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Kurzfassung

Poly (N -isopropyl acrylamide) (PNIPAM) gehort zur Kategorie der thermoresponsiven
Polymere: bei Raumtemperatur wasserloslich, bei Temperaturen ab 32 °C kollabierend in
einem sogenannten “coil-to-globule” Ubergang. Gebunden an Oberflichen in mikrofluidis-
chen Kanilen werden poly(N-isopropyl acrylamide) (PNIPAM) Biirsten bereits als tem-
peraturkontrollierte Ventile, Pumpen und Filter eingesetzt.[>3] Dabei sind kontrollier-
bare, der Anwendung angepasste Eigenschaften sowie Stabilitdt gegen Hydrolyse beson-
ders wichtig. Vernetzte Polymerbiirsten zeigen héhere Stabilitit gegen Hydrolyse, [t

aukerdem erméglichen Vernetzer eine kontrollierte Variation der Ubergangstemperatur, !

Durchlissigkeit, ") und das Einschleusen von molekularer Ladung (z.B. Medikamente). [l
Eine besonders wichtige Kenngrofe in mikrofluidischen Kanélen ist das Verhéltnis der
Polymerschichtdicke von geschwollenem zu kollabiertem Zustand, welches bestimmt ob
der Kanal komplett mit Polymer bedeckt oder die Wéande nur beschichtet sind. In dieser
Arbeit wurde der Effekt von zwei, einem in-situ (methylene bisacrylamide (MBAM)) und
einem ez-situ (N-benzophenyl N-acrylamide (NBPAM)) Vernetzer auf das thermorespon-
sive Verhalten von PNIPAM Biirsten auf Gold Oberflichen untersucht. Unter Verwendung
von surface plasmon resonance (SPR) und quartz crystal microbalance with dissipation
monitoring (QCM-D) konnte demonstriert werden, dass die thermoresponsiven Eigen-
schaften mit zunehmendem Vernetzeranteil geschwicht werden, bis hin zu ihrem komplet-
ten Verschwinden. Dies wurde bereits bei nur 1mol% NBPAM, jedoch erst bei 4 mol%
MBAM Gehalt erreicht. Auferdem wurde gezeigt, dass Vernetzergehalt, Losungsmittel,
und Reaktionszeit die Schwelleigenschaften und Reaktionskinetik beeinflussen.

Inspiriert durch den nuclear pore complex (NPC) wurden die PNTIPAM-co-MBAM Gele
als Tore fiir potentiell kontrolliere Protein Translokation in Nanoporen auf Gold Ober-
flichen getestet. Tatsédchlich konnten poly(N-isopropyl acrylamide)-co-methylene bisacry-
lamide (PNIPAM-co-MBAM) Gele mit 1 mol% Vernetzergehalt den Proteinfluss kontrol-
lieren. Da Proteine oft Indikatoren fiir bestimmte Krankheiten sind, kénnte dies ein erster
Schritt in Richtung eines optischen Sensors fiir die Analyse von Krankheiten und spétere
Entwicklung einer Therapie sein. Die tatsichliche Entwicklung eines solchen Sensors liegt

jedoch weit auferhalb des Rahmens dieser Arbeit.
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Abstract

Poly (N -isopropyl acrylamide) (PNIPAM) belongs to the category of thermoresponsive
polymers: while water soluble at room temperature, it undergoes a coil-to-globule tran-
sition at 32°C. Surface-attached PNIPAM brushes have served as thermo-controllable
valves, pumps and filters inside microfluidic devices.["*3 Controlled, adjusted properties
and high stability agains hydrolysis are crucial if applied in microfluidic devices. Introduc-
ing crosslinks to polymer brushes allows for tuning of the lower critical solution tempera-
ture (LCST), 6 permeability, ! and for incorporating molecular cargo (e.g. drugs).l®! An
important parameter with respect to microfluidic channels is the polymeric layer thick-
ness ratio in the swollen and collapsed state, as it determines if a channel diagonal is fully
covered or only coated. This thesis investigates the effect of an ez-situ (N-benzophenyl
N-acrylamide (NBPAM)), and in-situ (methylene bisacrylamide (MBAM)) crosslinker
on the thermoresponsive behaviour of PNIPAM brushes grafted from gold surfaces. Us-
ing surface plasmon resonance (SPR) and quartz crystal microbalance with dissipation
monitoring (QCM-D), we showed that increasing the percentage of crosslinker diminishes
the thermoresponse of the network, up to a point where it vanishes completely. This
point was reached at just 1mol% for NBPAM, whereas PNIPAM-co-MBAM remained
thermoresponsive up to 4 mol% crosslinker content. Furthermore, we demonstrated that
crosslinker, solvent, and reaction time influence the swelling behaviour and reaction ki-
netics. Inspired by the NPC, the PNIPAM-co-MBAM gels were tested as gates towards
protein translocation on nanopore patterned gold surfaces. Notably, we could demon-
strate controlled protein gating for PNIPAM-co-MBAM with 1mol% crosslinker content
(Figure 0.1). As proteins often indicate diseases, trapping them in a controlled man-
ner might later allow for the analysis of diseases and following treatment developments.

However, the development of a related device is far beyond the scope of this work.

G oo .
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Figure 0.1.: PNIPAM-co-MBAM based gates inside nanowells on gold surfaces. At room tem-
perature, the swollen gel forms an impenetrable barrier for proteins, whereas the
gel allows for translocation upon collapsing above 32 °C.
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1. Introduction

Emerging technologies in the medical sector are flourishing. From efficient drugs, precisely
controllable prosthesisl®l and 3D-printed organsl®!, immense advances shape the current
decade. Regardless, untreatable diseases are one of our greatest concerns. The first step
for treating any new disease pertains its detection. At the onset, biomarkers that give
rise to diseases (e.g. proteins) might be rare. Microfluidic devices (MFDs) provide an
elegant way to handle small sample amounts. Analyte separation, collection and analysis
can take place on one single chip which contains nm thin channels, reaction chambers
and in- and outlets.['%"] Controlled protein transport of the analyte to the detector
in MFDs is of utmost importance to prevent false posiive results.['?l To achieve this,
stimuli responsive polymers may serve as filters, valves or pumps.[?? These materials
respond to small changes in their environment such as solvent composition, '3 pH, 14

(151 Advances in radical polymerizations have enabled the synthesis

[16,17,18]

and/or temperature

of polymers grafted from surfaces involving a variety of chemical functionalities,

[19 [20]

architectures, ') and responsive behaviours. Responsive polymers can either block,
filter, 3 or reversibly trap and release proteins,?!?? all potentially useful in the diagnosis
of diseases. A detailed knowledge of how materials respond to an external stimuli is
crucial for its application in MFDs. One example is a stimuli-controlled polymeric valve
comprised of PNTPAM. A surface attached PNIPAM film swells in aqueous media at
room temperature, whereas it collapses (i.e. reduces its thickness by expelling water)
above ~32°C. Thus, PNIPAM brush valves in nanofluidic channels at femtoliter flow
rates allowed or hindered solvent flow depending on the temperature.[?*! The permeation
properties of polymers alter upon introducing small structural changes such as crosslinks.
Thus, crosslinked PNIPAM networks may have novel function inside MFDs, e.g. as a filter
for proteins in the label-free detection of rare disease biomarkers. A detailed knowledge
of the network’s properties is crucial prior to its application. Therefore, the influence of
crosslinking on the thermoresponsive behaviour of PNIPAM brushes was investigated in
this work. Protein permeability of the same films inside gold coated solid-state 80-90 nm
thin pores was also monitored. An overview of the theoretical background is given in the

next section, followed by a discussion of the obtained results.
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2. Theoretical Background

2.1. Surface Tethered Polymers and Networks

2.1.1. Polymer Brushes

Polymer chains bound to a supporting surface in close proximity to oneother (i.e. with
high grafting density) are referred to as polymer brushes. “Close proximity” is defined
in relation to the radius of gyration (R,), which is given in Equation 2.1 where a is the
Kuhn length and N the number of segments. In solution, three interactions must be
considered for polymer brush chains: polymer-solvent, polymer-polymer and polymer-
surface. For surface tethered polymers of lower grafting densities it is mostly the latter,
interactions with the surface, that influences the chain conformation: on weakly attracting
or repelling surfaces, “mushroom” conformations are observed (Figure 2.1C), whereas

polymers attracted to the surface collapse (Figure 2.1B).[?

A B

A

Figure 2.1.: Schematic of polymeric chains at low grafting density in solution. A A “mushroom”
configuration occurs if the interactions with the surface are weakly attractive or
repulsive, whereas in B the chains collapse if attracted by the surface.

For chains with a much smaller average distance between each other on the surface than
the R, (i.e. polymer brushes) the solvent quality determines their conformation.?! Any
solvent at certain pressure (p) and temperature is classified as poor, 6 or good. At 0 con-

26,27]

ditions, polymer-polymer and polymer-solvent interactions are perfectly balanced.! In

good solvents, polymer brushes aim to reduce unfavourable polymer-polymer interactions,

8] But, stretching limits the number

increase interactions with solvent, and thus elongate.
of possible random-walk configurations for solvated brushes i.e. it decreases the entropy.
The energetic equilibrium between these has two extremes: highly stretched brushes (min-
imal interaction energy), and highly entangled conformations (minimal elongation energy)
as shown in Figure 2.2.[*1 With decreasing solvent quality, polymer-polymer interactions
are more energetically favoured and the equilibrium is shifted towards highly entangled

brushes. This transition is referred to as coil-to-globule. [’
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2.1 Surface Tethered Polymers and Networks

min E,

i ki1

Figure 2.2.: Energetic equilibrium between the minimal interaction energy (E;,:) and the min-
imal elastic energy (E¢;) for a polymer brush in a good solvent.

ALEXANDER and DE GENNES modelled brushes in solvents. They consider the poly-
mers as a uniform layer, all ending at the same distance L. In this case, Equation 2.2
holds for the brush concentration ¢ (in %), where N is the number of chain segments,
a is the Kuhn length, and d is the distance between the anchoring points.?*3? Hence,
the height in the equilibrium state between E. and FE;,; depends on the grafting den-
sity (o/ %) and the surrounding medium. Considering polymer brushes, Equation 2.3
holds for good solvents, whereas Equation 2.4 describes the height in poor solvents close
to f-conditions. Notably, in both cases the height scales directly with N — i.e. with
the molecular weight.[?”) This is important for kinetic studies of polymer brush synthesis

strategies, where direct information can be extracted from their height.

R, = N3 xa (2.1)
N xa

*= "I (2.2)

ho Nxo3 (2.3)

ho N o2 (2.4)

Polymer brushes can have different configurations, depending on the grafting density,
molecular weight, and their inter- and intramolecular interactions between the surface,
solvent, and brush. If polymer brushes switch between conformations in response to

141 or temperature, ['®! they are referred to

environmental changes such as solvent, '3l pH,
as “smart” polymers. Responses from a smart brush could involve changes in solubility,
shape, volume, conformation or physical state (e.g. a common phase transition).[33] This
work focuses on thermoresponsive polymers, where a temperature change triggers a phase

transition.
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2.1 Surface Tethered Polymers and Networks

2.1.2. Thermoresponsive Polymers

In the literature, the term “thermoresponsive” for a polymer is clearly defined and dis-
tinguished from a common physical phase transition. Semi-crystalline polymers soften at
the glass transition T (T,), melt at melting T (T,,) and decompose at the decomposition
T (Ty). Typically, the temperature gap between these transitions is huge. In contrast,
the term “thermoresponsive” defines a material that experiences large property changes

already upon small temperature variations (e.g. an increase from 10°C to 25°C).[13:1%:34]

Thermoresponsive polymers are particularly interesting since temperature variations
are applicable in many set-ups. For example, thermoresponsive materials served as bio-
compatible carriers in drug delivery systems,[! as flow control valves in microfluidic
chips, 6l and as temperature-controlled circuit breaker in electronic devices.®” The tem-
perature at which conformation transitions happen is differentiated into upper critical
solution temperature (UCST) and LCST, depending on the phase diagram of the polymer
in a certain solvent.[8! The polymer exhibits an UCST if it dissolves upon a temperature
increase, a behaviour which is observed for poly(ethylene oxide) (PEO) and poly(vinyl
alcohol) (PVA) in water.[3 Tf the solubility decreases above a certain temperature, and
the polymer precipitates or films collapse, this is called the LCST. LCSTs in aqueous
solutions are observed for poly(monomethoxy diethyleneglycol acrylate) (PMDEGA)H0!,
poly(N-vinylcaprolactam) (PVCL)P!, poly(ethylene glycol) (PEG),[*] PNIPAM and var-

ious copolymers containing them. %43

PNIPAM has been extensively studied as a thermoresponsive polymer. It is highly
promising for bio-related applications due to its LCST at 32°C under physiological con-
ditions (i.e. in aqueous media) and enhanced stability against hydrolysis compared to
e.g. PVCL.1%?! For PNIPAM in aqueous media, the hydrophilic amide moiety competes
with the hydrophobic isopropyl group: H-bonding between water and the amide opposes
inter- and intramolecular H-bonds between the polymeric chains** and hydrophobic in-
teractions between the isopropyl groups. Simulations of the H-bonding in PNIPAM re-
vealed that the -NH-group does not contribute significantly to the coordination of water
molecules below the LCST, presumably due to steric hinderance from the isopropyl group.
In contrast, the carbonyl oxygen readily H-bonds with polar solvents.[*’! The interactions
between PNTPAM chains are depicted in Figure 2.3. Since the number of possible chain
conformations is higher in the collapsed state, the entropic gain is a major driving force for
the sudden deswelling behavior of PNIPAM above its LCST. % Simultaneously, most of
the water is expelled causing the characteristic chain-to-globule transition.!*”! This ther-
moresponsive behaviour is typically retained in PNTPAM containing copolymers, though

slightly altered.*®! Thus, the properties of polymer brushes can be tuned by introducing
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2.1 Surface Tethered Polymers and Networks

new functional groups, steric hindrance, or crosslinks. Countless crosslinkers are avail-
able, varying in e.g. length, chemical nature, or crosslinking mechanism. Crosslinkers
that introduce a completely new behaviour (e.g. electrolyte monomers) are beyond the
scope of this work. Here the focus lies on the effect crosslinking itself has on the properties
of PNIPAM brushes. Only crosslinkers with a similar chemical nature to PNIPAM were

considered, and potential investigated effects reviewed briefly in the following section.

