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Abstract

The aim of this thesis was the development of smart, thermoresponsive surface coat-
ings based on poly(N-isopropylacrylamide) (pNIPAM) microgels for applications in
biological and medical research. In order to understand microgel behavior when
deposited on a surface the physical properties and the morphology of adsorbed mi-
crogels had to be studied and understood.

Initial experiments using atomic force microscopy (AFM) aimed at the charac-
terization of various microgels adsorbed and dried on a surface in order to gain
knowledge about the influence of the microgel architecture on their behavior. Fur-
ther experiments were conducted to examine the deposition behavior of microgels
when deposited with standard coating procedures such as spin-coating, dip-coating
and spray-coating. Results from these experiments were used to optimize these
processes for the manufacturing of microgel monolayers. In the course of a BMBF
funded project the obtained results were utilized to develop wound healing essays
for medical applications in cooperation with the institutes Fraunhofer IZI, Fraun-
hofer IAT, the University Bayreuth and the companies Ibidi GmbH and PolyAn
GmbH.

Results and insights gained from this cooperation led to the idea to develop
transfereable thermoresponsive coatings. The principle idea was to cross-link the
microgels in a monolayer in order to obtain a free-standing, thermoresponsive film
which than can be deposited on various substrates and surfaces. In order to be able
to cross-link the microgel the thermoresponsive monomer NIPAM was copolymer-
ized with the monomer N-Benzhydrylacrylamide (NBHAM). The aromatic moieties
of the monomer NBHAM enabled the possibility to cross-link the microgels in a
monolayer using an electron beam. The cross-linked layer could than be detached
from the initial substrate and transferred to any arbitrary substrate. Furthermore it is
possible to use the free-standing microgel film as a temperature controllable mem-
brane. In conductivity measurements it has been shown that the resistivity of the
membrane can be tuned by changing the external temperature.
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Zusammenfassung

Die Zielsetzung dieser Arbeit war die Entwicklung von intelligenten, thermorespon-
siven Oberflachenbeschichtungen auf Basis von Poly(N-Isopropylacrylamid) (pNI-
PAM) Mikrogelen fiir die Anwendung in biologischen und medizinischen Forschungs-
bereichen. Um ein erweiteretes Verstindnis vom Verhalten von Mikrogelen bei deren
Abscheidung auf Oberflachen zu erhalten, wurden die physikalischen Eigenschaften
und die Morphologie adsorbierter Mikrogele untersucht.

Es wurden zundchst Untersuchungen von verschiedenen Mikrogelen mit Raster-
kraftmikroskopie (AFM) durchgefiihrt um die Morphologie unterschiedlicher Mikro-
gelarchitekturen im getrockneten Zustand auf Oberflichen zu untersuchen. Es wur-
den weiterfithrende Experimente zum Abscheidungsverhalten von Mikrogelen bei
verschiedenen Beschichtungsprozessen wie Spin-Coating, Dip-Coating und Spray-
Coating durchgefiihrt, um diese Prozesse fiir die Deposition von Mikrogelen in
Monolagen zu optimieren. Anhand dieser Ergebnisse ist es moglich gewesen im
Laufe eines vom BMBF geforderten Projekts in Kooperation mit dem Fraunhofer
171, dem Fraunhofer IAT, der Universitdt Bayreuth und den Firmen Ibidi GmbH und
PolyAn GmbH ein Produkt, auf Basis von thermoresponsiven Mikrogel-Monolagen,
fiir Wound-Healing-Essays zu entwickeln.

Die gewonnen Ergebnisse dienten als Grundlage fiir die Idee transferierbare
thermoresponsive Schichten zu entwickeln. Dabei war die grundlegende Idee, die
Mikrogele in einer Monolage miteinander zu vernetzen um einen freistehenden,
thermoresponsiven Film zu erhalten der auf eine Vielzahl an Substraten tibertrag-
bar ist. Realisiert wurde die Vernetzbarkeit durch die Copolymerisation von NIPAM
mit dem Monomer N-Benzhydrylacrylamid (NBHAM). Durch die Benzyl-Gruppen
des Monomers NBHAM ist es gelungen die Mikrogele in einer Monolage mittels
eines Elekrtonenstrahls miteinander zu vernetzen. Die vernetze Schicht kann vom
Tragersubstrat abgeldst und auf jedes beliebige Substrat iibertragen werden. Weiter
ist es in temperaturabhdngigen Widerstandsmessungen gelungen die Moglichkeit
nachzuweisen, diese Filme als thermoresponsive Membran zu verwenden. Durch
die externe Temperaturkontrolle konnte der Widerstand der Membran gesteuert
werden.
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Chapter 1

General Introduction

Colloids, natural and artificial in origin, are ubiquitous in our daily life, from soot
[1] and fog [2] to our blood-plasma [3] and from food [4], cosmetics [5] and pharma-
ceutical products [6] to adhesives [7]. Therefore it is not difficult to understand the
enormous scientific interest in this topic. The underlying basis of this work are the
properties of microgels, which themselves are colloidal polymer particles. Micro-
gel particles are in the size range of a couple of nm to a few hundred nm and their
internal structure, the polymer network, is fully permeated by the solvent. [8] The
chemical composition of this polymer network not only determines microgel prop-
erties in solution [9] but also when adsorbed to a solid surface. The most interesting
category of these lyogels are the so-called smart microgels, the prominent feature of
which is the ability to react reversibly to an external stimulus like temperature [10],
pH [11], pressure [12], ionic strength [13] and solvent composition [14]. Due to these
interesting features it is understandable that these immensely versatile and potent
colloids have been of interest to the scientific community for the past three decades.
[8,9,10,11, 12,13, 15, 16]

Smart microgels which are stimulated by temperature are referred to as ther-
moresponsive microgels [8, 13]. One of the most studied polymers within this cat-
egory is N-isopropylacrylamide (NIPAM) [8, 9, 11, 13, 15, 16]. Polymerized NIPAM
exhibits a lower critical solution temperature (LCST) at about 31 °C [17, 18]. This
means that, when the temperature of the polymer solution exceeds this specific tem-
perature, the solubility of the polymer changes which results in a coil to globule tran-
sition of the polymer chain. [17] This effect is caused by the breaking of hydrogen
bonds between the amide moieties and the solvent causing the polymer chains to
precipitate. This endothermic phase separation process is entropy driven due to the
entropic gain caused by the solvent molecules that are released from the polymer
chain. [17] Simultaneously, hydrogen bonds are formed between the amide moi-
eties of the polymer leading to polymer-polymer interactions that are stronger than
the polymer-solvent interactions. A similar behavior can be observed in pNIPAM
microgels. In these gels the polymer network is formed by numerous physically
and chemically cross-linked polymer chains. Chemical cross-linking is achieved by
introducing molecules that covalently links to polymer chains. For NIPAM-based
microgels the most common chemical cross-linker is N-N’"-methylenbisacrylamide
(BIS). Physical connections between polymer chains are formed by chain entangle-
ments, dipol-dipol interactions, hydrogen bonds ans ionic interactions. Typically
acrylamide microgels are colloidally stabilized by charges as result of the incorpo-
ration of the initiator from the radical polymerization reaction. [9, 19] The colloidal
stabilization due to the charges inhibits a precipitation, instead the microgels exhibit
a change in volume at the LCST of the linear polymer chains. In regard to microgels
this temperature is called the volume phase transition temperature (VPTT) and is at
about 32°C. [20, 21, 22, 23]
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T<VPTT T>VPTT

FIGURE 1.1: Schematic illustration of the reversible change in vol-

ume of a thermoresponsive microgel. The lines represent the poly-

mer chains and the charges from the initiator are represented by the

red circles. Below the VPTT (left) the microgel is in the swollen state.

When the temperature exceeds the VPTT the microgel transitions into
the collapsed state (right).

However, at this point the field of smart microgels is a very well researched part
of the colloidal sciences and most of this research is focused on microgels in solution,
their native environment. Most research aims at altering the properties of microgels
[8, 24, 25], understanding certain mechanisms in solution [26, 27, 28] and during the
synthesis [29, 30, 31] or at finding applications for these microgels as colloidal dis-
persions such as catalyst- [32, 33, 34] and drug-carriers [35, 36, 37]. Only a minor
part of the research today is aimed at the development of applications outside the
native environment of these potent particles. This research has led to a number of
new applications including anti-fouling coatings [38], photonic materials [39, 40],
etalons [41, 42, 40], optical materials [43, 44, 45], sensor devices [46] and cell culture
substrates [47]. Such research efforts reveal the possibility of using smart microgels
to modify the properties of surfaces in order to create smart surfaces. A lot of this
research effort is aimed at bio-mimicking smart surfaces, which are found in nature
on almost every level from plants to insects to reptiles, amphibians, and even birds
and mammals in which over millions of years their exterior or interior organs have
evolved magnificent functionalities utilizing smart surfaces. The most prominent of
these surfaces are the leaves of the lotus plant which are structured on a nanoscopic
scale in such a way that they repel water almost totally. This observation led to the
term lotus effect which can be seen on many other plants for instance on certain
types of watercress and cacti. Moreover, some insects like crane flies [48] or some
butterflies [49] reveal this effect. Some insects like the head-stander beetle have even
developed more complex surfaces where hydrophilic and hydrophobic parts are or-
dered in such a manner on the exoskeleton that water condenses on hydrophilic
spots. Once the drop reaches a critical size it is directed towards the beetles mouth
by the hydrophobic parts [50]. The usefulness of such surfaces has long been known
and is imitated in various fields from wall paint and glass cleaning agents emulating
the lotus effect to marine anti-biofouling coatings [51] based on structured polymer
layers [52].

Smart microgels can bring a whole new versatile property into the field of smart
surface coatings that most of the researched subjects do not have, stimuli responsive
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behavior [47, 53, 54]. This means that the functionalities of a surface coated with
a stimulus responsive material can be tuned or even fully switched on and off by
exposing the surface to the external stimulus. In addition microgels can provide a
naturally structured surface due to their initial spherical shape which is mostly pre-
served [47, 54, 55]. In order to effectively produce microgel surface coatings that
exhibit the desired properties it is crucial to understand the morphology and phase
transition behavior of microgels that are adsorbed to a surface. The morphology
of adsorbed microgels depends to a large degree on the amount of chemical cross-
linker inside of the microgel. The height/width ratio of the adsorbed microgels in-
creases with increasing cross-linker content. This effect is especially pronounced in
the collapsed or dried state of the microgels. Microgels with a low cross-linker con-
tent (0-2 mol%) tend to spread out on the substrate and form flat structures, whereas
microgels with higher cross-linker content (5-10 mol%) form more developed con-
vex structures. [53, 55] This effect is due to the increased rigidity as a result of a
higher cross-linker content. These microgels have a more hard sphere like behavior.
[55] In addition these particles are less effected by the surface they are adsorbed to.
Low cross-linked microgels exhibit a more pronounced hysteresis of the VPTT when
adsorbed to a surface than higher cross-linked microgels. [53, 55] Furthermore, the
lower cross-linked microgel particles tend to be unstable in their form and therefore
change size and shape upon repeated heating and cooling. [11, 55, 56]

©@ . e
{l Heating R I \%
X/ |__..__———-——___"'“ i\
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Substrate — Substrate
Cooling
T<VPTT T>VPTT

FIGURE 1.2: Schematic illustration of the reversible change in vol-
ume of a thermoresponsive microgel adsorbed to a surface. The lines
represent the polymer chains and the charges from the initiator are
represented by the red circles. Below the VPTT (left) the microgel is
in the swollen state. When the temperature exceeds the VPTT the mi-
crogel transitions into the collapsed state (right). The morphology of
a microgel adsorbed on a surface depends strongly on its architecture.

Resent studies have shown that copolymer microgels show a different behavior
than homopolymer microgels when deposited on a surface. These studies focused
on pNIPAM-based microgels copolymerized with acrylic acid (AA). [11, 53, 55, 57,
58] In chapter 2 we studied thermoresponsive homopolymer microgels made from
the monomers N-isopropylacrylamide (NIPAM), N-n-propylacrylamide (NNPAM)
and N-isopropylmethacrylamide (NIPMAM). Part of the analysis was the study
of the adsorbed microgels on a surface in order to investigate morphological dif-
ferences between the microgel particles. The major difference between polymers
made from these monomers is their LCST. For pNIPAM the LCST is at about 32 °C,
whereas the LCST of pPNNPAM is at the substantially lower temperature of 22 °C [24]
and that of pNIPMAM is significantly above the LCST of pNIPAM at 43 °C [24]. In
the following chapter 3 the influence of sodium dodecyl sulfate (SDS) on the growth
of microgels during the synthesis was studied. The addition of a surfactant like SDS
not only has an impact on the size of the microgels but also on their morphology.
Of particular interest was the effect SDS had on the microgel’s morphology when
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added at different points of time during the synthesis. These studies formed the
basis for further research on the deposition behavior of microgels using various de-
position techniques like spin-coating, dip-coating and spray-coating (Appendix E).
In previous studies these techniques have been used to deposit microgels on a sur-
face. [11, 59, 60] Whereas each of those studies focused on one single technique to
coat a surface with microgels, this research focuses on a comparison between the
different techniques and an evaluation based on the ability to produce monolayers
using microgels with different cross-linker content.

The behavior of microgels in a densely packed layer on a surface is slightly dif-
ferent from that of single microgels adsorbed on a surface. Microgels arranged in a
monolayer are more restricted in their swelling than single microgels. Not only are
these microgels limited in their expansion by the substrate they are deposited on but
also by their neighbors. [11, 59] This can be concluded from ellipsometric measure-
ments that have shown that the hysteresis of the VPTT is increased in comparison to
single microgels. [11, 59] Taking these studies and the analysis of single microgels
on surfaces into account it can be assumed that the degree in which a single microgel
in a densely packed monolayer is limited in its swelling behavior is also dependent
on the morphology and the architecture of the microgels.

Substrate Cooling Substrate
T<VPTT T>VPTT

FIGURE 1.3: Schematic illustration of the reversible change in vol-
ume of thermoresponsive microgels arranged in a monolayer on a
surface. The lines represent the polymer chains and the charges from
the initiator are represented by the red circles. Below the VPTT (left)
the microgel is in the swollen state. When the temperature exceeds
the VPTT the microgel transitions into the collapsed state (right). In
the case of negatively charged microgels often the positively charged
polymer polyethylenimine (PEI) is used as an adhesive. The positive
charges of the PEI layer are represented by the green circles.

The investigation of the behavior of microgels of diverse architecture when de-
posited on a surfaces has led to the idea of proposing microgel coatings as an ideal
surface modification for cell culture substrates could be taken to the next stage. In
the course of a cooperation it was possible to develop an advanced cell culture sub-
strate based on smart surface coatings from thermoresponsive microgels. The expe-
rience and information gathered on their deposition behavior and the morphology
of microgel layers allowed the development of a novel artificial environment for
adherently growing cells. This new artificial environment permits non invasive and
destruction free cell experiments, which is of high interest for medical and biological
research, for example in-vitro drug screening and disease mechanism. Furthermore,
we were able to turn the wound healing assay into a possible commercial product
for biological and medical applications. The basis of this research is the idea that
cells are able to attach themselves to a microgel surface in the collapsed state of the
microgels and propagate at physiological temperatures (around 37 °C). By decreas-
ing the temperature the microgels swell and form a less than ideal environment for
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the cells to grow on resulting in the cells detaching themselves from the surface. This
enables a non invasive way of harvesting cells. The main advantage is, that with-
out the necessary mechanical or chemical stress the cells can be detached from the
surface and the cells remain intact and undamaged.

In the final part of this thesis the idea of smart surfaces through microgel-based
surface coatings is taken a step further. Until now, microgel coatings could only be
directly applied to the desired surface. Due to this only smooth two-dimensional
substrates are accessible using the given techniques to deposit microgels on a sur-
face. Three-dimensional substrates of arbitrary shape cannot be coated with micro-
gels. In addition porous substrates and gratings are also in the inaccessible category
of substrates for microgel coatings. From the idea to overcome these limitations of
microgel surface coatings came the thought to create transferable microgel coatings.
This was thought to be realized by producing an entirely transferable layer of micro-
gels. The idea was to produce a microgel coating on a smooth surface like a silicon
wafer, cross-link the entire layer, then detach the layer from the initial supporting
substrate and transfer it to the desired substrate, thereby creating a free-standing mi-
crogel film. The final chapter will depict how this was realized using electron-beam
cross-linking of a homogeneous microgel monolayer.This process will be described
in detail from the synthesis of novel cross-linkable microgel particles to the process
of electron beam cross-linking and the detachment of the layer from the original sup-
porting substrate. The functionality of the obtained free-standing microgel film will
be demonstrated through conductivity experiments in which the film was placed as
a membrane between two electrodes. This proof of thermoresponsivity also showed
the potential use of this free-standing microgel film as a temperature controllable
membrane.
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2.1 Abstract

In this work, we compare the properties of smart homopolymer microgels based on
N-n-propylacrylamide (NNPAM), N-isopropylacrylamide (NIPAM) and N-isopropyl-
methacrylamide (NIPMAM) synthesized under identical conditions. The particles
are studied with respect to size, morphology and swelling behavior using scanning
electron and scanning force microscopy. In addition, light scattering techniques and
fluorescent probes are employed to follow the swelling/de-swelling of the parti-
cles. Significant differences are found and discussed. Poly(N-n-propylacrylamide)
(PNNPAM) microgels stand out due to their very sharp volume phase transition,
whereas Poly(N-isopropylmethacrylamide) (PNIPMAM) particles are found to ex-
hibit a more homogeneous network structure compared to the other two systems.

2.2 Introduction

The formation of thermoresponsive microgels is a complex process, and it is of great
interest to determine the structural and physical properties of these systems depend-
ing on the chemical structure of the used monomer and the synthesis conditions. A
microgel basically consists of a cross-linker and a polymer which is responsible for
the thermoresponsive properties of the gel network. If only one thermoresponsive
polymer is present in the microgel, such systems are called homopolymers in the
following.

Smart microgels are the subject of a steadily growing number of publications
in recent years [1, 2, 3], which were reviewed by different groups focusing e.g., on
core-shell microgels [4, 5], copolymer microgels [6, 7, 8], soft nanotechnology [9, 10],
or on nanoparticle carriers [11, 12, 13, 14, 15]. For example, the particle size and
the thermal behavior of N-isopropylacrylamide (NIPAM) [16, 17] and N-isopropyl-
methacrylamide (NIPMAM) [18], depending on the initiator concentration, the reac-
tion temperature and the cross-linker concentration, have been studied. However, to
our knowledge, no systematic comparative study on monosubstituted acrylamides
(NIPAM, NIPMAM, ...) exists, and the influence of their chemical structure on the
particle formation and the thermoresponsive behavior of the resulting microgels.
However, especially, these basic facts are very important to understand the forma-
tion of more complex systems like copolymer microgels or core-shell particles, which
are suitable for a lot of different applications due to their smart behavior [19, 20]. For
this purpose, the crucial point is a precise knowledge about the controllability of the
microgel properties. Particularly, the particle size, the volume phase transition tem-
perature (VPTT) as well as the shape of the phase transition curve is very important.
The easiest way to understand the interplay between microgel properties, monomer
structure and synthesis conditions is to study homopolymers at first.

In this contribution, we want to focus on homopolymer microgels based on NI-
PAM, NIPMAM and N-n-propylacrylamide (NNPAM). The influence of the monomer
chemical structure on the microgel particle size, the morphology and the swelling
behavior is studied and compared in detail. Generally, all synthesis have been per-
formed as precipitation polymerisation without surfactant and under identical con-
ditions to ensure a good comparability of the results. Besides imaging techniques
and light scattering, the study of fluorescence probes inside the microgel is used to
scrutinize the volume phase transition of the different microgels.
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2.3 Materials and Methods

2.3.1 Chemicals

N-isopropylacrylamide (NIPAM; Sigma-Aldrich Chemie GmbH, Munich, Germany;
purity 97 %) and N-isopropylmethacrylamide (NIPMAM; Sigma-Aldrich Chemie
GmbH, Munich, Germany; purity 97 %) were purified by recrystallisation from hex-
ane. The cross-linker N,N’-methylenebisacrylamide (BIS; Sigma-Aldrich Chemie
GmbH, Munich, Germany; purity 99 %), the initiator ammonium persulfate (APS;
Sigma-Aldrich Chemie GmbH, Munich, Germany; purity > 98 %) and pyrene (Sigma-
Aldrich Chemie GmbH, Munich, Germany; purity > 99 %) were used without fur-
ther purification. For all experiments, purified water from an Arium®pro VF system
(Sartorius AG, Gottingen, Germany) was used.

N-n-propylacrylamide (NNPAM) was synthesized via a Schotten-Baumann re-
action published by Hirano et al. [21]. For this reaction, acryloylchloride (Sigma-
Aldrich Chemie GmbH, Munich, Germany; purity 98 %), n-propylamine (Fluka,
Sigma-Aldrich Chemie GmbH, Munich, Germany; purity 99 %), triethylamine (Griiss-
ing GmbH Analytika, Filsum, Germany; purity 99 %) and methylenchloride (p.a.)
were used as received. The obtained monomer NNPAM was washed with NaHCOs3
(10wt%) and dried over MgSO,. After filtration, the solvent was evaporated and
the product was distilled in vacuum (115 °C, 10 mbar).

2.3.2 Synthesis of the Homopolymer Microgels

The homopolymer microgels of NNPAM, NIPAM and NIPMAM were synthesized
via conventional precipitation polymerization without surfactant. All synthesis were
performed in a 250 mL three-neck flask equipped with a reflux condenser, mechani-
cal stirrer and a nitrogen inlet. The monomer (11.05 mmol) and the cross-linker N,N’-
methylenebisacrylamide (BIS) (5.4 mol% respective to the total monomer amount)
were dissolved in 150 mL purified water and were heated up to 70 °C under contin-
uous stirring and purged with nitrogen. After 1h the polymerization was initiated
by the addition of 1mL of a 2.71 mM solution of APS and left to proceed for 4h
at 70 °C. After the reaction time, the solution was cooled to room temperature and
stirred over night. For purification, all samples have been treated by five cycles of
centrifugation, decantation and redispersion using purified water.

2.3.3 Scanning Electron Microscopy

SEM investigations were performed on a ESEM-FEG (Philips XL30, Eindhoven, Nether-
lands) with an acceleration voltage of 3kV and working distances between 5 and
6 mm. For the sample preparation 50 ul of microgel solution (¢ ~ 5 x 10~* wt%) were
deposited on cleaned silicon wafers and dried at room temperature in air. The com-
pletely dried samples were sputtered (Bio-Rad Laboratories GmbH, Munich, Ger-
many, model E5000) with a thin layer of gold (= 3nm) to increase the conductivity
and the contrast in SEM. Before use, the Si wafers have been cleaned with ethanol
and afterwards treated with oxygen plasma for 10 min. Then, for high purity, the
wafers were additionally cleaned with a solution containing HoO:NHj3:H20O; in a
ratio of 5:1:1 [22]. The particle diameters were analyzed using the program Image]
(Wayne Rasband, National Institutes of Health, USA) [23].
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2.3.4 Atomic Force Microscopy

The Atomic Force Microscopy (AFM) images were recorded using a Nanoscope III
(Digital Instruments, now Brucker, Karlsruhe, Germany) working in tapping mode.
The samples were prepared on cleaned silicon wafer which have been cleaned before
as described in the cleaning procedure in Section 2.3.3. Fifty microlitres of microgel
solution with a concentration of ¢ ~ 5 x 1074 wt%) was deposited on the substrate
and dried at room temperature in air. The used cantilevers were from Budget Sen-
sors (Innovative Solutions Bulgaria Ltd., Sofia, Bulgaria) (Tap300Al-G) with a radius
of <10 nm, a resonance frequency of about 300 kHz and a spring constant of 40 N/m.

