2, whereas the
combined layer parameters pass trough a minimum (refractive index) and a maximum (layer
thickness) upon adsorption at the ”wrong side” of the protein. Thereby the total values of ncomp
and d.,n, indicate a higher stretching of the PAA Guiselin brush in the presence of adsorbed

HSA molecules compared to the pure brush at the same environmental conditions.

Adsorption of a-chymotrypsin led to a maximum of adsorbed amount around pH 6 as well
and not at the IEP of the protein, accompanied by a continually increasing combined layer
thickness and a decreasing refractive index. Thus for this relatively small and "hard” protein

the adsorption mechanism was found to be considerably different compared to HSA adsorption.

The PS block in PAA-b-PS Guiselin brushes was found to increase the critical pH until

adsorption of HSA at the "wrong side” takes place and the amount of protein irreversible
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bound to the brush for individual pH values was also increased. For this block-copolymer
brush the minimum in the refractive index n(631.5 nm) for the combined polymer-protein layer
is even more pronounced than observed for PAA Guiselin brushes.

The specific adsorbed amount % for the adsorption of HSA at PAA Guiselin brushes at
pH 6 was found to increase monotonically with increasing PAA content and an amount of HSA
of 3.5 £ 0.3 times higher than the amount of PAA at the surface could be adsorbed for PAA
Guiselin brushes with a nominal grafting density of 0.3040.15 nm~2. Smaller specific amounts
of HSA could be adsorbed at the corresponding PAA-b-PS Guiselin brushes.

In simultaneous SE-QCM-D studies changes in the amount of coupled buffer in swelling and
protein adsorption experiments could be obtained quantitatively. A considerable increase in the
amount of viscoelastically coupled buffer components could be observed upon swelling of PAA
Guiselin brushes in electrolyte solutions. Compared to the buffer content inside the swollen
brush layer as given by a SE-box model, a high amount can be coupled to the brush-solution
interface. Here the decrease of coupled buffer amount with increasing salt content indicates
high influence of the electric double layer on the difference between optically (SE) and acous-
tically (QCM-D) determined buffer amount at the brush surface.
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Figure 8.18.: Schemes of protein (light gray) and buffer (dark gray) incorporation into and
release from the combined polymer-protein layer in adsorption at the ”wrong
side” of the I E Py otein (a) and desorption at elevated pH (b).
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For BSA adsorption at these PAA Guiselin brushes, the rate of increase of the viscoelastically
coupled amount was higher than the increase of amount of protein at the surface for both
adsorption experiments at overall electrostatic attractive (pH 5.2) and overall electrostatic
repulsive (pH 6) conditions. Thus the incorporation of buffer molecules into the protein-brush
layer during the adsorption process was investigated quantitatively, providing further insight
into the adsorption process of the model protein BSA at flexible polyelectrolyte surfaces.

For adsorption at pH 6 at the "wrong side” of the IEP of the protein a coupling of an excess
amount of buffer components could be observed (Scheme 8.18(a)), which could be explained by
charge regulation at the protein molecules during the adsorption process.

At electrostatic attractive conditions at pH 5.2 no desorption of protein could be observed
in pure 1mM buffer solution, but the amount viscoelastically coupled to the surface decreased,
indicating a dependency of the amount of buffer molecules coupled to the surface on the protein
concentration in solution at low salt content.

Desorption at pH 7.6 led to an increase in the polymer-protein combined layer thickness
accompanied by a strong increase in the viscoelastically coupled amount at both pH, thus
underlining a stretching of the combined brush-protein layer with additional incorporation of
buffer molecules in the desorption process before desorption of protein molecules actually takes
place (Scheme 8.18(b)).

Finally the shear viscosity of the brush-protein layer was one order of magnitude higher upon
electrostatic attractive adsorption then upon adsorption at the "wrong side” of the IEP of the

protein.






9. Temperature and pH sensitive
PNIPAAmM-PAA binary mixed brushes

The combination of pH-sensitive PAA and temperature sensitive PNIPAAm has been studied so
far in the form of block copolymers in hydrogels, as blends in membranes or as inter-penetrating
polymer networks [8,51,53], but also in the form of mixed brushes prepared by ”grafting-from”
on a biodegradable substrate [247]. Among other aspects, the stimuli sensitive drug release
from polymer networks as well as the microfiltration behavior of blend membranes due to
their swelling dependent on pH and temperature was investigated [51,53]. For PNIPAAm and
PAA grafted to hydroxyethyl celullose the micellization behavior was studied [247]. No tem-
perature sensitive changes in the hydrodynamic radius of these micelles could be found below
pH 5, which was discussed in terms of an interpolymer hydrogen bonding at low pH whereas
PNIPAAm and PAA have a critical complexation pH value of pH 4.6 in the absence of salt [248].

We investigated the combination of the polyanionic PAA with the neutral, water soluble
PNIPAAm as a binary mixed brush on a planar surface with expected complex swelling behavior
[55,248], and present results on mixed brushes prepared by the ”grafting-to” approach, focusing
on the surface morphology and the surface wetting behaviour in Section 9.1 as well as on
the pH-, salt-, and temperature sensitive swelling behavior of this system (Section 9.2) [249].
Furthermore examples of protein adsorption experiments are added to show the influence of the
complex swelling behavior of the mixed brush on its adsorption affinity in Section 9.3. Finally
the pH-sensitive swelling behavior and physico-chemical interface properties of PNIPAAm -
PAA-b-PS brushes are presented, focusing on the differences compared to PNIPAAm-PAA
binary brushes (Section 9.4).

9.1. Physico-chemical interface properties of dry brushes

The physico-chemical interface properties of PNIPAAm-PAA mixed brushes were investigated
after immersion in buffer solutions with different pH and subsequent careful drying under
nitrogen flux. AFM images of PNIPAAm-PAA (80:20) (a,b) with a low PAA content, and
PNIPAAm-PAA (40:60) (c,d) mixed polymer brushes with a high PAA content after immersion
at acidic and basic pH values are shown in Figure 9.1. For a high content of PAA a lateral

domain formation with an average diameter of 75 4 10 nm can be deduced from Figures 9.1(c)

113
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and 9.1(d), where the inhomogeneity and root-mean-square roughness (see Figure 9.2) of the
surface is considerably increased after immersion in pH 3 solution (9.1(c)) compared to the
height image after immersion at pH 8 (9.1(d)). Since the PAA is deswollen at pH 3 most
probably the protruding domains are consisting of PNIPAAm collapsed on top of the deswollen
PAA. Here a scheme for a possible brush structure is inserted into Figure 9.1(c). No comparable
domain formation can be seen for the PNIPAAm PAA (80:20) mixed brush after immersion
at pH 3.

Figure 9.1.: AFM height images of dry brushes after applying the simple flattening procedure,
subtracting an offset line by line [148]. Displayed are a PNIPAAm - PAA (80:20)
mixed brush after immersion in 0.001M pH 3 NaCl solution (a) and 0.001M pH
8 buffer solution (b) as well as a PNIPAAm - PAA (40:60) mixed brush after
immersion in the same solutions at pH 3 (c¢) and pH 8 (d). Additionally sketches
of the assumed dry brush structures after pH 3 treatment (PNIPAAm - gray, PAA
- black) are included in (a) and (c).

Furthermore the roughness o,,,s of the polymer brush surfaces after pH-treatment was ex-
tracted from the AFM height images and analyzed dependent on the composition (Figure 9.2).

Here an interesting increase in the surface roughness for mixed brushes with a PAA content
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Figure 9.2.: Analysis of the root-mean-square roughness of AFM height images for different
PAA contents of the polymer brush samples in dry state after pH-treatment in
0.001 M solutions of pH 3 and pH 8 . Connecting lines between the data points
are only a guide for the eye.

higher than 40 % was observed after treatment in pH 3 solution, which matches the structuring
results shown in Figure 9.1. After treatment at pH 8 the surface roughness monotonically de-
creased with decreasing PAA content, leading to a maximum difference in the surface roughness
of 0.9 £ 0.1 nm for a (40:60) PNIPAAm-PAA mixed brush.

We assume this is due to the formation of lateral domains of PAA / PNIPAAm for high
PAA contents as discussed for Figure 9.1. For low PAA contents such a domain formation
could not be observed and the surface roughness at both pH values is expected to result ba-
sically from the PNIPAAm chains occupying the surface of the dry PNIPAAm - PAA (80:20)
brushes. Comparing these findings for the binary brushes with the overall low roughness values
for PNIPAAm and PAA monobrushes after pH-treatment, we conclude, that the changes in the

roughness after pH-treatment for the binary brushes is unique for this mixed polymer system.

To confirm the presence of PAA on the mixed brush surface after treatment at different pH,
dynamic contact angle measurements were performed and advancing water contact angles for
the homopolymer brushes and two selected mixed brushes are displayed in Figure 9.3.

The advancing contact angle for the PNIPAAm brushes is independent of the pH, as could
be expected since there are no dissociable groups along the chains, and is in good agreement
with reported values for similar brush thicknesses [33]. However the advancing contact angle
for PAA Guiselin brushes is considerably lower at acidic pH than was reported in the literature
for end-grafted PAA brushes [35,42]. We obtained this results reproducibly and have also

controlled the roughness of PAA Guiselin brushes after pH-treatment to be smaller than 1 nm,
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Figure 9.3.: Comparison of the advancing water contact angles of end-grafted PNIPAAm, loop-
wise grafted PAA and two selected mixed brushes dependent on the pH in the
acidic pH region after pH-treatment and subsequent drying.

thus the contact angle results should not be influenced critically by the surface roughness.

For mixed PNIPAAm-PAA brushes the fraction of each polymer on top of the brushes can be
estimated by using the Cassie equation (Equation 4.16). The pH-dependent fraction of PAA
(fpaa) at the brush surface was calculated for PNIPAAm PAA (80:20) and (50:50) mixed
brushes and is presented in Table 9.1.

