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1 Introduction

Polymer materials play an essential role in daily life due to their broad range
of specific properties.! One type of polymers which is highly interesting for
research and industries are gels. Gels consist of a cross-linked, three-
dimensional polymer network. Their reversible swelling behavior as well
as their unique viscoelastic properties?® make them interesting for many
technical and medical applications, e.g. in contact lenses® and as superab-
sorbers.”

A special group of gels can be summarized as microgels which have a size
in the submicron range (10 nm to 1000 nm). The smaller size compared
to macrogels leads to a faster response to external stimuli as well as to a
higher surface-to-volume ratio which forced them into the focus of many
investigations during the last decades.”™

In this PhD thesis polymer particles made of poly-N-isopropylacrylamide (p-
NIPAM) were used. They show a reversible volume phase transition (VPT) at
around 32°C by changing the temperature.1%2 Additionally, the properties,
e.g. the VPTT, of the microgels can be influenced by changing the amount
of cross-linker or integrating comonomers within the polymer network. 137
p-NIPAM microgels offer high potential as stimuli responsive matrices in
biocatalysis or sensor designs. Three possible approaches to produce suit-
able systems for these applications are illustrated in figure [I.1I| All of the
three approaches were investigated within this PhD thesis.

In order to receive suitable supports for sensors, one strategy is to load the
microgel particles with gold nanoparticles (Au-NPs) (figure ). The pro-
duction of p-NIPAM microgels with Au-NPs is an interesting topic due to
the combination of the thermoresponsive behavior of the polymer and the
optical’®2? properties of the NPs. Although there are a huge number of pub-

lications on the loading of spherical Au-NPs within p-NIPAM microgels, 1723
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neither the influence of the cross-linker content on the optical properties
nor the internal structure of the Au-NP loaded microgels were investigated
in detail.

Chapter 4 of this PhD thesis deals with the loading of spherical, citrate-
stabilized Au-NPs with a diameter of 18.5 nm within p-NIPAM microgel par-
ticles. The influence of the cross-linker density and the amount of added
Au-NPs on the surface plasmon resonance was studied using temperature
dependant UV-Vis spectroscopy. Transmission electron microscopy (TEM)
was used to study the penetration depth of the Au-NPs for different cross-
linker and loading densities. The pure p-NIPAM as well as the loaded mi-
crogels were measured by dynamic light scattering (DLS) to investigate the
swelling behavior of the polymer systems.

b.

@ Au-NPs

© enzymes i @O amphoteric group

Figure 1.1: Sketch of possible applications of p-NIPAM microgels: loading
with Au-NPs (a), immobilization of enzymes (b) and integration of amphoteric
comonomers (c).

The main part of the present work deals with the immobilization of enzymes
within p-NIPAM microgel particles which is of high research interest (figure
[1.1)).B2428 The focus of the present work lays on the production of biocata-
lysts for the usage in organic or aqueous environment by either embedding
enzymes in the polymer network by physical interactions or covalent bind-
ing of enzymes into the polymer particles. In chapter 5 two existing immo-
bilization methods were adapted in order to succesfully immobilize enzymes
within p-NIPAM microgel particles.

In a first case, the enzymes lipase B from Candida Antarctica (CalB) and
horseradish peroxidase (HRP) were embedded within large p-NIPAM parti-
cles to produce a biocatalyst that works in organic media. The immobiliza-
tion was done via a gradual solvent exchange from water to isopropanol and
finally to n-hexane for the activity test. The usage of confocal laser scanning
microscopy (CLSM) to determine the location of the labeled enzymes after
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solvent exchange is discussed extensively. The immobilized amount of CalB
as well as the activity reaction were investigated at different temperatures
for p-NIPAM with 0.25 mol-% cross-linker. Additionally, the reusability and
stability of the immobilized CalB were determined. In order to get infor-
mation about the impact of the cross-linker density on the activity of the
system, the immobilization and the following analysis was also done with 5
mol-% of the cross-linker.