2.3.5 Light Scattering
Photon Correlation Spectroscopy

For the dynamic light scattering experiments, two different setups were used. The
angle dependent measurements were done using an ALV goniometer setup equipped
with a multiple-7 digital correlator ALV-5000/E (ALV-Laser Vertriebsgesellschaft
mbH, Langen, Germany) and an argon-ion laser (Spectra Physics Stabilite 2017,
Newport Spectra-Physics GmbH, Darmstadt, Germany; A = 514.5 nm) as light source.
The temperature dependent measurements were performed at a constant scattering
angle of 60 ° with a solid-state laser at A = 661.4nm (TOPTICA Photonics AG, Grae-
felfing, Germany). To detect the time-intensity-autocorrelation function in this sec-
ond setup, an ALV-6010 multiple-7 correlator (ALV-GmbH, Langen, Germany) was
employed. In every case, the sample temperature was adjusted using a tempera-
ture controlled decaline matching bath and all measurements were repeated at least
three times. The concentration of the microgel solutions was below 0.001 wt% to
avoid multiple scattering. The analysis of the measured autocorrelation functions
was done by inverse Laplace transformation [24, 25] or with the method of cumu-
lants [26, 27] and provides the mean relaxation rate I of the relaxation rate distribu-
tion function. From this, the translational diffusion coefficient DT for diluted particle
solution can be calculated viaT = DT - ¢® with q as magnitude of the scattering vec-
tor (¢ = 4mn /X - sin(0/2), with X being the wavelength of the used radiation, n the
refractive index and 6 the scattering angle). Furthermore, using the Stokes-Einstein
relation, a calculation of the hydrodynamic radius Ry of the microgel particles is
possible:

6mn Ry’
kg is the Boltzmann constant, 7" the temperature during the measurement and 7
the corresponding viscosity of the solvent. For a correct evaluation of the obtained

data, the values for the refractive index and the viscosity of water were corrected
with respect to the measurement temperature [28].

2.1)

Static Light Scattering

The static light scattering experiments were done applying an ALV /CGS-3 compact
goniometer system with a helium-neon laser (JDSU 1145/P, JDS Uniphase Corpora-
tion, now Viavi Solutions INC ,Milpitas, USA; A = 632.8 nm) and toluene as matching
bath. The detected intensity of the scattered light for the sample, the solvent, and the
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standard at different angles was corrected using the following equation (index i: sol
= solvent, s = sample or sta = standard):

_ CR@@ . sin(@)

2.2)
I laser

I o

Here, I; g is the detected intensity at a scattering angle © , I} s is the incident

laser intensity (measured via an additional monitor diode) and C'R; ¢ the measured

count rate at the detector. To scale all measured scattering intensities to absolute

values I,ps o, Equation (2.3) is used, where Is g, I5, 0, and I, e are the corrected

values from Equation (2.2). Rsa,e is the Rayleigh ratio of the standard, ng, and nst,
are the refractive indices.

Iso — Isole Mol \ -
Iabs,@ = It o : Rsta,@ : Net . (23)
sta, sta

Additionally, the intensity I,,,s ¢ was corrected with respect to the back reflection
of the laser beam at the glas/solvent interface. Therefore, the intensity I150—o at
a scattering angle of 180° and the reflection coefficient r of solvent/borosilicate is
used:

12 Do
Ireﬂ.corn@ = Iabs7® : (1 — T);bs,@ . (2.4)

2.3.6 Turbidity Measurements

The light attenuation in microgel solutions is generally caused by the scattering of
light by the dispersed particles. For large particles (size of the order of the wave-
length of light), and when the particle interior is optically very different from the
surrounding medium, the Rayleigh-Debye-Gans (RDG) approximation is no longer
valid [29]. A criterion to judge the validity of RDG approximation is given by:

4
%Mm—H<L (2.5)

Here, R is the radius of the particle, m is the ratio between the refractive index in-
side and outside the particle and A the wavelength of the used radiation. In the case
of our homopolymer microgels, the effective refractive index at low temperatures
(swollen particles) is sufficiently low, and, therefore, the Rayleigh-Debye-Gans ap-
proximation holds in this present case [30]. In contrast to this, at high temperatures
(collapsed particles), the refractive index of the microgel is different compared to
that of water (n = 1.46 [30]) and the experimental data would have to be described
by a Mie calculation for a homogeneous sphere. This is relevant in the data treat-
ment of SLS, but not for the turbidity measurements where only the intensity of the
transmitted light /T at an angle of 180° is analyzed. However, in the present work,
we only studied the swollen particles by static light scattering (SLS) and the RDG
approximation holds.

Hence, in the turbidity measurement, the scattering from the particles is a com-
bination of differences in the refractive index (between particles and solvent) and of
the particle size. Summarizing all processes, the incident light intensity I is reduced
by scattering (S) and by absorption (A) and for the measured transmitted intensity
It the following equation holds:
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It =TIy — Is — Ia. (2.6)

For microgels, the absorption I is negligible and the decrease of the transmit-
ted intensity is nearly exclusively caused by scattering processes. For a quantitative
description of the intensity of the transmitted light, the Lambert-Beer law at low
sample concentrations can be used. D, is the light attenuation, c the sample concen-
tration, d the thickness of the measurement cell and §, the attenuation coefficient:

D)\:lg <2> :6)\-C'd. (27)

During the volume phase transition of microgel particles, the light attenuation
D) changes due to a reduction in particle size and a simultaneous increase of the re-
fractive index. This characteristic behavior can be followed by UV /Vis spectroscopy
[31, 32, 33, 34]. Therefore, light of one wavelength is focused on the sample and
the intensity of the transmitted light at an angle of 180 ° at different temperatures is
detected. For a better comparison of the phase transition of different microgel so-
lutions the light attenuation D) is normalized to the sample concentration (in wt%)
and the thickness of the cuvette (1 cm), and the normalized attenuation coefficient
d) is given by:

e d

For the turbidity measurements, a UV-Visible spectroscopy system (Agilent 8453,
Agilent Technologies Deutschland GmbH, Ratingen, Germany) with a sample chan-
ger with 8 positions was used and the attenuation at a wavelength of 700nm was
analyzed. To measure the temperature dependent swelling behavior of the micro-
gels, a constant heating rate of 3°C/h was chosen and the turbidity was detected

every 30s. For a good signal to noise ratio, the concentration of the samples was set
between 0.0015 wt% and 0.25 wt%.

Sy (2.8)

2.3.7 Fluorescence Measurements

The fluorescence experiments were performed with a FP-8300 spectrometer from
Jasco (Jasco Labor- u. Datentechnik GmbH, Grof-Umstadt, Germany) equipped
with a Peltier temperature controlled sample holder for 4 samples. The temper-
ature equilibration time was 10 min for each sample and the excitation/emission
bandwidth was 2.5nm. The excitation of pyrene was carried out at 336 nm and the
fluorescence signal was detected in a range from 350 up to 500 nm with an accuracy
of 0.5nm. For the measurements microgel solutions with concentrations between
0.01 wt% and 0.1 wt% were mixed with a saturated pyrene solution (cpyrene = 6 tM)
and measured in 10 mm quartz Hellma cells.
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2.4 Results and Discussion

2.4.1 Imaging Techniques

The three different homopolymer microgels were deposited on Si-wafers, sputtered
with a thin layer of gold and imaged by scanning electron microscopy (SEM) as
represented in Figure 2.1. The diameters of the particles were graphically analyzed
leading to the size distributions displayed below the SEM images. It is clearly ob-
servable that the polydispersities of the microgel particles are very low in all cases.
Table 2.1 gives the averaged particle diameters Dsgyv and the respective standard
deviation obtained from the half width at half height of the distributions shown in
Figure 2.1.
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FIGURE 2.1: SEM images of the homopolymer microgels of

a) NNPAM, b) NIPAM and ¢) NIPMAM synthesized without surfac-

tant and the corresponding size distributions (d—f). The black lines
represent a Gaussian distribution function.

The corresponding height images of the three homopolymer particles observed
by atomic force microscopy (AFM) using tapping mode are represented in Figure 2.2,
and a summary of the obtained diameters D apm are also given in Table 2.1. From the
pictures, it is clear that both methods prove the low polydispersity of the particles.
However, a direct comparison of the measured particle radii reveals differences in
size for NNPAM and NIPAM depending on the imaging techniques which is used,
while, for NIPMAM, the results match within the experimental error (see Table 2.1).

TABLE 2.1: Particle diameters obtained by AFM and SEM. Addition-
ally, the relationship of the diameters to each other was calculated.

Microgel ﬁSEM/nm ﬁAFM/nm ESEM /ﬁAFM

NNPAM 467 £ 83 790 £71 0.59
NIPAM 461 £90 776 £79 0.59
NIPMAM 769 £90 786 + 89 0.98

The effect of the size differences can be caused by the network structure of the mi-
crogel particles in combination with substrate interactions and the way the images
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FIGURE 2.2: AFM images of the homopolymers of (a) NNPAM, (b)

NIPAM and (c) NIPMAM synthesized without surfactant and the cor-

responding size distributions (d—f). The black lines represent a Gaus-
sian distribution function.

are taken. In short, it is known that most acrylamide microgels exhibit an inhomoge-
neous distribution of the cross-linker due to a different polymerization rate of BIS in
contrast to the acrylamide monomers. Therefore, a BIS-gradient from a more dense
core to a less cross-linked shell is observed [35, 36, 37, 34]. If these microgels are now
deposited on a Si-wafer as substrate, the soft particles change their size due to the
drying process required for AFM and SEM. This results in a stiff core area (similar
to a hard sphere) and a thin, flat and less cross-linked outer shell. Depending on the
characteristics of the cross-linker gradient and on the imaging technique it is not pos-
sible to resolve all parts of the microgel particle. With SEM the thin fuzzy shell could
not be monitored (but the core) and the particles appear to be smaller than in reality.
In contrast to this, with AFM, it is possible to image very thin samples. Hence, it
can be assumed that NIPAM and NNPAM consist of a more dense core and a less
cross-linked shell while NIPMAM form more homogeneous microgel particles. A
more detailed analysis of the AFM height images of all three homopolymer particles
shows that, for all microgels, the diameter is nearly the same, while for PNIPMAM,
a larger vertical dimension is measurable (see Figure 2.3). This can be caused by
different effects like interactions with the substrate, the stiffness of the microgels or
even the molecular weight of the particle. However, unfortunately at this point, the
method does not clarify if the particles comprise a core-shell structure or not.

From the AFM measurements, it is also possible to obtain the phase images
which contain information on the rigidity of the material of observation [38]. There-
fore, a core-shell particle with different degrees of rigidity of the core and the shell
should be clearly identifiable. These phase images of the three homopolymer micro-
gels are presented in Figure 2.4.

These images reveal the presence of a defined core-shell structure in the case of
the PNNPAM and PNIPAM microgels (with a higher rigidity in the inner area of
the particles), whereas for PNIPMAM, a more homogeneous structure is observed.
A calculation of the inner diameter on the basis of the AFM phase images yields
a value of 483nm for PNNPAM and 461 nm for PNIPAM, which is in good agree-
ment with the results from the SEM measurements (see Table 2.1). Analyzing the
phase image of PNIPMAM results in a nearly uniform rigidity for the whole par-
ticles, and, as a consequence, these particles seem to consist of a weakly but rather
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FIGURE 2.3: From left to right: height profiles of (a) NNPAM, (b) NI-

PAM and (c) NIPMAM homopolymer microgels obtained from AFM

measurements in tapping mode. Each line represents one microgel

particle of the same sample. The samples are characterized in the
dried state.

FIGURE 2.4: Phase images of a) PNNPAM, b) PNIPAM and c¢) PNIP-
MAM homopolymer microgels obtained from AFM measurements.

homogeneously cross-linked network. However, it has to be mentioned here that the
imaging techniques AFM and SEM provide only a rough indication of the structure
of the particles and that the microgels are only characterized with these methods in
the dried state. Therefore, additional techniques to study the homopolymer particles
in bulk solution have to be used.

2.4.2 Static Light Scattering (SLS)

To obtain information about the microgel solution structure, static light scattering
experiments at a temperature of 15°C and in an angular range from 15° to 155°
were performed. The low measurement temperature was chosen to ensure that all
polymer particles are in the totally swollen state since the lower critical solution
temperature (LCST) of PNNPAM is about 21 °C. In Figure 2.5a, the absolute scat-
tering intensities as a function of the scattering vector ¢ and the corresponding fits
are illustrated.

A quantitative analysis of the scattering curves was done by using a homoge-
neous sphere form factor [39] as well as a fuzzy sphere form factor (Equation (2.9))
[17]. The homogeneous sphere model does not properly describe the intensity of the
first resolved form factor maximum, whereas the latter model is in very good agree-
ment with the experimental data (see Figure 2.5a). As an example for the differences
in the two form factor models, the scattering curves of PNIPMAM with the fits ob-
tained by the homogeneous and the fuzzy sphere model are shown in Figure 2.5b.
To take the size polydispersity of the particles into account, a Gaussian distribution
function for the radius R is assumed [17]:
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The fuzzy sphere model describes a microgel particle with two different zones.
The polymer density distribution of an inner area (core) can be described by means
of a radial boxprofile with the radius R},,x = R — 20. The outer zone (shell) is de-
scribed by an exponential density gradient. At the radius R, the polymer density
of the core is reduced to one half and o takes the cross-linking gradient into ac-
count. From the static light scattering experiment in combination with the fuzzy
sphere model, the radius of the whole particle with Ryaricle = R + 20 = Rpox + 40
is available, and, accordingly, the o-value in this equation provides information on
the inhomogeneity of cross-linking (low o: homogeneous sphere; high o: strong
gradient).

From the experimental data and the obtained values from the fits (see Table 2.2),
it is clear that all microgel particles exhibit an inhomogeneous density distribution
which is in agreement with other results from literature for PNIPAM [17, 40] and
PNIPMAM [41]. The form factor minimum at ¢uj, for PNNPAM and PNIPAM is
nearly at the same position (¢ = 1.73 x1072 nm~2/1.77 x10~2 nm~2), which indi-
cates that the particles have the same size. The gmin value for PNIPMAM is shifted
to smaller g-values (1.35 x10~2 nm~—2), and, therefore, the particle size is increased
compared to the others. The other obtained parameters from the fuzzy sphere model
for the radius of the homopolymer microgels, the polydispersity and the o-value, are
summarized in Table 2.2.

TABLE 2.2: Results from the fit of the experimental static light scat-
tering (SLS) data from the homopolymer microgels with the fuzzy
sphere form factor model.

MiCTOgel Qmin/(10_2nm_2) Rparticle /nm PDparticle/o/O o/nm

NNPAM 1.73 300 52 20
NIPAM 1.77 284 6.8 16
NIPMAM 1.35 464 5.6 67
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Notably, the homopolymer particles differ in size, although they have been pre-
pared under identical conditions. The obtained diameter for PNNPAM and PNI-
PAM is nearly the same (300 nm /284 nm), while PNIPMAM deviates (464 nm). This
can be explained by the differences in the molecular structure of the monomers and
hence with their polymerization rate (connected to the amount of precursor particles
build in the first step of the emulsion polymerization). NIPMAM has an additional
methyl group at the growing polymer radical and due to hyperconjugation a posi-
tive inductive effect (+1 - effect) causes a stabilization of the radical end. Therefore,
the growing polymer radical of NIPMAM is more stable in contrast to the radical
of NIPAM and NNPAM. Consequently, a lower amount of precursor particles is
formed at the beginning of the polymerization and the resulting particles are larger
at the end.

.« +I-Effect

0% “NH 07 “NH 07 “NH

H N N

FIGURE 2.6: Structural formulas of the various acrylamide radicals

during polymerisation (left to right: NNPAM, NIPAM and NIP-

MAM). In NIPMAM, the radical is stabilized by the methyl group

and its positive inductive effect, whereby the polymerization rate is
reduced.

The o value obtained from the fuzzy sphere analysis of the SLS measurements
(see Table 2.2 last column) yields an indication about the density gradient inside
the different homopolymer microgels. From this, a comparison of the whole parti-
cle radius Rpariicle in contrast to the compact core radius from the boxprofile Rpox
is possible. In the case of PNNPAM and PNIPAM the core engross nearly 75% of
the particle while for PNIPMAM it’s only about 42%. Therefore, three quarters of
the PNNPAM and PNIPAM particles are densely cross-linked in the core region and
exhibit a strong cross-linker gradient in a small outer shell. This core-shell struc-
ture matches with the results from the AFM measurements under the limitation in
AFM the microgels are in the totally collapsed state. For the microgel based on
PNIPMAM, there exists a smaller core area and the shell with a continuous, rather
flat cross-linker gradient, is more pronounced. This is in line with the AFM phase
images which show no rapid change in rigidity for these microgel particles.

But why are these particles so differently cross-linked? The reason for this is
the difference in the polymerization rates for the cross-linker BIS in combination
with the different acrylamide monomers. In the case of NIPMAM, the cross-linker
is mainly consumed at the beginning of the polymerization and builds oligomers
without a temperature sensitivity. Afterwards, due to the low polymerization rate
of NIPMAM, oligomers (and later particles) of this monomer with a low amount
of BIS are formed, leading to lowly cross-linked microgel particles. The pre-build
BIS-oligomers might later absorb to the growing PNIPMAM microgel due to hy-
drophobic interactions and maybe incorporated in the microgel network. The dis-
advantage of this oligomer/polymer building sequence is that a high amount of
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water-soluble polymer, which is not incorporated in the microgel particles, is gen-
erated. This assumption was confirmed by analyzing the amount of residual water-
soluble polymer after the purification (centrifugation) of the microgel particles. Us-
ing NIPMAM/BIS as monomers, nearly 50% of the generated polymer is not part
of the obtained microgel particles. For NNPAM and NIPAM, the amount of side-
product is between 10% and 19%. Thus, during the formation of the NIPMAM
particles compared to NNPAM and NIPAM, a significantly smaller amount of the
monomer is used and the cross-linking density deviates strongly between the differ-
ent homopolymer microgels.

2.4.3 Swelling Behavior
Photon Correlation Spectroscopy (PCS)

In a typical experiment, the particle motion in solution is analyzed and from this
the particle size can be calculated [29] if only translational diffusion is observed. To
ensure that this is the case, angle dependent PCS measurements of the microgels in
the swollen and collapsed state have been performed (PNNPAM: 15°C and 40°C;
PNIPAM: 20 °C and 50 °C; PNIPMAM: 30 °C and 60 °C) and the obtained mean re-
laxation rates I were plotted against ¢>. The analysis of the autocorrelation function
was done by inverse Laplace transformation (CONTIN) and also by the cumulant
method. The results obtained from both methods were the same. Hence, only the
values from CONTIN are presented in the following. As an example, the relax-
ation rate distribution of the collapsed homopolymer microgels at a g-value of 1.63
x1072nm™! is illustrated in Figure 2.7a.
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FIGURE 2.7: (a) PCS relaxation rate distribution of the collapsed ho-

mopolymer microgels; (b) Plot of the mean relaxation rate I' vs. ¢

and the corresponding linear regression to determine the transla-
tional diffusion coefficient D7

It is clearly visible that all microgel samples show a monomodal relaxation rate
distribution with a narrow full width at half maximum. Both facts confirm the pres-
ence of only one particle species with a low polydispersity. Therefore, the results
are in good agreement with those from the imaging techniques. An analogous be-
havior was found for all particles in the swollen and collapsed state at all scattering
angles. Plotting the relaxation rate as a function of the magnitude of the scatter-
ing vector ¢? results in a linear dependence which can be fitted by a line through
the origin (see Figure 2.7b). Hence, the monitored dynamic of the system is only
translational diffusion of the particles and from the slope of the linear fit the trans-
lational diffusion coefficient can be calculated. Using the Stokes-Einstein equation
(see Equation (2.1)), the hydrodynamic radius of the microgels was determined and
the results are summarized in Table 2.3. R}, for the swollen and collapsed PNNPAM
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and PNIPAM microgels, respectively, are identical within the experimental preci-
sion. In contrast, the value for PNIPMAM particles differs clearly. This is in good
agreement with the results from the SLS experiments.

From the particle size, the maximum swelling ratio amax according to Equa-
tion (2.10) can be calculated. In Equation (2.10), Vswollen and Veoltapsed Tepresent the
particle volume in the swollen and collapsed state, respectively. Based on the as-
sumption that the microgel particles are spherical, the swelling ratio amax is given

by:

3
. ‘/SWOHQII o Rh,swollen
Cmax = 7 = ] . (2.10)
collapsed Rh,collapsed

TABLE 2.3: Summary of the hydrodynamic radii of the homopolymer
microgels in the swollen and collapsed state in combination with the
maximum swelling ratio amax. The error of the radii corresponds to
an estimated deviation of 5%. This value includes not only the in-
accuracy of the measurement but also the very low polydispersity of

the sample.
MiCl'OgEI Rh,swollen /nm Rh,collapsed /nm QOmax
NNPAM 291 £ 15 146 £ 7 794+1.7
NIPAM 297 £ 15 139+ 7 9.8 +2.1
NIPMAM 431 £ 22 211 £11 8.5+ 1.8
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FIGURE 2.8: The swelling curves show the change of the microgel

hydrodynamic radius (a) and the swelling ratio « (b) as a function

of temperature for all three homopolymers. The graphs (c) and (d)

represent the numerically calculated first derivative of the swelling

curves. The point of inflection is the volume phase transition temper-
ature (VPTT) of the system.

To characterize the thermoresponsive behavior of the homopolymer microgels
and to determine the VPTT, temperature dependent measurement of the hydro-
dynamic radius were additionally performed. The respective swelling curves of
the homopolymer particles are illustrated in Figure 2.8a. In general, with increas-
ing temperature the solubility of the acrylamide polymer network decreases and
as a consequence the network collapses and the particle size is reduced. To deter-
mine the VPTT, an analysis of the point of inflection of the swelling curves was
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performed. For this purpose, the curves were first numerically differentiated (Fig-
ure 2.8c) and then the maximum of the derivative was determined. The obtained
values for the VPTT are 22.3°C for PNNPAM [42, 43, 44, 45], 33.7°C for PNIPAM
[46, 47, 48, 49, 50, 51, 52], 44.3 °C for PNIPMAM [31, 19, 18, 53, 54, 55, 56] and are in
good agreement with literature.

Further comparison of the homopolymer swelling curves or, rather, of the phase
transition width shows that PNNPAM particles exhibit a sharper transition than the
other two microgels. In a temperature range of 1°C (for PNNPAM between 22 and
23 °C) the hydrodynamic radius of the particles changes by about 48 % with respect
to the maximum volume. In the case of PNIPAM and PNIPMAM, the values are sig-
nificantly smaller with 16 % and 13 %. Due to the fact that the PNIPMAM particles
are generally larger than those made of PNNPAM and PNIPAM, the swelling ratio
a was used for a more detailed comparison. Therefore, in Equation (2.10) R} swollen
was replaced by R(T)3 which is the hydrodynamic radius at a given temperature.
The calculated values for a as a function of temperature and the corresponding first
derivatives are shown in Figure 2.8b,d.

The a vs. temperature curves are very similar compared to the swelling curves,
and the significant difference in the phase transition width is also clearly visible
in the numerical derivatives. Here, the maximum value for PNNPAM is signifi-
cantly increased compared to PNIPAM and PNIPMAM. Furthermore, the tempera-
ture range in which the phase transition occurs is very small. Thus, the transition
behavior of homopolymers based on NNPAM can be nearly described by a discon-
tinuous phase transition. It should be mentioned that this sharp phase transition
was also observed by Inomata et al. for PNNPAM macrogels [43].

The differences in the transition width can be explained by either the cross-linker
distribution in the network or by the chemical structure of the used monomers. As
discussed earlier (see section AFM and SLS), a pronounced cross-linker gradient in
the microgel particle would result in a sharp phase transition due to the simultane-
ous and fast collapse of a weakly cross-linked shell. However, as confirmed by AFM
and SLS, there is no significant difference between the homopolymer microgels of
NNPAM and NIPAM regarding the cross-linker distribution but as confirmed by
PCS these particles show a different phase transition behavior. Therefore, a strong
influence of the monomer chemical structure is likely. Here, the alkyl side chain is
similar for NIPAM and NIPMAM (branched isopropyl group) and differs from the
linear n-propyl group of NNPAM. It is reported in literature that the phase behav-
ior of linear polymers based on NIPAM [54] and NNPAM [57] also differ from each
other. In short, the results show that for PNIPAM the second virial coefficient de-
creases continuously at the ©-temperature (calculated from SLS measurements) in
a range of 8 °C, while, for PNNPAM, the change is more discontinuous. Further-
more, the aggregation behavior of linear polymer chains of NIPAM and NNPAM at
the O-temperature is different (determined by the hydrodynamic radius (PCS) and
the radius of gyration (SLS)). For PNNPAM, the chain aggregation occurs directly at
the ©-temperature. Contrarily, PNIPAM shows a continuous decrease in size until
a temperature of nearly 32 °C is reached. According to Ito et al. [57] and Kano et al.
[42] different structural effects cause the sharper phase transition of PNNPAM: the
n-propyl side chain is more flexible than the isopropyl group and a change in chain
conformation at the transition temperature is more likely to occur. This flexibility
of the n-alkyl chain additionally favors the breakup of hydrogen bonds between the
solvent and the amide group of the monomer. All in all the chemical structure of the
three monomers used here, play an important role with respect to the phase transi-
tion behavior of the synthesized homopolymer microgel particles.
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To verify the temperature dependent phase behavior observed from the light
scattering experiments, turbidity and later fluorescence measurements have also
been performed and subsequently compared with the results above.