S S S S S S S SSSSSSS

Figure 2.3.: Schematic of the intermolecular -bonding between N-II and C=0 and hydropho-
bic interactions between isopropyl groups.

2.1.3. Crosslinked Thermoresponsive Polymer Brushes

In solution, three dimensional connected networks that contain at least 10 % aqueous
medium are defined as hydrogels. Strong covalent bonds (chemical hydrogels) or weaker
interactions such as ionic and hydrogen bonds (physical hydrogels) make up these connec-
tions.[*8] Physical crosslinks are usually reversible whereas chemical hydrogels are perma-
nently crosslinked. The scope of hydrogels is broad: they are used as cultivation matrix for
cells, stabilizers for particles, drug delivery systems, and (self-healing) coatings, amongst
other applications.*”) Moreover, depending on their chemical nature, hydrogels can be
bioinert (e.g. anti-fouling coatings for implants) or bioadhesive (e.g. cell-culture media,
synthetic tissue or cartilage). In such applications, the gels are often attached to sur-
faces. Covalent bonds between a solid interface and the network cause confinement in
one direction, and surface attached networks are reported to swell less compared to their
nonattached counterparts. ! Similarly, the swelling behaviour of polymer brush networks
changes depending on the degree of crosslinking. For instance, crosslinked poly(acryl
amide) (PAAM) brushes were observed to swell less compared to their uncrosslinked
counterparts. !l For “smart” surface attached networks, it was reported that they usually
retain any responsive behavior after crosslinking.[**%? Covalently crosslinked PNIPAM
gels grafted on nanoparticles or smooth surfaces did indeed still display thermoresponsive
behaviour. [*6:53:54 However, chain-to-globule transitions must be clearly distinguished be-
tween for polymer brushes and networks (comparable to linear polymers in solution wvs.

hydrogels, respectively). PNIPAM networks at solid-liquid interfaces undergo a volume
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2.1 Surface Tethered Polymers and Networks

transition (i.e. shrinkage) instead of a solubility change (i.e. precipitation) upon temper-
ature increase. Hence, what is called LCST for polymer brushes is referred to as volume
phase transition temperature (VPTT) for their crosslinked counterparts. [l

In a good solvent, brushes of high grafting density typically show a stepwise decay in
their concentration profile with increase distance from the surface,®® in agreement with
the ALEXANDER and DE GENNES model (see subsection 2.1.1). Models showed a similar
concentration profile for surface-attached networks, although with a decrease in lubrica-
tion since few brush ends reach out into solution,®! a behaviour that was later confirmed
experimentally.®” Crosslinking also diminishes degrafting of brushes in aqueous and or-
ganic solvents — i.e. increases their stability and improves the anti-fouling behaviour. [%8:59
The strength of the crosslinks also plays a key role in the stability of brush networks: physi-
cal crosslinks in PNIPAM gels broke in dimethylsulfoxide (DMSO), whereas use of covalent
crosslinker MBAM produced gels that were stable in DMSO, water, and aqueous sodium
dodecyl sulfate (SDS) solutions.!®! Crosslinking also alters the mechanical properties,
roughness, and swelling behaviour of polymer brushes. LILGE et al. prepared PAAM gels
via surface-initiated atom transfer radical polymerization (SI-ATRP) from gold surfaces
with varying crosslinker content (MBAM, 1%-20%). The covalently crosslinked PAAM
networks showed reduced thicknesses in the swollen state with increased crosslinker con-

[61] This reduced swelling was also observed in models

tent, despite similar dry heights.
of crosslinked polymer brushes.!®! Confinement introduced by the crosslinks causes the
reduced swelling behaviour. Moreover, the wettability was altered upon crosslinking. [l
Surface-attached networks showed overall lower water contact angles than brushes — i.e.

higher wettability.

With regard to PNIPAM brushes, crosslinking is expected to alter the thermoresponsive
behaviour in addition to the above-mentioned properties. Influenced thermoresponsive

characteristics could be:
i) LCST
ii) permeability towards nanoparticles below and above the LCST
iii) swell- and collapse behaviour (i.e. brush height above and below the LCST)

By introducing 1% or 2% of a covalent crosslinker, the LCST of PNIPAM brushes on
gold nanoparticles could be shifted from 32°C to a VPTT of 34°C.l6 In the same study,
the authors observed different pore sizes for gels containing a varied amount of crosslinker.
Transmission electron microscopy (TEM) images indicated that empty voids are retained
in crosslinked brushes in air, whereas pure brushes form a more compact layer. It was
observed in other studies that upon soaking thermoresponsive gels in aqueous solutions,

voids are filled first before the layer thickness increases.[*%6364 In contrast, PNIPAM
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2.2 Thermoresponsive Gates Inside Solid-State Nanopores

brushes swell immediately when exposed to water — i.e. there are no voids to be filled
first.

In bulk PNIPAM-co-MBAM gels, the thermoresponsive behavior vanishes above ~5 %
MBAM crosslinker content.[%! However, high crosslinking was necessary for those gels to
retain their shape.3* A surface to which the crosslinked brushes are attached is expected
to enhance their conformational stability. To destroy a surface-attached network, covalent
bonds between the solid support and network (e.g. strong Au-S bonds!%®! for gold surfaces)
must be broken. Hence, examining the swell- and collapse behaviour of surface-tethered
networks is particularly interesting for networks containing low amounts of crosslink-
ers.[®® While PNIPAM hydrogels have been exclusively prepared ez-situ and then at-
tached to solid supports (mostly wvia spin-coating),5%7 similar studies for PNIPAM net-

works grafted from flat solid surfaces are missing.

In another study by MA et al., PNIPAM based networks grafted from surfaces were
tested towards permeability of inorganic nanoparticles and biomacromolecules, but the
influence on the swelling behaviour was not investigated.!l Intuitively, the permeability
highly depends on the pore shape and size inside the gel (i.e. available space between
the polymer chains). Pore diameters increase with the size of the crosslinker used. For
a bulk hydrogel with a macromolecular crosslinker, pore diameters up to 210 nm in the
swollen state were prepared.[%®! It was demonstrated that proteins could enter the gel in
the swollen state, were trapped inside upon a temperature increase above the LCST, and
left again by decreasing the temperature. This catch-and-release behaviour was retained
for 3.5nm gold particles in PNIPAM networks with 1% of a smaller crosslinker (MBAM)
attached to spherical silica nanoparticles. 6!

It is essential to possess information about the VPTT, permeability and swelling be-
haviour for future applications of PNIPAM-based brush networks. If the properties are
well known, these gels could serve as thermo-controlled valves to hinder or enable translo-
cation of particles in nano-sized channels. For biosensing applications in nanopores, the
gels could act as so-called “gates” — a term that is described in detail in the following

subsection.

2.2. Thermoresponsive Gates Inside Solid-State

Nanopores

The term “gate” frequently appears in microbiology and cell studies.l6%70.7L7273] There, a
gate is typically connected to protein translocation through membranes, e.g. between cy-

toplasm and cell organelles such as mitochondrial™, chloroplasts!™! or the NPCI[™. The
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2.2 Thermoresponsive Gates Inside Solid-State Nanopores

[71,7475] Tt enables a highly controlled translo-

latter has fascinated scientists for decades.
cation between cytoplasm and nucleus by filtering particles varying in chemical nature
and size (e.g. ions, proteins and sugars) with different mechanisms at the same time:
small particles translocate via diffusion through the NPC, whereas larger complexes are
actively transported inside by attaching to shuttles which then diffuse through.[™ All of
the details of its exact chemical composition, operation modes and accuracy are yet to be
revealed. In mammals, it is a huge macromolecular complex of ~125 MDal™! that might
never be fully resolved,["! but artificial copies comprised mainly of polymers were pre-
pared for a bottom-up study.[™ The structure of the NPC has inspired new approaches
in microfluidic devices. Comprised of an outer ring functionalized with brush-like macro-
molecular chains in the inner side, "% the idea of using polymer brushes inside nanopores
as controllable gates rose.[8#2l Approaches are versatile: different pore substrates (flexible
membranes, metal surfaces and their combination), various gates (polymer brushes and
hydrogels of different chemical nature) and several control mechanisms (external stimuli,
single molecule recognition or electric current) have been applied, and are documented in
several reviews. [83:84:85,86]

The NPC inspired new innovations in biosensing. Membrane proteins, bare solid pores,
and pores with various coatings were tested with the aim of creating a sensor that could
control the translocation of, and at the same time sequence one DNA strand, label-
free, in real time and without damaging the structure.!®”%8 Similarly, EMILSSON et al.
gated proteins through gold nanopores coated with PEG brushes, monitored optically
via refractometric techniques.!®®! While they collapsed the PEG brushes (and opened the
pores) with a suitable PEG antibody by single-molecule recognition, external stimuli-
controlled gates inside gold coated nanopores (e.g. opened upon temperature changes)
are yet to be tested with proteins. PNIPAM is a particularly interesting building block for
thermoresponsive gates inside nanopores. With an LCST of 32°C, it could easily open and
close pores in a controlled manner by swelling and collapsing. Models have confirmed that
gating solutes through nanopores using PNIPAM gates is indeed possible.!??l Additionally,
PNIPAM brushes served as gates inside porous poly(ethylene) (PE)P% and poly(ethylene
therephtalate) (PET) membranes!?!l. However, those flexible membranes deformed upon

9] Pores in rigid substrates show reduced

[84]

reswelling of the PNIPAM layers in their pores.
changes in geometry when exposed to an external stimuli (e.g. enhanced temperature).
Regardless of substrate, surface-initiated polymerizations provide a powerful tool for the
synthesis of polymer brushes. Corresponding techniques are discussed in the following

section.
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2.3  The Synthesis of Polymer Brushes

2.3. The Synthesis of Polymer Brushes

Polymer brushes covalently bound to a surface can be synthesized in two ways: “grafting-
from” and “grafting-to”. In grafting-to techniques, the polymer contains anchor sites that
bind to the desired surface. The polymerization occurs in solution prior to the surface
attachment. In the grafting from approach, a suitable polymerization initiator is attached
to the surface and then polymer chains are grown from there. Grafting-to allows for ex-
tensive analysis of the polymer before attaching it to the surface. In contrast, analysis
of grafted-from polymers requires either degrafting or surface sensitive techniques. The
pre-synthesized polymers used in the grafting-to approach are siginificantly larger than
small initiator molecules, so grafting-to typically yields lower grafting density.l"?l Inside
nanopores, confinement on the pore walls might cause even lower grafting density when

grafting-to.

Monodisperse polymer chains, ¢.e. a highly controlled polymerization, are desired.
Uncontrolled termination and transfer reactions in common free radical polymerizations
(FRP) lead to broad dispersities, and the number of side reactions and termination events
increase with the amount of radicals. The development of controlled radical polymeriza-
tion (CRP) enabled the synthesis of low dispersity polymers with various architectures
and predictable molecular weight. In CRP, a nonreactive (so-called “dormant”) species
competes with the active radical. Ideally, the equilibrium between these states is shifted
towards the dormant side to diminish undesired side reactions. Two main strategies exist
for forming the dormant species: it can be a stabilized as a nonreactive radical as in
nitroxide-mediated polymerization (NMP),?3 or reversibly deactivated through a suit-
able transfer agent as in reversible addition fragmentation chain transfer (RAFT) I and

951 In ATRP, commercially available tran-

atom-transfer radical polymerization (ATRP)
sition metal complexes form the transfer agents, whereas RAFT agents require individual
preparation. ATRP was the technique used in this project and is hence described in detail

in the following subsection.

2.3.1. Atom Transfer Radical Polymerization

In 1995, MATYJASZEWSKI and WANG developed copper mediated ATRP. % The initiator
is provided as a halogenated organic molecule (R-X). Transition metal complexes with two
available oxidation states and a free coordination position (e.g. a suitable Cul complex)
serve as transfer agents,””l which aid switching between the activated (radical, R) and
deactivated (R-X) species. The counterion of the positive XCu'/L catalyst depends on
the catalytic system used and the solvent.!*s! During initiation of the polymerization, R-X
is activated via oxidation of the complex (Cu'X/L, to Cu''Xy/L,) and forms a radical.

The rate of R-X activation by Cu' is referred to as the activation rate constant (k).
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2.3  The Synthesis of Polymer Brushes

The radical then propagates, consuming monomer until it is deactivated (rate constant:
Kgeact) by the addition of X. X is provided by the complex (Cu''Xy/L,), which is simul-
taneously reduced back to Cu'X/L,. The key point in this reaction is its reversibility.
The redox reactions reform the reactive radical chain and the chain propagates further
(rate constant: k,), until it is deactivated again. Since the equilibrium favours the deac-
tivated species, the radical concentration is drastically reduced compared to FRP. Also,
termination reactions (rate constant: k;) caused by radical combination are less likely to
occur. The corresponding reaction equation is shown in Figure 2.4. The reaction kinetics
are influence by k,; and Kgeqer, summarized by the reaction constant for atom transfer

radical polymerization (Karrp) (Equation 2.5).

kact

kdeact

Karrp = (2.5)

kact .
Phi=X —— Pn + X-Mt™'L

Kdeact
eac kgw &

Scheme 2.4.: General reaction equation for ATRP.