Regarding mixed PNIPAAm PAA (80:20) brushes the pH-dependent advancing contact
angles closely resemble the independency of the advancing contact angle of PNIPAAm brushes
on the pH, whereas a constant fraction fpaa = 0.07 £ 0.04 at the brush surface could be
estimated. Thus these results indicate the dominance of PNIPAAm at the polymer brush
surface in the dry state after all pH-treatments for this brush with low PAA content. For
the PNIPAAm PAA (50:50) brush slight variations in the contact angle dependency can be

Table 9.1.: Estimation of the pH dependent fraction of PAA at the brush surface for PNIPAAm-
PAA (80:20) and (50:50) mixed brushes by using the Cassie equation. The error of
fpaa was calculated to be below 0.04.

pH fraa fraa
(80:20)  (50:50)
3 0.06 0.34
4 0.08 0.28
5) 0.09 0.26
6 0.07 0.23
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observed. After pH-treatment the advancing contact angle is lower than for PNIPA Am brushes
but still considerably higher than for PAA Guiselin brushes and a surface fraction of PAA of
fpaa = 0.34 after treatment at pH 3 could be calculated, decreasing with pretreatment at
increasing pH to fpaa = 0.23 after treatment at pH 8. Thus a considerable fraction of PAA
constitutes the mixed brush surface of the PNIPAAm-PAA (50:50) mixed brush, consistent
with the lateral structuring observed by AFM for mixed brushes with high PAA content.
Furthermore a stick-slip behavior after all pH-treatments was observed for this brush indicat-
ing surface inhomogeneity which is most probably due to the lateral domain formation visible
in the AFM measurements [166]. However we are aware of the difficulties in interpreting such

advancing contact angles at swellable surfaces.

9.2. Environmental sensitive swelling behaviour

9.2.1. Coupled swelling dependent on pH and ionic strength

The pH-dependent swelling of PAA Guiselin brushes, the independence of the PNIPAAm brush
parameters on the pH and the swelling behavior of the mixed brushes are displayed in Figure
9.4.

Interestingly the mixed brushes did not behave like a combination of a pH independent brush
(PNIPAAm) and the individually swelling pH-sensitive PAA as it would be expected for inde-
pendent swelling of the two polymers. Instead the mixed brushes expressed a pH-sensitivity
similar to the one of PAA brushes but with considerably increased changes in the swollen layer
thickness between pH 3 and pH 8. This behavior seems reasonable when the reports on the
complexation behavior of these two polymers in solution is taken into account [55]. It is dis-
cussed that PNIPAAm and PAA form a rather strong interpolymer complex in solution due
to hydrogen bonding, whereas the authors stated the presence of isopropyl groups along the
PNIPA Am chains as important, stabilizing the complex formation by hydrophobic interactions.
They compared their results obtained with a PNIPAAm-PAA solution with poly(acryl amide)
PAAm - PAA solutions, with no isopropyl groups present, where the complex formation was

found to be rather weak.

We think the increase in the swollen layer thickness with pH is due to the increase of the degree
of deprotonation of COOH-groups of PAA. Deprotonated COO- groups can no longer interact
via hydrogen bonding with amide groups of PNIPAAm, thus we assume that at pH > 6 most of
the COOH groups of PAA are deprotonated, resulting for the mixed brushes in a plateau in the
swollen layer thicknesses and the refractive indices as indicated by the swelling measurements
(Figure 9.4). For end-grafted PAA brushes Dong et. al. found, that the effective bulk pKa

value, the logarithmic value of the acid dissociation constant inside the brush, was at pH 6.5 -
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Figure 9.4.: Swollen brush thickness (a) and refractive index at A = 631.5 nm (b) of homopoly-

mer and mixed brushes of PNIPAAm and PAA dependent on the pH in 0.01M
solutions at 22 °C.

6.6, whereas a pKa at pH 4.4 was found at the brush-solution interface different from the bulk
value and almost identical with the pKa value for PAA in solution [42,237]. Thus they proved

the presence of a dissociation gradient inside an end-grafted PAA brush.

We assume, that for the decoupling of the polymer complex in the PNIPAAm-PAA mixed
brushes by pH, the PAA chains have a different dissociation behavior compared to that reported
for PAA chains in homopolymer brushes [238] and more closely resemble the behavior of PAA
chains in solution because a plateau in the mixed brush thickness is already reached between
pH 6 and 7. Furthermore in comparing the results for the swollen layer thickness of PNIPAAm
- PAA (90:10) and (45:55) brushes an increased hindrance of the swelling of the mixed brush
with higher PAA content could be found.

Since the deprotonation of COOH-groups is also influenced by the ionic strength of the
solution and can be suppressed at low ionic strength [29,238], we also investigated the influence
of the salt concentration on the swelling behavior. An example for the salt dependent swelling
at pH 8 of a PNIPAAm-PAA (55:45) mixed brush can be seen in Figure 9.5.

The sensitivity of the PAA Guiselin brushes follows again the tendencies known from the
literature, showing increased swelling with increased ionic strength in the osmotic regime due
to the increase of deprotonated COO- groups and counter ion condensation inside the brush
[29,238]. The maximum of swollen layer thickness can be found around 0.1 M ionic strength,
at higher salt concentrations PAA enters the salted regime and deswells again. The layer
parameters n and d of PNIPAAm brushes on the other hand again are independent of the salt
concentration as expected. Similar to the pH-dependent behavior a dependency of the swollen
layer parameters on the ionic strength can be observed for the mixed brush, also pointing at a
coupled swelling of the two polymers due to interactions between the chains. Furthermore we

assume that the decrease in swollen thickness of the mixed brush at 0.3 M salt concentration
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Figure 9.5.: Swollen brush thickness (a) and refractive index at A = 631.5 nm (b) of homopoly-
mer brushes and a PNIPAAm - PAA (55:45) mixed brush dependent on the ionic
strength of the solution at pH 8 and 22 °C.

could point to a different type of interaction than the hydrogen bonding between PNIPAAm
and PAA chains. Since charges along the PAA chains are strongly screened with increasing
salt concentration and the PAA chains become more and more neutral [238], one possible
explanation could be the presence of hydrophobic interactions between PAA and the isobutyl
groups of PNIPAAm leading to deswelling of the mixed brush because of the collapse of PAA
chains in the salted regime. However an assignment of the PAA brush behavior to the PAA
chains in the mixed brush has to be regarded critically and further investigations with different
methods, e.g. interaction measurements with optical tweezers [250], are necessary to achieve
more reliable conclusions on interaction forces between PNIPAAm and PAA in a mixed brush

conformation.

9.2.2. Temperature sensitivity

To complete the swelling experiments the results of temperature dependent swelling measure-
ments in buffer solutions with fixed pH are displayed in Figure 9.6 for a PNIPAAm-PAA (45:55)
mixed brush.

Here two major observations were made. Firstly the temperature sensitivity of the mixed
brush, indicated by the magnitude of change in the swollen layer thickness and refractive index
below and above the transition temperature, is clearly pH sensitive, with almost no temperature
sensitivity at pH 4, remarkably increased sensitivity at pH 5 and again decreased temperature
sensitivity at pH 6 and 7. A similar swelling tendency was observed for hydrogels, where
hydrogen bonding is discussed to lead to an interpolymer complexation behavior at low pH [7].
Furthermore an univocal increase of the swollen layer thickness below and above the transition
temperature can be observed. Comparing this result with the pH-dependent swelling behavior
of PAA Guiselin brushes and PNIPAAm-PAA mixed brushes we propose a two layered mixed
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Figure 9.6.: Swollen brush thickness (a) and refractive index at A = 631.5nm (b) of a
PNIPAAm-PAA (45:55) mixed brush dependent on pH and temperature in 0.01 M
buffer solutions.

brush geometry, with a lower layer of interacting PNIPAAm and PAA chains, thus hindered
temperature sensitivity of PNIPAAm and an upper layer with freely swellable PNIPA Am chains.
However we are aware of the limits of such a visualization.
Secondly a shift in the transition temperature from 29 + 1 °C at pH 5 to 33 °C at pH 6 (34 °C
at pH 7) is visible. These last findings are in agreement with observations of the shift of the
LCST for copolymerized PNIPAAm samples, where the increase of the hydrophilicity of the
copolymer leads to an increase in the LCST [46].

We also analyzed the dependency of the temperature sensitive change of the layer parameters
n and d on the composition of the mixed brush for pH 7 (Figure 9.7). Here we found a decrease
in temperature sensitivity with increasing PAA content as it could be expected from our swelling

results described above (Figures 9.4 and 9.6) .
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Figure 9.7.: Swollen brush thickness (a) and refractive index at A = 631.5 nm (b) at 40 °C
compared to 20 °C dependent of the composition of the mixed brush. Measurements
were done in 0.01 M phosphate buffer solution at pH 7.
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For pure PNIPAAm brushes the difference in the magnitude of the brush layer parameters at
low and high temperature was about 80% and decreased to about 15% for mixed brushes with
55% PAA content. Finally for mixed brushes with 72% PAA content we did not observe any
temperature sensitivity. In comparing this decrease in the temperature sensitivity with findings
for PNIPAAm homopolymer brushes with different grafting density, displayed in Figure 7.4, we
conclude that this decrease in temperature sensitivity in the mixed brush is due to the increase
of PAA content and is not an effect caused by the decrease of amount of PNIPAAm at the
surface and thus the decreasing grafting density of the PNIPAAm.

9.3. Protein adsorption and release

Having investigated the protein adsorption affinity for PNIPAAm and PAA monobrushes it is
now desired to combine the protein repelling properties of PNIPAAm with protein adsorption
at PAA into a mixed brush with protein resistant and adsorbing properties assigned to selected
environmental conditions as depicted in Figure 9.8. Thus in the following section the pH-
sensitive adsorption of HSA (Section 9.3.1), as well as the temperature sensitive adsorption
of HSA and a-chymotrypsin (Section 9.3.2) are investigated. We also compare pH-sensitive
adsorption and desorption kinetics of HSA with PAA Guiselin brushes and monitor the pH-

sensitive release of protein over up to 5 cycles in Section 9.3.3.