Turbidity Measurements

For the following light attenuation measurements, a relatively slow temperature
ramp of 3°C/h in combination with a fast single-measurement time (less than one
second) was chosen to ensure that at any time of the measurement the microgel par-
ticles are in the equilibrium state. With this special method, it is possible to obtain, at
the same time, a higher amount of data points compared to common light scattering
experiments. Therefore, a precise analysis and evaluation of the phase transition of
the different homopolymer microgels is possible.

First of all, the light attenuation Drgo as a function of temperature at a wave-
length of 700 nm was measured. Before normalizing D7op with respect to the mi-
crogel concentration and the thickness of the cuvette (see Equation (2.8)), it has to
be confirmed that the light attenuation is independent of the sample concentration.
Therefore, UV /Vis measurements of the homopolymer microgels at different con-
centrations (between 0.0015 wt% and 0.0750 wt%) were performed and a plot of D~
as a function of concentration resulted in a line through origin which confirms the
validity of the Lambert-Beer law. Hence, the normalized light attenuation 799 can
be calculated and is further used for a direct comparison between the different ho-
mopolymer microgels in solution. In Figure 2.9, the swelling curves of PNIPAM,
PNNPAM and PNIPMAM homopolymers are shown.
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FIGURE 2.9: Normalized light attenuation d7oo at A = 700 nm for PN-

NPAM (black curve), PNIPAM (red curve) and PNIPMAM microgels

(blue curve) as a function of temperature measured by UV /Vis spec-
troscopy

At the VPTT, all microgel systems show an increase in the attenuation coefficient
0700, which is mainly caused by the change in refractive index as described in the the-
ory section. Remarkably, the d7o9 value at all temperatures for PNNPAM is slightly
higher than for PNIPAM although the particles nearly have the same size. There-
fore, the polymer based NNPAM exhibits a higher refractive index than PNIPAM.
The strong deviation of PNIPMAM from the other two homopolymers is also very
pronounced in the turbidity measurements, which is in line with the results from
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the other characterization methods. Here, the effect is mainly caused by the parti-
cle size (Rparticle from the SLS measurements: swollen state: PNNPAM/PNIPAM
~ 300nm/284nm; PNIPMAM =~ 464nm). Additionally, the PNNPAM microgel
shows a sharper phase transition compared to PNIPAM and PNIPMAM, which was
also observed in the light scattering experiments. From the high amount of data
points observed by this measurement technique, a more detailed analysis of the
phase transition and the determination of the VPTT is possible. The temperature
dependent light attenuation coefficients are first numerically differentiated, and the
numerically obtained derivative is subsequently fitted with an asymmetric Lorentz
function [20, 58]:

d(S)\ . 2a 1
dT ~ 7w(T) 1+ 4[(T — VPTT)/w(T)]?

(2.11)

o 211)0
"~ 1+exp[B(T — VPTT)]’

In these equations, a represents the peak area, wy the full width at half maxi-
mum, and B stands for the asymmetry of the function. At a value of zero for B, a
symmetric Lorentz function can be obtained. The results from the analysis of the first
derivative of the light attenuation curves and the corresponding asymmetric Lorentz
fits are shown in Figure 2.10. To provide a clearer presentation of the PNIPAM and
PNNPAM data, the curves are enlarged in the relevant temperature region (see Fig-
ure 2.10b). The obtained values of the transition temperature and the full width at
half maximum wq are listed in Table 2.4.
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FIGURE 2.10: Analysis of the phase transition of PNNPAM, PNI-

PAM and PNIPMAM microgels using UV /Vis spectroscopy. (a) first

derivative of the light attenuation coefficients with respect to tem-

perature as a function of temperature; (b) detailed image of the tem-

perature range between 25°C and 55°C relevant for PNIPAM and
PNIPMAM particles.

The VPTT of the homopolymer microgels are in good agreement with the val-
ues from the light scattering experiments. It is notable that the microgel based on
NNPAM generally exhibits a steeper phase transition compared to the other two
polymers. This fact is clearly visible in the UV /Vis spectra and also in the PCS mea-
surements.

Afterwards, the curves of the phase transition have been numerically differenti-
ated and fitted by the asymmetric Lorentz function from Equation (2.11). The calcu-
lated values for the VPTT and wy as a function of the microgel concentration are sum-
marized in Figure 2.11c,d. It is clearly visible that both parameters are independent
of the concentration. Only for PNIPAM at the lowest concentration of 0.0015 wt%, a
slight deviation of wy, is recognizable. This is due the low signal during the phase
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Spo/ (WE%-cm™)

VPTT/°C

TABLE 2.4: Volume phase transition temperatures of the homopoly-

mer microgels obtained by turbidity measurements. wq is the

full width at half maximum of the phase transition peak from the
Lorentz approximation.

Microgel VPTT/°C wo/°C

NNPAM 221+£0.1 0.06£0.01
NIPAM  33.0+0.1 3.124+0.01
NIPMAM 432+0.1 2.70+0.01

a) = 0.0015wt% = 0.0450 wt% b) = 0.0015wt% = 0.0450 wt%
154 = 0.0075wt% = 0.0600 wt% 154 = 0.0075wt% = 0.0600 wt%
= 0.0150wt% = 0.0750 wt% ) = 0.0150wt% = 0.0750 wt%
= 0.0300 wt% i = 0.0300 wt%
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FIGURE 2.11: Normalized light attenuation coefficients for PNNPAM

(a) and PNIPAM (b) microgels solutions with different concentrations

as a function of temperature (A = 700nm). In graphs (c) and (d),

a summary of the VPTTs and the wp-values for both microgels as a

function of sample concentration is given. The solid lines correspond

to the average value. It has to be mentioned that for PNIPAM the first
wop-value (0.0015 wt%) has been neglected.
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transition and the corresponding low change in the d7og value. Therefore, the respec-
tive data point in the plot of wp vS. cmicrogel Was neglected for the estimation of the
average value.

The presented concentration dependent measurements show that the light at-
tenuation and PCS experiments with respect to the phase transition behavior, the
VPTT, and wy are in good agreement. Therefore, the attenuation measurement is
well suited for the evaluation of the phase behavior of different microgel solutions
and is a good alternative to PCS.

Fluorescence Measurements

Until now, the phase transition behavior of the homopolymer microgels has been
characterized by PCS experiments (changes in the hydrodynamic properties) and
by turbidity measurements (changes in the scattering ability). But these two meth-
ods provide no information on the processes occurring on a molecular level inside
the microgel particle. One possibility to obtain knowledge about the interior of the
colloidal gel particles is to investigate polarity changes during the phase transition.
For this purpose, the homopolymers have been dispersed in a saturated solution of
pyrene and the phase behavior was followed by fluorescence spectroscopy. To our
knowledge, this technique was not yet applied to study the volume phase transition
of thermoresponsive microgels. However, the swelling behavior of a NIPAM-dye
copolymer system, where the dye molecule is covalently bound to a linear PNIPAM
chain, was investigated by Matsumura [59].

After illumination of a pure pyrene solution with light of a wavelength of 355 nm,
four characteristic fluorescence bands can be found. Here, the intensity ratio of Iy
at an emission wavelength of 372nm to /3 at 382nm depends on the polarity of the
environment. According to Kalyanasudaram et al. [60], the absolute value I; /I3 can
therefore serve as a direct measure of the environment polarity. Generally, if the
value Iy /I3 is high, the polarity is high and the environment is more hydrophilic.
However, the work of Kalyanasudaram is based on different pure solvents with
varying polarities where only the solvent molecules define the environment polar-
ity. In the case of a microgel solution, not only the solvent contributes to the over-
all polarity of the system but also the polymer. Here, part of the dissolved pyrene
molecules can be outside of the microgel particles (surrounded by pure solvent)
and another fraction of the pyrene is localized inside the gel network and the hy-
drophilic/hydrophobic character of the polymer chains also contributes. Therefore,
the measured intensity ratio I; /I3 will be always an average of both contributions.
In responsive microgels based on acrylamides, the hydrophobic properties increase
during the phase transition and so pyrene and the intensity ratio /; /I3 of the fluores-
cence bands can be used as a sensor to follow the local polarity inside the particles
during the phase transition [33, 61, 62, 63].

For the fluorescence experiments, a microgel concentration of 0.1 wt% in a satu-
rated pyrene solution was used and the I; /I3 ratio as a function of temperature was
measured. To ensure that the polymer system is in equilibrium at any point, an ad-
ditional waiting time of 10 min after every temperature step was chosen. The results
of the temperature dependent intensity ratios for the homopolymers of PNNPAM,
PNIPAM, PNIPMAM and the reference system pyrene are shown in Figure 2.12a.
Additionally, on the right hand side of Figure 2.12, the corresponding first deriva-
tive of the swelling curves are given.
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FIGURE 2.12: (a) Plot of the intensity ratio I; /I as a function of tem-

perature for PNNPAM, PNIPAM and NIPMAM solutions mixed with

pyrene as well as pure pyrene as reference; (b) To quantify the VPTT,

the first derivative of I; /I3 with respect to temperature as a function

of temperature is presented. The concentration of all microgel solu-
tions was 0.1 wt%.

The fluorescence based swelling curves of all three homopolymers clearly show
a decrease in polarity with an increase in temperature where the effect is most pro-
nounced at the VPTT. In this temperature region, the polymer network collapses and
changes its hydrophobicity. At the same time, one part of the pyrene molecules is
caged inside the gel network and the other fraction is of course expelled into the
solvent. The measured decrease in I; /I3 is not an absolute value for the polarity of
the particle interior (as described before), but the trend of the fluorescence swelling
curves is in good agreement with the results from the PCS and turbidity measure-
ments. This shows the feasibility of the study of the swelling behavior by the pre-
sented fluorescence technique. PNNPAM again shows the steepest phase transition
compared to PNIPAM and PNIPMAM, which is related to a dramatic change from
a hydrophilic to a more hydrophobic structure connected with a strong decrease in
particle size.

A closer look at the phase transition curves in Figure 2.12 shows an additional
slight decrease in the intensity ratio before and after the VPTT. This change in I; /I3
with increasing temperature is also observable for the pure pyrene solution. The
reason for this is a reduction of the dielectric constant of the solvent as a function of
temperature and as a consequence, the interactions between pyrene and the water
molecules are reduced [64]. Hence, the slight linear decrease in the intensity ratio
before and after the VPTT is not caused by the collapse of the microgel particles, but
by the interactions of pyrene with the solvent.

The absolute values for I; /I3 in the swollen as well as in the collapsed state of the
microgels decrease from PNIPMAM over PNIPAM to PNNPAM. This suggests that
the hydrophilic character of the polymers is more pronounced for PNIPMAM and
the lowest for PNNPAM. This trend is consistent with the location of the VPTTs, and
here the transition temperature is higher for more hydrophilic polymers. Winnik et
al. [65] observed a similar behavior for linear PNIPAM copolymerized with different
hydrophobic N-n-alkyl acrylamides. The absolute value for I; /I3 decreased with an
increasing content of the hydrophobic comonomer.

To check if there is a saturation concentration of the microgel particles inter-
acting with pyrene, microgel concentration dependent fluorescence measurements
were performed to determine the change in I;/I3. The results are summarized in
Figure 2.13. The left graph shows that, for the microgel particles in the collapsed
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state, the intensity ratio decreases continuously with increasing microgel concentra-
tion until a certain threshold value is reached. This can be attributed to the effect
that at higher microgel concentrations more particles are available to interact with
the pyrene molecules. As soon as a concentration of 0.050 wt% is reached, the in-
tensity ratio shows the similar behavior. Accordingly, measurements performed at
these concentrations, can be easily compared. In contrast to this the microgel /pyrene
mixtures show at low temperatures nearly no temperature dependent behavior.
Based on all results shown in this section, it is clear that the hydrophilicity of the
microgel particles increases from monomer NNPAM to NIPAM to NIPMAM.
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FIGURE 2.13: Plot of the intensity ratio I; /I3 as a function of temper-

ature for PNNPAM microgel solutions with different concentrations

(left). Additionally, the concentration dependent change in I /I3 for
the swollen and collapsed microgel is shown (right).

2.5 Conclusions

We have studied the influence of the monomer structure on the properties of the
respective synthesized microgels employing the monomers NNPAM, NIPAM and
NIPMAM. The used experimental conditions were identical for all three microgel
types. PNNPAM microgels are found to stand out since they exhibit a very sharp
VPT. However, concerning particle size and cross-linker gradient, PNNPAM and
PNIPAM microgels are very similar. Both are found to exhibit a core-shell struc-
ture with a harder, strongly cross-linked core and a fuzzy shell. PNIPMAM particles
are much more homogeneous, which was revealed in the AFM phase images. This
points to a different formation mechanism of the PNIPMAM microgels. Moreover,
we have shown that fluorescence measurements with pyrene as a probe can be ap-
plied to follow the volume phase transition of smart microgels.
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3.1 Abstract

We investigated the influence of two anionic surfactants, namely sodium dodecyl
sulfate (SDS) and sodium decyl sulfate (SDeS) on acrylamide based microgels con-
sisting of N-n-propylacrylamide (NnPAM). In this context the main focus was on
the influence of the surfactant addition on the size of the microgels. The surfactant
was added to the reaction mixture, before or during the polymerization at different
points in time. Microgels were characterized via photon correlation spectroscopy
and atomic force microscopy (AFM). All results were compared to other more com-
mon acrylamide based microgels, consisting of N-isopropylacrylamide (NIPAM)
and N-isopropylmethacrylamide (NIPMAM). A significant difference between the
three microgels and a strong dependence on the surface activity of the surfactant
was found.

3.2 Introduction

Several acrylamide based microgels exhibit changes in size triggered by external
stimuli as temperature and pH, for instance. This interesting behavior granted them
the name smart microgels [1, 2, 3, 4, 5]. Due to their stimulus response they are con-
sidered for a lot of different applications ranging from the biomedical field [6, 7, 8, 9],
to photonics [10, 11, 12, 13, 14, 15], surface modification [16, 17], nanoparticle con-
tainer [18, 19] or uptake and release [20, 21]. More information can be found in
recent reviews [6, 22, 23, 24]. Especially in the context of applications concerning op-
tical properties of hybrid systems it is important to control and tune the size of the
microgels during the synthesis. A very distinguished example for this importance
was given by Serpe et al. They described the design of etalons from gold coated
substrates[25]. Additionally tuning the particle size of acrylamide microgels broad-
ens their scope of applicability [2]. Pelton et al. have shown in 1993 how the size of
microgels based on poly (N-isopropylacrylamide) (PNIPAM) can be influenced by
the addition of SDS [26]. For particles based on poly (N-isopropylmethacrylamide)
(PNIPMAM) the influence of several surfactants on the size of the obtained colloidal
microgels was studied by von Nessen et al. [27]. Recently, we started to study micro-
gels based on the monomer N-n-propylacrylamide [28, 29] (NnPAM). This monomer
yields microgels with a very sharp and steep change in size upon changes in tem-
perature [29] and might therefore be used for more precise sensors, compared to
the other mentioned systems. From a physical chemistry point of view this steep
change in size might indicate a discontinuous phase transition in these microgels.
However, this issue will be addressed in a different work. Moreover, NnPAM can be
copolymerized with NIPMAM leading to a tuneability of the phase transition tem-
perature between 21 ° (lower critical solution temperature (LCST) of PNnPAM) and
44 ° (LCST of PNIPMAM) [28]. Due to these promising properties it is of interest to
achieve size control also in the synthesis of these non-NIPAM based microgels. One
of the most prominent anionic surfactants for microgel synthesis is sodium dode-
cyl sulfate (SDS). The main aim of this study was the investigation of the influence
of SDS on the synthesis of NnPAM microgels. Therefore, we synthesized NnPAM
microgels in presence of different amounts of SDS. Moreover, we also used sodium
decyl sulfate (SDeS) aiming at scrutinizing changes in the obtained particle proper-
ties caused by the different length of the alkyl chain of the surfactant. The results for
PNnPAM microgels are compared to data for PNIPAM and PNIPMAM particles.
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3.3 Materials and Methods

3.3.1 Chemicals

N-isopropylacrylamide (Sigma-Aldrich Chemie GmbH, Munich, Germany, 97 %)
and N-isopropylmeth-acrylamide (Sigma-Aldrich Chemie GmbH, Munich, Germany,
97 %) were recrystallized from n—hexane. Acryloylchloride (Sigma-AldrichChemie
GmbH, Munich, Germany, 98 %), n—propylamine (Fluka, Buchs, Switzerland 99 %),
triethylamine (Griissing, Filsum, Germany 99 %), dichloromethane (p.A.), Ammo-
nium persulfate (Sigma-Aldrich Chemie GmbH, Munich, Germany, > 98 %) N,N’-
methylenebisacrylamide (Sigma-Aldrich Chemie GmbH, Munich, Germany, 99 %),
Sodium dodecyl sulfate (Sigma-Aldrich Chemie GmbH, Munich, Germany, > 99 %)
and Sodium decyl sulfate (Sigma-Aldrich Munich, Germany, >99 %) were used
without purification. Water was purified using an Arium ®pro VF system (Sato-
rius Stedim Systems GmbH, Goéttingen, Germany). [28, 29, 30]

3.3.2 Synthesis of the Homopolymer Microgels

All microgels were synthesized via precipitation polymerization following the first
published PNIPAM microgel synthesis [31]. All syntheses were performed in a
250 mL three-neck flask equipped with a reflux condenser, mechanical stirrer and
a nitrogen inlet. The respective monomers (total amount 11.55 mmol) and the cross
linker (N,N’-methylenebisacrylamide (BIS), 0.6 mmol, 5.4 mol%) were dissolved in
150 mL puritied water. After heating up to 70 ° the solution was purged with nitro-
gen for one hour. The respective surfactant was added 10 min before the initiation
of the polymerization. In case of SDS concentrations of 0mM, 0.17 mM, 0.35mM,
0.69mM, 1.11mM, 1.68 mM and 2.08 mM were used. The employed SDeS concen-
trations in the synthesis were 1.11mM, 3.75mM, 7.5mM and 12.5mM. Further-
more samples were prepared, in which SDS was added shortly after the initiation.
The exact addition times were 15s, 30s, 60s, 90s, 120s, 210s, 300s and 900s. After
the initiation the reaction mixture was stirred for four hours at 70 °, then cooled to
room temperature and stirred overnight. The resulting microgels were cleaned by
five consecutive centrifugation, decantation and redispersion cycles using purified
water. After the first centrifugation cycle the supernatant of each synthesis batch
was dried and the remaining mass was analyzed gravimetrically.

3.3.3 PCS measurements

Particle sizes were determined using photon correlation spectroscopy applied to
highly diluted samples (¢ <0.001 wt%). Measurements of the particle size as a func-
tion of the temperature were performed using a diode laser (wave length A =661.4nm,
Toptica Photonics, Graefelfing, Germany) and an ALV-6010 multiple-7-correlator
(ALV-GmbH, Langen, Germany). We used a scattering angle of 60° to avoid the
observation of internal contributions. At higher scattering angles one may also ap-
proach the form factor minimum, which is typically in the range of 90 ° for micro-
gels. The scattered light was collected by a single mode fiber connected to the pho-
tomultiplier tubes of an ALV detection unit and the temperature was controlled by
a thermostated decaline bath. At each temperature the samples were allowed to
equilibrate for 20 min. The hydrodynamic radii in the collapsed state were deter-
mined via angle-dependent PCS measurements with an ALV goniometer setup us-
ing an argon ion LASER (A =514.5nm, Spectra Physics 2017, Darmstadt, Germany)
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operated with a constant output power and an ALV-5000/E multiple-r-digital cor-
relator (ALV-GmbH, Langen, Germany). In all cases the obtained time-correlation-
functions of the scattered intensity were converted into the field correlation function
g'(t) using the SIEGERT relation.

The different g'(t) curves were subsequently analyzed using inverse Laplace
transformations by means of CONTIN [32]. This is based on the following descrip-
tion of g'(¢).

gt(t) = /G(F)eazp(—Ft)dF (3.1)

Hence, Laplace inversion yields the relaxation rate distribution G(I') and the av-
erage relaxation rate I'. The average relaxation rate I'can be plotted versus ¢” leading
to a linear dependence with the translational diffusion coefficient as slope.

T=D" ¢ (3.2)

The magnitude of the scattering vector ¢ can be described by ¢ = 47n/\-sin(6/2)
with the refractive index n of the solvent and the scattering angle 6. Deviations from
the linear behavior might indicate additional dynamic contributions to the decay of
the g'(t) curves by several different particle species, rotation or internal modes, for
instance. [33]

3.3.4 Atomic force microscopy

AFM measurements were performed on a Nanoscope III microscope (Digital Instru-
ments, now Bruker, Karlsruhe, Germany) at room temperature in tapping mode. The
cantilevers (Tap300 Al-G, Budget Sensors, Innovative Solutions Bulgaria Ltd., Sofia,
Bulgaria) had a radius < 10nm and a frequency of 300 kH z and a spring constant of
40 N/m. For the sample preparation a silicon wafer (Siegert Wafer GmbH, Aachen,
Germany) was coated with 50 ;L of a diluted microgel suspension and dried at room
temperature in the air.

3.4 Results and Discussion

3.4.1 Influence of surfactant on the particle size

We used photon correlation spectroscopy to study the swelling behavior and the size
of PNnPAM microgels prepared in presence of increasing amounts of SDS between
0mM and 2.08 mM. All SDS concentrations were far below the bulk cmc value of
SDS. [34] These results were subsequently compared to the behavior of PNIPAM
and PNIPMAM microgels. Figure 3.1 shows some examplary swelling curves of the
obtained PNnPAM microgels. These swelling curves are very similar to other re-
sponsive microgels [27, 35] but in contrast the transition is very steep and sharp. Es-
pecially the PNnPAM microgels synthesized without surfactant show a very rapid
change in the hydrodynamic radius. The broadening of the phase transition for
higher SDS concentrations could indicate a different cross-linker distribution. How-
ever, PNnPAM microgels might exhibit a discontinuous phase transition. Such a
behavior was not yet observed in other microgels.
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FIGURE 3.1: Swelling curves of PNnPAM microgels synthesized in
presence of different SDS concentrations (squares) = 0mM, circles
= 0.17mM, triangles = 0.69 mM, diamonds = 2.08 mM

We observed a decrease in particle radius from 150 nm to 30 nm in the collapsed
state (see Fig.3.2). The relation between PNnPAM particle size and surfactant con-
centration was similar to the results previously published for PNIPAM and PNIP-
MAM microgels [26, 27] with a remarkably great difference in the reduction of the
hydrodynamic radius. We synthesized PNIPAM and PNIPMAM microgels under
identical conditions to compare the influence of SDS on the particle size in the col-
lapsed state. While the radius of PNnPAM microgels decreased by around 81 %
upon addition of increasing amounts of SDS the size reduction for PNIPAM micro-
gels is 70 %. The size reduction for PNIPMAM microgels was only about 53 %. In
addition, it should be noted that for SDS concentrations of 0.69 mM and 2.08 mAM
SDS PNnPAM nanogels were obtained despite of the fact that the “classical” Pelton
synthesis was used and no functionalized comonomers were added.

We assume that the structural difference of the side chains between PNIPAM,
PNIPMAM and PNnPAM gives rise to a more pronounced influence of the surfac-
tant on the stabilization of the precursor particles during an early stage of the micro-
gel formation. Due to the higher hydrophobicity of small PNnPAM oligomer chains
compared to PNIPAM, the stabilization of the mentioned precursors starts at lower
chain lengths of the oligomers. Therefore, the number of growing particles in the
early stage of the process is probably substantially higher for PNnPAM compared
to PNIPAM and PNIPMAM microgels. The resulting particles are consequently
smaller. This assumption is confirmed when the influence of smaller amounts of
surfactant is studied. The effect of the SDS is modest for PNIPAM microgels at
low concentrations, e.g. 0.17 mM, whereas PNnPAM microgels become significantly
smaller in presence of 0.17 mM SDS. Given the results for the influence of SDS on the
hydrodynamic radius of PNnPAM microgels we expected the same trend for the ad-
dition of SDeS to the microgel reaction mixture. The results are plotted in Figure 3.3.
The influence of SDeS on the particle size was, taking the lower surface activity of
SDeS into account, equal to the effect of SDS addition. The inferior surface activity of
SDeS can be quantified if the cmc of SDeS is compared with the cmc of SDS. (33 mM
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FIGURE 3.2: Hydrodynamic radius of fully collapsed PNIP-

MAM(squares), PNIPAM(circles) and PNnPAM (triangles) microgels

as a function of SDS concentration, present during the microgel syn-

thesis. The hydrodynamic radius was measured and calculated via
angle dependent photon correlation spectroscopy

vs. 8.3mM). [34] It was not possible to normalize the particle size, when the sur-
factant concentrations are divided with the cmc, though. The reason for this is that
the addition of large amounts of SDeS, that lead to particles comparable in size with
particles synthesized with the rather moderate SDS concentrations, cause a substan-
tial higher ionic strength in the batch synthesis. This also influences the particle size,
as it leads to a higher aggregation rate in the early synthesis phase. Therefore, we
obtain smaller particles when SDS is used as surfactant in the emulsion polymeriza-
tion.