In a second case, the covalent immobilization of HRP within p-NIPAM-co-
allylamine using para-benzoquinone (BQ) as coupling agent is discussed.
In contrast to the immobilization using solvent exchange, the covalent im-
mobilization leads to biocatalysts that can be used in aqueous media. The
characterization of the synthesized particles by DLS, zeta potential mea-
surements and atomic force microscopy (AFM) is also presented. The activ-
ity and the stability of the produced immobilized system are also discussed.
For the immobilization of enzymes, it can be useful to integrate amphoteric
comonomers into the polymer network leading to polyampholyte (PA) micro-
gels (figure [1.1fc). In literature, there are several studies on the production
and characterization of such PA microgel particles.??=% In contrast to the
present work, all investigated polymers were synthesized with two different
comonomers to integrate the functional groups so far.

Chapter 6 deals with the synthesis of a novel PA microgel system made of
p-NIPAM and allylglycine (AG) as comonomer. In the present case, only one
comonomer is integrated within the polymer network leading to a balanced
microgel. The characterization by DLS, zeta potential and AFM measure-
ments in dependance of the temperature, the concentration and the pH
value is discussed.
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2 Theory

2.1 Smart gels

In general a gel consists of two phases. The solid phase is always a three di-
mensional network with pores. These pores can be filled with either a liquid
(Iyogel) or a gas (xerogel).** In case of a highly porous network dispersed in
air the system is called aerogel. Lyogels are interesting objects due to the
fact that they show liquid-like and solid-like properties.®® Usually, the main
component of a lyogel is its liquid which is responsible for the liquid-like
properties. The decisive parameter for the solid-like properties is the cross-
linking of the polymer network. This cross-linking leads to a shear modulus
which becomes apparent when the gel is deformed. Therefore, a gel can
retain its shape and shows properties of a solid. One distinguishes between
gel networks that are stabilized either by physical or chemical cross-linking.
In case of a chemical cross-linking real covalent bonds are present while
a physical cross-linking is formed by hydrogen bonds, Coulomb interac-
tions, van-der-Waals forces or entanglements. The viscoelastic properties
of a gel are strongly influenced by the number of cross-links in the polymer
network.“* An increasing number of cross-links, also known as connectiv-
ity,=® leads to an increase in the solid-like properties and a decrease in the
swelling capacity.=®=® When a solvent is added to a solid gel it swells until
the swelling equlibrium is reached which can be up to 97% regarding the
total volume of the gel. The driving force for the swelling capacity are the
interactions between the network components and the solvent.

Another promising property of a number of gels is their ability to react on
external stimuli which is usually defined as "smart” behavior.”1957 [n this
case not only the solvent but also outer parameters like temperature,=244
pH, 18164846 jonjc strength,'54” photons#®4Y or electric field®%°! can control
the volume of the gel.52 In case of a volume phase transition (VPT), which
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was experimentally discovered by Tanaka in 1978,°% an enormous change
in the volume can be induced by one of these external stimuli. Figure
schematically illustrates such a responsive gel.

external stimuli

Figure 2.1: Schematic drawing of the VPT of a gel.

According to their size gels can be classified in macrogels and microgels.
Microgels were defined by Baker in 1949.°% They are colloidal dispersions
of gel particles with four criteria:*® 1.) Their size has to be in the submi-
cron range which is supposed to be between 10 nm and 1000 nm. 2.) The
microgel particles are dispersable and 3.) swellable in a solvent. 4.) They
consist of a stable polymer network which is either chemically or physically
stabilized.

Especially the usage of microgels which are dispersed in water, so called
hydrogels, is of high research interest for technical, medical and biological
applications. The VPT induced by external stimuli is much faster for micro-
gels than for macrogels. Additionally, they show a higher surface to volume
ratio. Both properties make them promising systems for a wide field of
applications: drug delivery, emulsion stabilizations, microlenses, coatings,
sensors and so on.°6765

The microgel particles used within this work are made of the monomer N-
Isopropylacrylamide (NIPAM). The synthesis of p-NIPAM microgel particles
is done by surfactant free precipitation polymerization which was firstly
reported in 1986.°° The advantage of this method is the production of
monodisperse, spherical polymer particles in the submicron range. Due to
the lower critical solution temperature (LCST) of individual p-NIPAM chains
the formed microgel particles show a VPT with increasing temperature.