Figure 9.8.: Scheme of the desired switching between protein adsorption and protein repelling
state of a mixed polymer brush due to the swelling / deswelling of PNIPAAm
(black).

9.3.1. Adsorption of HSA dependent on pH

Due to the unique swelling properties of PNIPAAm-PAA binary brushes with a coupled deswelling
at low pH, HSA adsorption was also carried out pH-sensitive and results are presented in Figure
9.9 for a mixed brush with 20 % PAA content.

Here the maximum adsorbed amount was similarly found around the IEP of the protein at
pH 5.7 as for PAA Guiselin brushes (Figure 9.9(a)), whereas with 16 + 1 % the protein volume
fraction was much smaller than the HSA fraction of 45 % at the maximum of adsorption at
PAA mono brushes (Figure 9.9(d)).
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Figure 9.9.: pH-dependent adsorption of HSA to PNIPAAm-PAA (80:20) mixed brushes at 23
°C.

Contrary to the adsorption at PAA Guiselin brushes the adsorbed amount at pH 3.9 was
with 'ggq = 2.3 % very small. We contribute this effect to the coupled deswelling of PAA
and PNIPAAm at low pH and low salt content as it was discussed in Section 9.2.1. Thus when
the PAA chains are deswollen and interact via hydrogen-bonding with the PNIPAAm chains,
the latter are pinned to the surface as well, forming a relatively dense PNIPAAm layer on top
of the PAA layer. Furthermore the charge density on the PAA chains is still low at this pH and
the immobilization of protein molecules at the PNIPAAm surface by secondary adsorption are

less likely.

The combined polymer-protein layer thickness increases between pH 3.8 and pH 6.8, whereas
protein adsorption takes place for the investigated pH values between pH 5 and 6.8. At pH 7.7 no
protein adsorption was observed due to the electrostatic repulsion between negatively charged
PAA and protein. It is interesting that, similar to the adsorption at PAA-b-PS Guiselin brushes,
relatively low differences between I'yg4 after adsorption and desorption in the corresponding
buffer solution can be found. Here more informations on the influence of PNIPAAm on the

adsorption process will be discussed in Sections 9.3.3 and 9.3.2.
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The refractive index of the combined-polymer protein layer is considerably lower than for
PAA Guiselin brushes due to the relatively low amount of PAA and thus low adsorbed amount
of protein in the mixed brush. Here changes in n.,,,(631.5nm) proceed in the same way as for

PAA Guiselin brushes with a maximum decrease between pH 6 and pH 7.

9.3.2. Temperature sensitive adsorption
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Figure 9.10.: Temperature sensitive adsorption below and above the LCST of PNIPAAm. (a)
Adsorption of HSA at pH 6 to PNIPAAm brushes. (b) Adsorption of HSA at
pH 6 to PAA Guiselin and (80:20) PN47k-PAA brushes and (c) adsorption of
a-chymotrypsin at pH 7.8 to PAA Guiselin and (80:20) PN47k-PAA brushes. All
adsorption experiments were carried out in 10 mM buffer solutions.

In this section we present selected results on the temperature sensitive adsorption of HSA
and a-chymotrypsin onto binary PN47k-PAA brushes, to illustrate the effect of interaction
forces between the deprotonated PAA and the PNIPAAm chains. The adsorption of HSA was
performed at pH 6 at overall electrostatic repulsive conditions, whereas a-chymotrypsin was
adsorbed at pH 7.8 at attractive conditions. We chose pH 6 for the adsorption of HSA, since
it was shown, that the maximum of pH-dependent HSA adsorption (defatted protein) on the
PAA Guiselin brushes was at the isoelectric point of the protein at pH 5.7 with a decrease
of adsorption affinity of about 93 % when increasing the pH to pH 6.2 (Section 8.5(b)), thus
we assume that the system, consisting of protein and sorbate brush surface, should be highly
sensitive to any changes in the system itself and in environmental conditions within this pH
region.

In Figure 9.10 the total adsorbed amount of HSA at PNIPAAm brushes (a) and the amount
of HSA (b) as well as a-chymotrypsin (c), referenced to the amount of PAA on PAA Guiselin
brushes as well as on PNIPAAm-PAA (80:20) mixed brushes for 20 °C (below the LCST of
PNIPAAm) and 40 °C (above the LCST) are displayed. Here the relative adsorbed amount of



124 9.3 Protein adsorption and release

protein with respect to the amount of PAA at the surface was plotted, to compare homopoly-

mer and mixed brushes with different PAA content (see Section 8.2.2).

PNIPAAm brushes are virtually resistant to protein adsorption and we could demonstrate a
very good resistance for physiological conditions (PBS buffer) just recently (Section 7.2, [193]).

When comparing the results of HSA adsorption on the homopolymer and the mixed brushes,
an increased specific adsorbed amount (E}fﬁ) at 23 °C at the PNIPAAm PAA (80:20) mixed
brush (I'paa = 2 ©§) compared to the PAA Guiselin brushes (I'psa = 8 4) can be found, and
an additional significant increase in ?f}jﬁ can be observed for the mixed brush when switching
the temperature above the LCST of PNIPAAm. Since a large fraction of the COOH-groups
along the PAA chains should be dissociated at pH 6, hydrogen bonding between PAA and
PNIPAAm chains should not influence the protein adsorption behavior significantly. Never-
theless the protein adsorption affinity of the mixed brush at 23 °C is increased, which points
at a strong influence of the small PAA fraction of 20 % on the adsorption process, disturb-
ing the protein repelling behavior of pure PNIPAAm brushes considerably. Together with the
further increase in (E;’ j’:) above the LCST of PNIPAAm, where PNIPAAm chains collapse
and become more hydrophobic, this increased adsorption affinity leads to the conclusion of an

increased hydrophobic effect in the adsorption process at these mixed brushes compared to the

HSA adsorption on the corresponding homopolymer brushes.

Most interestingly this increase in adsorption affinity cannot be found below and above the
LCST of PNIPAAm for the adsorption of a-chymotrypsin, compared to the specific amount
adsorbed on PAA Guiselin brushes in Figure 9.10(c), indicating no additional interaction forces
besides electrostatic attraction between protein and PAA chains. Since the specific adsorbed
amount for HSA is also higher at PN47k-PA A mixed brushes compared to PAA Guiselin brushes
at electrostatic attractive conditions (pH 4.8 : LHS4 (mix) = 5.3, T4 (mono) = 3.9), we think

Tpaa Fpaa
a comparison of both experiments for HSA and a-chymotrypsin is possible, with respect to

additional effects on the adsorption process by the presence of PNIPAAm.

9.3.3. Adsorption kinetics and protein release
Protein release and reversibility of switching the adsorbed amount

Following the last section firstly pH- and temperature sensitive release experiments of HSA are

presented, monitoring the specific adsorbed amount g;’ 224 30 min after starting adsorption and
desorption respectively.

pH-sensitive desorption was performed at pH 7.9 after protein adsorption at pH 5 and the
adsorption-desorption process repeated 3-5 times. As can be seen for PAA Guiselin brushes in
Figure 9.11 the remaining adsorbed amount after 30 min desorption increases from the first ex-

periment (?Hﬁ = 0.25) to the fifth (f,HJ = 0.5). Thus twice the amount of HSA remains at
PAA PAA
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Figure 9.11.: Release experiments and reversibility of switching of the adsorbed amount of HSA
dependent on pH at PAA Guiselin brushes.

the brush surface after the last desorption experiment, whereas the adsorbed amount of HSA at

pH 5 is not affected by the altered initial conditions of the brush surface at each adsorption step.

For (60:40) PNIPAAm-PAA mixed brushes pH-sensitive adsorption-desorption cycles were

performed at 23 °C as well as 40 °C and are displayed in Figure 9.12(a) and Figure 9.12(b) re-

spectively. Here F’;ﬁ after desorption is in good agreement with remaining specific amounts at

T
the PAA Guiselin brush, showing the same increase in E’;ﬁ after ongoing adsorption-desorption
cycles as observed for PAA with virtually the same total values. This is interesting, since the
specific adsorbed amount in the adsorption process at pH 5 is increased compared to adsorption
at PAA Guiselin brushes, thus indicating, that although adsorption is different for the PAA

mono brush and binary mixed brushes, desorption is very similar at least on the time scale

investigated.
I
k ] %

(a) (b)

Figure 9.12.: Release experiments and reversibility of switching of the adsorbed amount of HSA
dependent on pH at 23 °C and 40 °C for PN47k-PAA (60:40) binary brushes.
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Figure 9.13.: Release experiments and reversibility of switching of the adsorbed amount of HSA
dependent the temperature on binary (80:20) PN47k-PAA mixed brushes at pH
6.

To conclude this subsection temperature sensitive release experiments are presented in Figure
9.13. HSA was adsorbed at pH 6 at 40 °C for 30 min and the temperature decreased to 23
°C to monitor desorption. Here a decrease in the specific adsorbed amount about ?’;ﬁ =
1.0 £ 0.3 could be observed when decreasing the temperature to 23 °C. The pH value was
chosen at pH 6 to compare results of the temperature sensitive switching of the adsorbed
amount with individual adsorption experiments at 23 °C and 40 °C as presented in Figure
9.10(b). In individual adsorption experiments I'ysa = 10 - ['ps4 could be adsorbed at 40 °C
compared to I'gga = 5.8 - I'psgq at 23 °C. Thus we conclude from both, the switching and the
individual experiments, that at 40 °C an additional amount of I'ysa ~ 3-I'pa4 is permanently
immobilized at the mixed brush due to the temperature sensitive deswelling of the PNIPAAm

chains.