Po—Pn

Further development allowed for in-situ activators generated by electron transfer ATRP
(AGET ATRP).1 An oxidatively stable Cu'' species is initially provided, then trans-
formed into its reactive Cu! counterpart upon reaction with a suitable reducing agent (e.g.
tin(II) 2-ethylhexanoate (Sn(EH);), hydrazine, phenol, glucose or ascorbic acid).[100:101
This simplifies the procedure since purification of the instable Cu' is avoided. Highly
reactive reducing agents are required to avoid long initiation periods. In contrast, re-
ducing agents of lower reactivity are desired for activators regenerated by electron trans-
fer ATRP (ARGET-ATRP). This technique reduces the catalyst concentation to below
100 ppm. Besides lowering the environmental impact, it eliminates the need for cata-
lyst removal from the final product.!'® ARGET-ATRP remains successful in the pres-

[103] i aqueous systems,!'® and in non-deoxygenated reaction

ence of limited oxygen,
mixtures. 1% As ARGET-ATRP has become applicable to a broader audience countless
derivations have followed, including surface-initiated activators regenerated by electron
transfer ATRP.[106:107:107 Heye  the initiator is self-assembled prior to “grafting from”
polymerization. [10%]

For surface-initiated reactions, it is particularly challenging to predict the necessary
reaction conditions for a desired polymer chain length, even setting aside complex ar-

chitectures and block copolymers. Several parameters influence Karpp: the catalyst, 98

10
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2.4 Surface Sensitive Analysis

ligand and monomer,[®! their concentration, %! solvent polarity,'°! and reaction tem-

[199] and pressure.!™'% Ideal parameters must be found for individual systems

perature,
— particularly for reactions on surfaces. A similar system to that investigated in this
study (a PNIPAM-co-MBAM network) has been investigated previously.’ EmiLsson
et al. used SIAARGET-ATRP to synthesize PNIPAM brushes from gold surfaces in
a 1:1 MeOH/water mixture. CuBry and N,N,N’ ,N”,N”-pentamethyldiethylenetriamine
(PMDETA) formed the catalytic species, and a disulfide self-assembled on gold provided
the initiator. The authors investigated the reaction kinetics in-situ using SPR, an elegant

surface-sensitive technique that is described in detail in the following subsection.

2.4. Surface Sensitive Analysis

2.4.1. Surface Plasmon Resonance (SPR)

Fundamentals of SPR

SPR occurs at the interface between a metal and a dielectric. When irradiated at
wavelengths in the IR region, the conductive electrons close to the metal surface begin
to oscillate. This oscillation can be regarded as an electromagnetic wave propagating
along the metal surface. The term SPR was first mentioned together with a theoretic
description of the phenomenon in 1902.1 While MAIER!™? and HomoLa "3l explain
the fundamental theory of SPR in detail, only the most relevant aspects are described

herein.

Metals typically reflect light of A up to the visible region. In the UV-region, band elec-
trons of noble metals such as gold and silver undergo electronic transitions, ¢.e. UV-light
is absorbed. A complex dielectric function, ¢(w) (representing the relative light permittiv-
ity of a material), describes these phenomena. The real part of €(w) represents the energy
stored in the material (Re(e) > 0 for dielectrics; Re(e) < 0 for metals). The imaginary
part corresponds to losses, thus is always positive (the overall energy cannot increase).

The MAXWELL equations build the basics for e(w). '

An important variable in the theory of SPR is the propagation constant 5. In a Carte-
sian coordinate system with a z-axis perpendicular to the metal surface, 5 describes the
propagation along the metal surface (i.e. in x-direction). For the propagation of surface
plasmon (SP)s at the simplest geometry (a flat interface between metal and dielectric)
the dispersion relation shown in Equation 2.6 is valid. There, kq is the wavevector of
the propagating light wave in vacuum, and €; and €, are the dielectric constants for the

dielectric and metal layer, respectively, representing their light permittivity. The relation

11
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2.4 Surface Sensitive Analysis

between [ the refractive index (n) is shown in Equation 2.8.

Light can only excite SP if its wavevector matches Sgp. Since Ssp at a metal-dielectric
interface is larger than the wavenumber of light in a dielectric, direct excitation of SPs
upon light irradiation at a smooth metal surface is impossible. Instead, special configu-
rations increase the wavevector of light and hence enable the excitation of SPss: a prism
coupler, where the light is guided through a high n prism prior to hitting the metal surface.
Two different prism configurations were developed by OTTO and KRETSCHMANN. [115:116]
The light path in a typical SPR instrument with a KRETSCHMANN configuration is shown
in Figure 2.5.

SPs are excited only if the matching condition (Equation 2.7) is fulfilled, where 0 is
the angle of incidence for the light beam, np the refractive index of the prism and A the
wavelength of the incident light. The real part of 3 depends on n of the dielectric in close
proximity to the metal surface (n in Equation 2.8). Changes in 6 at which SPs are excited
(0spr) correspond to changes in n of the liquid close to the surface. Therefore, SPR. be-
longs in the category of refractrometric analysis. The evanescent wave propagates along
the metal-dielectric surface, and decays exponentially in the z-direction. The thickness
of the layer that is probed by the light depends on A of the incident light. This so-called
penetration depth is defined as the distance from the surface at which the intensity of the
evanescent wave decayed to %, where e is the base of the natural logarithm. While SPR
is most sensitive close to the surface, n changes within a depth of 100 nm to 600 nm can

generally be detected. [12:113]

€1 * €9
b= ko[22 (2:6)
Re[f] = 2; xnp * sin(0) (2.7)
_ R 2.8
n= o Rel 23)
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Figure 2.5.: Light path in an SPR instrument with a prism in KRETSCHMANN configuration
(left hand side).!'™] Incident light of a certain angle excites SPs, visible as a
minimum at fgpp in the reflection spectrum of the gold surface (right hand side).

(117] If the metal surface

SPR is a powerful tool for the analysis of biological interactions.
(typically gold) is functionalized with suitable ligands, binding of targets is detectable as a
change in ng,, . Similarly, polymers attached to metal surfaces result in a change of ng,, .
The position of Ospg includes information about n and the layer thickness of the polymer.
If n is known, which is usually the case for a dry polymer, the layer thickness can be
determined by modelling the reflection spectrum obtained from measurements in ambient
air, e.g. with FRESNEL models. "89] Tn addition to the layer thickness in the dry state,
the heights of polymeric layers in solvents provide valuable information. However, the
n of solvated polymers approaches that of the solvent, i.e. it undergoes a decrease in
water (ng,0=1.33). Since the position of Ogpr depends on both, n and layer thickness,
an exact n value is essential to obtain correct polymer heights. It has been demonstrated
that simply estimating the n for a swollen polymer layer (i.e. using literature values that
were measured for polymers in solution) causes major inaccuracies in the obtained layer
thicknesses.['?%! Fortunately, SCHOCH et al. developed a powerful technique to obtain

more accurate heights via SPR, which will be described in the following paragraph. 12"
The Non-Interacting Probe Method

This method is based on the fact that the polymeric layer occupies a certain amount of
the total volume sense by SPR. SCHOCH et al. model the penetration depth ({4), which
represents the thickness of this sensed layer and is determined by the X of the incident light.
A “non-interacting probe” which neither binds to nor enters the polymer brush is then
supplied an reveals the height of the layer that hinders the probe from entering (exclusion
height). This approach is limited since the l; depends on n too. If n of the polymer
brush is significantly higher than the n of the solvent (e.g. above 1.4 for measurements
in water where n=1.33), the exponential function of the SPR sensitivity shows a sharp

[120]

bend at the interface of those two layers. Low n layers include highly solvated polymer

13
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Figure 2.6.: Light path in an SPR instrument with a prism in KRETSCHMANN configuration
during a non-interacting probe (e.g. BSA) injection (left hand side).['*6] On the
right hand side, an angular spectrum measured in pure PBS (black line) and one
measured in BSA solution (red line) is depicted. Both Ogpr and O7rg shift upon
BSA injection.

brushes, e.g. PNIPAM brushes below the LCST. Above 32°°C PNIPAM undergoes a
coil-to-globule transition. Upon collapsing, the n approaches 1.5 (n for dry PNIPAM).[*!]

Fortunately, the non-interacting probe method was further developed by EMILSSON et
al. to apply to a broader range of n.'??l The described method is still based on a non-
interacting probe (e.g. bovine serum albumine (BSA)). Angular spectra in both BSA
solution and pure phosphate buffered saline (PBS) are recorded. FRESNEL models (based
on SNELL’s law) enable a comparison of those two spectra. Pairs of n and the brush
height that model the spectrum of PNIPAM in pure PBS accurately are obtained. Ogpr
responds to n changes induced by BSA. Changes in 6775 upon BSA injection reveal n of
the probe in the solution according to Equation 2.9 (see Figure 2.6). Thereby, any changes
in Ogpr caused by changes in the bulk solution (e.g. temperature, pH and concentration
variations) are excluded prior to modelling the spectra obtained from measurements in
BSA solution in the same manner as before for the spectra recorded in pure PBS. Again,
a certain number of n and brush height pairs is obtained. Those n and brush height
values are then plotted for all modelled spectra. Since changes in the bulk solution were
taken into account previously, the intersection of the n and brush height pairs yields a
distinct value for both. Thereby, n and the height of the layer that BSA does not enter

are obtained, which is referred to as the “exclusion height”.

Anpir = npsa — NpBs (2.9)

SPR on Patterned Gold Surfaces

The extinction spectrum of a short-range nanopore array on a gold surfaces shows sev-

eral characteristic features (Figure 2.7). Below 500 nm, gold strongly absorbs light, hence

14
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2.4 Surface Sensitive Analysis

any features corresponding to plasmon excitation in this region are hidden.!'?3l At higher
A, a maximum and minimum (“peak” and “dip”) are typically observed in the excitation

(4] Even though the exact phenomena that cause

spectrum (highlighted in Figure 2.7).
those features remain unknown, both correspond to plasmon excitation and are hence
n-dependent. Any change in ng,¢ on the surface or inside the pores causes simultaneous
changes in the position of peak and dip, respectively.!'?3 Previous studies demonstrated
that the dip position is more sensitive to changes of ng,, inside the pores, and the peak to
changes on the top surface.l'?! X1I0NG et al. reported that the dip behaves like a localized
plasmon confined to the pores, while the peak resembles SPR on the top gold surface. 126l
However, as both are connected, no quantitative conclusions are possible. Nevertheless,
monitoring ng,¢ changes is particularly valuable in protein gating. Protein binding to
the silica nanowell bottom causes an n increase compared to pure PBS. If the proteins
approach the surface below the penetration depth of the SPR wave, the peak and dip po-
sitions change. In contrast, both remain constant if a polymeric layer hinders them from
entering the pores and approaching the surface. Protein translocation inside nanopores

can thus be distinguished from a closed pore.[?l

Thermoresponsive behaviour of PNIPAM is visible on patterned surfaces since the ngr
changes — just as on flat gold surfaces. The optical techniques described here can be

supported by another analytical technique based on acoustics: QCM-D.

20

In (extinction)
&

1.0 L | L | L | s 1 L | L J
300 400 500 600 700 800 900

wavelength /nm

Figure 2.7.: Typical extinction spectrum of a polymer coated nanopore array on a gold surface,
measured in transmission mode. Characteristic “peak” (extinction maximum) and
“dip” (extinction minimum) are highlighted.
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2.4 Surface Sensitive Analysis

2.4.2. Quartz Crystal Microbalance

In this section, QCM-D is briefly summarized, focusing on the analysis of polymer brushes.
Work by JOHANNSMANN[?7 and Voinoval'?] can be referred to for a more in-depth de-

scription.

Figure 2.8.: From left to right: schematic of a gold coated converse piezoelectric QCM-D crys-
tal. When a current is applied, the crystal oscillates and a standing wave is formed
on the surface. The resonance frequency and energy dissipation of the amplitude
depend on mass and viscoelastic properties of the layer close to the surface.

The basic element in a quartz crystal microbalance (QCM) instrument is a piezoelectric
quartz crystal in the form of a thin disc. Shape changes in piezoelectric materials cause
a potential difference, which can be measured. Equally, applying voltage to a converse
piezoelectric crystal alters the shape. In QCM, the quartz crystal is sandwiched between
two electrodes and excited by applying voltage, followed by a disconnection of the driving
AC that leads to a characteristic oscillation at the resonance frequency (fg) (=5 MHz for
a bare crystal). SAUERBREY observed that adding mass on top of that crystal changes fg
according to Equation 2.10, where Afis the fy difference between the bare crystal and one
with adsorbed mass, C is the constant for the quartz crystal (17.7 ng cm™2 Hz for a 5 MHz
crystal) and n is the overtone number.['?”] Hence, changes in mass can be directly obtained

from the frequency responses. However, this equation holds under certain restrictions only:
i The film must be rigidly adsorbed.
ii The mass must be evenly distributed on the relevant crystal surface.

ili Only a small mass is adsorbed compared to the mass of the crystal.