In general, a gel can have a LCST or an upper critical solution temperature
(UCST). Figure presents phase diagrams of a gel with a lower miscibility
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gap (a) and an upper miscibility gap (b). It is shown that for both cases a

a. A A b A A
homogeneous mixture two phaseregion
g g
> ]
© UCST ©
g 8
IS I= LCST
3 ot
two phase region homogeneous mixture
0 composition 1 0 composition 1

Figure 2.2: Phase diagrams of a gel with a lower miscibility gap or UCST (a)
and an upper miscicibility gap or LCST (b) where the critical temperatures are
illustrated as filled points.

transition from a homogeneous to a two phase region can be observed by a
change in temperature depending on the gel composition. The filled points
represent the critical temperatures while the LCST corresponds to an upper
miscibility gap and the UCST corresponds to a lower miscibility gap.
Microgels made of p-NIPAM show a VPT at a temperature of approximately
32°C (VPTT). According to figure [2.2] water is a good solvent for the p-
NIPAM particles below this temperature due to hydrogen bonds between
the polymer network and the water molecules. Hence, the microgel exists
in a swollen state. Increasing the temperature above the VPTT leads to a
shrinking and water is expelled. Therefore, water turns into a bad solvent
by surpassing the VPTT. The swelling behaviour of the microgel particles is
controlled by the amount of cross-linker and can be characterized by the
deswelling ratio «, as shown in equation [2.1]

Vi R}

= - 2.1
VH,O R?—[’o ( )

(0%
where Vg and Vj o are the volumes of the microgel particles in the collapsed
and swollen state, respectively. Due to the spherical character of the micro-
gel particles the hydrodynamic radii (Ry) can be used instead of the volume.
Within this work the Ry values detected at 25°C and 40°C were used to cal-
culate the deswelling ratios.
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The VPT can be described by the classical FLORY-REHNER theory.®” The
basic idea of this theory is the assumption that the free energy of the gel F,
is a sum of three components:

Fgel = Fmiac—"Fel +Fion (22)

where £, is the free mixing energy of the gel and the surrounding sol-
vent, [, the free energy of the network elasticity and F},, the free energy of
charged gels. The volume change leads to a change in free energy which
can be described by the internal osmotic pressure of a gel particle. Ac-
cording to equation the osmotic pressure is also a sum of these three
contributions:

oF
Iy =—-—| — = 1L, + 1 + 1L,n,. 2.3
gel <3V)T + 1l + ( )

L., Il and 11, can be defined by the following equations:

iz = —NAiBT (¢ + In(1 — ) + x¢*) (2.4)
 NksT ([ 6\ (o)
e ==y <<2¢o) <¢o> ) (2:5)
chkBT ¢
. —=_J22¢" 7 2.
won ‘/E) ¢0 ( 6)

where V is the volume, N, the Avogadro constant, £z the Boltzmann con-
stant, T' the absolute temperature, v the molar volume of the solvent, ¢
the volume fraction of the polymer, ¢, the volume fraction of the polymer
at reference conditions, N, the number of chains contained in the gel net-
work, 1 the volume of the relaxed Gaussian gel network, f the number
of counterions per chain and y the polymer-solvent interaction parameter
(FLORY-HUGGINS parameter).®°

When molecules of the solvent get into contact with the polymer particles
the free energy per solvent molecule is changed. This change can be de-

scribed by x: AF AH_TAS

XN gsT kT
where AH and AS are the changes in enthalpy and entropy per monomeric
unit of the polymer network during the VPT. Gel particles with a LCST lead
to negative values of AH and AS while for a UCST behavior it is the oppo-

(2.7)
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site.

In summary, p-NIPAM microgel particles combine a number of promising
properties such as the small dimensions in size and therefore a large sur-
face area, a low polydispersity and a spontaneous and reversible response
to external stimuli. The VPT behavior of pure p-NIPAM microgels can be
influenced by integrating comonomers such as acrylic acid'® and allylacetic
acid’® into the polymer network. This gives the opportunity to tune the
VPIT and the deswelling ratio o as well the sensitivity to pH and ionic
strength.