Adsorption kinetics

Adsorption kinetics were monitored at pH 5 in 10 mM salted buffer solution and a comparison
between kinetics of HSA adsorption at a PAA and a PAA-b-PS Guiselin brush as well as at a
PNIPAAm-PAA (85:15) mixed brush are presented in Figure 9.14.

A distinct difference between the kinetics for the adsorption at the binary brush and the
Guiselin brushes can be observed, whereas the relative protein uptake of the mixed brush is
found to proceed slower with respect to the maximum specific amount than observed for both
Guiselin brushes. We think a good explanation for this behavior would be a hindered diffusion
of the protein molecules through the PNIPA Am chains upon electrostatic attractive adsorption
conditions for an adsorption of HSA on PAA chains.

Thus this findings could be taken as an indication pointing at a penetration of protein
molecules into the mixed brush layer. It is also important to note, that the relative amount
of HSA adsorbed at the PNIPAAm-PAA binary brush exceeds the amount adsorbed at both
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Guiselin brushes after 2 min of adsorption reflecting the increased adsorption affinity on the

binary brush as it was discussed in Section 9.3.2.
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Figure 9.14.: Comparison of the adsorption kinetics of the relative amount of HSA upon ad-
mg

sorption at pH 5 in 10 mM buffer solution at a PAA (I'paq = 7.6 2§) and a
PAA-b-PS (I' = 8 ) Guiselin brush as well as a (85:15) PN47k-PAA binary

brush with I'paq = 2.2 74,

9.4. Comparison to ternary PNIPAAmM - PAA-b-PS brushes

We also started to investigate the ternary PNIPAAm-PAA-b-PS brush system, motivated by
model considerations. In such a ternary system it is desired firstly to graft a pH-insensitive
polymer brush (here PNIPAAm) followed by the grafting of a pH-sensitive polymer (PAA),
which is meant to provide a stimuli-responsive lift to expose or hide a hydrophobic model moi-
ety (the PS block) at the brush-solution interface or inside the PNIPAAm brush respectively.
For the block-copolymer used here with molecular weights of PAA-b-PS of 27,000 -Z.-b-
1,000 £ no significant changes in the adsorption behavior towards HSA could be monitored,
whereas slight changes in surface properties and swelling behavior will be presented in the

following.
Other ratios of PNIPAAm and PAA / PS were studied systematically within a diploma
thesis, where cell adhesion studies have been performed, showing differences between binary
9

and ternary brushes composed of PN28k chains and a block copolymer with M P44 = 19,500 —
and M5 = 4,300 ~4 [150].
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Surface properties and swelling behavior of PN47k-PAA-b-PS brushes

An even increased structuring behavior of ternary PNIPAAm - PAA-b-PS brushes after pH-
treatment could be found compared to the binary PNIPAAm-PAA brushes. Here AFM height
images after treatment at pH 4 and pH 7.3 are displayed in Figure 9.15.

(a) pH 4.3, roughness: 3 nm (b) pH 7.3, roughness: 1 nm

Figure 9.15.: AFM height images of a dry PNIPAAm - PAA-b-PS (50:50) brush after pH-

treatment.

The surface roughness after treatment at pH 4 was 3 nm, and decreased to 1 nm after immer-
sion of the sample at pH 7.3, whereas for binary PN47k-PAA brushes the maximum change in
surface roughness was about 1 nm. Here it has to be noted, that pretreatment was done in 10
mM buffer solutions, thus dissociation of PAA is not complete at this environmental conditions
and results for roughness after pH-sensitive pretreatment are changeable by increasing the salt
content of the solution. Regarding the pH we would have expected a decrease in the change
in roughness upon increasing the pH from pH 3 (binary brushes) to pH 4.3 (ternary brushes)
since a larger fraction of COOH-groups along the PAA chains should be dissociated leading to
a higher swelling of the mixed brushes as indicated for binary brushes in Figure 9.1. Contrarily
here the surface roughness is higher for the ternary brush pretreated at pH 4.3 than for a similar
PN47k-PAA binary brush pretreated at pH 3 (Figure 9.2).

When comparing the advancing contact angle of (80:20) and (50:50) ternary brushes in
Figure 9.16 with the corresponding contact angle values for binary brushes (Figure 9.3) also
a significant difference in the pH-dependent contact angle values for ternary (50:50) brushes
can be found. Here the decrease in the advancing contact angle with pH is more pronounced
than for the binary system, and at pH 3 6,4, = 54.5 £ 2.0 ° is achieved, very close to the
advancing contact angle of PAA-b-PS of 52 4+ 2 ° at this pH. The surface fraction of the PAA-
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b-PS copolymer decreased with increasing pH from 0.89 + 0.05 after treatment at pH 3 to
0.18 4+ 0.05 after treatment at pH 6. Compared to the fraction of 0.34 of PAA at the surface
of the binary brush after treatment at pH 3, the nominal fraction of PAA-b-PS is remarkably
increased after the same treatment, which is also reflected in a difference in the advancing
contact angles of 10 + 2 °. For the (80:20) PN47k-PAA-b-PS ternary brush 6,4, is close to
the values for PNIPAAm mono brushes as well when comparing the results to values for the
advancing contact angle for the corresponding binary brushes, and the fraction of PAA-b-PS
of 0.05 is similar to the fraction of PAA in the (80:20) PNIPAAm-PAA binary brush.
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Figure 9.16.: Comparison of the advancing water contact angles of end-grafted PNIPAAm,
loopwise-grafted PAA and two selected mixed brushes dependent on the pH in
the acidic pH region after pH-treatment and subsequent drying.

Finally the pH sensitive swelling of PN47k-PA A-b-PS brushes with different grafting densities
of the PN47k brush, thus different composition, was monitored at pH 4 and pH 9 and compared
to the swelling of the corresponding PN47k brushes in water (Figure 9.17). Here the differences
between swollen brush thicknesses at pH 4 and pH 9 increase with decreasing grafting density of
the PN47k brush, starting with a PN47k homopolymer brush at a grafting density of 0.25 nm =2
with only marginal pH sensitivity down to a (50:50) PN47k-PAA-b-PS mixed brush with a
PN47k grafting density of 0.08 nm 2. The swollen brush thickness for the latter (50:50) mixed
brush changes about 55 4+ 1 nm between pH 4 and pH 9, comparable to the changes observed
for the PN47k-PAA binary brush (Figure 9.4).

It is interesting to note, that the swollen brush thickness observed at pH 9 for the ternary
brush is in good agreement with the thickness monitored for the corresponding PN47k ho-
mopolymer brushes. Thus we take this results as indication, that PNIPAAm chains in the
mixed brush are also deswollen at pH 4 due to the presence of deswollen PAA chains, and are

completely swollen at pH 9. The pH-sensitivity of PNIPAAm is considerably less than observed
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in the swollen brush thickness for these ternary systems as indicated by the results for a PN47k
brush with ¢ = 0.25 nm~2 plotted also in Figure 9.17. pH-sensitive changes in the swelling
behavior of these ternary mixed brushes are reflected in the refractive indices in Figure 9.17(b),
whereas for the swelling at pH 9 the refractive index n(631.5 nm) was found to be slightly
higher for brushes with high PAA-b-PS content compared to corresponding PN47k brushes in

water, indicating more material at the surface than for the homopolymer brushes.
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Figure 9.17.: Comparison of the pH-sensitive swelling of a grafting series of PN47k-PAA-b-PS
mixed brushes at pH 4 and pH 9 with their corresponding PN47k homopolymer
brushes in water.

9.5. Summary

Complex swelling behavior as it is sketched in Scheme 9.18 could be observed for PNIPAAm-
PAA mixed brushes with different compositions. Here a coupled deswelling of PNIPAAm and
PAA chains was evident at pH < 5, whereas above pH 5 the pH and salt sensitivity of PAA
Guiselin brushes was enlarged by the presence of PNIPAAm in the mixed brushes. The tem-
perature sensitivity of PNIPAAm-PAA mixed brushes is considerably decreased compared to
PNIPA Am homopolymer brushes and even no temperature sensitivity was observed at pH 4 and

for mixed brushes with a high PAA content. Here a two layer mixed brush geometry was pro-

pH<S pH>5 pH>5
T ~22°C T~22°C T~36°C

Decrease Increase of
of pH temperature
—————————
|

Figure 9.18.: Scheme of the coupled swelling of PNIPAAm (gray) and PAA (black) chains in
binary mixed brushes dependent on pH and temperature.
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posed, with a lower layer of interacting PNIPAAm and PAA chains, thus hindered temperature
sensitivity of PNIPAAm and an upper layer with freely swellable PNIPAAm chains. An uni-
vocal dependency of the temperature sensitivity at pH 7 on the brush composition was found,
with decreasing sensitivity for increasing PAA content. Coupled deswelling of PNIPAAm-PAA
mixed brushes with a high PAA content at low pH was accompanied by a domain formation,
observed in AFM height images, and the estimation of a significant fraction of PAA at the sur-
face, derived from advancing contact angle measurements. According to additional roughness
evaluations the domain size is assumed to decrease until finally the brush surface in the dry

state is constituted almost only of PNIPAAm as indicated by the contact angle results of a
PNIPAAm - PAA (80:20) brush.

An increased adsorption affinity of this mixed brush towards HSA was found compared to
the adsorption at the corresponding homopolymer brushes, and also an additional temperature
sensitive increase in the adsorption affinity, due to the collapse of PNIPAAm chains, could be
shown. Thus an increased importance of the hydrophobic effect in the HSA adsorption process
at this mixed brush system above but also below the LCST of PNIPAAm is concluded, whereas
for the adsorption of a-chymotrypsin no hydrophobic effect could be observed. HSA could be
released from the mixed brush surface below the LCST of PNIPAAm as well as above the LCST
by increasing the pH, but no significant temperature sensitive release took place. Adsorption
of HSA to the binary brush was found to proceed slower than adsorption to PAA Guiselin
brushes, indicating a delaying effect of the PNIPAAm chains in reaching the maximum of the
adsorbed amount. Possibly this behavior could be due to a hindered diffusion of the protein
molecules through the PNIPAAm chains to adsorb electrostatically attractive onto the PAA
chains.