Af=-Y%am (2.10)
n

Originally, the use of QCM was limited to investigations of adsorption processes from

[129] Inspired by the observation that the oscillation is

the gas phase to the quartz crystal.
not dampened completely in liquid media,["** several technological advances developed.
In modern QCM devices, odd numbered overtones can be electronically excited (up to

the 15" harmonic). Higher fz (i.e. higher overtone numbers) dissipate energy faster in
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2.4 Surface Sensitive Analysis

viscous media, i.e. analysis is confined, but more precise, closer to the surface. 12l

Another valuable development was QCM-D. The SAUERBREY equation has limitations
that prevent its use for soft films such as polymer layers, adsorbed proteins and hydrogels:
whereas a rigid layer simply follows the oscillation of the crystal that it is adsorbed to, a
viscoelastic material shows complex fluid behavior. The viscosity () of hydrogels consists
of a real part (') and an imaginary part (n”). The first describes the ideal-elastic part,
while the latter resembles viscous behavior corresponding to rearrangements inside the
polymer network — and hence energy losses. These losses dampen the oscillation in QCM,
resulting in an underestimation of Am using the SAUERBREY equation. Applying QCM
to quantitative analysis of surface adsorption effects is also more complicated for soft films,
since a direct calculation of adsorbed m from the observed Af is not possible. However,
for viscoelastic films, the energy dissipation contains valuable information that can be
measured in QCM-D. The mathematical background, history and important applications
of this development are well reviewed by SAKAL 3! Briefly, the electric circuit is cut off for
a short time, and the period necessary for the oscillation amplitude to diminish is measured
as energy dissipation (D) of the signal. Changes in fz and D are measured in 0.3-0.5s
intervals, allowing for in-situ observation of ad- and desorption phenomena, and changes
in the rigidity of the adsorbed film. Whereas fy of the oscillators (the crystals) depends
mainly on the adsorbed m, D is related to the viscoelastic properties of the adsorbent.
A higher D (i.e. a faster decrease in fg) indicates an highly viscoelastic adsorbed film,
and wvice versa. This technique is especially valuable for investigating soft films, such

132] However, for measurements in

[133

as protein adlayers, polymer coatings and hydrogels.!
solution the “solvation-effect” causes overestimations of the adsorbed mass (m).['33 Since
QCM is essentially a nanoscale balance (in contrast to optical instruments such as SPR),
the adsorbed solvent causes additional changes in fz and D. This is usually accounted
for by measuring a bare sensor in parallel and subtracting the signal. While models may
provide further information on the viscoelastic properties of the attached layers, !3413% this
goes beyond the scope of this work. Instead, interesting informations that can be gathered
from monitoring the thermoresponsive behaviour of PNIPAM brushes and networks in-
situ by QCM-D is emphasized.!"®! In combination with thickness measurements obtained
from SPR wia the non-interacting probe method, this method provides information about

changes in viscoelasticity and adsorbed mass upon temperature increase.
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3. Aim and Motivation

Thermoresponsive polymers grafted to gold nanopore walls provide a promising approach
towards controlled protein gating. Inspired by the NPC, the polymers act as a general
gate, .e. ideally they could gate any macromolecule. Trapping proteins from blood in
the pores can be monitored by SPR, and the proteins further analysed for e.g. disease
treatment after releasing them again.['??l PNIPAM with an LCST of 32°C is a promis-
ing thermo-controllable gate material. Crosslinking PNIPAM brushes would adapt the
LCST, pore diameter, and thus permeability of PNIPAM gates for specific biomacro-
molecules. While the thermoresponsive behaviour of PNIPAM brushes has been intensely
investigated, detailed studies on their crosslinked counterparts are rare. Crosslinking
was reported to alter the LCST of PNIPAM brushes,!® and the swelling behaviour of
bulk PNIPAM hydrogels;!%! but, a study how it affects the characteristic temperature
dependent swelling and collapsing behaviour of surface-attached PNIPAM networks is
missing. The aim of this work was to investigate the influence of crosslinking on the
thermoresponsive behaviour of PNIPAM brushes. Knowing the exact layer thicknesses in
both states is important if such networks are to gate protein translocation in nanopores.
Therefore, the previously described non-interacting probe method was applied in this
work to obtain exclusion heights of the crosslinked gels via SPR. Those heights revealed
the swell:collapse ratio. Various comonomer ratios and two different crosslinking strate-
gies were investigated. With the aim of preparing an ex-situ gel that crosslinks upon
irradiation with UV-light, N-isopropyl acrylamide (NIPAM)-modified benzophenone was
copolymerized with NIPAM. In contrast, a second comonomer — a bisacrylamide — should
yield crosslinked brushes in-situ. Both copolymers were prepared on gold surfaces via
SI-ARGET-ATRP. The obtained layers on flat gold surfaces were characterized with
FT-IR spectroscopy, XPS, SPR and QCM-D measurements. Polymers were also grafted
from nanopore containing gold sensors. The behaviour of dissolved proteins on sensor
tethered PNIPAM networks was monitored via refractometric measurements in transmis-

sion mode. All corresponding results are shown and discussed in the following chapter.
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4. Results and Discussion

This chapter is separated into two sections, the first pertaining to the in-situ PNIPAM-
co-MBAM network, and the second a shorter section dedicated to PNIPAM-co-NBPAM.
Since the copolymers were prepared in a similar manner, the procedure is only discussed
once. Further details concerning concentrations, reaction conditions, and chemicals used

are given in chapter 5.

4.1. SPR Heights

Three different thicknesses were measured for the polymer brush networks: dry, collapsed
and swollen heights. Dry heights were obtained from measurements in air, while swollen
and collapsed heights were both measured in PBS, at 25°C and 35°C, respectively. The
heights were obtained using the non-interacting probe method, for which 35kDa PEG
provided a suitable, non-interacting probe. This is indicated by a linear relationship
between SPR and total internal reflection (TTR) angle shifts upon probe injection (spectra
shown in Figure A.4, Figure A.5 for PNIPAM-co-MBAM and in Figure A.6 and Figure A.3
for PNIPAM-co-NBPAM, respectively).

4.2. PNIPAM-co-MBAM

PNIPAM copolymers with MBAM were prepared via SIFARGET-ATRP (Scheme 4.2).
The influence of solvent, ratio of reducing agent to catalyst and crosslinker concentra-
tion on the reaction kinetics was investigated. The results obtained are discussed in the

following subsections.

4.2.1. Initiator SAM

Prior to polymerization, gold surfaces were functionalized with the initiator w-mercaptoundecyl

bromoisobutyrate (Scheme 4.1). SAMs were obtained, and the dry height measured as

2nm using SPR, in agreement with literature values. (%%

O]

Scheme 4.1: Chemical structure of the initiator w-mercaptoundecyl bromoisobutyrate.

HS
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4.2 PNIPAM-co-MBAM

4.2.2. SI-ARGET-ATRP

The SI-FARGET-ATRP was conducted following a previously reported procedure, 22 but
using standard SCHLENK line techniques. CuBry and the ligand PMDETA formed the
transfer agent. To avoid previously observed interactions between the acrylate monomers

and the catalyst, 3" the ligand was used in large excess. The blue solution vanished upon

addition of the reducing agent ascorbic acid, indicating the reduction of blue [BroCu" /PMDETA|

to colorless [BrCu'/PMDETA| (Scheme 4.3). The polymerization was stopped by expose
to air. The presence of the polymeric layer on top of the gold surfaces was varified by

FT-IR. Corresponding results are shown and discusses in the following subsection.

ascorbic acid

N

XculL X,CuyL

NIPAM :> :>
0 0

K\Q\H/H\( NH NH
0

NH X,Culh/ XCu(”/L /(

—_— >
MBAM /LNH © 0
) o 0 o _ —> o) "y
N
2g \)J\H/\ JJ\JU n J 7/

MUBIB MUBIB MUBIB

Scheme 4.2: A solution of the monomer NIPAM, crosslinker MBAM and complex
[BroCu!/PMDETA] in MeOH or MeOH/mQ mixtures is added to a w-
mercaptoundecyl bromoisobutyrate functionalized gold surface. Upon addition
of ascorbic acid, the formed [BrCul/PMDETA] initiates the SI-ATRP to yield
PNIPAM-co-MBAM.

| ®
N— ascorbic acid :N---C:I___-N—
—_— l:J N
Br’ \Br Br
Br,Cu'/PMDETA BrCu/PMDETA

Scheme 4.3: Ascorbic acid reduces the deactivated |[BroCu'!/PMDETA]| to the activated
[BrCul/PMDETA] catalyst. Noteworthy, one equivalent (eq) ascorbic acid re-
duces two eq of the catalyst.

FT-IR Results

The FT-IR spectrum of a PNIPAM brush without crosslinker is shown in Figure 4.1. A
detailed FT-IR study of PNIPAM was reported by MUNK et al. who carefully assigned ev-

[138] an overview of which is given in Table A.1. The spectra of corresponding gels

ery band,
containing MBAM do not show any additional modes (Figure A.17), but we are certain
that the networks do contain crosslinker due to experiments detailed in subsection 4.2.4

and subsection 4.2.5. Increasing the amount of crosslinker in the gels appears to decrease
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4.2 PNIPAM-co-MBAM

the overall spectra intensity. This indicates that thinner layers are obtained on the sensed
surface areas, and hence supports the quantitative results obtained from SPR experi-
ments. PNIPAM-co-MBAM gels attached to gold are highly prone to water absorption
from ambient air as indicated by broad bands at 7=3100 cm -~ 3700 cm ! and 1640 cm !~
1650 cm ™! in the FT-IR spectra. Previous studies involving a PNIPAM-co-MBAM system
with 10 mol% MBAM showed that the hydrophilicity increases if the gel is attached to a

hydrophilic surface, %! e.g. gold surfaces. '3
0.015
0.01
>
=
E 1300 1500 1700
g
0.005
0 1 1 1 1 1 ]
1000 1500 2000 2500 3000 3500 4000
wavenumber /em !

Figure 4.1.: FT-IR spectrum of PNIPAM brushes on gold, measured in reflection mode. A
zoom of the region between 7=1300cm~! and 1700 cm~! is shown in the top right
corner.

The Ascorbic Acid to Catalyst Ratio

In SI-ARGET-ATRP, the ratio of ascorbic acid to the catalyst determines the ratio
of activated [BrCu'/PMDETA] to [BryCu"/PMDETA], and thereby highly impacts the
reaction kinetics. Ascorbic acid provides two electrons to reduce 2 [BroCu/PMDETA]
to 2 [BrCu'/PMDETA] (Scheme 4.4). The deactivated Cu'" species decreases the reaction
speed and increases control. A highly controlled polymerization is important to homoge-
neously distribute crosslinker throughout the polymeric layer. It was previously reported
that a ratio of Cu':Cu''=0.8:0.2 results in low dispersity polymers, indicating high con-
trol.[100.105] We thus employed 0.4 eq of ascorbic acid with respect to CuBr, (i.e. 0.8 stoi-
chiometric eq), which due to an immediate reduction would give the ratio Cu:Cu'=0.8:0.2
at the onset of the reaction. However, no or extremely thin polymeric layers were obtained
after 4h (0.48 M): 5nm dry height in MeOH, 2nm in DMSO (including a 2 nm initiator
layer). This could have occurred due to oxidation of the catalyst, for which the solution
105]

would be adding excessive reducing agents to restore the activated XCu'/L species. |

However, slow regeneration of XCu' /L is crucial for controlled reactions, which is impos-
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4.2 PNIPAM-co-MBAM

sible using a fast acting reducing agent like ascorbic acid. %0

Ascorbic acid does show several advantages compared slower reacting reducing agents
such as tin(II) 2-ethylhexanoate, hydrazine and phenols: it is harmless, environmentally
friendly, and oxidatively stable.!"3 Fortunately, a continuous ascorbic acid supply to
the reaction solution was reported to yield polymers of low dispersity — indicating high
control. "% Adding 0.4 eq with respect to CuBry (0.8 stoichiometric eq.) initially and con-
tinuously supplying 0.49 nmol min~"! ascorbic acid to an initial reaction volume of 10 mL
for 4h in MeOH did yield a thicker polymer network (13nm), and so these conditions
were pursued for all further reactions in MeOH. Interestingly, even though a blue color
was expected after the initial ascorbic acid addition, the reaction mixture appeared col-
orless immediately. This indicates that no [BroCu"/PMDETA] remains. Thus, to further

control the reaction, even less ascorbic acid could be added in future.

OH OH OH - OH OH
H H
HO o H® Ho o e o 0 H 0 0 .o Ho o
< ° < ° </° pK, -0.86 </ ° ©
HO pK, 4.25 HO HO a Y- O (@)
oH % 0 o 0

Scheme 4.4: At physiological pH-values, ascorbic acid appears in its deprotonated form, as
shown on the left hand side. It may act as a reducing agent twice, and is reported
to form several products upon further oxidation by exposure to oxygen.[141]

In-situ monitoring of a SI-ARGET-ATRP in QCM-D

SI-ARGET-ATRP of PNIPAM-co-MBAM; at 0.48 M in MeOH was investigated n-
situ. The QCM-D experiment followed a procedure described in the literature.*?l An
incomplete reaction mixture without any reducing agent (i.e. no activated Cu! complex)
was supplied to a gold QCM-D sensor coated with a w-mercaptoundecyl bromoisobutyrate
self-assembled monolayer (SAM). The flow was then switched to a complete reaction
mixture containing 0.8 eq of ascorbic acid. The SIIARGET-ATRP initiation is clearly
visible as a sudden decrease of fz and simultaneous increase of D in Figure 4.2. The chains
propagate, as a slow decrease in fg indicates. After 180 min both fz and D flatten out,
i.e. the SIFARGET-ATRP stops, most likely due to termination reactions. As expected
from preliminary experiments, this reaction seems to be rather slow. A higher monomer

concentration or different solvent might solve this.
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4.2 PNIPAM-co-MBAM
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Figure 4.2.: SFARGET-ATRP of PNIPAM-co-MBAM; (0.48 M) was monitored in-situ in a
QCM-D experiment. A sudden increase after 2min indicates the polymerization
initiation. Afterwards, the curves flatten out, indicating a slow propagation fol-
lowed by a complete termination at ~180 min.