2.2 Plasmon resonance of gold nanoparticles

Due to their interesting optical properties, gold nanoparticles (Au-NPs) have
been used since the antiquity. In the 17th century it was developed that
a combination of a aqua regia solution of gold and tin leads to a deep red
colorant. This so called "purple of Cassius” became one of the most used
red pigments in the production of glass and ceramics.®®

One special property of Au-NPs is the surface plasmon resonance which
leads to a specific absorption band in the visible range. This behavior is
based on the collective resonant oscillation of the free electrons in the con-
duction band of the gold. Therefore, an oscillating dipole is created. Figure
illustrates this charge oscillation induced by excitation with light.

excitation by light

Figure 2.3: Sketch of the surface plasmon oscillations of Au-NPs induced by
light.

The properties of these plasmon resonances are influenced by the refrac-

6970 1871

tive index of the surrounding medium as well as by the size and
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shape’?™™ of the Au-NPs.

For spherical Au-NPs with a diameter smaller than the wavelength of the
incident light, the dipole oscillations and therefore the absorption behavior
can be described by the classical MIE theory.”” In this theory the extinc-
tion cross-section of a single spherical particle with the dielectric function
e = ¢ +i¢" is given by equation [2.8}

2m
Copt = 12 (2n + 1) Re (a, + by) (2.8)
where & = 2m./¢,/\ with ¢, as dielectric constant of the surrounding
medium, A as wavelength, n as refractive index of the surrounding medium
and a, and b, as the scattering coefficients, which are functions of the ra-
dius R and ) in terms of Ricatti-Bessel functions.¢?

In case of very small NPs (kR < 1) the extinction cross-section is given by:

2412 R3 e?,{ 2 e’

A (€4 2e,)" e

Cezt = (29)
Equation shows that the maximum of C.,; and hence an absoprtion
peak is obtained when the denominator becomes minimal. This condition
is achieved (if ¢’ is small) when:

€ = —2¢,,. (2.10)

This clearly demonstrates that the surface plasmon resonance is highly in-
fluenced by the dielectric constant ¢,, and hence by the refractive index n
of the surrounding medium. Therefore, equal Au-NPs possess different ab-
sorption maxima in dependance of the refractive index of the solvent used.
This was demonstrated by Underwood et. al using UV-Vis spectroscopy.”®
The interesting optical properties make Au-NPs highly attractive for for-
mation of functional hybrid microgels. In the present work, differently
cross-linked p-NIPAM microgel particles were loaded with spherical shaped
Au-NPs to produce a system which can change the optical properties by a
change in temperature.
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2.3 Enzyme immobilization

Enzymes are biocatalysts which catalyze reactions in all living cells. There-
fore, enzymes are able to catalyze a wide range of chemical reactions even
if these reactions are extremely complex to perform by chemical synthe-
sis.”” The presence in the metabolism of all living cells requires that en-
zymes show special properties like working under mild reaction conditions
(physiological pH and temperature), high activity, high stereo-, regio- and
chemoselectivity as well as high biodegradability.”® These properties make
them useful for many applications: pharmaceutics, chemicals, food, organic
synthesis and detergents. Nevertheless, the low long-term stability, the high
costs of isolation as well as the difficulty to reuse the enzymes often pre-
vents their use in large-scale applications under industrial conditions (ex-
treme pH, high temperature and high shear force in reactors). These draw-
backs could be solved by immobilization of the enzyme catalysts. Therefore,
the immobilization of enzymes is of high interest for research since several
decades. In 1971 at the first Enzyme Engineering Conference at Henniker
(New Hampshire, USA) the term "immobilized enzyme” was defined as "en-
zymes physically confined or localized in a certain defined region of space
with retention of their catalytic activities, and which can be used repeatedly
and continuously”.”Y The production of the new biocatalysts is not only
useful for applications in industrial processes but also for the synthesis of
a number of biotechnological products with applications in diagnostics and

biosensors. 2081

For the production of an immobilized enzyme system it is
important to choose the enzyme, the matrix and the immobilization method
carefully.