A switching of HSA adsorption could be achieved pH- but not temperature sensitive so far.
Here it would be highly interesting to investigate if immobilized functional macromolecules, e.g.
enzymes, could be hindered in their activity above the LCST of PNIPAAm due to a deswelling

of PNIPAAm chains and thus changes in the environmental conditions of these enzymes.

For PNIPAAm-PAA-b-PS brushes changes in physico-chemical interface properties due to
coupled deswelling were more pronounced than in binary brushes, indicating an even more

complex swelling behavior of these ternary brush system.






10. Mixed brushes containing
Poly(ethylene glycol) (PEG)

PNIPAAm as the protein repelling not pH-sensitive component of binary and ternary brushes
with PAA and PAA-b-PS respectively, was exchanged in this chapter to poly(ethylene glycol)
(PEG). Here PEG chains with a molecular weight of M, = 5,000 -, (PEG-5k) were used, ac-
knowledging the literature about ternary protein adsorption at PEG brushes with considerable
higher M,, [48,147]. The protein repelling behavior of PEG-5k brushes was already proven in
Section 7.2, where 0.1 74 of HSA could be adsorbed in PBS solution.

In the literature a complexation of PEG and PAA is discussed due to hydrogen bonding,
dependent on the molecular weight of PEG and PAA, whereas complexation could be found
below pH 4 for a molecular weight of PEG higher than 5000 -%. [251,252]. Compared to
the binary and ternary brushes consisting of PNIPAAm and PAA or PAA-b-PS, which were
discussed in the last Section, it is now interesting how the introduction of PAA and PAA-b-PS
chains into a protein repelling PEG brush affects the swelling behavior as well as the protein

adsorption affinity of this mixed brush systems.

Basic swelling and adsorption experiments will be presented in this chapter based on co-
operative research! on ternary polymer brushes, where driving forces for protein adsorption
are tuned due to exposition / hiding of small hydrophobic PS-blocks at a overall hydrophilic
PEG-PAA-b-PS ternary brush-solution interface [253].

In Section 10.1 PEG-PAA brushes with different PAA content are presented regarding their
pH-sensitive swelling behavior and adsorption of HSA onto these mixed brush surfaces. In
advance to activity measurements of enzymes immobilized at brush surfaces, also the adsorption

of Glucose oxidase is included in the discussion.

Finally the salt sensitive swelling of (50:50) PEG-PAA-b-PS brushes is discussed shortly in
Section 10.3 with respect to the effect of the block-copolymer on the swelling behavior.

'DFG-NSF cooperation project in collaboration with Dr. Karsten Hinrichs, ISAS Berlin, Germany; Prof.
Sergiy Minko, Clarkson University, USA; Prof. Igor Luzinov, Clemson University, USA and Prof. Marcus
Miiller, Universitat Gottingen, Germany in the frame of ”Materials World Network”
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10.1. PEG-PAA brushes

Since the protein repellent behavior of PNIPA Am brushes was exceedingly disturbed by grafting
of a small amount of PAA (Section 9.3), we were furthermore interested in how PAA affects
the protein resistance of a PEG brush in a PEG-PAA binary system.

Therefore we investigated the swelling and adsorption behavior of PEG-PAA brushes with
different PAA contents as listed in Table 10.1. Here the same PAA with M, = 26,500 -%; as
in previous studies was employed for PEG-PAA mixed brushes to monitor the effect of a PEG
brush reference surface on the adsorption affinity of protruding PAA chains with increasing

amount of PAA at the surface.

Table 10.1.: Brush parameters of PEG-PAA binary brushes for swelling and adsorption exper-
iments.

L'pea wt% of PAA solution | I'paa % (PAA) Egﬁ ;gﬁ
[mgm™2] | spin-coated [mgm 2]

5.31 — — — =
5.36 0.01 0.86 14 1.1 1.9
5.04 0.1 1.03 17 3.3 2.5
4.36 1 1.55 26 3.3 2.3

The preparation of these PEG-PAA brushes was performed as follows: After grafting the
PGMA anchoring layer a PEG brush was grafted from the melt as described by Zdyrko et.
al. [72]. Furthermore the amount of PAA at the surface was varied according to the concen-
tration of PAA solution spin-coated on top of the PEG brush, whereas both I'prpg and I'paa
were calculated from the layer thickness obtained by spectroscopic ellipsometry with a fixed
refractive index at n=1.46, determined for 8 nm thick PEG brushes beforehand.

Swelling measurements for pH values between pH 3 and pH 8 were performed in 10 mM

buffer solutions and are displayed in Figure 10.1.
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Figure 10.1.: pH dependent swelling of PEG-PAA brushes with different PAA content.
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pH-sensitivity of binary brushes could be found for all PAA contents investigated. The sen-
sitivity increased with increasing PAA content starting with a change in the swollen brush
thickness of 5+ 1 nm for 14 % PAA to 21 + 1 nm for 26 % PAA in the binary brush, which
was also reflected in the pH-sensitive refractive indices that are higher than reference refractive
indices of a pure PEG brush at low pH due to the deswelling of PAA. Here the PEG brush was
insensitive to changes in the pH with a constant swollen brush thickness of 14 4+ 2 nm in the
range between pH 3 and pH 8. Thus in comparing the swollen brush thickness for pure PEG
brushes and PEG-PAA binary brushes it can be concluded, that PAA chains extend above the
PEG-brush surface, which was not the case for the PN47k-PAA binary brushes.

Having investigated the swelling behavior, protein adsorption experiments of HSA and the
enzyme glucose oxidase at pH 4 in 10 mM buffer solution were performed. The isoelectric point
of glucose oxidase is at pH 4.2 thus both proteins adsorb at electrostatic attractive conditions
onto the PAA chains, whereas the enzyme has a 2.4 times higher molecular weight of 160 kDa
than HSA and with dimensions of 725.528 nm? a 1.6 times larger size [186,187].

In Figure 10.2 total adsorbed amounts of HSA and glucose oxidase are displayed for different

amounts of PAA at the surface.
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Figure 10.2.: Adsorbed amount of HSA and glucose oxidase on PEG-PAA brushes with different
PAA content at pH 4.

Here the total adsorbed amount of protein was monitored for all compositions of binary
brushes presented in Table 10.1. For the pure PEG brush an amount of 0.9 £ 0.2 = of
HSA was adsorbed at this environmental conditions (pH 4). Thus an increase of the adsorbed
amount of HSA compared to the pure PEG brush could be observed starting at a PAA content
of 1.03 =4 (17 % PAA), whereas for this PEG-PAA brush the specific adsorbed amount of HSA



136 10.2 Salt dependent swelling of PEG-PAA-b-PS

was IF*I;_ii = 3.3 which is in very good agreement with the specific adsorbed amount observed

for pure PAA Guiselin brushes at this pH, regarding the results in Figure 8.5(b):

Lrsa  25.0 mgm™?

= 3.3

Lpasa 7.6 mgm=2

This is another indication that PAA chains protrude above the PEG reference brush, but also
that they are not interacting with PEG chains at pH 4. It is also expected, regarding the discus-
sion of complexation of PEG and PAA [251,252], that no interaction between these two types of
polymer chains occurs at higher pH. Thus the adsorption of HSA onto this binary brush should
be solely influenced by the amount of PAA chains on the surface with no effect of an interac-
tion of PEG and PAA chains on the adsorption, contrary to the PNIPAAm-PAA binary system.

The amount of glucose oxidase adsorbed at these PEG-PAA binary brushes was smaller than
observed for HSA. This could be due to differences in the protein size but also due to a different
density of positive charges at the protein molecules because of their IEP at pH 5.7 (defatted
HSA) and pH 4.2 (glucose oxidase).

For adsorption of glucose oxidase onto PAA Guiseln brushes an amount of

Toor =27+ 1 5
m

was observed at pH 4 in 10 mM buffer solution, corresponding to a specific adsorbed amount of
Leo: — 3.6, Thus comparing the adsorption onto PAA Guiselin brushes and PEG-PAA binary

Fpaa

T

brushes (ﬁ < 2.5) a reduction of the adsorption onto the latter brush system due to the

presence of PEG can be concluded.

10.2. Salt dependent swelling of PEG-PAA-b-PS

To complete this chapter, salt dependent swelling of a PEG-PAA-b-PS mixed brush is pre-
sented in Figure 10.3. A similar sensitivity of the swollen brush thickness to pH for low salt
concentrations compared to PAA-b-PS Guiselin brushes (Section 8.1) could be found. Here the
layer thickness increased about 10 nm when changing the pH from pH 3 to pH 8, which is in
the range of the change in layer thickness of 8.0 4+ 2.5 nm for PAA-b-PS Guiselin brushes. A
maximum of swollen brush thickness was found for both pH at 0.2 M salt concentration. It is
important to note, that the total swollen brush thickness of the ternary brush is higher than
the swollen brush thickness of a PEG reference brush for all investigated salt concentrations at
both pH. Thus it can be assumed that the PAA-b-PS copolymer is present at the brush-solution

interface in all cases, as observed similarily for the binary PEG-PAA brushes.
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Figure 10.3.: Salt dependent swelling at two different pH of PEG-PAA-b-PS (a) compared to
PEG brushes (b). Corresponding refractive indices can be found in the appendix
(Figure A.8).

10.3. Summary

In this chapter we aimed at the investigation of PEG brushes with protruding PAA chains to

determine the influence of a pH-insensitive PEG reference brush on the adsorption behavior of
PAA chains.