The Solvent in SI-ARGET-ATRP

Solvents play a key role in ATRP. They affect the catalyst activity, i.e. its ef-

[143] Since Kargpp is very low for

ficiency to cleave the R-X bond, and hence Kargp.
(meth)acrylates,'* adding water to organic solvents accelerates SI-ARGET-ATRP for
these monomers. 1451461471 PNIPAM-co-MBAM gels were prepared in a 2:1 MeOH:mili-
pore water (mQ) mixture (0.48 M), and the kinetics investigated (Figure 4.3). The poly-
mer network dry height increased linearly for the first hour, then levelled out. A similar
trend was observed for the collapsed heights of the same samples. This indicates a loss
of reactive R-X groups, caused by chain termination or dissociation reactions. Similar
kinetics were reported in literature previously.['?? The reaction in MeOH:mQ—2:1 mix-
tures yielded non-reproducible gel heights. The obtained gel layers after 30 min had an
average dry height of 33.4nm + 8.5nm — i.e. the dry height varied by 25 % across five
repeats. For ATRP in aqueous solvents, accelerating the reaction comes at the cost of
control: higher K arrp means a higher radical concentration and hence more termination
events. Moreover, hydrolysis of the R—X bond, and dissociation of the ligand or halide
from the Cu'! species in water also reduce control, especially in ARGET-ATRP where low

catalyst concentrations are used. 104
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4.2 PNIPAM-co-MBAM
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Figure 4.3.: Kinetic plot for SFARGET-ATRP of NIPAM (0.48 M and 1mol% MBAM in
mQ:MeOH=1:2. The dry height increases linearly in the first hour, and levels
out afterwards, with an 8.5nm deviation for a 30 min reaction. The collapsed
height shows a similar trend.

To increase control in the reaction, water was removed as a solvent. Preliminary ex-
periments and the in-situ QCM-D experiment in MeOH proceeded so slowly that brush
heights for the herein desired application gating 80 nm diameter pores could only be ob-
tained after several days. The catalyst and monomer concentrations were thus doubled
(0.96 M). The kinetic plot is shown in Figure 4.4. After just 1h, dry heights of 29 nm were
measured. The increased concentration aptly counters the decreased reactivity expected
upon removing mQ) as a solvent. Additionally, the heights of gels prepapred in MeOH are
more reliable: networks prepared in 24 h had an average dry height of 26.5nm + 0.5nm
on samples prepared in different batches. More control was established by using only an
organic solvent.

70 - adry
60 -

50 |
40 i

collapsed
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30 ma 4 a A 4
20 +
10

0 1 1 1 1 1 1 1 1 1 1 L 1
0 10 20 30 40 50 60

reaction time /h

Figure 4.4.: Kinetic plot for SFARGET-ATRP of NIPAM (0.96 M) and 1mol% MBAM in
MeOH. Gels prepared in 24 h show a height deviation of only 0.5 nm.

The Concentration of the Crosslinker MBAM
In further experiments, the amount of MBAM was varied between 0 mol% and 10 mol%

with respect to total monomer concentration. Increasing the MBAM concentration grad-

ually reduced the dry thickness, as shown in Figure 4.5. This was observed previously in

24


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
I
rk

4.2 PNIPAM-co-MBAM

SI-ATRP of crosslinked PAAM brushes, and an interaction between monomer and catalyst

621 Importantly, the opposite was true in photo-iniferter polymer-

suspected as the reason.
ization of PAAM and MBAM, ®! reactions which lack a catalyst. '8l In ST ARGET-ATRP

only ppm of the catalytic species is used, so the reactions are highly sensitive to catalyst

poisoning.

40

E30 A A

£ A A

20 | Lo

E A

510 - A
0 1 1 1 1 1 1 1 1 1 J

0.0 2.0 4.0 6.0 8.0 10.0
%,.., MBAM

Figure 4.5.: Kinetic plot for the SEARGET-ATRP of NIPAM and varied amounts of MBAM
(0mol% to 10mol%) in MeOH.

In conclusion, a highly controlled reaction with a linearly increasing growth curve could
not be established for the preparation of PNIPAM-co-MBAM. Reactions in MeOH clearly

showed more control compared to those in mQ:MeOH mixtures.

4.2.3. Termination

Termination was observed in all reactions investigated. The thicknesses of network lay-
ers obtained from SI-ARGET-ATRP in mQ:MeOH=1:2 (0.48 M) and in-situ in MeOH
(0.48 M) levelled out after 1h and 1.5h, respectively. Increasing the concentration in
MeOH (0.96 M) lead to complete termination after 1h, but yielded polymeric layers of
similar heights. These results show that water-mediated dissociation events of the cata-
lyst or R-X cannot be the only reason for termination. ZHOU et al. assign terminations
in SILFARGET-ATRP models to what they call “migration termination™ [ if a radical
is formed in close proximity to an existing radical, they combine and terminate. Nor-
mally in ATRP the catalyst concentration (and hence the radical concentration) is so
low that such termination reactions are unlikely. However, on surfaces slow diffusion of
the catalyst leads to more active radicals due to a loss of the deactivated Cu'' species.
Migration termination is thus a serious problem in SI-ARGET-ATRP, as observed in our

experiments.

4.2.4. QCM-D Results

The crosslinker MBAM was expected to alter the swelling behaviour of PNIPAM brushes.
SIFARGET-ATRP of PNIPAM-co-MBAM was carried out in MeOH (0.96 M) for 24 h (the
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4.2 PNIPAM-co-MBAM

conditions that give the lowest deviation in dry height). We varied the reaction crosslinker
content between 0 mol% and 10 mol% with respect to the total monomer content. In this
section, we examine the changes in the viscoelastic properties and mass of several gel
samples upon temperature variations using QCM-D. Temperatures varying from 22°C
up to 40°C were investigated in PBS at pH 7.5. Since the density and viscosity of PBS
are temperature dependent, a bare gold sensor was always measured in parallel and any

signal subtracted later.

In Figure 4.6, the results for PNIPAM-co-MBAM gels are compared, with MBAM
contents of 0.5mol%, 1mol%, 3mol% and 10mol% are compared. Upon a tempera-
ture increase from 25°C to 35°C, fy increases, i.e. the mass attached to the sensor
decreases — as the polymer expels water. A reduction in D indicates more rigid layers. As
expected, PNTIPAM-co-MBAM, 5, PNIPAM-co-MBAM; and PNIPAM-co-MBAM3; expel
water and rigidify upon a temperature increase from 25°C to 35°C. The volume phase
transition happens over a temperature range, ¢.e. is a discontinuous transition, and this
range broadens with increasing MBAM content. Whereas PNIPAM-co-MBAMg 5 and
PNIPAM-co-MBAM,; is fully collapsed at ~27°C, PNIPAM-co-MBAMj; expels water up
to a temperature of ~30°C. Moreover, the thermoresponse gradually decreases with in-
creasing MBAM content, up to a point when it vanishes completely for PNIPAM-co-MBAM,
(Figure A.10). Upon a temperature decrease back to 22°C all networks belatedly reswell
to the same extent as before the first collapse. Although only one swell and collapse cycle
is depicted in Figure 4.6, up to three temperature variation cycles were applied and re-
vealed a fully reversible swelling behaviour regardless of crosslinker content (Figure A.12-
A.15). While only qualitative conclusions can be drawn from the QCM-D experiments,
SPR quantitatively reveals the heights of PNIPAM-co-MBAM at a certain temperature

as described in the following subsection.
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4.2 PNIPAM-co-MBAM
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Figure 4.6.: Left: comparison of PNIPAM-co-MBAMjy 5 (solid line) and PNIPAM-co-MBAM;
(dashed line). Right: comparison of PNIPAM-co-MBAMj (dashed line) and
PNIPAM-co-MBAM;j (solid line). The recorded shifts for fr are depicted in black
and correspond to the left y-axis, whereas changes in D are shown on the right
y-axis and in orange. Increasing the amount of crosslinker causes less of response
to temperature changes up to a point at 10mol% where the thermoresponsive
behaviour vanishes completely.

4.2.5. SPR Results

To analyse the thermoresponsive behaviour of PNTPAM-co-MBAM, SPR measurements
were carried out. As shown in Figure 4.7, the swell:collapse ratio decreases with increasing
crosslinker content, up to a point between 5mol% and 10 mol% where the thermorespon-
sive behaviour is almost lost. While the height in the collapsed state (at temperatures
>32°C) remains constant, the thickness of the swollen layer decreases with increasing
MBAM (Figure A.1 & A.2). Literature reports of various crosslinked polymer brushes

6,53.65] This occurs

noted the same behaviour when they compared dry and swollen heights. !
as crosslinking polymer brushes introduces confinement and hinders them from swelling.
Moreover, the PNIPAM-co-MBAM network seems to crosslink with a random efficiency
(i.e. the amount of in the product incorporated crosslinker varies between surfaces), in-
dicated by a deviation of 0.4 in the swell:collapse ratio of two gels prepared with 1 mol%

MBAM.
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Figure 4.7.: Swell:collapse ratio for PNIPAM-co-MBAM gels with various amounts of MBAM
(0% to 10 %) in the reaction feed, all prepared in MeOH (0.96 M, 24 h).
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4.2 PNIPAM-co-MBAM

The reaction time was previously reported to alter the swell:collapse ratio for PNIPAM
brushes prepared in a MeOH:mQ=1:1 solvent.!'?? Longer reaction times yielded brushes
with a lower swelling factor (and thicker dry heights). The same trend was observed here
for PNIPAM-co-MBAM networks prepared in MeOH:mQ=2:1 (Figure 4.8, right side).
The deviation of dry heights for PNIPAM-co-MBAM networks prepared in 30 min is
again quite high (27%). The swelling behaviour of a non-crosslinked PNIPAM brush
was in the range of that of PNIPAM-co-MBAM); prepared in 30 min. This is either a
direct consequence of the deviation in dry heights (see Figure 4.3), or caused by a random
reactivity (with respect to the supplied crosslinker amount in the reaction feed) and hence
crosslinking efficiency of MBAM. In contrast, the swell:collapse ratio is independent of the
reaction time for reactions carried out in pure MeOH with 1mol% MBAM (Figure 4.8).
Moreover, it only deviates 12 % for samples prepared under the same conditions. However,
for reactions in MeOH the concentration of catalyst and monomers was double of the
reactions carried out in MeOH:mQ=2:1. Besides the solvent, this could also have an

effect on the swelling behaviour.

5 r 5 -
2 o)
B4 p T4t o
0} [}
(] (%]
53 % 53 |[°%e
° < > <
o :>o S o o
% 2 % A A A % & g 2 + < 'y A
L A n
1 L L L L L 1 1 1 1 1 ) 1 1 1 1 1
0 10 20 30 40 50 60 0 2 4
reaction time /h reaction time /h

Figure 4.8.: Left: Swell:collapse ratio of PNIPAM-co-MBAM; networks with reaction time.
For SFARGET-ATRP in MeOH (A, 0.96 M), the reaction time has no influence.
Right: A zoom for shorter reaction times emphasizes the high variation for samples
prepared in a MeOH:mQ=2:1 mixuture (¢, 0.48 M). For comparison, the result
for a non-crosslinked brush (MeOH:mQ=2:1, 0.48 M, 30 min) is depicted (x, right
side).

With the non-interacting probe method, both height and n of the polymeric layer can be
determined. The reaction time does not influence the n of PNITPAM-co-MBAM;, prepared
in MeOH:mQ=2:1 (Figure A.8) or MeOH (Figure A.7). Neither is there an obvious link
between crosslinker content and n of swollen or collapsed PNIPAM-co-MBAM prepared
in MeOH (0.96 M, 24 h, Figure 4.9).
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4.2 PNIPAM-co-MBAM
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Figure 4.9.: n for PNIPAM-co-MBAM with varying crosslinker content prepared in MeOH
(0.96 M, 24 h) shows no trend. x represent the n measured at 35°C and + those
obtained from spectra at 25°C.

Longer SPR experiments revealed a constant wet height for PNIPAM-co-MBAM; (pre-
pared in MeOH:mQ=2:1, 0.48 M, and in MeOH, 0.98 M, respectively) probed in 20 min
intervals up to a time of 5h under a continuous flow of PBS (20 uL./ min, pH 7.5) at 25°C.
In contrast, the wet height of uncrosslinked PNITPAM brushes in a similar experiment de-
creased by 10nm (from 100 nm to 90nm) in 1h. KO et al. reported degrafting of highly
stretched polymer brushes in aqueous solution previously, and suspected swelling induced

tensile forces acting on the brushes as the cause. '

4.2.6. PNIPAM-co-MBAM Inside Nanopores

S50, IR, ATHE

Au u

=2
1t 1nmGCr SI-ATRP  —4pmer V7 IMWA
>
sio, 70-80 nm sio,

Figure 4.10.: Schematic of a typcial nanowell. Polymer layers grown on the gold surfaces wia
SI-ARGET-ATRP form thermocontrollable gates inside the pores.

~0.5mm 30 nm

To test PNIPAM-co-MBAM as a gate towards protein translocation, it was polymerized
(MeOH, 0.96 M, 24h) on gold surfaces containing an array of nanowells of diameter 80—
90 nm and deepness 70-80 nm (Figure 4.10). Nanopores with gold surfaces enable growth
of a polymer layer inside the pores to from thermoresponsive gates, while growth on the
top surface protects the gold from unspecific protein binding. Thinner layers are expected
on the walls compared to the top gold surface since confinement hinders diffusion of
reactants into the pores. [BrCu'/PMDETA]| must diffuse into the pore to initiate the
polymerization. As it may first encounter initiator molecules on the top surface to react

with, the concentration of active catalyst in the pores may be particularly low. ALEM et
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4.2 PNIPAM-co-MBAM

al. observed that PNIPAM brush layers inside 80 nm diameter pores swell 8x less than

1 Increasing reaction times enhanced this

brushes on the top surface of the same sensor.
effect due to the top polymeric layer beginning to cover the pores. Since the polymer
brush height on the pore walls is lower than on the top gold surface, finding appropriate
reaction conditions to produce a successful gate is challenging. PNIPAM-co-MBAM; on
SPR slides showed a swell:collapse factor of ~2, thus a range of gel heights was expected

to enable thermo-controlled gating.