3.4.2 Influence of the moment of surfactant addition

Up to this point the presented results focused on the influence of anionic surfactants
on the formation and swelling behavior if the surfactant is added before the initia-
tion of the polymerization. However, it is well known that the process of microgel
formation has different steps. It is still under investigation, at which stage of the mi-
crogel formation the surfactant has the greatest influence. Two possibilities appear
to be most likely. The first possibility is the stabilization of early precursor particles
as mentioned above due to the surface activity of anionic surfactants. The second
possibility is the action of a surfactant at a later stage of the reaction, where the
surfactant molecules influence the interfacial tension between the growing microgel
particles and the monomer solution and control the incorporation of monomer units
and small oligomer chains. We investigated these phenomena by adding SDS to the
proceeding synthesis of PNnPAM at different points in time. As shown before [29]
NnPAM has a polymerization velocity compareable to NIPAM [36]. The particle for-
mation seems to be finished after approximately 20 min. Therefore, we choose the
following points in time for the addition of SDS to the ongoing synthesis: 15s, 30,
60s,90s,120s, 210s, 300 s and 900 s. The resulting particle dispersions were investi-
gated by angle-dependent photon correlation spectroscopy. The averaged relaxation



3.4. Results and Discussion 45

180

160
140%

120 4

Eﬂ]ﬂ—;ﬁ
< 1T
BU-‘ i @
EU—’ =]
[ ] o 0
| o
401 o m o
Y

20

I
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0
JmM

csurfactsn

FIGURE 3.3: Hydrodynamic radius of fully collapsed PNnPAM (cir-

cles) and PNIPAM (squares) particles as a function of the surfactant

concentration during the synthesis: SDS (filled symbols) and SDeS
(hollow symbols)

rates I', which were obtained for the 8 different synthesis batches, are plotted vs. the
square of the magnitude of the scattering vector ¢ in Figure 3.4. For a system with
only one population of particles in solution a linear dependence between I' and ¢
should be detected(see eq. 3.2). Even for the sample where SDS was added 15 safter
initiation a slight deviation from the expected linear dependence is observed. This
effect increases for the following points of time and the maximal deviation is reached
when SDS is added 210's after starting the polymerization. Hence, it is evident that
the addition time of SDS has a drastic influence on the obtained results. An SDS ad-
dition after 300 s and 900 s seems to have a minor influence on the resulting particles
compared to the previous points in time. We conclude that the influence of SDS dur-
ing the aggregation phase in the early synthesis procedure is more important than
the influence of the surface tension during the growth of the collapsed microgel par-
ticles.

The influence of SDS is very pronounced for the addition time points from 30's
up to 210s as during this period initiation and oligomer formation occur and pre-
cursor particles are formed. SDS stabilizes oligomers to new precursor particles at
lower chain length and precursor particles, which were formed before the surfactant
addition, due to a high surface charge, as well. Therefore we expect two types of
particles in the reaction, differing in size. One small particle species representing the
precursors that were formed after the addition of SDS at lower chain lengths and a
large particle species representing the precursors that were formed before the SDS
addition and are stabilized by SDS after their collapse. Concerning the time point
of SDS addition the fraction of the 2nd particle species should be higher when the
interval between initiation and SDS addition is increased. To verify this assump-
tion we used atomic force microscopy (AFM). As an example Figure 3.5 shows the
AFM height profiles for the representative addition times 60s, 120 s and 300s. The
obtained results confirm the idea that an addition of SDS at different time points
during the synthesis leads to the formation of two particle species, as we obtain two
noticeably different particle sizes in the AFM images for the addition times of 60s
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FIGURE 3.4: Relaxation rates of PNnPAM microgels against the

square of the magnitude of the scattering vector. The microgels were

synthesised with SDS addition to the proceeding reaction after the
mentioned times.

and 120s. The nucleation phase seems to be finished early in the synthesis process,
as there is only one species left in the AFM images of the PNnPAM microgels with
an addition time of 300s.

The data clearly reveal the importance of SDS addition during the nucleation
process of the PNnPAM microgel synthesis. The size distribution of the resulting
particles is controlled by the time interval between initiation of the reaction and the
SDS addition. To investigate the influence of SDS in the secondary particle growth
later during the synthesis process, we analyzed the size of the 2nd particle species,
which seems to be formed before SDS has a crucial influence on the particle nucle-
ation. The particle size of these microgels was extracted from the height profiles of
the AFM measurements and can be compared to the particle sizes obtained from an
analogous surfactant free synthesis. Figure 3.6 shows the results we obtained for
SDS addition during the synthesis. Clearly the interfacial tension of the growing
particles plays an important role for the particle size as well. Compared with the
particle size obtained by surfactant free synthesis (solid line in Figure 3.6) all PN-
nPAM microgels are substantially smaller. After an addition time of 120s a plateau
is reached. Even if the particle nucleation phase is finished before the addition of
SDS, the particle size is only about one third of the size, that the particles have when
no SDS is added to the polymerization.

A possible explanation for the limit in size might be the assembly of surfactant
molecules on the microgel surface or in the microgel (see supplementary informa-
tion). The surface charge of the growing particles is increased and small oligomer
chains and monomers cannot be adsorbed onto the particles. Therefore, important
amounts of water soluble, small polymers are produced as side products, by chain
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termination reactions. These small polymer chains were not found to precipitate
during the reaction. The resulting water soluble polymers can be analyzed during
the purification process by a gravimetrical determination of the mass of PNnPAM
in the supernatant of the first centrifugation cycle. Compared to PNIPAM, in the
reaction mixture of the PNnPAM particles a higher amount of water soluble un-
crosslinked polymer is present at the end of the synthesis. This is in accordance
with the results we obtained for the VPTT shift and the particle size, because the
interaction of surfactant molecules and microgel particles is stronger for PNnPAM.
Consequently, the influence of SDS on the size of PNIPAM particles after the nu-
cleation phase seems to be less pronounced or even does not exist. To confirm our
observations we studied the influence of SDS and SDeS on the VPTT of premade
microgels. [37, 38] The volume phase transition temperature of the purified particles
changes upon addition of anionic surfactant. [38] These changes can be described
by a mastercurve, which we obtained by normalization of the VPTT data by the
surfactant cmc (see supplementary information).

3.5 Conclusions

This study shows the influence of anionic surfactants on the precipitation polymer-
ization process of PNnPAM microgels. In the first part we focused on the parti-
cle size. Good control of the PNnPAM particle size was achieved by changing the
SDS or SDeS concentration. At high amounts of surfactant nanogels were obtained.
The results were compared to the data obtained for homologous microgels based on
PNIPAM and PNIPMAM. We found that the influence of anionic surfactants on the
formation of PNnPAM microgels is stronger than for PNIPAM and PNIPMAM par-
ticles. This can be explained by the very strong interaction between the amphiphilic
surfactant molecules and the PNnPAM particles. In the early reaction phase smaller
particles, with a substantially lower surface charge can be stabilized. In addition
there is an important interaction between SDS and the growing particles during the
secondary growth phase that limits the size of PNnPAM microgels. The difference
between the n-propyl group and the isopropyl group in the side chains seems to have
a crucial influence on the hydrophobicity of the resulting particles. But not only the
chemical structure of the monomers plays an important role for the interaction be-
tween surfactant and microgel during and after the synthesis. The chain length of
the anionic surfactant and hence the strength of the surface activity is important, too.
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4.1 Abstract

Cultivation of adherently growing cells in artificial environments is of utmost impor-
tance in medicine and biotechnology to accomplish in vitro drug screening or to in-
vestigate disease mechanisms. Precise cell manipulation, like localized control over
adhesion, is required to expand cells, to establish cell models for novel therapies and
to perform non-invasive cell experiments. To this end, we developed a method of
gentle, local lift-off of mammalian cells using polymer surfaces which are reversibly
and repeatedly switchable between a cell-attractive and a cell-repellent state. This
property was introduced through micropatterned thermoresponsive polymer coat-
ings formed from colloidal microgels. Patterning was obtained through automated
nanodispensing or microcontact printing, making use of unspecific electrostatic in-
teractions between microgels and substrates. This process is much more robust
against ambient conditions than covalent coupling, thus lending itself to up-scaling.
As an example, wound healing assays were accomplished at 37 °C with highly in-
creased precision in microfluidic environments.

4.2 Introduction

The promises of novel therapeutic approaches, diagnostic tools and test systems that
utilize cells for assessing the efficacy or the toxicity of compounds are about to show
their first benefits [1, 2]. However, substantial obstacles are still limiting a broad ap-
plication of cell-based systems. These limitations do not necessarily lie in a limited
understanding of basic aspects of the biological context. They rather result from an
inability to ensure and maintain the quality and reliability levels of cell material that
are mandatory for clinical applications and pharmaceutical research. A key aspect in
this context is the non-invasive treatment and reliable and reproducible processing
of adherent cells. For improving the reliability and accuracy of cell assays as well
as for cell expansion, the control of cell adhesion is crucial. This includes the thor-
ough detachment of cells from their substrate. Crude mechanical scratching or the
use of enzyme solutions, which both heavily impair cell viability [3], are still stan-
dard methods for removing adherent cells from the culture surface. A much more
gentle approach that does not affect the quality of the cells makes use of surface
coatings from thermoresponsive polymers [4, 5]. Such coatings mediate protein-
and therefore cell adhesion above the lower critical solution temperature (LCST),
where the polymer is in a collapsed state. Below the LCST, the polymer changes to
a hydrated and expanded configuration, thus disallowing protein binding and re-
sulting in cell repulsion [6, 7, 8, 9, 10]. The most popular thermoresponsive polymer
poly(N-isopropylacrylamide) (PNIPAM) has a LCST of 32 °C. Hence, cell cultivation
on PNIPAM coatings is straightforward at 37 °C and decreasing the temperature be-
low the LCST initiates cell detachment from the substrate for further use. Okano et
al. pioneered this concept over the last two decades, focusing on applications in re-
generative medicine. Various coating techniques have been reported using grafting-
from approaches, like surface-initiated ATRP (atom transfer radical polymerization)
or electron beam-induced graft polymerization [11, 12], or grafting-to approaches
using covalent coupling on gold substrates [13]. However, the fabrication of these
coatings requires expensive equipment, e. g. specialized gaseous atmospheres, and
lacks the flexibility necessary for adapting the coating properties to the wide range
of adhesion behaviors of the cell types of interest. Recently, we introduced thermore-
sponsive PNIPAM microgels as a coating material [14]. Thermoresponsive microgel
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coatings show a number of advantages over layer formats where the polymer is teth-
ered directly to the substrate [15, 16]. The microgel that we employed for coating has
a diameter of several hundreds of nanometers. This size is sufficient to ensure firm
immobilization to common surface materials through nonspecific electrostatic and
van der Waals interaction. A thin poly(ethyleneimine) (PEI) base serves to stabi-
lize the layer. This allows the use of very simple immobilization methods, such as
dipping the substrate into a microgel solution, spraying or spin-coating suitable so-
lutions, and hence increases the flexibility for producing a wide range of coating pat-
terns. As an example, we address one challenging requirement for establishing new
cell assays: enabling the localized and reproducible control of cell adhesion with-
out inflicting cell injury. This need is very prominent for popular cell tests like the
wound healing assay [17]. Here, collective cell migration is studied under a variety
of conditions, e.g. the effect of drug candidates [18, 19]. A cell-free area representing
the wound is generated within a cell monolayer to observe its resettlement. Next
to standard procedures, like local cell scratching, several protocols for selective cell
detachment have been suggested: Kolesnikova et al. applied a laser-induced pat-
terning of a confluent cell layer growing on gold nanoparticles [20]. Pasparakis et
al. exposed a cell layer to light through a structured mask to locally ablate a cell
adhesion-mediating coating [21]. Besides light-triggered cell detachment, electro-
chemical triggers were also reported. Surfaces of Raghavan et al. for example can be
switched from a cell-repellent to a cell-attractive state [22]. Although these cell de-
tachments were localized, they are not reversible and partly cell invasive. Here, we
demonstrate the fabrication of patterned thermoresponsive microgel coatings em-
ploying automated nanodispensing and microcontact printing (4CP). We utilized
both methods to generate spots with a feature size of 200 L and show the selective
control of cell adhesion on coated versus uncoated areas. In contrast to other meth-
ods, clear boundaries between cell-populated and bare areas can be produced with
high definition and without producing ill-defined cell debris. Finally a cell assay is
described that assesses the migration activity of cells, thus demonstrating the con-
siderable potential of patterned thermoresponsive microgel coatings for designing
novel tools for the analysis of adherent cells.

4.3 Materials and Methods

4.3.1 Microgel synthesis

N-isopropylacrylamide (NIPAM; Sigma Aldrich 97 %) was recrystallized in n-hexane.
Acrylic acid (AA; Merck 99 %) was freed from the stabilizer 4-methoxyphenol using
a column packed with aluminum oxide, basic (Alox B, Macherey & Nagel). The radi-
cal initiator ammonium persulfate (APS; Sigma-Aldrich, > 99 %) and the cross-linker
N,N’-methylenebisacrylamide (BIS; Sigma-Aldrich, 99 %) were used without further
purification. Water was purified using an Arium®pro VF system (Satorius Stedim).
The homopolymer microgel of NIPAM (MZ140) and the copolymer microgel of NI-
PAM and acrylic acid (MZ160) with a monomer ratio of 99 : 1 were synthesized
through a precipitation reaction. All syntheses were performed in a 250 mL three-
neck flask equipped with a reflux condenser, a mechanical stirrer and a nitrogen
inlet. For the synthesis of the homopolymer microgel MZ140 and the copolymer mi-
crogel MZ160, the thermoresponsive compounds NIPAM (10.568 mmol, 1.196 g) and
BIS (0.98 mmol, 0.151 g) (total amount of thermoresponsive compounds 11.548 mmol)
were dissolved in 150 mL purified water. The solution was heated up to 70 °C under
continuous stirring and purged with nitrogen. In case of the copolymer synthesis,
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1mol% acrylic acid (0.116 mmol, 0.036 g) was added after 50 min. All polymeriza-
tion reactions were initiated after 1h of heating and stirring under nitrogen gas flow
by the addition of APS (0.41 mmol, 0.096 g) dissolved in 1 mL water. The polymer-
ization reaction proceeded for 4h at 70 °C. Afterwards, the reaction medium was
cooled to room temperature and stirred overnight. Both microgels were cleaned
from reaction by-products and impurities through five successive centrifugation,
decantation and redispersion steps using purified water. The sample names and
the related chemical composition of the microgels are shown in Table 4.1.

TABLE 4.1: Monomer content of themicrogels.

Samplename lepAM/g mB[S/g CB[S/IDOI% mAA/g CAA/HlOI%

MZ140 1.196 0.151 8.486 0 0
MZ160 1.196 0.151 8.486 0.0096 1.133

4.3.2 Photon Correlation Spectroscopy (PCS)

Particle sizes and volume phase transition temperatures were measured at a fixed
scattering angle of # = 60° using a diode LASER (Toptica Photonics AG) with a
wavelength of A\ = 661.4nm and a fast correlator (ALV-6010, ALV GmbH) with a
thermostat bath (Haake Phoenix II, Thermo Scientific). All measurements were per-
formed on a highly diluted sample with a concentration of ¢ < 0.001 wt% in cylin-
drical quartz cuvettes (Hellma GmbH & Co. KG) with an outer diameter of 10 mm.
The samples were thermally equilibrated for 15 min prior to the measurement.

4.3.3 Local microgel coating
Ink-jet printing

The microgel spots were deposited using a nano-plotter (NP2.1, GeSiM, Germany)
equipped with a piezo dispenser (Nano-Tip A, GeSiM, Germany). For each spot,
300 pL were dispensed with a distance of 500 um to cover an area of 1em?. Two
different kinds of target substrates were used for microgel dispensing: 1) Glass
cover slips (20 x 20 mm?, Menzel, Germany) were cleaned with 5% Hellmanex III
(Hellmanex Analytics, Germany) for 5h followed by rinsing with deionized water.
Subsequently, the glass substrates were dipped into 1% poly(ethylenimine) solu-
tion (PEI, Sigma Aldrich, Germany) for 10s followed by a drying step using an air
stream. 2) Cyclo olefin polymer substrates (COP or Zeonex) were purchased from
culture purposes. The static contact angles of COP and PEI-modified glass substrates
were measured with a contact angle measuring system G10 (Kriiss Surface Science,
Germany).

Microcontact printing

The microcontact printing of the microgel was performed using the 4CP3 in com-
bination with a poly(dimethylsiloxane) stamp (all GeSiM, Germany). The stamp
structure consisted of a pillar array with 200 ym diameter each and a pillar-to-pillar
distance of 83 um. For inking, the stamp was put into a reservoir with 1.4 wt% mi-
crogel suspension and incubated for 300 s. Afterwards, the stamp was dried with an
air stream and then pressed to a PEI-modified glass substrate for 120s.
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4.3.4 AFM analysis

Atomic force microscopy (AFM) images of dried samples were obtained using a
commercial AFM (Dimension 3100 equipped with a NanoScope V controller from
Bruker AXS Inc., USA) operating in tapping mode using standard Si3 NV, cantilevers
from Olympus with a typical spring constant of 42 Nm~1 and a typical resonance
frequency of 300 kHz (OTESPA, Bruker). All images were processed and analyzed
using NanoScope software (Version 7.30).

4.3.5 Microfluidic device

The microchannels were self-produced by assembling a sandwich consisting of a
3mm thick poly(methyl methacrylate) (PMMA, Modulor, Germany) plate, a struc-
tured double-side sticky PSA foil (Pressure-sensitive adhesive, 3M, U.S.A.) and for
sealing a glass substrate with microgel patterns as bottom. Due to the huge patter-
ing area of 1¢m?, an accurate positioning of the channel and the patterns was not
needed. A micromill (MDX-40A, Roland DG, Germany) was used to drill the holes
for the corresponding tubing connection into the PMMA plate of 40 x 22mm. The
microfluidic features were created by cutting the 86 yum thick PSA foil with a cutting
plotter (CE5000-40 Graphtec CraftRobo Pro, U.S.A.). PMMA, PSA and microgel-
modified glass substrate were assembled and laminated at 60 °C (DH-360, laminator,
Linea, Germany). The channel was 500 ym wide, 1 cm long and had three inlets. The
tubing (Teflon FEP, ID 0,020 x 10, Techlab, Germany) was connected to the channel,
valves (Omnifit, CHM, Germany) and a 1 mL syringe (ILS, Germany).

4.3.6 Cell culture

L929 mouse fibroblasts (ACC 2, DSMZ, Germany) were cultivated in DMEM con-
taining HEPES (25 mM), FCS (10 %), penicillin / streptomycin (1 %) and L-glutamine
(2mM, all Biochrom, Germany) and CHO-K1 (ACC 110, DSMZ Germany) were cul-
tivated in Ham’s F12 supplemented with FCS (10 %) and penicillin / streptomycin
(1%, all Biochrom, Germany) at 37°C and 5% COs. About 3 - 10* cells/cm? were
seeded on the thermoresponsive microgel surface. The samples were stored in the
incubator for one or two days. After this time, the substrates were cooled down
to room temperature (~22°C), i. e. below the LCST of the microgels, which made
the pattern cell-repellent. To observe the morphology of the cells, the samples were
quickly transferred from the incubator to an optical microscope at room tempera-
ture, equipped with a 10 x / 0.25 objective and a Nikon Digital Sight DS-L1 (Nikon,
Germany). After 30 min under microscopic observation, the cells were gently rinsed
with a 1 mL pipette.

4.3.7 Cell assays in microfluidic set-up

The microsystems were incubated with cell medium overnight. Afterwards, air bub-
bles were flushed out of the system with additional medium. 2 - 10° 1929 mouse
fibroblasts ml~1 were injected through a side channel and cultivated in situ for one
day in an incubator. After 30 min under microscopic observation at ~ 22 °C different
flow velocities were applied through the main channel using a 1 mL glass syringe
(ILS, Germany) driven by a syringe pump (SP230IWZ, WPI, UK).



58 Chapter 4. Patterned microgel coatings

4.3.8 Cell migration observation

All cell migration observations were performed with a fully automated set-up (Cell-
R, Olympus, Germany) equipped with a 10x / 0.3 objective and an incubation cham-
ber (Air Conditioning Unit, Evotec, Germany). For assaying the inhibition, locally
defined areas were first created by cooling and rinsing a cell monolayer on a poly-
mer substrate as described above. Subsequently, locostatin (dissolved in DMSO,
both Sigma Aldrich, Germany) was added to a final concentration of 42 uM result-
ing in 1.2 % DMSO. As a control an identical substrate was incubated with 1.2 % pure
DMSO to preclude an effect on the cell behavior. For analyzing the cell survival rate
in samples treated with and without locostatin, a propidium iodide staining (Sigma
Aldrich, Germany) using 42 pg/mL was performed after 400 min.

4.4 Results and Discussions

For non-invasive processing of adherent cells, we locally deposited two different
thermoresponsive microgels which were negatively charged. The colloidal micro-
gels MZ140 and MZ160 have cross sections of approximately 300 nm above the LCST
and 150nm below the LCST. They differ in the content of acrylic acid. MZ160 has
more negative charges due to the presence of 1.1 mol% acrylic acid. The presence of
acrylic acid resulted in a LCST of ~ 35 °C for MZ160 which was two degrees higher
than the LCST of MZ140 at ~33°C. First, we established two different protocols
to pattern surfaces with microgels using either spotting or microcontact printing.
Structured thermoresponsive coatings were created by dispensing 300 pL droplets of
MZ140 microgel suspension (0.5 wt%) on PEI-modified glass and on COP substrates
in a 350 um grid using an ink-jet printer. The deposited microgel spots were visual-
ized by phase contrast microscopy. On PEI-modified glass the spots were approxi-
mately 200 ym in diameter (Figure 4.1 A) while on COP they were 25 wt% smaller
(Figure 4.1 E). The difference in size of the microgel spots is related to the wettability
of the substrate. Water contact angle measurements on COP substrates resulted in
(68 £2°) and in (31 £1 °) on PEI-modified glass substrates. COP is more hydropho-
bic than PEI-modified surfaces; therefore, the contact area of the aqueous microgel
suspension is smaller, leading to smaller microgel spots. The distance of the spots
was arbitrary and the dispensing volume, i. e. spot size, can be varied depending
on the application. Alternatively, the microgels were locally deposited by micro-
contact printing. We employed a PDMS stamp structured with 200 ym diameter
pillars arranged in a 283 ym grid. Various patterns can be obtained, depending on
the stamp design. The stamp had been wetted with a 1.4 wt% microgel suspension
of MZ140 and was transferred to a PEI-modified glass cover slide. The printed mi-
crogel pattern corresponded well with the employed stamp design (Figure 4.1 I). To
investigate the cell adhesion on the thermoresponsive spots, L929 mouse fibroblasts
and CHO epithelial cells were cultured for 2d on either spotted or printed surfaces
while the cell morphology was monitored (Figure 5.2 B, F, ] and Si Figure B.1 A). The
cells grew homogeneously, establishing a monolayer throughout the whole surface.
After the temperature had been decreased below the LCST to 22 °C for 30 min, the
microgel spots could be identified due to the local change in the morphology of the
fibroblasts (Figure 4.1 C, K and Si Figure B.1 B). The fibroblasts rounded up on the
microgel spots, induced by changes in physico-chemical properties of the microgel
as it cooled below its LCST14. Cells on the PEI-modified glass remained in the elon-
gated morphology, indicating that the loss of adherence was not simply due to a
direct temperature effect on the cells. In contrast to the cell behavior of L929 mouse
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fibroblasts on the microgel coating, the CHO epithelial cells on the microgel spots re-
mained in the elongated state, despite the temperature reduction to 22 °C (Figure 4.1
G). Subsequently, the surfaces were gently rinsed using a 1 mL pipette. As a result,
both the fibroblasts and the epithelial cells were flushed only from the microgel spots
(Figure 4.1 D, H, L and Si Figure B.1 C). Cells on the COP and on the PEI-coated glass
remained on the substrate after rinsing and maintained their spread morphology.
Remarkably, the CHO cells were also detached locally upon rinsing, although there
had been no visible change in the morphology of these cells on the microgel spots. A
possible explanation is that cell-cell contacts between the epithelial cells preserved
the cell layer in spite of the overall loss of adhesion to the then repellent microgel
substrate. This stabilization was, however, insufficient to withstand the shear force
generated by rinsing. In contrast, fibroblasts do not develop cell-cell contacts, thus
the morphology change was clearly observable. There was no apparent difference
between the microgels MZ140 and MZ160. The use of both microgel suspensions re-
sulted in efficient local cell detachment of fibroblasts and epithelial cells. Therefore,
we used both microgels for the following experiments. Both techniques, spotting
and printing, resulted in coatings that were fully functional with regard to control-
ling cell adhesion. Spotting is a very robust method that yields a high reproducibility
of surface functionality. It is, however, necessarily limited in the geometric features
that can be obtained. In contrast, microcontact-printed microgel patterns not always
resulted in functional coatings, indicating a lower reproducibility (data not shown).