Swelling of the binary brush was found to be pH-sensitive due to the presence of PAA chains,
whereas the total swollen brush thickness was higher than evaluated for pure PEG brushes, in-
dicating that PAA swells above the PEG brush surface. For the ternary PEG-PAA-b-PS brush
a similar pH-sensitive swelling in non-salted solution as for pure PAA-b-PS Guiselin brushes

was observed.

Protein adsorption was monitored for HSA and for the larger enzyme glucose oxidase at pH
4, for both proteins upon electrostatic attractive conditions. The specific adsorbed amount of
HSA was in very good agreement to the specific amount adsorbed at PAA Guiselin brushes,
thus no influence of the PEG content in the mixed brush on the adsorption of this protein was
found. When comparing the adsorption of glucose oxidase on the binary and the Guiselin brush,
a reduction of the specific adsorbed amount was found for the PEG-PAA brush, indicating an
influence of PEG on the adsorption behavior of the mixed brush system. Here possible reasons
for the different adsorption affinity of HSA and glucose oxidase could be the different positive
charge density on both proteins due to their individual isoelectric points, but also a size effect,

thus an increased repellent effect of PEG on the adsorption of the larger glucose oxidase.






11. Activity of glucose oxidase
immobilized at mono and mixed

brushes

Based on the pH sensitivity of PAA and poly(2-vinyl pyridine) (P2VP) as well as the tempera-
ture sensitivity of PNIPAAm, binary polymer brushes with complex swelling behavior are to be
utilized in switching enzyme activities at brush surfaces. Here it is desired to switch between
an active state of the enzyme at temperatures below the LCST of PNIPAAm to an inactive
state above the LCST, where the enzyme is to be covered by the deswollen PNIPAAm in the
latter case (Figure 11.1).

For first experiments with immobilized enzymes, glucose oxidase was selected (IEP: pH
4.2, Table 5.2), and immobilized at overall electrostatic attractive conditions at PAA Guiselin
brushes, at the "wrong side” of its IEP at P2VP end-grafted brushes as well as at PNIPAAm-
PAA and PNIPAAm-P2VP binary brushes.

The immobilization of glucose oxidase has been studied for the development of enzyme biosen-
sors in the literature [186,254]. The enzyme can function as biochemical transducer in an optical
sensing device [254], using the depletion of oxygen in the enzymatic reaction and its effect on
the quenching of fluorescence signals of organic ruthenium complexes. As another example it
can be used to design glucose electrodes, where an electrode is covered by an enzyme membrane

and the production of HyOs measured amperometrically [186].

Figure 11.1.: Scheme of the desired switching of the activity of enzymes immobilized at a mixed
brush surface.
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11.1. Enzyme reaction and quantification of resulting H>O-

The oxidation of -D-glucose by O, is catalyzed by glucose oxidase, leading to the products
glucono delta-lactone and HsOy (Scheme 11.2), whereas the increase of the HyOs concentra-
tion leads to a decrease of the pH in non-buffered solutions. The optimum pH for the catalytic
function of the enzyme in solution is at pH 5.5 and oxidation was observed in the range of pH

4 - 7 [187]. The corresponding optimum temperature is 40 °C [255].

_{}\\ ‘,.-‘GH =0,
IGRH + Dl —_— fﬂ=ﬂ + Hzﬂz

Figure 11.2.: Scheme of the oxidation of glucose catalyzed by glucose oxidase.

In this work glucose oxidase was adsorbed at mono and mixed brushes at pH 4 in 10 mM

acetate buffer solution with 0.25 74 enzyme concentration for 2h, and the enzyme-brush surface

equilibrated in the pure buffer solution for 1 h. For the modeling of the amount of glucose oxi-

dase according to the modified de Feijter approach (Section 6.3.4) a refractive index increment

cm3

for the enzyme of 0.177 was used, measured by Forzani et. al for glucose oxidase dissolved
in water [212], which is lower than dn/dc for the model proteins HSA or chymotrypsin due to
the fraction of 16 % carbohydrates in this glyco-protein [186]. For P2VP dn/dc = 0.254 %
was taken [211].

After adsorption the surface was immersed in 1 4 glucose solution, buffered again with
acetate buffer at pH 4 to prevent changes in the activity of the immobilized enzyme during
the oxidation of glucose. The concentration of the reaction product H,O, of the oxidation of

glucose was measured after 15 min reaction time.

For the quantification of H,O, a colorimetric assay, based on the oxidation of Fe?T to Fe3t
and subsequent reaction of Fe3" ions with xylenol orange to complexes, was used [256-258].
In aqueous solution first sorbitol is converted to a peroxyl radical by H»O,, and this radical
initiates the oxidation of Fe** to Fe*". The absorbance of the colored adduct (xylenol orange,
3,3’-bis[N,N-bis(carboxymethyl)aminoethyl]-o-cresolsulfonephthaleine, sodium salt) is observed
at 560 nm. The assay is linear in the range of 1-7 nmol/ml of HyO,, whereas for higher

concentrations the absorbance at 590 nm can also be evaluated.

11.2. Homopolymer brushes

For PAA Guiselin brushes, P2VP end-grafted brushes and PNIPAAm end-grafted brushes the
amount of immobilized glucose oxidase as evaluated from in-situ ellipsometry measurements as

well as the concentration of H,O, after 15 min in glucose solution are presented in Figure 11.3.
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As expected the amount of enzyme immobilized at the polyelectrolyte brushes is relatively high
due to adsorption at pH 4 close to the IEP of pH 4.2 of the enzyme, whereas at PNIPAAm
brushes with a molecular weight of 47,600 - a very low adsorbed amount of glucose oxidase
of 0.5 =4 could be observed (Figure 11.3(a)).

Regarding the adsorption results, it is most interesting, that the amount of HyO, produced
by enzyme molecules immobilized at P2VP brushes is almost twice as high as the amount mea-
sured for glucose oxidase immobilized at PAA Guiselin brushes (Figure 11.3(b)). This leads
to the conclusion that for the adsorption at the ”wrong side” of the IEP at P2VP brushes the
active center of a considerable higher amount of enzymes is less disturbed at this overall elec-
trostatic repulsive conditions compared to enzymes adsorbed at overall electrostatic attractive
conditions at PAA Guiselin brushes.
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Figure 11.3.: Adsorbed amount of glucose oxidase (a) and analysis of enzyme activity (b), (c)
for P2VP and PNIPAAm end-grafted brushes as well as PAA Guiselin brushes.

Together with theoretical studies on charge regulation at weak amino acid side chains upon
repulsive adsorption conditions [143], investigation of the activity of enzymes immobilized at
polyelectrolyte surface layers offers a very sensitive approach to study adsorption mechanisms.
For the brushes presented here, more detailed studies on the influence of the IEP of enzyme
and surface would be necessary to conclude trends of the activity of this enzyme immobilized
at polyelectrolyte brush surfaces.

Regarding PNIPAAm end-grafted brushes a significant amount of H,O, could be detected
after immersion of the brush surface in glucose solution, although the adsorbed amount of
enzyme is very small, thus relatively few enzyme molecules would have to be still very active
when immobilized at these brushes. This indicates a considerable influence of the enzyme
environment on its activity, whereas the total adsorbed amount is of less importance. Since
we expect the proteins to adsorb via ternary adsorption at the PNIPAAm chains in analogy to

the adsorption behavior at PEG brushes with increasing ternary adsorption for longer chains
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11.3 Mixed brushes

[48,147], a discussion of the activity of enzymes immobilized at end-grafted PNIPAAm brushes
dependent on the molecular weight of PNIPAAm, would be of high interest.

11.3. Mixed brushes

In a first attempt glucose oxidase was also adsorbed at PNIPAAm-PAA and PNIPAAm-P2VP

binary mixed brushes at the same environmental conditions at pH 4 and 22 °C used for the

experiments with mono brushes. Parameters of the binary brushes investigated in this section

are presented in Table 11.1.

Table 11.1.: Typical parameters thickness d and refractive index n of dry polymer brushes as

well as the volume fraction of polymer 2 in the mixed brushes calculated from the
ellipsometric thickness data [198]. *Refractive index fixed.

d

Polymers n % Polymer 2
[nm]| (631.5 nm)

PN47k - PAA | 6.74+0.2 | *1.47 29

PN47k - P2VP | 15.1 £ 0.3 | 1.469 10

As discussed in Section 9.2.2 and displayed in Figure 11.4(a) the binary PNIPAAm-PAA
brush is not deswelling temperature sensitively due to the interaction between PAA and PNI-
PAAm chains. In contrast to this binary brush PNIPAAm is deswelling when grafted in com-
bination with P2VP (Figure 11.4(b)).
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Figure 11.4.: Temperature sensitive swelling of PNIPAAm-PAA (a) and PNIPAAm-P2VP (b)

binary brushes before adsorption and after adsorption of glucose oxidase (GOx).
Corresponding refractive indices can be found in the appendix in Figure A.9.

Due to the small amount of polyelectrolytes in the mixed brush only a small amount of

glucose oxidase is immobilized in both cases (Figure 11.5(a)), and the swelling tendencies do not

change significantly after the adsorption of the enzyme. A decrease in temperature sensitivity
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of the PNIPAAm-P2VP mixed brush is expected when increasing the amount of enzyme at
the surface, whereas the finding of an optimum of brush composition / enzyme loading and
environmental parameters pH / salt for switching of enzyme activity within these two binary

brush systems will be subject of future research.
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Figure 11.5.: Adsorbed amount of glucose oxidase (a) and analysis of enzyme activity (b) for
PNIPAAmM-PAA and PNIPAAm-P2VP binary brushes at 22 °C and 40 °C.

As can be seen in Figure 11.5(b) within this first attempt switching of enzyme activity be-
tween an active state at 22 °C and a less active state at 40 °C could be achieved for PNIPA Am-
PAA binary brushes, whereas for PNIPAAm-P2VP binary brushes the enzyme activity was pre-
served at the higher temperature. Comparing these results for the PNIPAAm-PAA brush with
the temperature dependent activity of glucose oxidase immobilized at PAA Guiselin brushes,
the trend for the dependency of the activity on the temperature is reversed for this binary
brush. Thus a switching effect due to the presence of PNIPAAm can be concluded.