Investigating Interactions between Proteins and PNIPAM in QCM-D

Prior to conducting gating experiments, any potential interactions between the protein
lysozyme (LZ) and PNIPAM-co-MBAM were investigated using QCM-D (Figure 4.11).
First, the temperature of three sensors: a bare gold surface, PNIPAM, and PNIPAM-co-
MBAM,, in PBS (pH 7.5) was increased from 25°C to 35°C to confirm the thermore-
sponsive behaviour. A simultaneous rise in fg and drop in D were as expected. Then, a
solution of LZ (50 pgmL~') in PBS (pH 7.5) was supplied at both temperatures. The fg
of the bare reference sensor immediately decreased while D increased, as LZ formed a soft
layer on the gold surface. In contrast, both PNIPAM and PNIPAM-co-MBAM; did nei-
ther show any change in signal at room temperature nor at 35°C. Thus, any (ir)reversible

interactions were excluded for both swollen and collapsed layers on flat substrates.

35°C

250

200
150

100

af IHz
«0L/ Qv

50

-50

-100 . ! ! . . : . . 145
t/min
Figure 4.11.: Interactions of LZ with a bare gold sensor (dotted line), PNIPAM brushes
(dashed line) and PNIPAM-co-MBAM; networks (continuous line) were tested
in a QCM-D experiment. The temperature was increased from 25°C to 35°C.

Then, LZ was supplied at 25 °C and 35 °C as indicated by a grey background. LZ
binds only to the bare gold reference, indicated by a drop in fg.

Insplorion Experiments with LZ on PNIPAM-co-MBAM;
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4.2 PNIPAM-co-MBAM

LZ did not interact with PNIPAM or PNIPAM-co-MBAM; on flat substrates, so similar
experiments were performed with nanowell sensors. In a typical experiment, positional
shifts in peak and dip (originating from changes in n) were monitored under continu-
ous flow in transmission mode using an instrument called Insplorion. The response of
PNIPAM-co-MBAM,; measured in PBS (pH 7.5) is shown in Figure 4.12. Upon increas-
ing the temperature from 25°C to 35°C, both peak and dip redshifted, indicating an
increasing n caused by the collapse of the layer. When the heating was switched off, both
peak and dip returned to the previous baseline — i.e. the network re-swelled to the same
extent. Supplying LZ at 25 °C had no effect, since PNIPAM-co-MBAM;, prevents the pro-
tein from entering the pore or binding to the gold surface. No leakage was observed even
after 30 min. This is important as it demonstrates that swollen PNIPAM-co-MBAM; gels
inside pores form an impenetrable barrier for LZ. In contrast, when LZ was supplied at
35°C (collapsed PNITPAM-co-MBAM);) it clearly entered the pore, as the peak and dip
both shifted significantly. At this pH, LZ shows a positive net charge and hence binds
to the unprotected negatively charged silica well bottom. The 0.3 nm increase in the dip
upon LZ binding inside the wells agrees with a control experiment (Figure A.9), in which
LZ bound to open nanopores grafted with short 2kDa PEG (the PEG prevents binding to
the gold surface). Alongside the QCM-D results, this confirms that LZ is binding inside
the pores rather than interacting with the surface-attached network.

Similar experiments using nanowell samples coated with PNIPAM-co-MBAM,, PNIPAM-
co-MBAM, and PNIPAM are discussed in the following subsections.

2,0- — peak
1 dip
1.8— o o o
1 35°C 35°C A 35°C
164 e \ r-&.
1.4 ﬂ A
£ ] |‘ pH=11.4
£ 124 \ |
= 1 |
< 1.0
o 1 |
é 0.8 | PBS pH=7.6 LZ PBS Lz PBS
& 06-
g ]
0.4 4
0.2 1
0.0 oy \I"w
02 RTd) RT & RT &
— 7T T T T 1 r T T T T T T T T 1
0 50 100 150 200 250 300 350 400

time /min

Figure 4.12.: LZ gating experiment on a nanowell sensor coated with PNIPAM-co-MBAM];.
50pL min~! PBS (pH 7.5) was supplied continuously (white background), the
temperature varied as indicated and a solution of LZ in PBS (50 pgmL~!, pH
7.5) injected (grey background).

31


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

4.2 PNIPAM-co-MBAM

Insplorion Results for the Swelling Behaviour

PNTPAM-co-MBAMj3 7, PNTPAM-co-MBAM; and PNTPAM were grafted from nanow-
ell and SPR sensors as described previously. Dry, swollen, and collapsed heights of
PNIPAM-co-MBAM, were consistent with PNIPAM-co-MBAM; by SPR on smooth gold
surfaces. However, the corresponsding nanowell samples (Figure 4.13 and Figure 4.12,
respectively) displayed different behaviour: a temperature increase to 35°C caused a
-+1.5nm shift in the peak position for PNIPAM-co-MBAM;, but only a +0.95nm shift
for PNIPAM-co-MBAM,. This deviation may occur for several reasons. The grafting
density between the two nanowell sensors could vary due to contamination or scratches
on the gold surface. SPR and Insplorion results must also be distinguished; whereas
the non-interacting probe method senses the exclusion height for a 35kDa PEG probe,
changes in n are measured in Insplorion. Additional crosslinker in the network might not
significantly alter the swell:collapse factor, but will change n in the swollen state as shown
in Figure 4.9. Finally, the polymerization kinetics differ between smooth and patterned
gold surfaces: polymerizations inside nanopores slow down over time as diffusion inside
becomes blocked by thicker polymer layers on top.?!1 Moreover, interaction with MBAM

are suspected to poison the catalyst.

The crosslinker content was then increased further. For PNIPAM-co-MBAM; 7, the

swell:collapse ratio was reduced compared to PNIPAM-co-MBAM; and PNIPAM-co-MBAM,

(determined with the non-interacting probe method). This was confirmed by Insplorion
by lower peak and dip shifts in PNIPAM-co-MBAM3 7 (Figure 4.14). Interestingly, both
peak and dip do not return back to the original baseline after heating to 35 °C then colling

back to 25°C, i.e. the network does not reswell to the same extent.

Finally, a PNTPAM brush containing no crosslinker was grafted from SPR and nanowell
samples. By SPR, the PNIPAM brushes swelled by a factor of 3.2 compared to their col-
lapsed state, giving a height 160 % that of PNIPAM-co-MBAM; or PNIPAM-co-MBAM,
at 25°C. By Insplorion, increasing the temperature to 35 °C caused a peak position shift
of 3.6 nm (Figure 4.15). This larger shift upon collapsing is expected based on the swelling
factor, as more PBS is expelled. The non-interacting probe method revealed that both,
a higher n in the collapsed state and a lower n in the swollen state (Figure 4.9) lead to
this huge peak shift. In summary, across these samples we observed that increasing the
crosslinker content led to a decrease in the shift of the peak position. This supports our

observations from SPR measurements.
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4.2 PNIPAM-co-MBAM

LZ on Different PNIPAM-co-MBAM Copolymers in Insplorion

After collapsing and reswelling samples, L.Z was injected first at 25°C and then at
35°C. While PNIPAM-co-MBAM; allows for thermo-controlled gating, other polymer
brushes and networks act differently. The PNIPAM brushes were unable to prevent LZ
from translocating inside the nanowells at 25 °C, even though their exclusion height in the
swollen state was 119 nm (pore diameter: 80-90 nm, Figure 4.15). The dip position shifted
by +0.25nm as LZ bound to the silica support; note that the control experiment for LZ
showed a shift of 0.3nm. For PNIPAM-co-MBAM; 7, LZ seems to enter the network at
25°C (Figure 4.14). This is observed as a partially reversible shift of the dip: when L.Z is
supplied, the dip position increases by +0.4nm, and decreases back to +0.2nm. Upon a
second and third LZ injection, fully reversible shifts were observed: first +0.2nm, and then
-0.2nm when washed with PBS. Some LZ bound irreversibly during the first injection,
but otherwise it entered the network or approached the surface reversibly. This behaviour
is even more pronounced at 35°C: the dip shifted beyond +1.1nm. Washing with PBS
at 35°C decreased the shift to +0.9nm in the dip, but this is significantly more than the
expected shift of 0.3nm from the control experiment. Hence, some interactions between
LZ and PNIPAM-co-MBAMj3; ; are irreversible or the huge shift means it appears to be
binding on the top surface too. Reversible interactions between PNIPAM-co-MBAM,
and LZ were observed at 25°C in both peak and dip (Figure 4.13). Further investigation
could use fluorescence microscopy to reveal more details about protein movement inside

the networks.
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Figure 4.13.: LZ gating experiment on a nanowell sensor coated with PNIPAM-co-MBAM,.
50pLmin~! PBS (pH 7.5) was supplied continuously (white background), the
temperature varied as indicated and a solution of LZ (50 pugmL~—!, pH 7.5) in-
jected (grey background).
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4.2 PNIPAM-co-MBAM
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Figure 4.14.: L7 gating
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experiment on a nanowell sensor coated with PNIPAM-co-MBAM3 7.

50pulmin~! PBS (pH 7.5) was supplied continuously (bright background), the
temperature varied as indicated and a solution of LZ (50pgmL~!, pH 7.5) in-
jected (grey background).
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Figure 4.15.: LZ gating

experiment on a nanowell sensor coated with PNIPAM. 50 pL min~—*

PBS (pH 7.5) was supplied continuously (white background), the temperature
varied as indicated, and a solution of LZ in PBS (50 pgmL~!, pH 7.5) injected
(grey background.
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4.3 PNIPAM-co-NBPAM

4.3. PNIPAM-co-NBPAM

PNIPAM brushes can be crosslinked ez-situ upon UV-irradiation if they contain a suit-
able comonomer, e.g. benzophenone.['>] The gels can then be directly compared to the
parent brushes on the same surface, which eliminates sensing the effects of variables out-
side of crosslinking on the LCST, swelling behaviour, and dry thickness. If benzophenone
was not incorporated in the polymer brush but provided in solution, a reduced crosslink-
ing efficiency and brush shortening caused by backbiting (i.e. self-attack) and followed
disproportionation was observed by CHRISTENSEN and coworkers. [1?]

In this work, UV-light crosslinkable brushes, copolymers of NIPAM and a modified
benzophenone, NBPAM, were prepared via SI-FARGET-ATRP. The results are presented

in the following subsections.

4.3.1. SI-ARGET-ATRP

PNIPAM-co-NBPAM was prepared in a similar procedure to PNIPAM-co-MBAM (Scheme 4.5).

As NBPAM is soluble in dioxane but not in MeOH or mQ and ascorbic acid not soluble in
pure dioxane, SFARGET-ATRP was carried out in mQ:dioxane mixtures (1:1 and 1:4). In
all reactions, a yellow precipitate formed upon the addition of mQ (most likely NBPAM,
which appeard as a yellow powder). Nevertheless, SFARGET-ATRP did proceed under

these conditions, as discussed in the following subsections.
ascorbic acid
XcuiL X, CuyL O 0

y

\% \( X,Cu™/L XCcuL /( RH
o 0 2 NH
o= MusiB O% y
(HoC CHy §
o r r
S S MUBB MUBB MUBIB
Au Au Au Au Au

Scheme 4.5: A solution of NIPAM, NBPAM, and BroCu'!/PMDETA in dioxane or dioxane/mQ
mixtures was added to a w-mercaptoundecyl bromoisobutyrate functionalized gold
surface. Upon addition of ascorbic acid, the formed BrCul /PMDETA initiates the
SI-ATRP towards PNIPAM-co-NBPAM.

4.3.2. FT-IR Results

The FT-IR spectrum of PNIPAM-co-NBPAM is shown in Figure 4.16. It contains an
additional band at 7=1600cm™" compared to the spectrum of PNIPAM (Figure 4.1),
which corresponds to the C=C stretch of the aromatic rings in the crosslinker.!*>3 The

characteristic C=Opengophenone at 7=1664cm 111531 and the aromatic C=C deformation
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4.3 PNIPAM-co-NBPAM

expected at 7=3040 cm ! are masked by the N-H and C=0 bands of PNIPAM. To confirm
the F'T-IR results, XPS measurements to test NBPAM incorporation in the brushes were

carried out. The obtained results are presented in the next subsection.

51078

1300 1500 1700

reflectivity

1000 1500 2000 2500 3000 3500 4000

wavenumber /cm

Figure 4.16.: F'T-IR spectrum of PNIPAM-co-NBPAM brushes on gold, measured in reflection
mode. A zoom of the region between 7=1300cm™! and 1700cm ™! is shown in
the top right corner. Compared to the spectrum obtained from PNIPAM, an
additional mode at 7=1600cm™" corresponding to aromatic C=C stretch modes
is highlighted.

4.3.3. XPS Results

PNIPAM and un-crosslinked PNIPAM-co-NBPAM brushes were analysed by XPS. The
corresponding results are shown in Table 4.1. Si was detected in the PNIPAM-co-NBPAM
sample, indicating scratches on the gold surface that revealed the underlying SiOy sub-
strate. As expected, the sample with NBPAM contained less nitrogen than the PNIPAM

brushes — further confirmation of inclusion of the crosslinker.