Before cell seeding One day at 37 ° 30 min at 22 °

-

FIGURE 4.1: Phase contrast images of (A,E) spotted and (I) printed
(u-CP) thermoresponsive microgel suspensions (MZ140) on PEI-
coated glass cover slides (A,I) and COP (E). For (A-H) 0.5wt% and
for (I-L) 1.4 wt% microgel suspensions were employed. The position
of one microgel spot is indicated exemplarily by dashed white circles.
After 2d at 37 °C, L929 mouse fibroblasts (B, ]) and CHO-K1 epithelial
cells (F) adhered homogeneously on the surface. After having been
exposed to room temperature ("[22]°C) for 30 min, the fibroblasts on
the microgel spots changed their morphology from an elongated to a
round shape (C,K) while cells on the surrounding PEI-coated regions
remained in the elongated shape. The CHO cells maintained their
elongated morphology on both the microgel coating and the COP
substrate (G). All cells could locally be removed from the microgel
patterns by rinsing (D,H,L). The scale bars are 100 pm.
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Cell detachment requires a certain minimum microgel density on the surface. In
order to quantify this, the surface topography was investigated by AFM. The concen-
tration of the microgel MZ160 suspensions used for spotting were varied (0.2 wt%,
0.1wt% to 0.05wt%). As mentioned above, this microgel has the same diameter as
MZ140. Afterwards, cell tests and AFM measurements were performed to correlate
the microgel density with cell detachment functionality (Si Figure B.1). The results
were then related to AFM measurements of a substrate generated by microcontact
printing. Representative AFM images obtained from both coating techniques are
shown in Figure 4.2. Spotting a 0.2 wt% microgel suspension resulted in a mixture
of multi- and monolayers. The microgels were heterogeneously distributed. Due to
the high concentration of the microgel suspension, the particles tended to form ag-
gregates configured in multilayers. These aggregates are visible as regions with high
topography in the micrometer range (Figure 4.2, upper row). Less concentrated sus-
pensions mostly produced monolayers. The average microgel distance was found
tobe dugel =0.914 £ 0.001 m for 0.1 wt% and dpgel =0.961 £ 0.001 pm for 0.05 wt%.
Although these values merely differ by 5%, the cell tests remarkably revealed that
the cell detachment functionality upon temperature reduction was substantially de-
creased for a concentration of 0.05 wt% (Si Figure B.1). In contrast to the multilayer
formation at high microgel concentrations achieved by spotting, microcontact print-
ing of MZ140 led to the generation of microgel monolayers. Reducing microgel va-
cancies again requires a minimum microgel density. Using 1.4 wt% resulted in an
average microparticle distance of dugel =832 pmlnm. This surface coverage was
found to be sufficient for successful cell detachment after cooling of the substrate
to room temperature (Figure 4.1 F-H). Repeated microgel hydration and dehydra-
tion caused by temperature shifts below and above the LCST did not influence the
microgel distribution on the surface as shown by Schmidt et al. [15, 16].

To demonstrate the broad applicability of patterned thermoresponsive coatings,
we integrated them into a microfluidic cell assay. First, we seeded L929 mouse fi-
broblasts for one day in a microchannel at 37 °C (Figure 4.3, first row). The cells grew
homogenously as a monolayer throughout the channel. Subsequently, we reduced
the temperature to 22 °C for 30 min. Cells on the microgel spots decreased their cell
adhesion area and assumed a rounded morphology. Cells on the PEI coating re-
mained in the adhered state and maintained a spread morphology. Application of a
laminar shear flow flushed away cells from microgel patterns, resulting in defined
cell-free areas. In an additional experiment, the cell medium was supplemented with
a viability marker (calcein AM) after local cell detachment (Si Figure B.3). Almost all
cells were stained, indicating an unimpaired viability and thus a particularly gentle
local cell patterning.

The temperature-dependent cell adhesion-mediating properties of thermorespon-
sive polymers enable a reversible switching from a cell-attractive to a cell-repellent
and back to cell-attractive state. For validation, we incubated the microchannel
with the previously patterned cell sheets at 37 °C and observed the cell behavior
(Figure 4.3, second row and Si Figure B.3). Within 15h, the mouse fibroblasts reset-
tled the cell-free areas and formed a homogenous monolayer. Using the recovered
cell layer, the temperature was again decreased to 37 °C (Figure 4.3, third row). The
cells did not round up after 30 min. This may have been due to the increased cell
number. Thus, the L929 fibroblasts started to form cell-cell contacts contrary to their
native behavior and were able to maintain their spread morphology. Nevertheless,
application of a shear flow locally detached the fibroblasts from the microgel spots.
Finally, we increased the temperature once more to 37 °C and again observed a cell
overgrowth of the spots (Figure 4.3, fourth row).
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FIGURE 4.2: A) AFM images of thermoresponsive microgel spots
deposited on PEl-coated glass cover slides using an ink-jet spot-
ter. The concentration of the microgel (MZ160) suspension was re-
duced from 0.2 wt% (top row) to 0.1 wt% (middle row) and 0.05wt%
(bottom row). A concentration of 0.2wt% resulted in a heteroge-
neous microgel coating composed of microgel multilayers and mono-
layers. At lower concentrations (0.1 wt% and 0.05wt%), homoge-
nous monolayers were obtained with an average microgel distance
of dugel =0.914 £0.001 pm for 0.1 wt% and dugel =0.961 £0.001 pm
for 0.05wt%. B) AFM images of thermoresponsive microgel (MZ140)
spots deposited on PEI-coated glass cover slides using microcontact
printing. The inking suspension had a concentration of 1.4 wt%. For
large parts, homogenous monolayers with an average microgel dis-
tance of dugel=832 4+ 1 nm were obtained.
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FIGURE 4.3: Phase contrast images of L929 mouse fibroblasts culti-
vated in a microchannel on a PEl-coated glass slide with microgel
spots (MZ160, ¢ =0.5wt%). All images correspond to one contin-
uous experiment. Exemplary, one microgel-coated area per picture
is indicated by a dashed black circle. The scale bars are 100 pm. First
row) Mouse fibroblasts exposed to (left) 37 °C, (center) 30 min at 22 °C
and (right) after exposure to a shear flow. Cells were locally removed
from the microgel spots. Second row) Time lapse at 37 °C of the cells
migrating onto the previously created cell-free thermoresponsive mi-
crogel spots at 0 min, 300 min, 600 min and 900 min. When the tem-
perature was increased to 37 °C, cells started to migrate to the newly
generated open space and form a closed cell monolayer after 900 min.
Third row) Temperature decrease from 37 °C (left) to 22 °C (center)
and application of a shear flow again removed the cells from the mi-
crogel spots (right). Fourth row) Resettlement of the initially cell-free
spots over a course of 900 min after temperature increase to 37 °C.
Brightness has been adjusted of the images in the second and forth
lines for better visualization.
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FIGURE 4.4: A) Time lapse microscopy of CHO epithelial cells mi-
grating on thermoresponsive microgel spots (MZ140, ¢ =0.5wt%,
indicated by a dashed circle) without (first row) and with 42 M loco-
statin (second row). Before recording the resettlement of the free areas
through migration, the cells were locally removed from the spots by
rinsing after 30 min at to 37 °C and the temperature was increased to
37°C again. After 400 min, the dead cells were stained with propid-
ium iodide. A merge of the phase contrast image and the fluorescence
image is shown in the last column. There is no observable difference
of dead cell (red staining) numbers with regard to no addition and
locostatin addition. The scale bars are 200 um. B) With locostatin, the
number of cells on the functional spots was significantly lower than
in the control without locostatin at every time point beyond 1 h (B,
evaluation of n = 8 spots).

To prove the claim just outlined, a wound healing assay was performed using a
cell migration-inhibiting compound, viz. locostatin. This small, organic and cell per-
meable molecule acts on the Raf kinase inhibitor protein (RKIP) and, thus, inhibits
the cell migration of epithelial cells [23]. We cultured CHO-K1 epithelial cells on
substrates with locally structured thermoresponsive polymers, removed cells from
the spots by temperature reduction below the LCST and rinsing as detailed above.
Subsequently, we observed the resettlement of the spots at 37 °C in samples with
and without locostatin (Figure 4.4). A nearly complete coverage of the cell mono-
layer was achieved after 400 min on the control surface, whereas the samples treated
with locostatin showed still plenty of free space on the spots at this time. The extent
of cell recovery was analyzed by quantification of cells on the spots as a function
of time (Figure 4.4 B). The decelerating effect of locostatin could be measured af-
ter 90 min at the earliest. Locostatin also induced a change in the cell morphology in
comparison to the control: The CHO cells started to round up during the incubation.
To quantify toxic effects of locostatin, a propidium iodid staining was performed af-
ter 400 min, to visualize the dead cells. In both samples, the survival rates were
similar, i. e. about 95%, suggesting that locostatin had no toxic effect under the
given experimental conditions. In summary, we show that thermoresponsive mi-
crogel coatings are highly suitable for wound healing assays. The surface-induced
cell detachment is a very mild procedure. Cells that were either detached or re-
mained on the surface showed no signs of stress induced by the thermoresponsive
microgel, as verified by calcein live staining (data not shown). Furthermore, our
patterning techniques allow for a well-defined geometry with sharp microgel coat-
ing edges as visualized in Figure 4.2. This enables a precise local cell detachment
and, thus, strongly improves assay-to-assay comparability. These benefits set our
method apart from other wound-forming techniques using destructive approaches,
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e. g. electric current or laser ablation of cells. These procedures inevitably also dam-
age cells near to the detaching area, thus influencing the test result. Cell scratching
similarly harms cells and results in undefined removal. In particular, our combina-
tion of thermoresponsive microgels with microfluidics enables an easy exchange of
medium and test compounds, evidently also in an alternating manner to allow for
time-depending dosing.

4.5 Conclusions

We established an easy-to-process, robust and flexible locally structured thermore-
sponsive polymer coating for defined spatially resolved cell detachment that can be
induced by a temperature trigger. The coating principle is based on electrostatic in-
teractions of a negatively charged microgel with a positively charged substrate like
PEI-coated glass or synthetic materials like COP. For locally patterned deposition,
spotting of microgel suspensions of picoliter volumes or microcontact printing were
successfully applied. Both coating strategies resulted in a spatially defined cell de-
tachment upon temperature shifting. We identified a lower limit of surface coverage
by systematically varying the average microgel distance and correlating it with cell
detachment efficiency. The establishment of a wound healing assay and its integra-
tion into microfluidics indicates the versatility and practicality of thermoresponsive
microgels. As a future perspective, we plan to also establish co-cultures of different
cell lines based on locally patterned thermoresponsive coatings. Due to the flexi-
bility in designing different geometries and dimensions, we believe that microgel-
based thermoresponsive coatings may become a crucial element in novel powerful
assays.
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5.1 Abstract

Poly(N-isopropylacrylamide) (pNIPAM) based copolymer microgels were used to
create free-standing, transferable, thermoresponsive membranes. The microgels were
synthesized by copolymerization of NIPAM with N-benzylhydrylacrylamide (NB-
HAM). Monolayers of these colloidal gels were subsequently cross-linked using an
electron gun leading to the formation of a connected monolayer. Furthermore, the
cross-linked microgel layer is detached from the supporting material by dissolving
the substrate. These unique systems can be used as transferable, thermoresponsive
coatings and as thermoresponsive membranes. As a proof of principle for the use
of such membranes we studied the ion transport through them at different temper-
atures revealing drastic changes when the lower critical solution temperature of the
copolymer microgels is reached.

5.2 Introduction

In recent years interest in responsive materials [1, 2, 3, 4, 5, 6] has grown steadily.
This is due to the plethora of possible applications for these materials ranging from
sensors [7, 8, 9] and photonic materials [10, 11], via smart surfaces [12, 13] and car-
riers for catalysts [14] to nano-actuators [15]. At present, most of the studied micro-
gels are based on poly-(N-isopropylacrylamide) (pNIPAM) [1] which can easily be
copolymerized [16, 17] with other monomers to generate e.g. pH sensitivity [18] or
to shift the lower critical solution temperature. The use of (N-isopropylacrylamide-
co-acrylic acid microgels [18] as smart surface coatings has lead to very promising
results in cell culture applications for vertebrate cells [12, 19]. However, at present
microgel coatings are prepared on the substrate they are intended to be used on [20].
Despite of the wide variety of applications for these simple coatings, it is desirable
to make them transferable to arbitrarily shaped surfaces.

Hence, in the present work we will address this issue and describe an approach
leading to free standing linked microgel films which can be transfered on different
substrates or which can be used as responsive membrane. To our knowledge at
present smart membranes are made predominantly by modification of porous inor-
ganic or organic precursor e.g. with p(NIPAM). [21, 22]

Such transferable, thermoresponsive coatings have a lot of obvious advantages
in terms of surface modification. The ability to coat three dimensional substrates,
gratings and wells would definitely prove to be an advantage for a number of re-
search fields. Using pNIPAM based microgels, biological[23, 24, 25, 26] and medical
[12] applications are also possible. PNIPAM is known to be water soluble at tem-
peratures below 32 °C and with increasing temperature hydrophobicity gradually
increases. [1,5, 27] As part of this transition pNIPAM microgels undergo a micro-
phase-separation which leads to a transition between the swollen (T <32°C) and
the collapsed (T >32°C) state. [1, 5, 27] The only possibility to form a free-standing
microgel monolayer[9] is to irreversibly link the microgel particles to each other.
Recently published work from Golzhduser et al. showed the possibility to form free-
standing carbon nano membranes by electron beam irradiation of self-assembled
aromatic molecules. [28, 29] The durability and strength of these materials is aston-
ishing and based on the bonds formed between the aromatic moieties during the
irradiation.

Therefore, we have chosen a similar approach to cross-link microgel particles in
a monolayer. For this purpose various possible comonomers containing an aromatic
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moiety suitable for a radical precipitation polymerization were tested for applica-
bility. The microgel particles have been prepared by precipitation polymerization
of different amounts of comonomers with NIPAM and the best results have been
obtained using N-benzylhydrylacrylamide (NBHAM) [30].

A number of publications in the past years have shown, that the incorporation
of comonomers into a microgel network adds additional chemical functionalities
and changes its phase behavior as well as the responsivity. [17, 18, 31, 32] Hy-
drophilic comonomers such as acrylic acid shift the volume phase transition (VPTT)
to higher values [17, 18] whereas microgels with hydrophobic comonomers like N-
tert-butylacrylamide tend to exhibit a slightly lower VPTT [33]. Therefore, a comon-
omer with a large aromatic moiety like NBHAM is expected to shift the VPTT to-
wards lower temperatures. Nonetheless, the aromatic funcionality is needed in or-
der to subsequently cross-link the particles. [28, 29]

As mentioned before, the free-standing microgel membranes are build up by
electron beam cross-linking of a monolayer of such copolymer microgels. We achieved
to make microscopic membranes using this approach. These membranes are still
thermoresponsive. They can be transferred to e.g. porous supports and we show
that these microgel based free-standing membranes can be used to regulate ion flow.
Such membranes could in fact be the basis for self regulating fuel cells or smart os-
motic membranes.

5.3 Materials and Methods

5.3.1 Chemicals

N-isopropylacrylamide (NIPAM, Sigma Aldrich Chemie GmbH, Miinchen, Germany;
purity 97 %) was recrystallized from n-hexane. N-benzylhydrylacrylamide (NBHAM,
Sigma Aldrich Chemie GmbH, Miinchen, Germany; purity 96 %), the radical ini-
tiator ammonium persulfate (APS, Sigma Aldrich Chemie GmbH, Miinchen, Ger-
many; purity > 99 %) and the cross-linker N,N’-methylenbisacrylamide (BIS, Sigma
Aldrich Chemie GmbH, Miinchen, Germany; purity 99 %) were used without fur-
ther purification. Water was purified using an Arium® pro VF system (Satorius AG,
Gottingen, Germany).

5.3.2 Synthesis of the copolymer microgels

The copolymer microgels pNIPAM-co-NBHAM were synthesized via surfactant-free
precipitation polymerization. [1] For all synthesis the amount of the thermorespon-
sive monomer NIPAM was kept constant and the aromatic monomer NBHAM was
used with different molar amounts with respect to NIPAM. The chemical structures
of the used monomers are depicted in Fig.5.1. All the synthesis were performed
in a 250mL three-neck-flask equipped with a reflux condenser, mechanical stirrer
and a nitrogen inlet. The thermoresponsive monomer (NIPAM, 1.307 g, 11.55 mmol)
and the cross-linker (BIS, 0.089 g, 0.578 mmol) were dissolved in 149 mL of purified
water.

The solution was heated up to 70 °C under continuous stirring and purged with
nitrogen for 55 min. Then, the aromatic comonomer (NBHAM, total amounts de-
picted in Tab. 5.1) was added. After 5min equilibration time the polymerization
was initiated by the addition of APS (0.093 g, 0.41 mmol) dissolved in 1 mL purified
water. The concentrations of the cross-linker was 5mol%, in respect to PNIPAM.
The polymerization proceeded for 4 h at 70 °C. Afterwards, the reaction mixture was
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FIGURE 5.1: Structures of the used compounds. (left to right: NIPAM,
NBHAM, BIS)

TABLE 5.1: Sample names, mass, molar amount and molar concen-
trations of the aromatic monomer NBHAM in respect to the amount
of the thermoresponsive monomer NIPAM

Sample Name m NBHAM/g n NBHAM/ mmol c¢NBHAM/mol%

NcBH 5 0.137 0.5775 5
NcBH 10 0.274 1.155 10
NcBH 15 0.411 1.733 15
NcBH 20 0.548 2.310 20
NcBH 30 0.822 3.456 30

cooled down to room temperature and stirred over night. All microgels were cleaned
by five successive centrifugation, decantation and redisperion cycles with purified
water. The sample names, the numbers corresponding to the nominal amount of aro-
matic comonomer in the microgel synthesis, used monomer masses and the related
molar amount are summarized in Tab. 5.1.

5.3.3 Photon Correlation Spectroscopy (PCS)

Particle sizes were determined using photon correlation spectroscopy (PCS) [34]
on highly diluted samples (c < 0.0001 wt%). Measurements of the particle size as
a function of the temperature were performed using a classical goniometer setup
equipped with a multiple-7 digital correlator ALV-5000/E (ALV-Laser Vertriebsge-
sellschaft mbH, Langen, Germany) and an argon-ion laser (Spectra Physics Stabilite
2017, Newport Spectra-Physics GmbH, Darmstadt, Germany; A =514.5nm) as light
source. The temperature was adjusted using a temperature controlled index match-
ing bath. The concentration of the solution was below 0.0001 wt% in order to avoid
multiple scattering effects. The measured autocorrelation functions were analyzed
by applying inverse Laplace transformation (CONTIN) [35, 36] and using the method
of cumulants [37] that provides the mean relaxation rate of the relaxation rate dis-
tribution functions. From this the translational diffusion coefficient D? for diluted
particle solutions can be calculated viaT' = DT - ¢? with q, the magnitude of the scat-
tering vector (¢ = 4mn/\-sin(6/2)) with A the wavelength, n the refractive index and
¢ the scattering angle. Using the Stokes-Einstein relation, the hydrodynamic radius
Ry, of the microgel particles can be calculated:

= 5.1
67T’I7Rh ( )

with kp the Boltzmann constant, 7' the temperature and 7 the corresponding vis-
cosity of the solvent. The values of the viscosity and the refractive index have been
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corrected with respect to the temperature during the measurement.

The volume phase transition temperature (VPTT) and the temperature depen-
dent phase behavior was studied using a HeNe LASER with an ALV-6010 multiple-7
correlator at a constant scattering angle of 60 °. The temperature was adjusted using
a thermostated index matching bath. The microgel solutions where highly diluted
(¢ <0.0001 wt%). In order to analyze the temperature dependent phase behavior, the
sample was heated from 10 °C to 50 °C in steps of 1°C, at each temperature the sam-
ple was allowed to equilibrate for 50 min. The temperature depended measurements
were used to obtain the swelling curves of the microgel (hydrodynamic radius vs.
Temperature) and to determine the VPTT.

5.3.4 Atomic Force Microscopy (AFM)

Particle sizes of dried microgel particles on a surface and homogeneity analysis of
microgel monolayers and detached films were conducted through atomic force mi-
croscopy (AFM). [38, 39, 40, 41] Measurements were performed with a DI Nanoscope
IIIa (Digital Instruments, now Bruker, Karlsruhe, Germany)mounted on a Zeiss Ax-
iovert 135 inverted optical microscope (Carl Zeiss Microscopy GmbH, Jena, Ger-
many) in tapping mode using BudgetSensors (Innovative Solutions Bulgaria Ltd.,
Sofia, Bulgaria) Al-Reflex Tap300Al-G cantilevers with a tip radius of <10nm, a res-
onance frequency of about 300 kHz and a spring constant of 40N/m. To measure
the size of single microgel particles a diluted solution (c <0.0001 wt%) of the sam-
ple was deposited on a cleaned silicon wafer and dried at ambient temperature in
air and several measurements in tapping mode were performed in order to obtain
reliable statistics. Prior to the deposition of the sample the wafers were cleaned
with ethanol and treated with oxygen plasma for 10 min. The microgel particle size
was determined utilizing the cross-section function in the AFM analysis software
Gwyddion [42]. The monolayers and free-standing thin films were prepared as de-
scribed in the section “Preparation and characterization of free-standing microgel
membranes”. The prepared monolayers were analyzed in tapping mode, measure-
ments were performed in order to ensure the homogeneity of the monolayers. The
analysis of the obtained membranes was also performed in tapping mode. Measure-
ments along the edges were done to determine the thickness of the membrane and
scans on the membrane were performed to test for inhomogeneities and structual
changes in the membrane compared to the monolayer.

5.3.5 Fourier Transform Infra-Red Spectroscopy (FI-IRS)

Fourier transform infra-red spectroscopy (FI-IR) was performed using a IFS 66 (Bru-
ker, Ettlingen, Germany) FI-IR spectrometer equipped with a nine reflection dia-
mond attenuated total reflection cell (DuraSamp IR, Smiths) and a mercury cad-
mium telluride detector. The microgel suspensions 10 4L were deposited on top of
the ATR crystal and dried to a film using air flow for at least 10 min. The spectra
were recorded using a resolution of 2cm ™! with 1024 scans in a spectral range of 0
to 7899 cm~!. The acquired absorbance data were multiplied by the corresponding
wavenumber to correct the wavenumber dependent penetration depth and normal-
ized to the absorption amide-band at 1643 cm ™.
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Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) investigations were performed on an ESEM-
FEG (Philips XL30, Philips, Eindhoven, Netherlands) with an acceleration voltage
of 3kV and a working distance of 10 mm. For the sample preparation 25 ;L. of mi-
crogel solution (c < 0.0001 wt%) were deposited on cleaned silicon wafers and dried
at ambient temperature in air. The wafers were cleaned as described in the section
”Atomic Force Microscopy” and sputtered with palladium with a Polaron Equiq-
ment (Polaron Equipment Ltd., now Quorum Technologies Ltd., Puslinch, Ontario,
Canada) SEM Coating Unit E5000 . Particle diameters were analyzed to support
the AFM Images using the program Image] (Wayne Rasband, National Institutes of
Health, USA).