When regarding the temperature sensitive swelling behavior of the binary brushes in Figure
11.4, these findings are promising to lead to new insights into the effect of the micro-environment
of these immobilized enzymes on their activity. Since no temperature sensitive deswelling was
measurable for PNIPAAm-PAA brushes, whereas PNIPAAm-P2VP brush deswelled highly
sensitive, collective conformational changes of the PNIPAAm chains can be excluded as reason
for this switching behavior. It is more likely, that changes in the activity occur due to changes
in local degrees of hydrogen bonding as well as local changes in charge densities. Here different
methods like, e.g. ATR-FTIR, could provide further experimental data to explain these changes
in the enzyme activity.

In the case of the catalysis of glucose by glucose oxidase the substrate molecules (glucose)
are rather small, thus the function of the deswollen PNIPAAm chains as a diffusion barrier,
preventing the substrate molecules from reaching the immobilized enzymes, is not likely and
the absence of activity changes for PNIPAAm-P2VP can be understood. For different enzyme -

substrate combinations with substrate molecules with increased sizes the temperature sensitive
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deswelling of PNIPAAm chains is expected to lead to a more pronounced switching effect in

the enzyme activity.

11.4. Summary

Activity of the immobilized enzyme glucose oxidase was investigated for adsorption at ho-
mopolymer and binary mixed brushes by detecting the amount of HyO, after 15 min of enzyme

driven catalysis of glucose at constant environmental conditions.

For P2VP brushes the enzyme glucose oxidase was highly active, when immobilized at the
"wrong side” of its IEP, whereas upon adsorption at electrostatic attractive conditions at
PAA Guiselin brushes the activity was considerably smaller. Most interestingly at PNIPAAm
brushes, where only a small amount of glucose oxidase could be detected by null-ellipsometry,
a significant enzyme activity could be monitored, thus a small but highly active amount of

glucose oxidase has to be immobilized at these PNIPAAm brushes.

Regarding PNIPAAm-PAA and PNIPAAm-P2VP mixed brushes a switching of the enzyme
activity to a less active state at 40 °C could be achieved for PNIPAAm-PAA but not for
PNIPAAmM-P2VP, whereas temperature sensitive deswelling of the binary brushes was evident
for the latter case but not for the first one. Thus investigation of the activity of immobi-
lized functional biomolecules leads to new insights on environmental sensitive changes in their

physico-chemical nano-environment embedded in mixed polymer brushes.
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Detailed investigation of the stimuli-responsive phase transition of binary and ternary brushes
as well as their corresponding homopolymer brushes in aqueous solution was presented, focusing
on pH and temperature sensitivity. Beyond the switching of the conformation of mixed brushes
by treatment in different organic solvents, as reported in the literature, stimuli-responsiveness
of binary and ternary brushes in aqueous solution is desirable, when aiming at a control of
the interaction between brush surface and biological macromolecules like proteins, especially
enzymes. Here a switching of protein adsorption affinity as well as activity of immobilized
enzymes was achieved at binary brushes with pH and temperature respectively. The driving

forces for protein adsorption at homopolymer and binary brushes could be further elucidated.

PNIPAAmM-brushes

A decrease of the degree of hydrogen-bonding above the LCST was proven by ATR-FTIR mea-
surements in monitoring the temperature sensitive shift of amide vibration bands, whereas the
brushes were still considerably hydrated compared to the position of vibration bands in the dry
state. No dependency of the band position at 24 °C and 50 °C on molecular weight and grafting
density could be observed, indicating a similar state of hydration of the individual polymer
chains in the brush for all three investigated PNIPAAm brushes (PN28k: ¢ = 0.11 nm™2,
PN45k: 0 = 0.10 nm~2, PN132k: o = 0.06 nm~2) for each temperature respectively.

The surface hydrophobicity was found to increase with increasing temperature, whereas a
dependency of the advancing contact angle on the amount of polymer on the surface was
observed.

The phase transition temperature, evaluated from spectroscopic ellipsometry measurements,
increased with increasing grafting density, starting for the lowest grafting density at Upq(d/2) =
26.4 °C, close to the LCST observed for PNIPAAm chains in PBS buffer solution in the liter-
ature. Thus inter-chain interactions between polymers were found to increase with increasing

grafting density, reducing the salting out effect in PBS buffer solution.

PNIPA Am brushes were found to be highly protein repellent in PBS buffer solution below and
above the LCST for molecular weights of PNIPAAm in the range of 28,500 - to 132,000 -4
with grafting densities around 0.1 nm~2. Only for the shortest PN28k brushes marginal HSA
adsorption could be found above the LCST. The total swollen brush thickness was concluded

to be more important for the protein repelling behavior than the buffer volume fraction inside
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the brushes, pointing at secondary adsorption at the brush-solution interface for the adsorption
observed at PN28k brushes.

PAA and PAA-b-PS Guiselin brushes

pH- and salt sensitive swelling of Guiselin brushes with multiple grafting points could be proven
to be comparable to the swelling behavior of end-grafted brushes, thus a similar interaction of
these more easily prepared Guiselin brushes with macromolecules from solution is expected.
Additionally the small PS block with a molecular weight of 1000 ~Z; in PAA-b-PS Guiselin

brushes was found to increase the pH-sensitivity at very low salt concentrations.

Very high adsorbed amounts of the proteins HSA and a-chymotrypsin were examined quan-
titatively, with a maximum adsorbed amount centered around the IEP of the protein for HSA
and at pH 6 for a-chymotrypsin, thus different adsorption mechanism could be concluded for
both proteins. Here the fraction of protein in the combined polymer-protein layer as well as
its thickness can be derived from spectroscopic ellipsometry measurements, providing novel
informations about changes in surface properties upon loading and release processes. The
protein-brush systems were highly sensitive to changes in pH and salt concentration, whereas
the density of the combined layer can be controlled due to the amount of protein at the surface
alongside with the overall electrostatic conditions. Thus these layers are suitable for a precise
control of diffusion processes or for sensor applications.

Furthermore for PAA-b-PS Guiselin brushes the critical pH until adsorption at the ”wrong
side” takes places was shifted to pH 7, compared to pH 6.2 observed for PAA Guiselin brushes

at 10 mM salt concentration.

In coupled ellipsometry and quartz crystal microbalance measurements a considerable in-
crease of the amount of buffer molecules viscoelastically coupled on top of the Guiselin brushes
was found upon swelling the brushes in electrolyte solutions.

Changes in the coupled amount of buffer upon adsorption of the protein BSA could be
monitored, and thus the incorporation of water molecules (and ions) into the polymer-protein
layer during the adsorption process investigated quantitatively. For adsorption at pH 6 at the
"wrong side” of the IEP of the protein a coupling of an excess amount of buffer components was
observed, which could possibly be explained by charge regulation at the protein molecules during
the adsorption process. Desorption at pH 7.6 led to an increase in the polymer-protein combined
layer thickness accompanied by a strong increase in the viscoelastically coupled amount, thus
underlining a stretching of the combined brush-protein layer with additional incorporation of
buffer molecules in the desorption process. Additionally the shear viscosity of the combined
polymer-protein layer was evaluated, leading to higher internal friction of the combined layer
upon electrostatic attractive adsorption than upon adsorption at the "wrong side” of the IEP

of the protein, due to the higher total amount of the protein adsorbed.
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Binary and ternary mixed brushes

Complex swelling behavior was observed for PNIPAAm-PAA mixed brushes due to a com-
plexation between these polymers supposedly by hydrogen bonding at low pH. Here a coupled
deswelling of PNIPAAm and PAA chains was evident at pH < 5, whereas above pH 5 the pH
and salt sensitivity of PAA Guiselin brushes was enlarged, with higher changes in the brush
layer thickness and refractive index, when PNIPAAm was present in the mixed brushes. The
temperature sensitivity of PNIPAAm-PAA mixed brushes is considerably decreased compared
to PNIPAAm homopolymer brushes and no temperature sensitivity could be observed at pH 4
and for mixed brushes with a very high PAA content.

The relative amount of HSA (IF‘I;_ii) was increased upon adsorption at PNIPAAm-PAA
binary brushes compared to the adsorption at the corresponding homopolymer brushes. Ad-
ditionally, above the LCST of PNIPAAm, when the PNIPAAm chains are collapsed and more
hydrophobic, (E;’ﬁ) was further increased. Thus PNIPAAm in this mixed brush conformation
was not resistant to HSA adsorption even at very low PAA contents of 20 %, but further in-
creased the adsorption affinity of the system. A disturbance of the PNIPAAm brush structure
due to interactions with the PAA chains is concluded, and next to polyelectrolyte mediated
HSA adsorption (charge regulation at protein, counter ion release) the importance of the hy-
drophobic effect in the HSA adsorption process at these binary brushes was discussed.

No increased adsorption affinity and thus no additional effect of the PNIPAAm chains on the
adsorption behavior could be observed for a-chymotrypsin, possibly due to a higher structural
stability of this protein.

Switching the adsorbed amount of HSA could be achieved similarly to the switching at
PAA Guiselin brushes, in adsorbing the protein at electrostatic attractive conditions at low
pH and switching to electrostatic repulsive conditions at high pH. Here the specific amount
in the release process decreased on the same timescale. Also temperature sensitive release
was observed, though less pronounced. Adsorption kinetics were found to differ considerably
between Guiselin brushes and PNIPAAm-PAA mixed brushes pointing at a delayed adsorption
onto the mixed brushes, possibly due to a diffusion barrier introduced by the PNIPAAm chains.