Table 4.1.: XPS results for PNIPAM-co-NBPAM, and PNIPAM, respectively.

atoMgmple expected amount /% observed amount /%
Cpxipam 75.0 76.14
OpnNipaMm 12.50 11.83
NpNipam 12.50 12.01
CPNIPAM-co-NBPAM 75.18 73.10
OPNIPAM-co-NBPAM 12.46 15.06
NpN1PAM-co-NBPAM 12.35 9.4
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4.3 PNIPAM-co-NBPAM

4.3.4. SPR Results

To determine dry, swollen and collapsed heights, SPR measurements were carried out
on PNIPAM-co-NBPAM grafted from gold sensors. Swollen and collapsed heights were
measured in PBS at 25°C and 35 °C, respectively, with the non-interacting probe method
(Table 4.2). 35kDa PEG was used as the probe, and did not interact as indicated by a
linear TIR vs SPR relationship (Figure A.3-A.6). A swollen height just 3 nm thicker than
the collapsed height indicates that the PNTPAM-co-NBPAM brush is not thermorespon-
sive even before crosslinking. The aromatic moiety in NBPAM might cause hydrophobic
brushes, i.e. prevent their swelling in aqueous media. To confirm this, PNIPAM brushes
were prepared under the same conditions and investigated by QCM-D as discussed in the

following subsection.

Table 4.2.: Obtained heights measured in air for PNIPAM-co-NBPAM prepared in the indicated
solvent in 30 min.

mQ:dioxane ratio dry height /nm swollen height /nm collapsed height /nm

1:1 31 - -
1:1 23 19 16
1:4 15 - -

4.3.5. QCM-D Results

To test the effect of NBPAM on the non-crosslinked brushes, PNIPAM was prepared under
the same conditions. Without a significant influence of NBPAM, those brushes should
show a similar swelling behaviour. PNIPAM brushes prepared under the same conditions
were investigated by QCM-D (Figure 4.17). They expel far more PBS upon increasing
the temperature to 35°C than a PNIPAM-co-NBPAM; brush. This is indicated by a fg
shift of 370 Hz for pure PNTPAM compared to 75 Hz for PNIPAM-co-NBPAM;. With the
obtained heights from SPR measurements, it can be concluded that the higher fy shifts
are caused by more swollen PNIPAM brush layers at 25°C (containing more PBS than
PNTPAM-co-NBPAM;, rather than less collapsed PNTPAM-co-NBPAM; layers at 35°C.
The benzophenone moiety with its two aromatic rings is highly hydrophobic. A 1mol%
benzophenone content is sufficient to hinder the chains from swelling: instead of extended

brushes, physically crosslinked networks are formed in PBS (Figure 4.18).
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4.3 PNIPAM-co-NBPAM
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Figure 4.17.: QCM-D plots of PNIPAM-co-NBPAM; (left) and PNIPAM (right) prepared in
a mQ:dioxane=1:1 mixture in 30 min. PNIPAM shows a fr shift of 350 Hz com-
pared to only 80 Hz for PNIPAM-co-NBPAM; upon a temperature increase, in-
dicating a collapsed PNIPAM-co-NBPAM; layer already at temperature—25°C.

T=35°C T=25°C

S omut — s B 1ui3

Figure 4.18.: The hydrophobic aromatic moieties in PNIPAM-co-NBPAM brushes form phys-
ical crosslinks in aqueous media. The blue hexagon represents NBPAM incorpo-
rated in PNIPAM brushes.

4.3.6. Crosslinking PNIPAM-co-NBPAM

Although the PNIPAM-co-NBPAM brushes were deemed non-thermoresponsive, the crosslink-

ing was investigated to demonstrate the principle.

Crosslinking of NBPAM containing brushes was reported previously.['® When irradi-
ated with UV-light (A=365nm), benzophenone forms a radical. This radical abstracts
an H atom from any C-H bond to form of two new radicals: C and ‘C-OHpenzophenone-
Crosslinks between brushes are then formed via three possible radical combinations (Scheme 4.6):
two benzophenone radicals form a pinacol, a benzophenone combines with a brush back-
bone C-, or two of the latter react with each other.

We irradiated PNIPAM-co-NBPAM brushes with UV-light (A=365nm) for 10-30 min.
In QCM-D, the fr shift observed upon a temperature increase remained the same as
before irradiation, indicating either that crosslinking did not alter the thermoresponsive
behaviour, or that the reaction did not occur. Considering that incorporated crosslinks
typically decrease the swell:collapse factor of polymer brushes (non-crosslinked PNIPAM-

co- NBPAM: swell:collapse factor=1.2), a thermo-induced volume phase transition that

38


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thele

(]
10
edge

b

now!

(]
|
rk

4.3 PNIPAM-co-NBPAM

remains low is not surprising. In the future, incorporating less NBPAM in the polymer
brushes might increase the brush swelling at room temperature and thermoresponsive
character of PNIPAM-co-NBPAM brushes and their crosslinked counterparts.

OH

5 /.

UV-light 2 OH 2 #=CHj
T O e T o
* Ph”~Ph

(I)N OHOH
2_ _CI /th_*

1 Ph ph
Ed
Scheme 4.6: Upon irradiation with UV-light, benzophenone forms radicals that may cleave

any C-H bond of a brush backbone upon formation of another radical. Following
crosslinking can occur via three different pathways.
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4.4 Conclusion and Outlook

4.4. Conclusion and Outlook

Two copolymers were grafted from gold surfaces. The thermoresponsive behaviour of ex-
situ crosslinkable PNIPAM-co-NBPAM and in-situ crosslinked PNIPAM-co-MBAM was

investigated.

The crosslinker MBAM clearly influenced the thermoresponsive behaviour of PNIPAM
brushes. SPR and QCM-D experiments both confirmed that the characteristic swell:collapse
ratio gradually decreases with increasing MBAM content in the reaction feed. This re-
sults from a decreased swelling at 25 °C rather than higher collapsed heights. Additionally,
the dry gel height remained constant with reaction time, but decreased with increasing
MBAM in the reaction feed, suggesting that MBAM may poison the catalyst. Controlled
ATRP was observed in MeOH, where polymers with low deviation in dry height were
obtained; but polymerizations using a MeOH:mQ=2:1 solvent mixture were more un-
controlled, yielding products with a 25% dry height deviation. In contrast to previous
reports, [l our PNIPAM copolymers all showed similar VPTTs in QCM-D.

The second crosslinker investigated, NBPAM, altered the thermoresponsive behaviour
of PNTPAM as well, but not in the expected manner. Even prior to crosslinking the films

did not swell due to the highly hydrophobic aromatic moieties in benzophenone.

Gating experiments carried out with the protein LZ and PNIPAM-co-MBAM grafted
nanowell sensors were successful for gels containing 1 mol% MBAM. PNIPAM-co-MBAM;
forms an impenetrable barrier for LZ at room temperature, all other investigated samples
did allow LZ to enter the networks (PNIPAM-co-MBAM, and PNIPAM-co-MBAMj3;7) or
even the pores (PNIPAM).

The polymerization procedure established in this work together with results on the
thermoresponsive behaviour of PNIPAM-co-MBAM layers could inspire further applica-
tions in biosensors and other MFDs. Future work will initially focus on fluorescence
microscopy experiments to confirm the behaviour observed by PNIPAM-co-MBAM;. Af-
terwards, tests with full serum will provide a further step towards a successful protein
trapping device based on thermocontrollable PNIPAM-co-MBAM gates.
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5. Materials and Methods

5.1. Analytical Techniques

5.1.1. FT-IR

! spectral resolution) in

FT-IR spectra of SPR sensors were recorded (10 scans, 4 cm™
reflection mode on a PMA50 spectrometer (Bruker, Germany). Background spectra were
collected by scanning a bare gold SPR sensor. Three spectra were measured for each

sample on varied sensor surface positions and averaged.

5.1.2. QCM-D

Gold coated, circular QCM-D sensors with a diameter of 14mm and a fz of ~5MHz
were purchased from QuartzPRO. Measurements were performed using a Q-Sense F4
instrument (Biolin Scientific) equipped with a peristaltic pump (Ismatec, Germany). Fz-
situ coated gold crystals were mounted in the measurement chamber and flushed with PBS
until a stable baseline was established. The introduced error from subtracting fr and D
of a parallel measured reference were determined as £ 5Hz and 4 5%10°, respectively
by mounting pure sensors in all three of the used flow cells (plot shown in Figure A.11).
Those inaccuracies might be caused by small differences in temperature, flow rate or

crystal mass.

5.1.3. SPR

SPR experiments were performed at the Chalmers Material Analysis Laboratory, CMAL.
Gold coated SPR sensors were purchased from BioNavis. Slides with a gold thickness
of ~50nm were used for all SPR experiments. All SPR experiments were performed
in a SPR Navi™ 220A instrument (BioNavis) equipped with four lasers (2x 670nm,
785nm and 980nm). Dry heights were obtained by recording angular spectra of the
respective sample in air and modelling them with FRESNEL models"®! using a software
from RES-TEC (Winspall, Version 3.02). The used parameters are portrayed in Table 5.1.
Experiments in solution were conducted in PBS with a flow rate of 20 pL min—!. First, a
stable baseline was established in the solvent. The non-interactive probe (35kDa PEG or
BSA at a concentration of 10 mg/mL in PBS) was injected in serial mode for 7 min, with

a 7min rinse with the running buffer in between each injection.
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5.2 Chemicals

layer d / nm  178snm K785nm N§70nm K670nm
silica/elastomer'?2 oo 1.5162 0 1.5020 0
Crlt22l 0.9 3.3225 3.6148 3.3105 3.4556
Au 156l 50  0.16088  5.0525  0.16194  3.9783
initiator 2 1.45 0 1.45 0
PNIPAM 124 h 1.4973  0.0018745 1.5 0.0021271
air 00 1.0003 0 1.0003 0

Table 5.1.: Used parameters for FRESNEL models of the recorded spectra in SPR experiments
in air to obtain dry heights.

5.1.4. Insplorion

Refractometric measurement on nanowell sensors were carried out using an XNano in-
strument (Insplorion, Sweden). A peristaltic pump (Ismatec, Germany) pumped PBS
(pH 7.5, 50 pL./ min) through a metallic flow cell that provided for resistive heating. Ab-
sorption spectra were recorded in transmission mode, the peak and dip position selected
and changes monitored in a following continuous measurement. Protein solution were
prepared in PBS (pH 7.5, 50pgmL ™).

5.1.5. XPS

XPS was performed on a PHI 5000 VersaProbe III Scanning XPS Microprobe (Ulvac-Phi,
Japan) equipped with a monochromated Al X-ray source (24.6 W, 45°, measured range:
0-1486.6eV). Any measured oxygen belonging to SiO, was compensated for. The oxygen
amount corresponding to SiO, was calculated using the Si signal and subtracted from the

total measured oxygen content to obtain the oxygen content in the polymeric layer.

5.2. Chemicals

All chemicals and proteins used were purchased from Sigma-Aldrich and used as received

unless stated otherwise.

EtOH (99.5 %) was from Solveco, ammoniumhydroxide (25 % solution) from Fischer,
NBPAM from Angene, SH-modified PEG (2kDa) from Laysan Bio Inc., and w-mercaptoun
decyl bromoisobutyrate from ProChimia. Water was ASTM research grade Typel ultra-
filtered water (m() water). Buffers were based on PBS tables (0.01 M phosphate, 0.13M
NaCl, pH=7.4). The polymerization solvents methanol (99.8 %) and DMSO (>99 %) were
dried over 3 A molecular sieves (Merck) and stored under Ny. NIPAM (99 %, Fischer) was
recrystallized from hexane at 85°C and stored under N, afterwards. The proteins used in
this study were BSA and LZ (obtained from white henegg, ThermoFisherScientific).
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5.3 Experiments

5.3. Experiments

5.3.1. Surface Cleaning

Prior to surface functionalization, QCM-D sensor crystals and SPR sensor surfaces were
cleaned with piranha wash (HySO4:H304 3:1 v/v) for 30 min, rinsed with mQ), then cleaned
with TL1 wash (mQ:NH;:Hy0, 5:1:1 v/v, 80°C) for 30 min. The nanowell sensors (pores
of 80-90 nm diameter, 70-80 nm deepness) were kindly provided by J. ANDERSSON who
prepared them following a previously reported procedure.!'®” The Al,O5 layer was first
removed in 0.01 M NaOH for 1h, followed by cleaning in TL1 for 30 min. Finally, all
sensors were rinsed with mQ and EtOH, then dried with Nj.

5.3.2. Surface Activation

Clean gold surfaces were placed in a petri dish containing a w-mercaptoundecyl bro-
moisobutyrate solution (0.002M in EtOH), sealed with parafilm, and shaken (50 rpm) for
16-24h

5.3.3. SI-ARGET-ATRP

PNIPAM brushes and PNIPAM-co-MBAM gels were prepared under the same reaction
conditions (Scheme 5.1). The amount of MBAM supplied in the monomer feed was varied
between 0mol% (for brushes) up to 10 mol%. Reactions were carried out using standard
SCHLENK line techniques under an inert atmosphere of Ny. Unless stated otherwise a

10 mL reaction volume was used.

\% NIPAM, MBAM
,,< NH

o) CuBry/PMDETA

oﬂ ascorbic acid _ o NH (B)r

Scheme 5.1: SI-ARGET-ATRP of PNIPAM-co-MBAM.