5.3.6 Preparation and Characterization of free-standing microgel mem-
branes

Microgel monolayers were prepared via spin-coating 10 x 10 mm gold sputtered wa-
fer using a spin-coater (Siiss MicroTec Lithography GmbH, Garching, Germany).
Prior to the gold sputtering the wafers were cleaned with ethanol, treated with oxy-
gen plasma for 10 min and for high purity treated with a solution of H,O:NH;:H,0,
in a ratio 5:1:1. Afterwards the wafers were sputtered with gold for 999 s in an argon
plasma using a BAL-TEC MED20 coating system with a BAL-TEC MSCO010 multi
control cystem (BAL-TEC AG (since 2008 Leica BAL-TEC), Balzers, Liechtenstein).
The gold sputtered wafers were treated with oxygen plasma for 30s in order to in-
crease the hydrophilicity of the gold surface. A diluted microgel solution (1 mL;
0.35 wt%) was spin-coated onto the gold sputtered wafers at 1000 rpm for 300s. The
so produced microgel monolayers were characterized using AFM.

In order to produce free-standing cross-linked microgel membranes the microgel
monolayers were cross-linked with an electron beam in high vacuum (5 - 10~% mbar)
using an electron flood gun at an energy of 100 eV and an electron dose of 70 mC/cm?
being applied. The substrate with the cross-linked microgel layer was than placed in
a bath containing diluted aqua regia (HCI:HNO; in a ratio of 6:1) in order to dissolve
the gold layer. During the removal of the gold layer the microgel film detaches from
the substrate and drifts towards the air/liquid interface were it could be picked up
with any other substrate. For reference measurements the film was transferred to
another piece of silicon wafer and again characterized using AFM.

5.3.7 Resistance Measurements

Free-standing microgel membranes from the samples NcBH5, NcBH10 and NcBH15
were cut into small pieces (~ 2mm?) and picked up out of the solution with a
(3 mm?)Si;N,-chip with a (70 um?)funnel hole. This chip was placed in a microflu-
idic array in a temperature controlled acrylic glass block. On each end of the chip
with the microgel membrane a silver electrode was embedded in the microfluidic
array. This setup was used to determine the change in resistance as a function of
the temperature if a voltage was applied to the electrodes. As medium for the cur-
rent to flow between the electrodes a ferrocyanide solution with phosphate-buffer
(20mM KCI, 20 mM monosodium phosphate (NaH,PO,)) at pH 7.0 was employed.
The resistance of the microgel membranes was measured in a range of 17 °C to 34 °C
with an increment of 1°C and a voltage of £5mV with an increment of I1mV /1°C
was applied with an Axopatch 200B Amplifier (Molecular Devices, Sunnyvale CA,
USA). The resistance was recorded as a function of the temperature.
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5.4 Results and Discussion

5.4.1 Photon Correlation Spectroscopy (PCS) results

A copolymerization of NIPAM with the comonomer NBHAM in a standard surfac-
tant free radical precipitation polymerization was successfully performed. In order
to characterize the hydrodynamic dimensions, the polydispersity and the temper-
ature response of the obtained copolymer microgels temperature dependent PCS
measurements were performed. Moreover, the PCS experiments also yield the VPTT.
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FIGURE 5.2: (left) The swelling curves show the change in the hydro-

dynamic radius of the microgel particles with increasing temperature.

The inflection point is the VPTT of the system. Due to the broaden-

ing of the phase transition with increasing NBHAM content this point

cannot be defined precisely for all systems. (right) Collapsing ratio of
the microgel particles as a function of the temperature.

From the Stokes-Einstein equation the hydrodynamic radius R; was calculated
and the results for the microgels in swollen state (T =10 °C) and the collapsed state
(T=50°C) are listed in Tab.5.2. The hydrodynamic radii of the microgel particles
as a function of the temperature curves and the collapsing ratio as a function of the
temperature are depicted in Fig.5.2. From the microgel size the maximum collaps-
ing ratio 4, can be determined via eq 1 using the particle volume in the swollen
state Viyoien and the volume in the collapsed state Veojiapseq With the assumption of
spherical particles. All obtained values are summarized in Tab. 5.2.

3
Vhpollapsed Rh7collapsed
Amar = v = R3 (5.2)
h,swollen h,swollen

Looking at Tab.5.2 it is obvious that the size of the microgel particles in the
swollen state (T =10°C) decreases with increasing NBHAM content, while the size
in the collapsed state (T =50 °C) is similar for all NBAHM contents. A similar be-
havior was observed in pNIPAM-co-N-tert-butylacrylamide copolymer microgels.
[33] N-tert-butylacrylamide and NBHAM both are hydrophobic, which leads to a
decrease in swelling capacity and a shift of the lower critical solution temperature
(LCST) towards lower temperatures. With NBHAM this effect is even more pro-
nounced compared to N-tert-butylacrylamide. Hence, it is straightforward to as-
sign the strong shift of LCST and the slow diminishing of the transition at 20 mol%
NBHAM and above to the highly hydrophobic aromatic comonomer. Therefore the
swelling curves already indicate the successful incorporation of the NBHAM into
the synthesized particles.
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TABLE 5.2: Hydrodynamic radii of the copolymer microgels in

the swollen and collapsed state and the maximum collapsing ratio

Qmaq-The error of the radii corresponds to an estimation of 5%. In-

cluded in this estimation is not only the inacuracy of the measurement
but also the polydispersity of the sample.

Sample Name Rh,swollen/ nm Rh,collapsed/ nm Xmazx
NcBH 5 379119 167+8 0.08+0.005
NcBH 10 335417 177£9 0.15£0.01
NcBH 15 304+16 15248 0.13£0.01
NcBH 20 270+14 174+9 0.27+0.02
NcBH 30 213411 17749 0.584+0.03

At first glance it is obvious, that with increasing temperature the solubility of the
polymer network decreases which leads to a collapse of the microgel particles and a
reduction of particle size. Additionally, with increasing NBHAM content this behav-
ior alters. It can clearly be seen that with increasing NBHAM content the size of the
microgels in the swollen state is continuously reduced. If the collapsing ratio is plot-
ted as a function of temperature (see Fig.5.2) the magnitude of this effect becomes
more prominent. However, it also can be seen, that samples NcBH10 and NcBH15
have a very similar collapsing ratio despite their difference in size. This could be the
result of a different morphology that occurs when a certain amount of hydrophobic
comonomer is present during the syntheis. In p(NIPAM-co-N-tert-butylacrylamide)
copolymer microgels it was observed that the maximum nominal amount of N-tert-
butylacrylamide that could be used in the synthesis was 15 mol%. [33] It is conceiv-
able that this represents a threshold for the incorporation of hydrophobic molecules
in the polymer network. This issue will be investigated in further research on this
topic. Regardless of this observation the values from the temperature dependent
PCS measurements are in good agreement with the data from the angular depen-
dent PCS measurements. In addition it can be seen from the swelling curves that the
VPTT decreases to lower values with increasing NBHAM content.

All these effects are a direct consequence of the hydrophobic aromatic moieties in
the polymer network. The more hydrophobic material is present inside the polymer
network, the poorer the solubility of the particle will be and the less it is able to swell
under otherwise good solvent conditions. Therefore, the hydrophobic NBHAM low-
ers the solubility of the whole particle to the point (NcBH 30, 30 mol% nominal)
where the microgel particles are constantly in the collapsed state and are no longer
thermoresponsive.

5.4.2 Fourier Transformation Infrared Spectroscopy (FI-IR) results

To determine the actual amount of comonomer which is incorporated into the poly-
mer network FT-IR spectroscopy is used. This technique is fast, non-invasive and es-
pecially reliable for identifying functional groups with a high sensitivity. Reference
measurements of the pure comonomer NBHAM in acetone and quantum chemical
calculations revealed absorption bands at 760, 742 and 700cm™! as characteristic
bands for vibrations of the aromatic rings in the comonomer NBHAM. FT-IR spectra
of pNIPAM-co-NBHAM copolymers show an increasing absorption at the respective
wavenumber with increasing content Fig.5.3. However the specimen with 30 mol%
nominal NBHAM amount exhibits an absorption comparable to that of the 20 mol%
specimen.
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In addition, a shift of the amide band at 1520cm ™! to lower wavenumbers can
be observed with increasing NBHAM content. To further analyse this effect, Fourier
self deconvolution (FSD) [43] was applied Fig.5.3. The deconvolution of the bands
shows this shift more clearly. A comparison of the change of absorption and shift of
the deconvoluted bands Fig. 5.3 shows that both methods yield comparable results
for the copolymerization of NBHAM and NIPAM. For NBHAM amounts utilized
during the synthesis between 0 mol% and 30 mol% the influence on the spectra is
proportional to the utilized amount.
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FIGURE 5.3: (A) FT-IR spectra of dried microgel films. The ab-
sorbance of the bands typical for NBHAM at 760, 742 and 700 cm ™!
increase with increasing NBHAM amount. (B) FI-IR spectra of mi-
crogel in solution. (C and D) Dependence of absorbance and peak
position after FSD on the NBHAM content during the synthesis.

5.4.3 Imaging techniques
Atomic Force Microscopy (AFM) results

The different copolymer microgels were deposited on silicon wafers and character-
ized using AFM in tapping mode. The recorded images of the totally collapsed par-
ticles in dried state are shown in Fig.5.4 and a summary of the obtained results is
given in Tab.5.3. The AFM images clearly show that the dried microgel particles
exhibit a circular form in top view with a narrow size distribution. An analysis of
around 100 imaged particles obtained comparable particle diameters. The size de-
termined from AFM measurements deviates from the PCS measurements due to the
fact that dried particles on a surface are investigated here instead of free particles
in solution. The size observed in the AFM images is a result of the particle behav-
ior upon drying. The amount of aromatic comonomer has a strong influence on the
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TABLE 5.3: Mean diameter and radii of the copolymer microgel par-
ticles obtained from analysis of AFM Images. The given error values
is standard deviation of the diameter and radii, respectively.

Sample Name

Diameter/nm Radius/nm

NcBH 5

NcBH 10
NcBH 15
NcBH 20
NcBH 30

599+42
620+41
670+£39
718+44
792440

299421
309420
335+19
359422
396120

particles which becomes obvious in the comparison of the size of the dried parti-
cles. From Tab. 5.3 it can be seen that with increasing NBHAM amount the particles
tend to be significantly larger in the dried state. Additional measurements were
performed with a scanning electron microscope (SEM) (see Supporting Information:
Appendix C) These measurements confirm the results gathered from AFM.

FIGURE 5.4: AFM images (5 um?)of the different copolymer micro-

gel particles. Microgel solution (c < 0.0001 wt%) evaporated in air

at ambient temperatures. (A) NcBH5, (B) NcBH10, (C) NcBH15, (D)

NcBH20 and (E) NcBH30. Various AFM images of microgel particles

on silicon wafers were used to study the morphology and determine
the size of the dried microgels on a flat, smooth surface.

5.4.4 Free-standing membranes and membrane resistance

For the fabrication of the free standing microgel membranes the particles have to be
deposited in densely packed monolayers on a suitable surface. Due to the strong de-
crease of the thermoresponsive behavior with increasing NBHAM content, only the
microgel systems which are still significantly temperature responsive were used for
the electron-beam cross-linking procedure. The samples used were NcBH5, NcBH10

and NcBH15.

In order to obtain homogenous monolayers of microgels a diluted microgel solu-
tion was spin-coated onto 10 mm? gold sputtered silicon wafers. These layers were
analyzed with respect to their homogeneity using AFM in tapping mode at mul-
tiple spots on the surface. Fig.5.5 shows typical AFM images of such spin-coated

monolayers.
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FIGURE 5.5: AFM images (5 um? and 25 um?) of microgel monolay-
ers. (A,B) Images of a spin-coated microgel layer from the sample
NcBHS5, (C,D) images of a spin-coated layer from the sample NcBH10
and (E,F) images of a spin coated layer from the sample NcBH15. All
layers were produced using the same spin-coating parameters.

The AFM images show that the produced layers consist of densely packed mi-
crogel particles with nearly no defects.We assume that the rotational forces during
the spin-coating and the very dense packing of the microgel particles result in a de-
formation of the microgel network. As a consequence, the contact area between indi-
vidual particles is enlarged and favors an inter-particle cross-linking during electron
beam treatment. The increased overlapping of the microgel particles is reflected in
the roughness of the densely packed microgel monolayers. After the cross-linking
procedure at (5 - 10~ mbar) using an electron flood gun at an energy of 100eV and
an electron dose of 70 mC/cm? the microgel coated wafers were placed in a 6:1 mix-
ture of hydrochloric acid and nitric acid. This mixture was chosen to dissolve the
gold coating in a more gentle way compared to standard aqua regia and to avoid
rapid gas formation, which could disrupt the membrane. During the dissolution
process of the gold layer, the microgel membrane detaches slowly from the wafer
and floats towards the air/liquid interface

At this point the membrane can be picked up at the liquid interface with another
silicon wafer and placed in a water bath to remove traces of acid in the polymer
network. From the water bath the microgel membrane can be transferred to any
substrate. The transfer process is carried out in a simple manner utilizing polymer
scale pans for dissolving the gold and washing the film. The substrates to pick up
the microgel films are handled with tweezers. When comparing the microgel lay-
ers after deposition (Fig 5.5 to the detached films (Fig 5.7) using AFM, it is obvious
that the morphology of the films has changed. While the films from the samples
NcBHS5 and NcBH15 are still clearly showing that these films are composed of mi-
crogel particles the film from the sample NcBH10 has completely changed in mor-
phology. The microgel particles can hardly be identified and the layer appears to be
composed of worm-like structures. This distortion seems to significantly influence
the film structure as subsequent experiments have shown. The membranes from
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FIGURE 5.6: Photograph of microgel monolayers deposited on a sil-

icon chip with a silicon-nitrate (5i3N,;) membrane with a funnel hole

after detachment from the original gold coated substrate. A and B

are membranes made from the NcBH5 microgel, C and D are made

from NcBH10 and E and F are made from NcBH15. The membranes

on the Si;N, chips where used in this form for the conductivity mea-
surements.

FIGURE 5.7: AFM Images (5 pm? and 25 ym?) of cross-linked micro-

gel membranes deposited on silicon chip with a silicon-nitrate (Si;N,)

membrane with a funnel hole after detachment from the original gold

coated substrate. A and B are membranes made from the NcBH5 mi-

crogel, C and D are made from NcBH10 and E and F are made from
NcBH15.
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the sample NcBH10 show a significantly higher resistivity than the films from the
samples NcBH5 and NcBH15.

As an experiment which reveals the possibilities arising from these free-standing
membranes we have transferred pieces of membranes (~ 2mm?) to a 3mm? sili-
con chip with a Si;N,;-membrane with a (70 yum?) funnel hole. These chips with
the membrane covered funnel holes were placed in a temperature controlled micro-
fluidic device as described in the experimental part. The resistance as a function of
the temperature was determined by measuring the current between two platinum
electrodes through a phosphate-buffer 20 mM KCl, 20 mM monosodium phosphate
(NaH,PO,) solution at pH 7.0. The results for a measurement with two of the mem-
branes are depicted in Fig. 5.8.

This figure (Fig. 5.8) shows the resistivity increases with increasing temperature
with a steep increase around the VPTT of the microgels. This clearly reveals the
dependence of the conductivity on the temperature induced shrinking of the mi-
crogel membrane. Hence, the temperature response of the microgels is preserved
in the electron beam cross-linking process and responsive transferable membranes
are obtained. This way of utilizing a polymer network as a switchable filtration
device is even different from previously published work in which nano-porous ma-
terials were coated with thermoresponsive microgels by Menne et al.[44]. In the
mentioned work the microgels open the pores upon collapse and therefore enable
a higher molecular flux at higher temperatures. Whereas our membrane enables a
higher molecular flux upon swelling at low temperatures. The functionality is in
principle similar to the thermoresponsive ultrafiltration membranes fabricated by
Frost and Ulbricht [21]. However the microgel membrane presented in this paper
has the major additional advantage of transferability to any desired solid or porous
substrate and therefore increasing the range of possible applications significantly.
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pH 7.0 and the swelling curves of the corresponding microgels ob-
tained from PCS measurements.



5.5. Conclusions 81

5.5 Conclusions

In this work we have synthesized and characterized NIPAM copolymer microgels
with NBHAM as an aromatic comonomer. The particles exhibit a spherical and ho-
mogenous shape with a narrow size distribution confirmed by PCS, AFM and SEM.
A further characterization of these particles revealed that these copolymer micro-
gels are only thermoresponsive up to a comonomer content of 20 mol%. Beyond this
amount the swelling and deswelling is simply of osmotic nature. The comonomer
allows electron beam cross-linking of microgel monolayers and hence the produc-
tion of free-standing, responsive and transferable microgel membranes. For the cre-
ation of these thermoresponsive free-standing films the copolymer microgels which
are still thermoresponsive, NcBH5, NcBH10 and NcBH15, have been chosen. The
spin-coated microgel monolayers were cross-linked via electron beam irradiation in
high vacuum using an electron flood gun. Subsequently the cross-linked microgel
monolayers were detached from the substrate by dissolving the supporting gold
film in aqua regia. In first experiments the free-standing, thermoresponsive micro-
gel membranes were used as coatings for Si;N,-Chips with a (70 yum?) funnel hole.
The membranes were found to modulate the ion flow as a function of temperature.

In contrast to existing rigid polymer membranes[22] where the filtration proper-
ties are determined by the pore size which is fixed and determined by the fabrication
process, our membranes provide a tunable mesh or pore size that is determined by
the swelling ratio of the polymer network. The presented approach for membrane
modification is versatile and the microgel membranes can be used to coat and sur-
face functionalize a broad variety of structures and due to the mechanical properties
might also be useful as free-standing membranes. Furthermore these free-standing
microgel films can be utilized to modify other types of membranes[22, 44] in order
to tune their filtration properties.
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Chapter 6

Conclusion and perspective

Smart surfaces are a useful tool for numerous applications as it has been shown by
the research performed during this work. The ability to alter the properties of a
surface is a key aspect for the creation of surfaces with extraordinary properties.

This study has revealed interesting aspects of microgels adsorbed at an interface.
Atomic force microscopy measurements of microgels have shown the structure of
single microgels of different architecture when attached to a solid surface. These
measurements are necessary when it comes to the understanding of certain aspects
of the behavior of microgels in an adsorbed state and it provides crucial knowledge
for the production of homogeneous microgel coatings. It has been shown that micro-
gels that are made from different monomers like NIPAM, NNPAM and NIPMAM
behave different when adsorbed on a surface though they seem similar in a lot of
ways. All three monomers are very similar to each other in terms of the chemical
structure and they all form microgels under the same reaction condition which all
are spherical in shape and do not differ significantly in size. The major difference
between these monomers is the lower critical solution temperature (LCST) and the
behavior around that temperature of the polymers they form. AFM measurements
have revealed that these microgel particles exhibit a significantly different morphol-
ogy when adsorbed to a surface. While pPNNPAM and pNIPAM microgels show a
very pronounced core-shell structure, which is more prominent in pNNPAM micro-
gels, pPNIPMAM microgels show a homogeneous morphology. These findings hint
at a different mechanism during the polymerization process leading to an entirely
different particle morphology. Observation of this was possible due to the ability to
detect differences in surface morphology and its physical properties by measuring
the phase in an AFM experiment performed in tapping mode. Using electron mi-
croscopy it would not have been possible to detect the thin stretched polymer chains
originating from the microgel particles core that surrounded the same. This occur-
rence, which is a few nm thick polymer disk would not deflect a sufficient amount
of electrons to be clearly visible in an electron microscopy image and could therefore
be easily missed. These results demonstrate the usefulness of AFM for investigating
microgel morphology and architecture. Especially when taken into consideration,
that it is possible to probe samples with AFM in their native state and environment.
The sample does not need to be coated with a metal film or to be introduced to a
vacuum to be characterized. Such procedures can be a disadvantage due to the fact
that the sample might be altered through these. (Chapter 2)

Being able to investigate microgel particle morphology in their native state and
environment in such detail, AFM was used to study the morphology of particles that
were synthesized with surfactant addition at different times after initiation of the
reaction. AFM analysis revealed, that two species were formed during the synthe-
sis. Further, these measurements showed that the ratio of the two species depends
strongly on the point of time at which the surfactant is added. From a certain point
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of time on only one species can be detected. In the case of the presence of multiple
microgel species the PCS analysis is not possible in an easy manner and therefore
the determination of the size of the two species is a challenging task. Atomic force
microscopy provides a tool which in this case can be used to estimate the particle
sizes and their ratio to one another. (Chapter 3)

Preceding AFM imaging experiments with microgels adsorbed at a solid inter-
face led to a better understanding of these particles and their behavior when they ad-
sorb. These experiments provided information about the capability of the microgel
particles to deform, the influence of the microgels architecture and their morphology.
When designing smart surface coatings based on these particles the results obtained
offered useful insights on the deposition behavior of microgel particles. Numerous
experiments were performed with microgels of divers architecture in order to inves-
tigate the formation of a microgel layer under different conditions using different
coating techniques like spin-coating, dip-coating and spray-coating. (Appendix E)

In the course of the cooperation with different institutes and companies during
the BMBF funded project “ThermoCell” this information proved valuable when it
came to the question what material to use for advanced cell culture substrates. Here
microgels proved to be superior to other materials like coatings with linear polymers
and PEG microgels not only in their deposition behavior but most of all in their ap-
plicability for the project goals. The size, LCST, architecture and morphology of
pNIPAM based microgels are easily tunable to achieve the desired characteristics.
Furthermore the synthesis can be up-scaled and is reproducible every time. Depo-
sition experiments in which homogeneous microgel monolayers where produced
using spin-coating were a foundation on which further experiments were based.
The main information taken from the experiments were the deposition behavior of
the microgels and the structure, roughness and durability of the resulting microgel
coating. Coating experiments have been mainly performed with pNIPAM based
copolymer microgels copolymerized with acrylic acid (AA). These microgel parti-
cles originated from works by Michael Zeiser. In addition a pNIPAM homopolymer
was tested for applicability resulting in the finding that this homopolymer micro-
gel with 5mol% cross-linker BIS and the copolymer microgel with the lowest AA
content (1.1 mol%) are the most suitable. The microgels from these samples were
found to have the best characteristics in terms of volume phase transition tempera-
ture (VPTT) and layer roughness in the collapsed state and therefore were ideal for
the cell culture experiments. From the deposition experiments performed by us a
routine for printing those microgels with inkjet printers and stamps was developed.
This led to the development of the advanced wound-healing assays developed from
this project. (Chapter 4)

During the experiments with microgel surface coatings and cell culture sub-
strates the idea was formed that it would be of great advantage if such a smart mi-
crogel coating would be transferable. The major disadvantage of modifying surface
properties with smart microgels is, that this can solely be done by direct deposition
on the substrate. This limitation excludes three dimensional substrates and gratings
since they can’t be directly coated with these particles. Therefore a technique was
developed to make microgel coatings transferable to any desired substrate. Novel
copolymer microgels have been developed with this application in mind. These new
microgel copolymer particles contain aromatic moieties in order to cross-link the
particles in a microgel layer using electron-beam irradiation. After the irradiation
process the gold layer underneath the microgels was dissolved in aqua regia and a
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free-standing microgel layer could be obtained from the process. In order to inves-
tigate the thermoresponsive properties of these free-standing microgel film a con-
ductivity measurement procedure was developed in cooperation with the physics
department of Bielefeld University. For this the microgel film was deposited on a sil-
icon chip with a nano-porous funnel hole and introduced to a micro-fluidic device.
In this device the electric current through a phosphate-buffer solution was measured
between two electrodes. Therefore the conductivity of the buffer solution was mea-
sured. The microgel film on the funnel hole was placed between the two electrodes
in the buffer solution and the change in current was measured in dependence of the
temperature. By measuring the change in current the resistivity of the film was mea-
sured indirectly. It has been found that the resistivity of the microgel film increases
with decreasing temperature. This showed not only that the cross-linked microgel
film was still thermoresponsive but that it also could be used as a temperature con-
trolled membrane. Upon collapse of the microgels the permeability of ions through
the membrane was reduced. In the performed experiments we have not only real-
ized a transferable microgel coating that can be used to coat three dimensional sub-
strates, we additionally have discovered and shown that these transferable microgel
films can be used as temperature controllable membranes. (Chapter 5)