Firstly, a suitable support has to be considered. Depending on the chemi-
cal composition, they can be classified into inorganic and organic supports.
Beside the swelling behavior, the mechanical strength as well as the com-
pression behavior, the pore diameter and the particle size are important
physical characteristics of the matrix. Due to the fact that the size of the
matrix and the pores defines the total surface area these parameters have a
high impact on the binding capacity for enzymes. Porous materials have a
high surface area and hence a high capacity for enzyme immobilization as
well as the possibility to protect enzymes against chemical and mechanical
stress. Therefore, these materials are often preferred as enzyme supports.
The immobilization methods can be classified in different types such as
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1.) support binding, entrapment and cross-linking,”® 2.) chemical binding
and physical retention®® and 3.) attachment and entrapment.®® In 1983
the methods for immobilization were firstly defined as adsorption, covalent
binding, cross-linking, entrapment and encapsulation which can be sorted
to the classification of entrapment and attachment.®* These different meth-
ods are illustrated in figure 2.4}

006 G- R
3 «ee
| F b

Adsorption Covalent binding Cross-linking

Entrapment Encapsulation

Figure 2.4: Classification of enzyme immobilization.

Immobilization by adsorption is reached by reversible non-covalent inter-
actions between the enzyme and the support.® These interactions include
van-der-Waals forces, ionic bonding, hydrogen bonding and hydrophobic
bonding. Although the interactions are rather weak, they are large enough
in number to provide good binding. The prominent advantages of this
method are little damage to the biocatalyst, no required modification to the
enzyme or matrix and the possibility to exchange the used enzyme against
fresh one. Beside, there are also some disadvantages known for this im-
mobilization method. The biocatalyst can leak or desorb from the support
material and the support can lead to a steric hindrance. The desorption can
be also an advantage if it is used for the regeneration of the biocatalyst by
exchanging used ezyme against fresh ones.

Immobilization by covalent binding can be obtained by the formation of
covalent bonds between the enzyme and the support.®® Normally, these
bonds are received between functional groups situated at the matrix and
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functional groups of amino acids existing in the structure of every enzyme.
Basically, the covalent binding is done in two steps. Firstly, either the sup-
port (e.g. dextran or agarose gel®®) or the enzyme is activated by a specific
chemical reagent (e.g. BQ) followed by a coupling reaction with the unac-
tivated part of the biocatalyst. The covalent binding of enzymes using BQ
has not been done with microgels as support so far.

The third immobilization method in the field of attachment is the cross-
linking of enzymes by chemical or physical attachment where a three-
dimensional complex structure is achieved.®® The characteristic property
of this method is the absence of a support. Chemical cross-linking includes
the formation of covalent bonds between the enzymes using a reagent like
glutaraldehyde. A drawback of this cross-linking regarding application to
living cells is the toxicity of the reagents. The cross-linking by physical at-
tachment is realized by flocculation of the enzymes. As flocculation agents
polyamines and polystyrene sulfonates are used.

In case of entrapment, the enzyme is immobilized into a cross-linked poly-
mer matrix. Hence, the enzymes are free in solution but restricted in move-
ment by the surrounding matrix.®® An important aspect is that the pore
sizes of the support need to be large enough for immobilization but small
enough to prevent leakage of the enzmyes. Additionally, the substrate and
products have to be able to move freely.

For the last immobilization method enzymes are encapsulated within a
semi-permeable membrane.®> As described for entrapment, the enzyme is
free in solution but restricted in space through the matrix.

Within this study, enzymes are immobilized by entrapment within p-NIPAM
microgel particles to reach an active biocatalyst in organic media. Further-
more, covalent binding using BQ as coupling reagent was used to produce
a biocatalyst that is active in aqueous environment.

2.4 Methods
2.4.1 Dynamic light scattering

2.4.1.1 Characterization of the size and diffusion. To characterize the
size and the thermoresponsive behavior of the synthesized microgel parti-
cles dynamic light scattering (DLS) was applied.®” Figure shows a typ-
ical setup of a scattering experiment.
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Figure 2.5:  (a) Schematic drawing of a setup of a DLS experiment. (b) Illus-
tration of the scattering vector q. k; is the wave vector of the incident light and
ky is the wave vector of the scattered light.