SI-ATRP in an mQ/MeOH mixture

Reactions were carried out using standard SCHLENK line techniques under an inter
atmosphere of Ny. Depending on the desired crosslinker content, varying amounts of
both monomers were used according to Table 5.2. In one flask, monomers NIPAM
(e.g. 0.5377g, 0.48M final ¢, 792eq for PNIPAM-co-MBAM;), MBAM (e.g. 7.4mg,
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5.3 Experiments

0.00475M final ¢, 8eq for PNIPAM-co-MBAM; ), and solvents mQ (2.7 mL) and MeOH
(5.3 mL; mQ:MeOH=1:2 v/v) were added to inhibitor remover. The solution was degassed
with Ny for 5min. In a second flask, CuBry (1.4mg, 0.0006 M final ¢, 1eq) was added
to PMDETA (13.6 pL, 0.0064 M final ¢, 10.67eq). The monomer solution was filtered
(0.2um PTFE syringe filter) into the second flask, and the light blue solution obtained
degassed for a further 20 min. Separately, ascorbic acid (8.5mg in 10mL, 0.0048 M) was
added to mQ:MeOH=1:2 and degassed for 20 min. Gold sensors with w-mercaptoundecyl
bromoisobutyrate SAMs were removed from the initiator solution, washed with ethanol,
dried, and placed in a SCHLENK flask. The light blue reaction solution was transferred to
this flask via cannula. A PTFE tube was pushed through the septum to enable a contin-
uous ascorbic acid supply later-on. To initiate the polymerization, 2mL of ascorbic acid
solution (0.00098 M final ¢, 1.63eq) was added. The reaction was then shaken (50 rpm),
and an additional 1L/ min ascorbic acid solution was continuously supplied via syringe
pump until the reaction was quenched by exposure to air. Finally, the sensors were rinsed
with m(Q and ethanol, and dried.

SI-ATRP in MeOH

The same procedure was used for polymerization in MeOH, but the final ¢ varied as fol-
lows for PNTPAM-co-MBAM;: NIPAM (1.0755 g, 0.95M final ¢, 792 eq), MBAM (14.8 mg,
0.0096 M final ¢, 8 eq), CuBrs (2.7mg, 0.0012M final ¢, 1 eq), PMDETA (26.7 uL, 0.0128 M
final ¢, 10.67eq). An ascorbic acid solution (8.5mg in 10mL, 0.0048 M) in MeOH was
prepared, degassed and a 1 mL aliquot (0.00049 M final ¢, 0.41 eq) was used to initiate the
polymerization. Again, 1 pL min~! of the ascorbic acid solution was continuously supplied

via a syringe pump.
PNIPAM-co-NBPAM

PNIPAM brushes and PNIPAM-co-NBPAM gels were prepared under the same reaction
conditions. PNIPAM-co-NBPAM gels containing 0 mol% (for brushes), 1 mol%, 2 mol%
and 10mol% were prepared. Reactions were carried out using standard SCHLENK line
techniques under an inert atmosphere of Ny. Unless stated otherwise a 10 mL reaction

volume was used.
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5.3 Experiments

\% NIPAM, NBPAM
CuBry/PMDETA ,4< NH

ascorbic acid NH (©]

0 - Br
0 H
N

Scheme 5.2: SIIARGET-ATRP of PNIPAM-co-NBPAM.

SI-ATRP in mQ/dioxane solvents

The reaction was performed in a similar procedure as described previously for PNIPAM-
co- MBAM, but using dioxane instead of MeOH and a reaction volume of 50 mL. The
reactant amounts were as follows for PNIPAM-co-NBPAM;: NIPAM (2.6024 g, 0.469 M
final ¢, 782eq), NBPAM (0.0591g, 0.005M final ¢, 8eq); for PNIPAM-co-NBPAMS,:
NIPAM (2.6083g, 0.47M final ¢, 782eq), NBPAM (0.1182g, 0.0096 M final ¢, 16eq);
for PNTPAM-co-NBPAM;y: NIPAM (2.3954 g, 0.43 M final ¢, 720eq), NBPAM (0.5910 g,
0.048 M final ¢, 80eq); and CuBry (0.0066 g, 0.0006 M final ¢, 1eq), PMDETA (65.5uL,
0.0064 M final ¢, 10.67eq). An ascorbic acid solution (0.1725g in 2mL, 0.49 M) in mQ
was prepared, degassed and a 1 mL aliquot (0.01 M final ¢, 16.7eq) was used to initiate

the polymerization.
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5.4. Overview of Experiments

Table 5.2.: Overview of all experiments. * indicates a continuous ascorbic acid supply.

product [monomer| [asc. acid] [CuBrs] solvent time hair hosec  hssec
/M /mM /mM /h /nm  /nm /nm
PNIPAM 0.48 0.49* 0.6 MeOH:mQ=2:1  0.25 12 - -
PNIPAM 0.48 0.98* 0.6 MeOH:mQ=2:1 0.5 15 100.6  33.8
PNIPAM-co-MBAM; 0.48 0.98* 0.6 MeOH:mQ=2:1  0.25 18 694 215
PNIPAM-co-MBAM;, 0.48 0.98* 0.6 MeOH:mQ=2:1 0.5 52 289.3 716
PNIPAM-co-MBAM; 0.48 0.98* 0.6 MeOH:mQ=2:1 0.5 11.3 400 195
PNIPAM-co-MBAM; 0.48 0.98* 0.6 MeOH:mQ—2:1 0.5 - 942 384
PNIPAM-co-MBAM; 1» 0.48 0.98* 0.6 MeOH:mQ=2:1 0.5 42 104 58
PNIPAM-co-MBAM; 0.48 0.98* 0.6 MeOH:mQ=2:1 1 36.3 - -
PNIPAM-co-MBAM;, 0.48 0.9% 1.0 MeOH:mQ=2:1 1 37 1054  56.7
5 PNIPAM-co-MBAM; 0.48 0.9* 1.0 MeOH:mQ=2:1 3 49 — -
> PNIPAM-co-MBAM; 0.48 0.98* 0.6 MeOH:mQ=2:1 3 41 154 69.2
§ PNIPAM-co-MBAM; 0.48 0.98* 0.6 MeOH:mQ=2:1 15 47 1974 70.9
% PNIPAM-co-MBAM; o5 0.48 0.98* 0.6 MeOH:mQ=2:1 24 48 1974 709
E PNIPAM 0.96 0.49% 1.2 MeOH 0.5 33 3717 115
e PNIPAM 0.48 0.98* 1.2 MeOH 4 8 - -
_g % PNIPAM 0.96 0.49* 1.2 MeOH 24 8 1186  36.3
S @ PNIPAM 0.96 0.49* 1.2 MeOH 24 14 8.2 374
g g PNIPAM-co-MBAM 55 0.96 0.49* 1.2 MeOH 24 30.5 1155  30.7
E > PNIPAM-co-MBAM, 0.96 0.49%* 1.2 MeOH 1 28.7 918  46.9
%%  PNIPAM-co-MBAM, 0.96 0.49% 1.2 MeOH 2 28 - -
3 g PNIPAM-co-MBAM; 0.96 0.49% 1.2 MeOH 4 28 - -
= PNIPAM-co-MBAMj 3 0.48 0.49% 0.6 MeOH 4 13 27 19.5
S % PNIPAM-co-MBAM; 0.96 0.49% 1.2 MeOH 12 28 - -
°F  PNIPAM-co-MBAM, 0.96 0.49* 1.2 MeOH 12425 30 - -
2 T PNIPAM-co-MBAM, 0.96 0.49* 1.2 MeOH 24 26 729 384
22 PNIPAM-co-MBAM, 0.96 0.49* 1.2 MeOH 24 27 620 4L7
3£ PNIPAM-co-MBAM, 0.96 0.49% 1.2 MeOH 30 31 838  43.7
% £ PNIPAM-co-MBAM, 0.96 0.49* 1.2 MeOH 48 44 108  62.8
;§> S PNIPAM-co-MBAM; o7 0.96 0.49* 1.2 MeOH 65 32 745 422
© 5  PNIPAM-co-MBAM; 0.96 0.49* 1.2 MeOH 24 26 721 378
< £ PNIPAM-co-MBAM; 0.96 0.49* 1.2 MeOH 24 31 424 272
% g PNIPAM-co-MBAM; 7 0.96 0.49* 1.2 MeOH 24 225 587  39.8
75 PNIPAM-co-MBAM, 0.96 0.49% 1.2 MeOH 24 17 733 388
E ©  PNIPAM-co-MBAM; 0.96 0.49* 1.2 MeOH 24 20  47.6 382
S S PNIPAM-co-MBAM;q 0.96 0.49* 1.2 MeOH 24 8 174 14.2
& f PNIPAM-co-MBAM;, 0.96 0.49% 1.2 MeOH 24 77 135 116
8¢& PNIPAM 0.48 10 0.6 dioxanemQ=1:1 0.5 44 - -
£ PNIPAM-co-NBPAM; 0.48 10 0.6 dioxane:mQ=1:1 0.5 - - -
Q PNIPAM-co-NBPAM, 0.48 10 0.6 dioxane:mQ=1:1 0.5 31 - -
f, £ PNIPAM-co-NBPAM, 0.48 10 0.6 dioxanemQ=1:1 0.5 23 162 187
.2 §° PNIPAM-co-NBPAM; o 0.48 10 0.6 dioxane:mQ=4:1 0.5 15 - -
o PNIPAM 0.48 0.24 0.6 DMSO 4 P - -
M:  PNIPAM-co-MBAM, 0.48 0.24 0.6 MeOH 4 3.3 - -
g PNIPAM-co-MBAM, 0.48 0.24 0.6 DMSO 4 5.5 - -
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A. Appendix

A.1. Additional SPR Results
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Figure A.l.: The collapsed height mea-
sured in PBS at 35°C remains almost
constant for more MBAM content in
PNIPAM-co-MBAM networks.

SPR angle /°

TIR angle /°

Figure A.3.: The linear relationship of
TIR and SPR shifts upon 35kDa PEG in-
jection at 35°C confirm no interaction be-
tween the probe and PNIPAM-co-NBPAM

in the collapsed.
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Figure A.2.: The swollen height mea-
sured in PBS at 25 °C decreases with more

MBAM content in PNIPAM-co-MBAM
networks.
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Figure A.4.: The linear relationship of
TIR and SPR shifts upon 35kDa PEG in-
jection at 25°C confirm no interaction be-
tween the probe and PNIPAM-co-NBPAM

in the swollen state.
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Figure A.7.: The refractive indices vs.

SPR angle /°

TIR angle /°

Figure A.5.: The linear relationship of
TIR and SPR shifts upon 35kDa PEG in-
jection at 35°C confirm no interaction be-
tween the probe and PNIPAM-co-MBAM

in the collapsed.

SPR angle /°

TIR angle /°

Figure A.6.: The linear relationship of
TIR and SPR shifts upon 35kDa PEG in-
jection at 25°C confirm no interaction be-
tween the probe and PNIPAM-co-MBAM

in the swollen state.

A.1.1. Refractive Indices Obtained from SPR
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+
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0 10 20 30 40 50

reaction time /h

reaction time for PNIPAM-co-MBAM; prepared in

MeOH shows no trend. Crosses represent the n measured at 35°C and plus those

obtained from spectra at 25°C
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Figure A.8.: The refractive indices vs. reaction time for PNIPAM-co-MBAM; prepared in
MeOH:mQ=2:1 shows no trend. Crosses represent the n measured at 35°C and
plus those obtained from spectra at 25 °C.

A.1.2. Additional Insplorion Measurements
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plasmonic shift /nm
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Figure A.9.: In a test experiment, 2kDa PEG was first grafted to a nanopore containing gold
sensor. After rinsing with PBS, LZ was supplied at a pH-value of 7.5, resulting
in a shift of peak and dip position of +0.15 and +0.3, respectively.
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A.2. Additional QCM-D Plots
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Figure A.10.: QCM-D plot of PNIPAM-co-MBAMy prepared in MeOH in 24 h.
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Figure A.11.: QCM-D plot for bare gold sensors mounted in all three used flow cells to reveal
potential errors originating from temperature, flow or sensing inaccuracies.
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Figure A.12.: QCM-D plot of a swelling experiment for PNIPAM brushes in PBS (pH=7.5).
Three temperature increases from 22 °C to 35 °C reveal the reversible swell and
collapse behaviour of the polymer layer.
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Figure A.13.: QCM-D plot of a swelling experiment for PNIPAM-co-MBAM; in PBS
(pH=7.5). Three temperature increases from 22 °C to 35 °C reveal the reversible
swell and collapse behaviour of the polymer layer.
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Figure A.14.: QCM-D plot of a swelling experiment for PNIPAM-co-MBAMj3; in PBS
(pH=7.5). One temperature cycle of 22°C — 35°C — 22°C reveals the reswelling
of the polymer layer back to the same extent as before the first collapse.
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Figure A.15.: QCM-D plot of a swelling experiment for PNIPAM-co-MBAM;, in PBS
(pH=7.5). All three temperature increases from 22°C to 35°C show that
the thermoresponsive behaviour drastically decreased within layers containing
10 mol% MBAM.
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Figure A.16.: QCM-D plot of PNIPAM-co-NBPAM prepared in a mQ:dioxane=1:1 mixture in
30 min, after UV-light irradiation for 15 min.

A.3. Additional FTIR Spectra
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Figure A.17.: FT-IR spectra for PNIPAM-co-MBAM, containing various amounts of MBAM
in this order from bottom to top: 0mol%, 1mol%, 2mol%, 5 mol%.
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Table A.1.: Summary of the bands observed in the FT-IR spectrum of PNIPAM. st=stretch,
d=deformation, sy=symmetric and as=asymmetric.

7 Jem™'  involved functional groups

1250 C-Ny;

1370-1390 CHs 5 & CHj 5, as
1450 N-H;

1550 H-N-C=0ygy &
1625 hydrated -C=0

1640-1650 C=0Oy; & H-bonding between C=0 & H,O
2870-2970 CH, & CHj g
3100-3700 N-Hg & H,O
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