The presented research in this work has shown that microgel coatings can be uti-
lized as cell culture substrates and that these smart surface coatings can be made
transferable and even be used as a smart membrane. Here we present two of many
possible applications that these smart surface coatings can be utilized for. Especially
the transferability of such coatings enables numerous applications in membrane
technology [1, 2, 3], biological and medical science [4, 5, 6], photonic materials [7, 8]
and sensors [9]. All these research fields can profit from transferable smart coatings,
therefore the applicability of these novel microgel membranes in these fields has to
be investigated. First and foremost the process of producing the free-standing micro-
gel films has to be optimized. The dissolving process of the supporting gold layer
displays many flaws. In some cases the membrane reattaches itself to the silicon
wafer beneath the gold layer and does not float towards the surface and in addition
aqua regia is a very strong and aggressive acid which might hydrolyze the polymer
leading to possible blemishes. A more gentle approach should be investigated in
the course of which the whole supporting substrate is dissolved and the microgel
film has therefore nothing to reattach itself to. Since it is only possible up to now to
isolate small pieces of free-standing film due to the named flaws it is desirable to op-
timize the process to the point where larger films can be obtained from the process
in order to be able to perform coating experiments with various three dimensional
shapes. In recent conductivity experiments only phosphate buffer solution was used
to investigate the membrane capabilities of the microgel films. This can and should
be extended to experiments with a variety of charged molecules. Through this way
the barrier characteristics of the microgel membrane can be investigated further. In
the performed experiment the membrane was able to restrict the flow of charged
molecules through it not stop it entirely. The question that needs to be answered is
what characteristics and what size a molecule needs to have, so that it may not be
able to pass the microgel membrane at all. Furthermore, tailoring membrane prop-
erties through by using microgels with different sizes and phase transition behavior
is another interesting approach. It is unclear if a copolymerization of the aromatic
co-monomer is possible with NNPAM or NIPMAM or if the membranes character-
istics can be tuned in any other way either by variations in the microgel synthesis or
post-synthetic. The possibilities are manifold and this work has proven the concepts
feasibility and has opened a path to numerous possible applications.
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The interaction of anionic surfactants with PNnPAM microgels seems to be much
more pronounced than the interaction of anionic surfactants with PNIPAM micro-
gels, concerning the early synthesis phase. Unfortunately, there are a lot of differ-
ent aspects that can affect this early synthesis process in emulsion polymerizations.
Therefore, the exact role of the difference in the chemical structure of the monomers
NnPAM and NIPAM and NIPMAM is difficult to determine. In order to obtain more
insights on the interactions of the surfactants with the polymers, we investigated the
influence of SDS addition to premade PNnPAM and PNIPMAM microgel suspen-
sions and compared the influence of SDS on the volume phase transition tempera-
ture (VPTT) of these microgel suspensions with the results for PNIPAM microgels
obtained by Wu et al. [1] The increase of the VPTT can be explained by incorpo-
ration of surfactant molecules into the microgel network. This reduces the osmotic
pressure and generates a higher charge density in the microgel network.[2, 3] Fig.
A.1 shows the influence of SDS on the VPTT of PNnPAM, PNIPAM and PNIPMAM
microgels. It is obvious, that the influence of SDS on PNIPAM microgels is much
lower, than in the case of PNnPAM microgels and is lowest for PNIPMAM micro-
gels. While the VPTT of PNIPAM only shifts a few degrees at intermediate amounts
of SDS and PNIPMAM microgels are nearly unaffected, a crucial influence on the
VPTT of PNnPAM is already visible at low surfactant concentrations. At the high-
est SDS concentration the VPTT of PNIPMAM only shifts about 16 % and in case
of PNIPAM the VPTT shifts by about 37 %. In contrast, the VPTT of PNnPAM is
increased by 117 %. These observations are in line with the influence of the surfac-
tant on the obtained particle size of the microgel particles, when SDS is present in
the synthesis. The interaction of SDS with PNIPAM and PNnPAM has to be dif-
ferent, or more precisely PNnPAM shows a considerably stronger interaction with
SDS than PNIPAM. As mentioned above, this strong interaction should correlate to
the assembly of SDS molecules inside the microgels internal network. We assume
that this is related to a stronger hydrophobicity of PNnPAM microgels. The solva-
tion of the n-propyl sidechains seems to be less favorable than the solvation of the
isopropyl group of PNIPAM and causes therefore stronger interactions with the hy-
drophobic parts of the surfactant molecules. Additional insight into the interaction
of the surfactant with the different side chains can be obtained by a variation of the
surfactant structure. Therefore, we replaced the SDS with SDeS. The results of these
experiments are also shown in Fig. A.1 and are compared to the results for SDS. It
is obvious that the observed trends for SDS and SDeS are similar. While PNIPAM
and PNIPMAM show a rather weak response to the addition of SDeS to the microgel
suspension, PNnPAM has a more pronounced response. Since both, SDS and SDeS
have a lot of structural motives in common, this is a result one would expect. How-
ever, a remarkable difference is that the concentrations of SDeS required to influence
the VPTT are a lot higher than those for SDS. The same trend was also observed for
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the influence on the particle size. A longer hydrophobic chain leads to a stronger
incorporation into the microgel network and therefore shifts the VPTT already at
lower concentrations.
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FIGURE A.1: VPIT of premade PNnPAM (squares), PNIPAM (cir-

cles) and PNIPMAM (triangles) microgel suspensions as a function of

the added surfactant concentration of SDS (filled symbols) and SDeS

(hollow symbols). The VPTT was determined by turbidity measure-
ments.

A parameter which is not included in Fig. A.1 is the inferior surface activity of
SDeS compared with SDS. It should be possible to normalize the obtained VPTT
shifts with the cmc of the respective surfactant. The result of this normalization
may allow an exact prediction of the VPTT shift of an acrylamide by addition of
an anionic surfactant, if the cmc of the surfactant is quantified. Fig. A.2 shows the
result of the normalization process. The data sets for all three microgels fall on a
mastercurve as it was shown for PNIPMAM microgels by von Nessen et al. [4]. We
expect that a prediction of the VPTT shift for sulfate surfactants of any chain length
is possible, if the concentration and the cmc of the surfactant are known. But one
additional important fact is, that the influence of any anionic surfactant on PNnPAM
is always more pronounced compared to the influence on PNIPAM microgels or on
PNIPMAM microgels.
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FIGURE B.1: Phase contrast images of L929 mouse fibroblasts culti-
vated on PEl-coated glass cover slides with thermoresponsive micro-
gels spots (MZ160). The concentration of the microgel suspension
was varied during spotting (ink-jet); from 0.2 wt% (A-C) to 0.1wt%
(D-F) and 0.05wt%(G-I). After one day of cell culture at 37°C, the
cells adhered and spread on the PEI-coated area and on the micro-
gel (A, D and G). When having been exposed to room temperature
(~22°C) for 30 min, the cells changed their morphology from an elon-
gated to a round shape on the microgel deposited with the highest
concentration of 0.2 wt%(B). On spots generated from a microgel sus-
pension of 0.1 wt%, the cells reduced their adhesion area (E). Cells lo-
cated on spotted microgel with the lowest concentration of 0.05 wt%
remained spread (H). The cells could locally be removed from the mi-
crogel by rinsing (C, F), except for those on microgel spots formed
from 0.05wt%(I). These cells remained on the microgel surfaces, sim-
ilar to those growing on the PEI coating. The scale bars are 100 ym.

99
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FIGURE B.2: Microscopy images of 1.929 mouse fibroblasts cultivated
on PEl-coated glass cover slides with thermoresponsive microgels
spots (MZ140, 0.5 wt%, prepared by spotting) in a microchannel. (A)
After two days of cell culture at 37 °C, the cells adhered and spread
on the PEI-coated area and on the microgel. (B) When having been
exposed to room temperature (~ 22 °C) for 30 min and flushing, the
cells could locally be removed from the microgel. Afterwards, a life
staining with calcein was performed to investigate the cell viability.
All cells are stained as shown in the fluorescence image (C) and in the
overlay (D), indicating a particularly gentle generation of a wound in
a cell monolayer. The scale bars are 100 ym.

4 120 min

FIGURE B.3: More detailed time series of Figure 4.3, second row. Time

lapse at 37 °C of the cells migrating onto the previously created cell-

free thermoresponsive microgel spots at different time points within

15h. When the temperature was increased to 37 °C, cells started to

migrate to the newly generated open space and form a closed cell
monolayer. The scale bar is 100 ym.
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FIGURE C.1: SEM images of the copolymer microgels (A) NcBHS5,

(B) NcBH10, (C) NcBH15, (D) NcBH20, (E) NcBH30. The microgel

particles were deposited on silicone wafers by drying of the solution

at ambient conditions. The wafers with the deposited microgels were
sputtered with palladium before measurement.

Fig C.1 In addition to the AFM measurements also SEM images were recorded.
These images support the information gathered through the AFM measurements
and also show that the synthesized microgel particles are spherical in shape and
have a narrow size distribution.
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FIGURE C.2: Angular dependent PCS measurements of the copoly-
mer microgels. From the I versus ¢? plots the hydrodynamic radii
can be calculated via the Stokes-Einstein equation (eq.2). Measure-
ments were performed at 10 °C in the swollen state (left) and 50°C
in the collapsed state (right) in order to additionally determine the

maximum collapsing ratio maz.

Fig C.2 The hydrodynamic radii of the copolymer microgels were calculated us-
ing the Stokes-Einstein equation (eq.5.1) from the data obtained in angular depen-
dent PCS measurements. The measurements were performed using photon corre-
lation spectroscopy (PCS) [1] on highly diluted samples (¢ < 0.0001 wt%). The ex-
perimental setup is as described in the materials and methods section. The microgel
solution was measured at two temperatures, in the swollen state at 10°C and in
the collapsed state at 50 °C. Additionally the maximum collapsing ratio c;nqs Was
determined from this data via (eq.5.2) and is shown in table 5.1.
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This section will cover the research and experiments of the first steps of making
cross-linkable microgel membranes. The initial challenge was the development of
microgels suitable for cross-linking a membrane. While the number of chemical
possibilities to cross-link polymer chains is plentiful, ranging from the classic cross-
linker for the microgel synthesis N,N’-methylenebisacrylamide (BIS) [1], to photo
cross-linkers containing a benzophenone moiety [2] and click chemistry [3], the well
known industrial process of electron-beam processing has been chosen. This was
due to two main reasons. First, the cross-linking process had to be done post syn-
thesis and on microgels assembled in a monolayer on a surface. Second, recently
published work from Golzhduser et al. showed the possibility to form free-standing
carbon nano membranes by electron beam irradiation of self-assembled aromatic
molecules. [4, 5] This approach offered two main advantages, the aromatic moieties
can capture electrons, thereby reducing the energy needed to cross-link the micro-
gels and the conducting metal coating beneath the polymer layer needed for this
process can be dissolved in order to release the cross-linked microgel layer.

The search for suitable monomers with aromatic moieties for a radical precip-
itation reaction with N-isopropylacrylamide (NIPAM) lead to a publication from
Khaksar et al. in which a catalytic reaction approach for the synthesis of amides
from nitriles via the Ritter reaction was described [6]. Among the large number of
molecules described in the publication were numerous exhibiting the traits needed
in a suitable monomer. Three molecules deemed most promising were chosen for
experiments. These molecules were N-(1-Phenylethyl)-acrylamide (NPhEAM), N-
(2,3-dihydro-1H-inden-1-yl)acrylamide (NIndAM) and N-Benzylhydrylacrylamide
(NBHAM).

Synthesis of aromatic monomers

The possible monomers for a copolymerization with NIPAM, NPhEAM, NIn-
dAM and NBHAM selected from the publication by Khaksar et al. [6] where chosen
due to similarity to NIPAM, availability of the reactants and economic effectiveness.
The first approach to synthesize the monomers was done as described by Khaksar et
al. [6] due to the postulated catalytic efficiency and the high proposed yield (more
than 90 %).
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Ritter reaction

The Ritter reaction with Pentafluorophenylammonium triflate (PFPAT) (see Fig.
D.1 Z-H) as organocatalyst is a solvent free reaction of a nitrile with an alcohol. In a
first step the hydroxyl group of the alcohol is protonated and after water secedes a
carbenium ion emerges. In the next step the nitrile attacks in a nucleophilic reaction.
The resulting nitrilium ion is hydrolysed by water which results in an amide (Fig.
D.1) [7].

O 0,

H3+ 0=5-CF

R\N = 7

H Z-H =
OH2+Z
R—N= ] R

\ —_— Cl)\

OH R

le

R

FIGURE D.1: Schematic illustration of the catalytic cycle for a Ritter
reaction with PFPAT as organocatalyst (Z-H) [7]

The alcohol (2mmol) and the nitrile (2.2 mmol) are placed into a round-bottom
flask together with the catalyst PFPAT (0.21 mmol/5mol%). The reaction solution
is heated under reflux at 100 °C for at least 48 h. The reaction is finished if no more
alcohol can be detected. This is done via thin-layer chromatography. After cooling
the solution to ambient temperature 5 mL NaOH (1 M) is added and the water phase
is extracted three times with 20 mL CH,Cl,. The organic phase is dried over Na,SO,
and the solvent is removed at 50 °C and 800 mbar. The raw product is subjected to a
column chromatography with Cyclohexane/CHCl; (95 %:5 %) as solvent. From the
fractions the product can be isolated by removing the solvent at 50 °C and 10 mbar.

Figure D.2 depicts the reaction schematics for the three chosen amides NPhEAM,
NIndAM and BHAM.

The yield from these reactions is listed in Tab. D.1. In general we obtained a
lower yield that proposed by Khaksar et al. [6] and in addition the removal of the
catalyst PFPAT was a tedious effort.

In addition to the effort of the synthesis the monomers NPhEAM and NIndAM
both are viscous brown liquids that is difficult to handle when subsequently used
for the copolymer synthesis. NBHAM is isolated as a colorless solid.
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FIGURE D.2: Reactions schematics of the synthesis for the chosen
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TABLE D.1: Yields for the aromatic monomer NPheAM, NIndAM
and NBHAM from the Ritter reaction with PFPAT as catalyst.

Product Yield/%

NPhEAM 45
NIndAM 88
NBHAM 88

Schotten-Baumann reaction

Due to the Ritter reaction with PFPAT as organocatalyst proving to be ineffi-
cient in terms of effort, time and economic reasons the Schotten-Baumann reaction
[8] approach was also investigated. This reaction is used to synthesize amides from
amines and acid chlorides and is typically used to synthesize N-isopropylacrylamide
(NIPAM), N-n-propylacrylamide (NNPAM) and N-isopropylmethacrylamide (NIP-
MAM) (see chapter 2). The basic reaction route is a condensation reaction of an
amine with the desired aromatic moiety and acryloyl chloride. For this the amine
(4 mmol) is mixed with an excess of triethylamine (1 mL) at 0°C in CH,Cl, (5mL)
and the acryloyl chloride (6 mmol) is added slowly over time. After addition of the
acryloyl chloride the reaction solution is stirred at ambient temperature for 12 h. In
a next step 10mL of CH,Cl, is added to the solution and it is extracted first with
20mL saturated Na,SO, solution, than 20 mL water and last with 20 mL saturated
NaCl solution. The solvent from the organic phase is removed at 50 °C and 800 mbar.

TABLE D.2: Yields for the aromatic monomer NPheAM, NIndAM
and NBHAM from the Schotten-Baumann reaction.

Product Yield/%

NPhEAM 77
NIndAM 88
NBHAM 90




108 Appendix D. Further Information on Chapter 5

NMR-Data from aromatic monomers

In order to analyze the reaction products and confirm their purity 1IH-NMR spec-
tra where recorded.
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FIGURE D.3: NMR spectrum of NBHAM in CDCl;. (500 MHz,

CDCl;) & [ppm]=570 (dd, ?J,emHH=14Hz, 3].s;=10.3Hz,

COCH=CH,, 1H), 6.16 (s, NH, 1H), 6.13 (m, COCH=CH,, 1H),

6.36 (s, NCH, 1H), 6.33 (dd, ?J,emHH=14Hz, 3J;qns=17.0Hz,
COCH=CH,, 1H), 7.30 (m, 10H).
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FIGURE D.4: NMR spectrum of NIndAM in CDCl;. (500 MHz,

CDCl,) § [ppm]=1.85 (m, CH,, 1H), 2.63 (m, CH,, 1H), 2.89

(m, CH,, 1H), 3.00 (m, CH,, 1H), 55 (m, NCH, 1H), 5.67

(dd, ¥yemHH=14Hz, 3].s=103Hz, COCH=CH,, 1H), 5.85 (s,

NH, 1H), 6.12 (m, COCH=CH,, 1H), 6.32 (dd, *J,c,,HH=1.4Hz,
3 yrans = 17.0Hz, COCH=CH,, 1H), 7.25 (m, 4H).
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FIGURE D.5: NMR spectrum of NPheAM in CDCl;. (500 MHz,

CDCly) 6 [ppm]=145 (d, *JHH=6.9Hz, NCHCH,, 3H), 5.14

(m, NCHCH,, 1H), 555 (dd, ?JyemHH=14Hz, *].=103Hz,

COCH=CH,, 1H), 5.87(s, NH, 1H), 6.02 (dd, 3J..=10.3Hz,

3 rans =17.0Hz, COCH=CH,, 1H), 6.21 (dd, 2JemHH=14Hz,
3 rans = 17.0Hz, COCH=CH,, 1H), 7.20 (m, 5H).

NPhEAM, NIndAM and NBHAM copolymer microgels

The synthesized novel monomers NPhEAM, NIndAM and NBHAM were copoly-
merized in a modified precipitation reaction. Due to the poor solubility in pure wa-
ter a suitable solvent for the aromatic monomers had to be found. This solvent had
to match certain requirements. The aromatic monomers had to exhibit a decent solu-
bility in it. The solvent needs to be miscible with water for the precipitation reaction
and should not pertubate the reaction.

The aromatic monomers exhibited a decent solubility in -butanol. This solvent is
interesting due to its very good miscable with water and it does not hamper the pre-
cipitation reaction. Primary and secondary alcohols such as ethanol and 2-propanol
react with the initiator ammonium persulfate (APS) and thereby inhibit the reaction.
t-Butanol as a tertiary alcohol does not react with APS. The aromatic monomers
where dissolved in the smallest volume of t-butanol possible. This is important due
to the cononsolvency effect of pNIPAM exhibits in water /alcohol mixtures [9, 10, 11].
A large amount of t-butanol could possibly change the reaction conditions too much
and thereby alter the particle growth kinetics in an unfavorable manner.

Copolymer microgel synthesis

The copolymer microgels of PNIPAM-co-NPhEAM, PNIPAM-co-NIndAM and
PNIPAM-co-NBHAM were synthesized in a modified precipitation polymerization
without surfactant. All synthesis were performed in a 250 mL three-neck round
flask equipped with a reflux condenser, mechanical stirrer and a nitrogen inlet. The
monomer NIPAM (11.55 mmol) and the cross-linker N,N’-methylenebisacrylamide
(BIS) (5mo0l% in respect to the amount of NIPAM) were dissolved in 141.5 ml puri-
fied water and were heated up to 70 °C under continuous stirring and purged with
nitrogen. The aromatic comoners NPhEAM, NIndAM and NBHAM (2.31 mmol,
20mol% in respect to the amount of NIPAM) were dissolved ¢-butanol (7.5mL). The
solution was purged with nitrogen and added to the reaction solution. After 1h the



110 Appendix D. Further Information on Chapter 5

polymerization was initiated by the addition of 1ml of a 2.71 mM solution of APS
and left to proceed for 4h at 70 °C. After the reaction time, the solution was cooled
to room temperature and stirred over night. For purification, all samples have been
treated by five cycles of centrifugation, decantation and redispersion using purified
water (Arium® pro VF system (Satorius AG, Gottingen, Germany)).

As a control experiment a NIPAM homopolymer microgel was synthesized in
the same solvent mixture under the same conditions.

Characterization of the copolymer particles

In order to characterize the swelling behavior of the copolymer microgels and
the NIPAM homopolymer microgel and to determine their VPTT, temperature de-
pendent PCS measurements were performed. The swelling curves are depicted in
Figure D.6. It can be seen that the swelling behavior of the NIPAM homopolymer
is not altered. The VPTT is 33°C, this is in good agreement with the literature
[12, 13, 14, 15, 16, 17, 18]. Therefore it can be stated, that the synthesis conditions
are not altered too strongly by the addition of 5vol.-% of t-butanol.The copolymer
microgels exhibit a different swelling behavior than the NIPAM homopolymer mi-
crogel.They are smaller in size, in the swollen and collapsed state compared to the
homopolymer microgel. In addition, their swelling behavior is strongly differs from
the NIPAM microgel. The phase transition is shifted to lower temperatures from the
VPTT of 33°C of the pNIPAM homopolymer. This effect increases from NPhEAM
to NIndAM to NBHAM and is thereby more pronounced the more hydrophobic the
co-monomer is.
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FIGURE D.6: Swelling curves of PNIPAM, PNIPAM-co-NPhEAM,
PNIPAM-co-NIndAM and PNIPAM-co-NBHAM microgels synthe-
sized in a water f-butanol mixture with 5vol.-% of t-butanol. The
nominal co-monomer amount of the copolymer microgels is 20 mol%.

For further characterization AFM images of these copolymer microgels were
recorded (Fig. D.7). These images show that the copolymer microgels are spheri-
cal in shape but that the samples are not monodisperse. In every image two particle
species can be observed where the larger microgel particles are always accompanied
by smaller particles. Both species in every sample appear if considered separately
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monodisperse. These satellite particles are most likely a result of the synthesis with
t-butanol as they cannot be observed in the copolymer microgels synthesized in just
water (see chapter 5). This was one reason, besides the complicated handling of
t-butanol due to its high melting point, why the synthesis of the respective copoly-
mer microgels in pure water was developed.

110

FIGURE D.7: AFM Images of single copolymer microgel particles
with 20mol% co-monomer content. PNIPAM-co-NPhEAM (left),
PNIPAM-co-NIndAM (center)and PNIPAM-co-NBHAM (right)

Free-standing microgel film from PNIPAM-co-NBHAM

The synthesized homo- and co-polymer microgels were spin-coated onto a gold
sputtered wafer, cross-linked with an electron beam and placed into a bath contain-
ing aqua regia in order to dissolve the gold layer and retrieve the microgel film.
The procedure was done as described in chapter 5. The layers produced from the
PNIPAM-co-NPhEAM and PNIPAM-co-NIndAM microgel sample dissolved totally
like the homopolymer layer, no free-standing microgel film could be retrieved from
these samples. The layer produced from the sample PNIPAM-co-NBHAM detached
from the carrier substrate, floated toward the surface but broke up into numerous
smaller fragments. One of the larger fragments, about (~ 2mm?), could be picked
up from the solution with a piece of silicon wafer. A photograph and AFM image of
this film can be seen in Figure D.8.
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FIGURE D.8: (left) AFM Image of the first isolated microgel film that

was detached in aqua regia after electron-beam cross-linking. (right)

Photograph of the isolated microgel film that was detached in aqua

regia after electron-beam cross-linking. The depicted film was made

from PNIPAM-co-NBHAM copolymer microgels with 20 mol% syn-
thesized in t-butanol.
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These experiments led to the decision to continue the research effort for a free
standing microgel film with PNIPAM-co-NBHAM copolymer microgels. The modi-
tied precipitation reaction with a mixture of water and f-butanol was droped and a
synthesis route in pure water was developed. Due to the weak solubility of NBHAM
in water the monomer has to be dispersed finely by placing it prior to the reaction in
20mL of water and shaking the dispersion at 3000 rpm for 30 min or placing the dis-
persion in an ultra sonic bath for 1 min. Following this route the reaction is feasible
in pure water and only one species of particles is produced in this manner.
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Appendix E

Surface Coverage by Microgels

The behavior of linear uncharged polymer chains when deposited on a surface by
spin-coating is a well known and intensively studied process [1, 2, 3, 4]. The same
is true for the layer-by-layer deposition via dip-coating [5, 6, 7, 8] or spray-coating
[9, 10, 11] for charged polymer chains. While a theoretical description of this pro-
cess is possible due to the freedom of movement of the linear polymer chains this is
not as easily done for microgel particles. Microgels are cross-linked polymer parti-
cles, this means that a single microgel is build from numerous chemically and also
physically linked polymer chains. These chains have a certain degree of freedom
of movement but are limited in that freedom by the connection points between the
chains. The chains can never move fully independent or separate from each. In addi-
tion a microgel can not be seen as an uncharged polymer particle due to the charges
from the initiator APS at each end of each polymer chain [12, 13, 14]. Therefore a
microgel must be viewed as a negatively charged, elastic polymer particle with the
size of thousand of linear, spatially confined polymer chains. This makes a theoret-
ical description of the deposition processes very complex if all possible factors are
accounted for.