In changing PNIPAAm for the more hydrophilic and well known protein resistant PEG, the
adsorption affinity of the PEG-PAA binary brush was found to be in good agreement with the
adsorption affinity of PAA Guiselin brushes. Hence no influence of the grafted PEG chains
on the adsorption of HSA onto PAA chains was observed. From this findings it is concluded
that PEG and PAA chains do not form a complex due to H-bonding at pH 4 and thus swell
independently. For the enzyme glucose oxidase a reduction of the specific adsorbed amount
at PEG-PAA brushes was found compared to PAA Guiselin brushes, indicating an repelling
influence of PEG in the mixed brush system on the adsorption behavior of this comparatively

large enzyme.
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Outlook to enzyme activity on brush surfaces

All polymer chains grafted into polymer brushes within this thesis are hydrophilic and thus
it is expected that immobilized biomacromolecules like proteins and especially enzymes can
be immobilized highly reversibly at the brush surfaces, whereas environmental conditions can
be found where the biomacromolecules maintain their shape and a considerable part of their
activity.

For P2VP brushes the enzyme glucose oxidase was highly active, when immobilized at the
"wrong side” of its IEP, whereas upon adsorption at electrostatic attractive conditions at PAA
Guiselin brushes the activity was considerably smaller. Most interestingly even at PNIPAAm
brushes where no adsorption of glucose oxidase could be detected with null-ellipsometry a con-

siderable enzyme activity could be monitored.

It is now of high interest both from the applicational and scientific point of view whether the
activity of the enzyme can be reduced by changing the brush conformation, thus whether the
active center of the enzyme can be blocked due to interaction, e.g. by hydrogen-bonding with
the polymer chains or due to a hindered diffusion of substrate molecules. Here in first experi-
ments a switching of the enzyme activity to a less active state at 40 °C could be achieved for
PNIPAAm-PAA but not for PNIPAAm-P2VP binary brushes, whereas temperature sensitive

deswelling was evident for the latter brush system but not for the first one.

This approach to functional surface coatings can be refined by introducing biocompatible
temperature sensitive polymer chains, as well as by tuning the phase transition temperature
to human body temperature. In perspective this research could lead to controllable activity
of functional drug molecules due to changes in the body temperature or molecule and ion
concentration in biological fluids, but also smart sensing devices in biotechnological fields are

realizable.



A. Appendix

A.1. Dispersion relations for buffer and salted solutions
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Figure A.1.: Dispersion of the refractive index for different ambient solutions. The wavelength-

dependent refractive index n(A) is also influenced by temperature and salt concen-
tration, but only marginal by pH.

A.2. Comparison of different models for protein adsorption

In Section 6.3.4 a modified de Feijter approach was presented to calculate the adsorbed amount

of protein from the refractive index n and the layer thickness d of a combined protein-polymer
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layer. This approach of a uniform composite layer of protein and polymer brush was considered
to describe the surface layer after protein adsorption in the best possible way. Here considera-
tions of a penetration of the protein into the brush are based on X-ray reflection experiments
of BSA adsorption on PAA end-grafted spherical brushes, where a penetration of the protein
into the brush was observed [136].

Within this Section other possible models to derive the adsorbed amount I" of protein accord-
ing to the de Feijter equation (Equation 6.4) are presented. Since only the product of refractive
index and layer thickness is important for the evaluation of I', different models of the protein
and the brush layer can in principle lead to the same adsorbed amount of protein.

In Figure A.2 four different models are displayed. Here Model A in Figure A.2(a) refers to
the situation we think describes the real adsorption conditions best and the protein amount
is derived by the modified de Feijter approach. In Model B (Figure A.2(b)) the swelling of
the brush layer is reflected and the protein layer is modeled as top-layer, modeling a lack of
penetration of protein into the brush. For the models C and D in Figure A.2(c) the swollen
state of the brush is neglected and the refractive index of the dry polymer is used to model the
layer thickness of a nominal dry brush. For the adsorption of protein, in Model C fitting of the
refractive index of the protein is allowed, whereas in Model D the refractive index of n = 1.375
was used, derived from adsorption experiments at uncharged surfaces and so far commonly

used to described adsorbed protein layers.

®
®

| |

(a) Combined poly- (b) Separate protein  (c) Separate protein

mer - protein layer layer on swollen poly- layer on  polymer

(Model A). mer brush (Model B).  brush with refractive
index of dry polymer
(Model C) and with
additionally fixed
refractive index for

the protein layer
(Model D).

Figure A.2.: Different models to describe protein adsorption at polymer brushes.

In Table A.1 the results for the adsorbed amount of HSA upon adsorption at a PAA Guiselin
brush at electrostatic attractive conditions at pH 4.8 and at the "wrong side” of the IEP of
the protein at pH 6 are presented. For both adsorption conditions the models A and C lead
to a similar adsorbed amount I', whereas for the models B and D the values for I'" deviate
considerably and the fit quality is not acceptable for valid reproducible results.

Thus for protein adsorption at charged polyelectrolyte brushes the protein refractive index
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Table A.1.: Comparison of the adsorbed amount I' of HSA on PAA Guiselin brushes for four
different models. Additionally refractive index n and thickness d of the separate
protein layer as well as the mean-square fitting error (MSE) of the modeling is
displayed to compare the fit quality. Adsorption was carried out in 10 mM buffer
solutions at pH 4.8 (overall electrostatic attractive) and pH 6 ("wrong side” of

IEPysa).
pH model MSE r dHSA nHSA(631.5 nm)
5] [nm]
4.8 combined layer 1.846 | 30 £0.5 — —
B: HSA on top of swollen brush 76.27 1 209 +4 27+ 3 1.475 4+ 0.03

HSA on brush with n744 = 1.522 | 1.837 | 29.4 £0.1 | 39.3 £0.1 | 1.473 4 0.001
D: ngsa = 1.375 and nf44 =1.522 | 100.4 | 20.6£0.9 | 92+4 1.375

dry

6 combined layer 1.118 | 28.7+£0.6 | — —
B: HSA on top of swollen brush 2898 | 41.5+5 185£1.6 | 1.751 + 0.07
HSA on brush with nf44 =1.522 | 1.191 | 27.5 £0.1 | 60.3 £0.2 | 1.418 4 0.002

D: ngga = 1.375 and n(% =1.522 | 5886 | 20.6+0.2 | 92+£10 1.375

should be modeled in all cases, whereas these first comparisons of Model A and C indicate that
neglecting of the swollen state of the brush could in principle lead to valid results for I' of the
protein for these special PAA brushes.

The modeling of the adsorbed amount of HSA upon adsorption at binary PNIPAAm-PAA
brushes was tested in the same way and the same trends in the validity of the models A to D
could be found.

We think, that Model A of a combined polymer-protein layer is the best description of the
surface after adsorption of the protein, and the application of the models B, C or D should
considered in each special adsorption case. In our opinion poor applicability is given, when the
artificially introduced contrast in the refractive index between the two separately modeled layers
is to high. Here in Model B the swollen brush has a refractive index of n(631.5 nm) = 1.36...1.38,
and the protein refractive index is high, whereas in Model D the contrast in n is introduced
vice versa (npaa = 1.5222 and n, = 1.375). Thus the good results obtained by Model C
can be also an effect of matching refractive indices and the applicability of this model is not

necessarily given for all adsorption conditions.

Two-layer modeling of HSA adsorption onto PNIPAAmM brushes

For the evaluation of the protein adsorption experiments and the determination of the adsorbed
layer thicknesses on the brushes, a layer model similar to that mentioned for swollen samples was
applied, adding one more box layer for the protein. The refractive index of the aqueous protein
layer was set to n,.o = 1.375, whereas n of the swollen brush was taken from spectroscopic

ellipsometry. The refractive index for the protein was fixed because a modeling of n from the
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A.3 Refractive indices of swollen polymer brushes
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Figure A.3.: Adsorbed amount of HSA with time at PN28k, PN47k, and PN132k brushes at
23 °C (a) and 40 °C (b) compared to the adsorbed amount at a P2VP and a PEG
brush in 0.01 M PBS buffer solution at pH 7.4 with a protein concentration of

1 ™
ml

. The error of the adsorbed amount was calculated to be maximal 5 % of

the absolute value. Only for PN28k brushes at 40 °C an adsorbed amount of HSA

could be calculated.

single wavelength null-ellipsometry data was not successful. The adsorbed amount of HSA was

calculated using the de Feijter equation 6.4, with d,,., the layer thickness, n,., the refractive

index of the protein and ng,, the refractive index of the ambient solution, as well as the

refractive index increment ‘fl—z of the protein layer.

A.3. Refractive indices of swollen polymer brushes

Dispersion n(\) of dry PNIPAAm brushes
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Selected dispersions n(\) for environmental sensitive swelling
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Figure A.5.: Dispersions of the refractive index n(\) for two environmental sensitive swelling /
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A.3 Refractive indices of swollen polymer brushes

PAA and PAA-b-PS Guiselin brushes
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Figure A.7.: Refractive indices of PAA and PAA-b-PS Guiselin brushes upon salt dependent
swelling at pH 3 and pH 8.
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Mixed brushes with adsorbed enzyme
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Figure A.9.: Refractive indices of a PNIPAAm-PAA brush and adsorbed enzyme (a) as well as
a PNIPAAm-P2VP brush and enzyme (b) dependent on the temperature.

A.4. QCM-D data upon protein adsorption

The raw-data of QCM-D measurements upon BSA adsorption at overall electrostatic attractive
(pH 5.2) and overall electrostatic repulsive (pH 6) conditions are presented in Figure A.10 and
A.11. All experiments were started with the brush in water, switching to the salted solution, to
the protein solution (I) and back to the salted solution (II). Finally the protein was desorbed at
pH 7.6 (II1) and the experiment ended with the brush immersed in water again. The evaluation
of the viscoelastically coupled amount of protein and solvent molecules for Fields I to III are
displayed in the Figures 8.12 and 8.14, whereas they are referenced to the brush already in

salted solution and the time scale shifted to start with t=0 for the insertion of protein solution.
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