This chapter describes an empirical study of coating surfaces with microgels us-
ing different techniques such as spin-, dip- and spray-coating. The aim is to inves-
tigate the utility of each method for producing homogeneous microgel monolayers
and we will show that, for spin-coating, even a change in cross-linker content will
significantly change the deposition behavior. Additionally, this part is offering a
guide line for surface coating with microgels of different architectures. Used for the
deposition experiments described in this part where microgels with different cross-
linker content. Four microgel samples pNI-Q010, pNI-Q025, pNI-Q050 and pNI-
Q100 with a nominal cross-linker content of 1 mol%, 2.5mol%, 5 mol% and 10 mol%
where chosen for the empirical study. The swelling curves are depicted in Fig. E.1.
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FIGURE E.1: Swelling curves of the four microgels pNI-Q010, pNI-

Q025, pNI-Q050 and pNI-Q100 with a nominal cross-linker content

of 1mol%, 2.5mol%, 5mol% and 10 mol% used in the deposition ex-
periments.

As it can be seen from Fig. E.1, with increasing cross-linker content the swelling
behavior of the microgels changes significantly. The most prominent change is the
change in size. With increasing amount of cross-linker the size in the swollen state
decreases and the size in the collapsed state increases. This also means that the
higher the cross-linker content is, the lower is the swelling ratio. Furthermore a
broadening in the phase transition with an increasing amount of cross-linker can be
observed. The effect of these obvious differences between the microgel samples on
the deposition behavior of the particles has been investigated and will be displayed
in the following paragraphs.

Spin-coating

Spin-coating is one of the fastest, most economic and easiest to use methods
when it comes to surface coatings, especially with polymers. [1, 2, 3, 4] The amount
of material needed is small and the process itself is fast when compared to other
coating methods. [1, 2, 3, 4] For linear polymers this process is well known and
theoretically described to a great extend. It will be shown, that there are certain sim-
ilarities between microgels and linear polymers when it comes to concentration and
speed of rotation and that an empirical description can be possible if all influencing
parameters are known to a certain extend.

Spin-coating procedure
The spin coating process is performed with a Siiss Microtechnic Labspin 6 TT

equipped with a 2” teflon chuck to fix the silicone wafer using under-inflation. For
the coating process 100 oriented, N/Ph doped silicone wafers with the dimensions
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of 50.8 + 0.3mm in diameter and a thickness of 279 + 25um and a resistivity of
10-202/cm from Siegert Wafer are used. All wafers are treated with an oxygen
plasma for 30s, a RCA1 solution at 75°C for 10 min and peroxymonosulfuric acid
(caro’s acid) for 30 min. The wafers are coated with a 0.25 wt% poly-(ethylene imine)
(PEI) at 2000 rpm for 120s prior to the microgel coating in order to ensure a better
adsorption of the microgel particles.

The microgels used are PNIPAM homopolymer gels with varying cross-linker
(BIS) content. Used are cross-linker amounts of 1 mol%, 2.5 mol%, 5 mol% and 10 mol%
with respect to the amount of NIPAM. These four microgel samples are than de-
posited via spin-coating on the PEI-coated wafers in different concentrations (0.25 wt%,
0.5wt% an 0.75 wt%) and with varying speeds of rotation (500 rpm, 1000 rpm, 1500 rpm
and 2000 rpm) for every microgel sample at every concentration.

Characterization

Microgel monolayers were characterized using ellipsometry [15, 16, 17, 18] for
probing the layer thickness in dried state and AFM in order to approximate the sur-
face coverage from recorded images. The used ellipsometer is a SE 400adv null-
ellipsometer from Sentech equipped with a 632.8 nm He-Ne-LASER. The angle of
incidence can be selected manually in steps of 5° between 40 ° and 85°. In order to
determine the layer thickness the coated wafer was probed at five different distances
from the center.

The AFM [19, 20, 21, 22] used to investigate the surface coverage is a DI Nanoscope
IIIa mounted on a Zeiss Axiovert 135 inverted optical microscope. Microgel layers
were measured in tapping mode using BudgetSensors (Innovative Solutions Bul-
garia Ltd., Sofia, Bulgaria) Al-Reflex Tap300Al-G cantilevers with a tip radius of
<10nm, a resonance frequency of about 300 kHz and a spring constant of 40 N/m.
The images were analyzed with the AFM analysis software Gwyddion [23]. Af-
ter determining the diameter of the microgel paticles in a layer and counting the
visible full particles with the image analyzing software Image] [24] the surface cov-
erage was calculated assuming perfectly spherical particles in the layer. The ellip-
sometrically measured layer thickness and the calculated surface coverage are de-
picted for in the following graphs and are sorted by cross linker amount used in the
synthesis ((Fig. E.2) 1mol% (pNIPAM-QO010), (Fig. E.3) 2.5 mol% (pNIPAM-Q025),
(Fig. E.4) 5mol% (pNIPAM-Q050) and (Fig. E.5) 10mol% (pNIPAM-Q100)). The
green columns in the surface coverage graph represent coverage values equal to or
above the close-packing of equal spheres (74 %). The exact values are listed in the
tables following the graphic illustrations ((Fig. E.1) 1 mol% (pNIPAM-QO010), (table
E.2) 2.5mol% (pNIPAM-Q025), (table E.3) 5mol% (pNIPAM-Q050) and (table E.4)
10 mol% (pNIPAM-Q100)).
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Results and Discussion

FIGURE E.2: (Top) Surface coverage for the sample pNIPAM-Q010 for

all concentrations and speeds of rotation. Green columns are surface

coverages between 74 % and 100 % and red columns are below 100 %

or multilayers. (Bottom) Microgel layer thicknesses measured with
ellipsometry.
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FIGURE E.3: (Top) Surface coverage for the sample pNIPAM-Q025 for

all concentrations and speeds of rotation. Green columns are surface

coverages between 74 % and 100 % and red columns are below 100 %

or multilayers. (Bottom) Microgel layer thicknesses measured with
ellipsometry.
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FIGURE E.4: (Top) Surface coverage for the sample pNIPAM-Q050 for

all concentrations and speeds of rotation. Green columns are surface

coverages between 74 % and 100 % and red columns are below 100 %

or multilayers. (Bottom) Microgel layer thicknesses measured with
ellipsometry.
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FIGURE E.5: (Top) Surface coverage for the sample pNIPAM-Q100 for
all concentrations and speeds of rotation. Green columns are surface

coverages between 74 % and 100 % and red columns are below 100 %
or multilayers. (Bottom) Microgel layer thicknesses measured with
ellipsometry.
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TABLE E.1: Layer thickness thiqyer measured with an ellipsometer,

surface coverage 6 calculated based on the assumption of spherical

particles. Moreover, also as well as the speed of rotation v,,; and the

microgel solution concentration cj;gg for the microgel sample with
1 mol% cross-linker (pNIPAM-QO010)are listed.

Sample VrotltpmM  crprgs! Wt%  thigyer/ nm 0/ %
pNI-Q010-525 500 0.25 29.0 £0.9 100
PNI-Q010-550 500 0.50 462 +1.1 100
pNI-Q010-575 500 0.75 975+1.6 100
pNI-Q010-1025 1000 0.25 247 +£ 0.6 100
pNI-Q010-1050 1000 0.50 31.24+0.2 100
pNI-Q010-1075 1000 0.75 65.0+1.5 100
pNI-Q010-1525 1500 0.25 202+1.4 100
pNI-Q010-1550 1500 0.50 27.6 £1.0 100
pNI-Q010-1575 1500 0.75 52.6 £0.6 100
pNI-Q010-2025 2000 0.25 233+24 100
pNI-Q010-2050 2000 0.50 325+13 100
pNI-Q010-2075 2000 0.75 319+25 <100

TABLE E.2: Layer thickness thjqy. measured with an ellipsometer,

surface coverage 6 calculated based on the assumption of spherical

particles. Moreover, also as well as the speed of rotation v,,; and the

microgel solution concentration cjgg for the microgel sample with
2.5mol% cross-linker (pNIPAM-QO025)are listed.

Sample Vrotltpm  cprgs! Wt%  thigyer/ nm 0/ %
PNI-Q025-525 500 0.25 39.1+13 89.3
PNI-Q025-550 500 0.50 55.8 £2.0 87.5
pNI-Q025-575 500 0.75 88.2+33 <100
pNI-Q025-1025 1000 0.25 319+15 78.6
pNI-Q025-1050 1000 0.50 35.8+0.6 80.8
pNI-Q025-1075 1000 0.75 55.5 +3.2 56.4
pNI-Q025-1525 1500 0.25 228+12 76.2
pNI-Q025-1550 1500 0.50 344 +19 73.6
pNI-Q025-1575 1500 0.75 3924+1.6 91.9
pNI-Q025-2025 2000 0.25 18.1+04 68.1
PNI-Q025-2050 2000 0.50 299+ 04 59.7

pNI-Q025-2075 2000 0.75 30.8£1.8 77.1
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TABLE E.3: Layer thickness thiqyer measured with an ellipsometer,

surface coverage 6 calculated based on the assumption of spherical

particles. Moreover, also as well as the speed of rotation v;,: and the

microgel solution concentration cj;¢g for the microgel sample with
5mol% cross-linker (pNIPAM-QO050)are listed.

Sample Urot lTpM  cpras ! Wt%  thigyer/ nm 0/ %
pNI-Q050-525 500 0.25 421 +1.1 70.5
PNI-Q050-550 500 0.50 84.6 £6.9 80.8
PNI-Q050-575 500 0.75 101.3+£2.8 <100
pNI-Q050-1025 1000 0.25 28.7 £2.0 56.0
pNI-Q050-1050 1000 0.50 493+ 1.1 69.1
pNI-Q050-1075 1000 0.75 72.7+15 100
pNI-Q050-1525 1500 0.25 226 +1.8 38.0
PNI-Q050-1550 1500 0.50 471 +59 100
pNI-Q050-1575 1500 0.75 61.2+14 51.2
pNI-Q050-2025 2000 0.25 21.6 £2.6 444
pNI-Q050-2050 2000 0.50 54.14+0.9 57.6
pNI-Q050-2075 2000 0.75 58.1 +1.3 73.8

TABLE E.4: Layer thickness thjqy.r measured with an ellipsometer,

surface coverage 6 calculated based on the assumption of spherical

particles. Moreover, also as well as the speed of rotation v;,: and the

microgel solution concentration cjs¢g for the microgel sample with
10 mol% cross-linker (pNIPAM-Q100)are listed..

Sample Vrot lTpM  cprgs ! Wt%  thigyer/ nm 0/ %
pNI-Q100-525 500 0.25 287+12 32.8
pNI-Q100-550 500 0.50 72.7+£3.0 <100
pNI-Q100-575 500 0.75 90.2 +£5.7 <100
pNI-Q100-1025 1000 0.25 174 +2.7 24.6
pNI-Q100-1050 1000 0.50 50.0 4.3 51.9

pNI-Q100-1075 1000 0.75 86.5+4.8 <100
pNI-Q100-1525 1500 0.25 13.44+0.2 14.6
pNI-Q100-1550 1500 0.50 329+15 39.2
pNI-Q100-1575 1500 0.75 71.8 £1.2 53.5
pNI-Q100-2025 2000 0.25 13.7 £ 0.8 5.0

pNI-Q100-2050 2000 0.50 289 + 1.6 35.0

pNI-Q100-2075 2000 0.75 727 £21 67.8
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The apparent information that can be extracted from the graphs and the tables
is that a low cross-linker content is better suited for the production of homogeneous
monolayers. Whereas almost all coatings from the microgel sample pNIPAM-Q010
form monolayers with perfect coverage of the surface the coatings from the sam-
ple pNIPAM-Q100 form patchy layers or multilayers. This can be attributed to the
higher flexibility of the particles with low cross-linker content. The more flexible
the microgel particles are the better they can arrange in a densely packed layer and
can compensate better defects. A higher cross-linker content leads to particles that
behave more like hard spheres. This seems to lead to two possible outcomes in the
coating process. For one they apparently tend to act like billiard balls in the case of
low concentration and/or high speeds of rotation. Due to the rotational force set-
ting them in motion they gain a high enough impulse and adsorb so weak on the
surface that in most incidents of two gels hitting each other they force each other off
the substrate. In the second case, when the concentration is high and the speed of
rotation is low, a layer is formed. The low impulse the particles have, the high con-
centration and the rough surface that is formed by the adsorbed microgels leads to
a second layer being formed on top. These observations indicate a strong influence
of the microgel architecture and morphology on the deposition behavior.

Further, it can be seen from the results, that the surface coverage and the layer
thickness tend to increase with higher solution concentration or lower speeds of
rotation. This observation is in agreement with observations and theoretical calcu-
lations for surface coatings with linear polymers [1, 2, 3, 4]. How strong these two
factors influence the deposition behavior depends strongly on the morphology. The
more cross-linker is used in the synthesis the stronger microgel particles tend to be
influenced by these factors. Therefore, a theory of the deposition behavior can pre-
sumably only be achieved empirically for each microgel species. This means, that if
the microgel particles from two samples differ in size, cross-linker content, monomer
composition or anything of that kind, they cannot be described in the same way with
respect to deposition behavior.

The AFM images recorded in order to calculate the surface coverage also illus-
trate the difference in surface coverage. The figures Fig.E.6, Fig.E.7 and Fig.E.8 de-
pict a selection from the recorded AFM images. Figure E.6 shows four images of each
microgel sample with different cross-linker respectively, deposited from 0.5 wt% so-
lutions at a speed of rotation 1000 rpm. The only difference between the images is
the amount of cross-linker used in the microgel synthesis in order to illustrate the
influence of the cross-linker content. Figure E.7 illustrates the influence of the speed
of rotation. The images are all from surfaces made from the sample pNIPAM-Q025
deposited from solutions with a concentration of 0.25wt% at different speeds of ro-
tation. The influence of the concentration of the microgel solution is depicted in Fig.
E.8. The images are taken for coatings from the sample pNIPAM-QO050 deposited at
a speed of rotation of 1000 rpm from solutions of different concentrations.
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FIGURE E.6: AFM images 25x25um? of layers from the sam-

ples pNIPAM-QO010 (A), pNIPAM-QO025 (B), pNIPAM-Q050 (C) and

PNIPAM-Q100 (D) deposited from 0.5 wt% microgel solutions on sil-
icon wafers with a speed of rotation 1000 rpm.

FIGURE E.7: AFM images 5x5um? of layers from the samples

PNIPAM-QO025 deposited from 0.25wt% microgel solutions on sili-

con wafers with varying speeds of rotation 500 rpm (A), 1000 rpm (B),
1500 rpm (C) and 2000 rpm (D).

FIGURE E.8: AFM images 5x5um? of layers from the samples

PNIPAM-QO050 deposited with a speed of rotation of 1000 rpm on sili-

con wafers from microgel solutions with the concentrations 0.25 wt%
(A), 0.5wt% (B) and 0.75wt% (C).

Conclusion

From spin-coating experiments with the aromatic microgels NcBH5, NcBH10,
NcBH15, NcBH20 and NcBH30 (see Chapter 5) it has been found that these micro-
gels synthesized with 5mol% cross-linker BIS behave more like pNIPAM-Q100 or
for that matter, like hard-spheres. This behavior can be attributed to the aromatic
moieties incorporated in the microgels due to the copolymerization with NBHAM.
For this case a spin-coating routine was developed which led to the best results for
cross-linkable monolayers.
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Dip-coating
Dip-coating procedure

The dip-coating experiments were performed with a R & K Dipping Ropbot Dr-0
(Riegler & Kirstein GmbH, Berlin, Germany) with a one dimensional moving axis
(x-z) ppwered by an isel (isel Germany AG, Eichenzell, Germany) Schrittmotor-
modul MS 200HT2 elctro motor. All materials and analytical devices are identical
to the previously described. The general procedure to coat silicon wafers using dip-
coating included a previous spin-coating of the wafers with 0.25wt% solution of
PEI followed by a dip-routine including the immersion in the microgel solution fol-
lowed by a washing step with desalted water and a drying step with compressed
air, this is referred to as one cycle. The silicon wafers were immersed in solutions
with a concentration of 0.5 wt% or 1 wt% at three different dip-velocities, 0.027 cm/s,
0.007 cm/s and the slowest possible speed 0.0003 cm/s. This procedure was done
with up to three cycles with microgel solutions from the samples pNIPAM-QO010,
pPNIPAM-Q025 and pNIPAM-QO050. Characterization of the layers was performed
using AFM and ellipsometry. In this part the focus will be on the analysis of the
AFM data gathered.

Results and Discussion

Figure E.9 depicts the difference in surface coverage between a 0.5wt% and
1wt% deposited with a dip-velocity of 0.027 cm/s from a solution of the microgel
sample pNIPAM-Q025 with one cycle. It can be clearly seen, that both layers form
a dense cover of the surface with next to no defects. The Layer from the 1 wt% so-
lution is rougher in contrast to the much more homogeneous layer from the 0.5 wt%
solution. From the ellipsometric data it can though be concluded that both layers
are monolayers with a layer thickness of 66 £+ 3 nm for the sample from the 0.5 wt%
solution and 76 & 4 nm for the layer from the 1 wt% solution. Therefore, except from
the surface roughness and a slightly increased layer thickness of the layer from the
1wt% solution possibly due to slightly denser packing , no real difference between
layers produced from solutions of different concentration can be concluded.

FIGURE E.9: AFM images 25x25 um? of layers from the samples
pNIPAM-QO025 (1 cycle) deposited with dip-velocity of 0.027cm/s
from microgel solutions of 0.5 wt%(left) and 1 wt%(right).

Figure E.10 illustrates the influence of the dip-velocity on the formed layer. The
images depict layers produced from a 0.5 wt% solution of pNIPAM-Q025 using one
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cycle and dip-velocities of 0.027 cm/s, 0.007 cm/s and 0.0003 cm/s. The apparent
most obvious difference is the surface roughness that seemingly increases with de-
creasing dip-velocity. From ellipsometry measurements the layer thickness was ob-
tained and it has been been found that the thickness increases drastically with de-
creasing dip-velocity. The measured thickness are 41 & 2 nm for a speed of 0.027 cm /s,
63 =3 nm for a speed of 0.007 cm/s and 120 & 6 nm for a speed of 0.0003 cm/s. None
of the measured thicknesses hint at the formation of a multilayer. All measured layer
thicknesses can be attributed to an increased roughness and a dense packing due to
the flexibility of the microgels with low cross-linker content.

FIGURE E.10: AFM images 25 x 25 ym? and 50 x 50 um? of layers from

the samples pNIPAM-QO025 (1 cycle) deposited from 0.5 wt% micro-

gel solution with dip-velocities of 0.027 cm/s(left), 0.007 cm /s(center)
and 0.0003 cm/s(right).

Figure E.11 shows the difference in surface coverage depending on the num-
ber of applied dipping cycles. The AFM images depict microgel surface coatings
produced from a 0.5wt% solution of the sample pNIPAM-Q025 deposited with a
dip-velocity of 0.007cm/s. After each dipping cycle an AFM image was obtained
and the layer thickness was probed using ellipsometry. The AFM images do not
differ significantly, pointing to a similar morphology of the layers. The measured
layer thickness on the other hand increased with every dipping cycle. After the first
cycle a thickness of 66 + 3 nm was measured, on the second cycle this thickness in-
creased to 99 +£5nm and a measured thickness of 103 +5nm after the third cycle
shows no further increase in layer thickness. Again nothing hints at the formation of
double multilayers, the thickness increase can be attributed to a denser packing of
the microgels in the layer. Probably with each cycle the force of the receding liquid,
upon pulling the wafer out of the solution pushed the microgels closer together and
thereby forcing the microgel particles into a denser packing.

FIGURE E.11: AFM images 25x25um? of layers from the sam-

ples pNIPAM-Q025 deposited from 0.5wt% with a dip-velocity

0.007 cm/s. The number of dip-cycles is increased from left to right.

After 1-dip-cycle (left), after 2-dip-cycles (center) and after 3-dip-
cycles (right).

Figure E.12 displays the influence the amount of cross-linker in the microgel has
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on the layer formed in the dip-coating process. The AFM images show layers made
from the samples pNIPAM-Q010, pNIPAM-Q025 and pNIPAM-Q050 deposited on
the wafer from solutions with a concentration of 1 wt% deposited at a dip-velocity
of 0.027cm/s. All images show a rough surface but the roughest surface is dis-
played by the layer from the sample pNIPAM-QO050. Ellipsometrically determined
layer thicknesses confirm this first impression. The measured layer thicknesses are
47 £ 2nm for the layer from the sample pNIPAM-Q010, 76 & 4 nm for the pNIPAM-
Q025 layer and 84 & 4nm for the pNIPAM-QO050 layer. This result for the pNIPAM-
Q050 layer is in strong contrast to the thickness of around 180nm the AFM mea-
surements suggest. Analyzing the AFM images it can be seen that besides large
piles of microgels also defects can be observed this explains the low layer thickness
measured with ellipsometry.

1[]183

FIGURE E.12: AFM images 25x25um? of layers from the sam-
ples pNIPAM-QO010 (left), pNIPAM-QO025 (center) and pNIPAM-Q050
(right) deposited from 1 wt% with a dip-velocity 0.027 cm/s.

Conclusion

In conclusion it can be said that dip-coating is a suitable method for the pro-
duction of microgel monolayers but with certain limitations. First it is suitable for
microgels with low cross-linker content. Experiments with pNIPAM-QO050 have all
resulted in layers with blemishes even after multiple cycles. The number of cycles
and the dip-velocity do not seem to influence the resulting layers strongly though
it can be recommended to use just a single cycle for time reasons and a dip-velocity
between 0.027 cm/s and 0.007 cm/s in order to avoid a rough surface. The concen-
tration of the microgel solution should idealy be chosen between 0.5 wt% and 1 wt%.
One of the biggest disadvantages in comparison to spin-coating is the amount of
material and time needed for this procedure. It takes over 5 times longer using dip-
coating compared to spin-coating and the difference in quantity of material needed
is about 0.1 mL of microgel solution for the spin-coating process and about 10 mL
for the dip-coating process to fully immerse a substrate with a size of 10 x 10 mm.
Due to the layers not being more homogeneous and the limitation to microgels with
a low cross-linker content spin-coating remains the preferred method.

Spray-coating

Spray-coating experiments have been performed using a chromatography lab-
oratory sprayer (DESAGA GmbH, Heidelberg, Germany). The microgel solutions
are filled into a small storage chamber from which the solution is nebulized using
manual air compression. The nozzle is aimed at the silicon wafer and the microgel
solution is sprayed onto the wafer. The substrate is spin-coated with a 0.25wt% so-
lution of PEI prior to the spray-coating procedure. For the spray coating microgels
from the samples pNIPAM-QO010, pNIPAM-Q025 and pNIPAM-QO050 were used in
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the concentrations 0.5 wt% and 1 wt%. After the microgel solution was applied to the
surface with the laboratory sprayer the coated substrate was dried at ambient condi-
tions for 12 h in order for the water to evaporate from the substrate. The coated and
dried wafer was than washed with deionized water and dried with compressed air
using the dip-robot. Characterization of the produced layers was done using AFM
and ellipsometry before and after the washing step.

Figure E.13 depicts AFM images from the spray-coated layers of every microgel
sample used (pNIPAM-Q010, pNIPAM-Q025 and pNIPAM-Q050) in both concentra-
tions applied (0.5 wt% and 1 wt%). The most apparent observation is that most of the
layers are not homogeneous. All layers produced with a 1 wt% solution form rough
surface layers. The layer thicknesses measured using ellipsometry are 70 &3 nm for
the pNIPAM-QO010 layer (E.13B), 40 & 2 nm for pNIPAM-Q025 (E.13D) and 97 +5nm
for the pNIPAM-QO050 layer (E.13F). The only homogeneous surface coating is ex-
hibited by the layer deposited from a 0.5 wt% solution of pNIPAM-Q010 (E.13A) for
which the measured layer thickness is 76 =4 nm. The layers produced from 0.5 wt%
solutions of pNIPAM-Q025 and pNIPAM-QO050 are both inhomogeneous and show
numerous defects.

AN

FIGURE E.13: AFM images 25x25um? and 50x50 um? of layers

from the samples pNIPAM-Q010 (A and B), pNIPAM-Q025 (C and D)

and pNIPAM-QO050 (E and F) deposited on silicon wafers via spray-

coating from solutions with a concentration of 0.5wt% (A,C and E)
and 1wt% (B,D and F).

These images illustrate very clear, that direct spray-coating of microgels with a
laboratory sprayer is an unfit method for the production of homogeneous surface
coatings. The results are unsatisfying and above all unreproducible. Therefore sim-
ple spray-coating can not be recommended as a method of choice when aiming at
homogeneouse microgel surface coatings.
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