In order to receive radiation with a narrow frequency distribution and an
almost constant output power, usually continous wave lasers are used as
light source. The polarized laser beam is reflected by two mirrors and fo-
cused on the sample by a convex lens. The sample leads to a scattering of
the light which passes a second polarizer and is detected by a photomulti-
plier. The scattered light can be collected under different scattering angles
due to the fact that the photodiode is placed on a goniometer arm. The
sample is placed in a toluene bath which matches the refractive index of
the used quartz bath and cuvettes as well as serves as a temperature con-
trol. Additionally, a PT 100 thermoelement is used to control the sample
temperature.
The movement of particles which is related to Brownian motion leads to fluc-
tuation of the scattered light intensity. In DLS measurements these fluctu-
ations are measured leading to the intensity time autocorrelation function
g*(7): o

F(r) = (I(q:1)1(q;t :‘ 7))

(I(g, 7))

where [(q,t) is the intensity of the scattered light, 7 is the correlation time

(2.11)

and ¢ is the scattering vector. Figure [2.5b shows the construction of this
scattering vector for a single scattering event. The magnitude of ¢ is given

dmn . [0
Il =q= Tsm <§> (2.12)

by equation 2.12]

where n is the refractive index, A\ the wavelength of the incident beam and 6
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the scattering angle.

For further investigations on the diffusion of particles this second order
autocorrelation function is converted into the first order field time autocor-
relation function ¢'(7) by using the SIEGERT relation:

(1) =1+ Blg"(n)]? (2.13)

where [ is a parameter which depends on the experimental geometry.
In case of monodisperse particles ¢g'(7) can be described by a simple expo-
nential function with the relaxation rate I':

gi(r)=¢e" (2.14)

For monodisperse particles and a factor 5 of 1 equations 2.13| and [2.14]

show that both autocorrelation functions have a simple relation which is
illustrated in figure [2.6|

For particles with a certain polydispersity a distribution in size is existent
leading to different diffusion coefficients and relaxation rates. In this case
g*(7) can not be described by a single exponential function. Instead a sum
has to be considered:

/ 1 "

g (r)=ap+ae " T H+age ™t T+azem T+ .. (2.19)

where ag,a1,a, ... are amplitudes and I",T",T” ... are relaxation rates.
Usually, the methods of cumulants is used to analyze the first order au-
tocorrelation function which was firstly proposed by Koppel.®® Therefore,
the logarithm of ¢'(7) is expanded in terms of the cumulants of the distri-
bution:®? . .

In[g*(1)] = -7 + QFQTQ — grgrf” + (2.16)
To take advantage of this form the baseline is assumed to be exactly one
and a fit can be made by the following fitting function:

2 2

In[g*(7) — 1] = InB — 21"y 7 + EFQTZ — §r3¢3 +.... (2.17)

The first cumulant describes the average decay rate of the distribution.
Hence, I'; can be used to calculate the diffusion coefficient D:

I'y = D¢ (2.18)
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Figure 2.6: Scheme of the first (straight line) and second (dashed line) order
autocorrelation function for monodisperse particles.

Finally, the STOKES-EINSTEIN equation can be used to calculate the Ry
values of monodisperse particles:

kT
N 67T?7RH

(2.19)

where £ is the Boltzmann constant, 7" the temperature of the sample and 7
the viscosity of the solution.
The polydispersity index (PDI) is another characteristic parameter for the
monodispersity of a sample which can be obtained by the cumulant expan-
sion:

PDI = —. (2.20)

Especially for the characterization of thermoresponsive microgel particles
DLS is an important technique. It gives the opportunity to investigate the
behavior of the Ry in dependence from the temperature and hence the
deswelling ratio a can be determined.
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2.4.1.2 Characterization of the zeta potential. Combining DLS with
electrophoresis can be used to receive informations on the charge of a col-
loidal dispersions which is directly related to their stability and therefore an
important property. In a dispersion of colloidal particles an electrical double
layer is formed. To describe the charge situation usually the STERN model
is used which was developed in 1924 by combining the earlier models of
Helmholtz and Gouy-Chapman.®? Figure schematically shows the dis-
tribution of ions at the interface for the case of a negatively charged particle

surface.
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Figure 2.7: Structure of the electrochemical double layer on a negative particle
surface.

In an electrolyte solution one monolayer of dehydrated anions is directly
adsorbed at the particle surface (inner Helmholtz layer). This leads to an
increase in the surface potential (V) to the potential of the inner Helmholtz
layer (¥;). The next layer (outer Helmholtz layer) consists of fixed hydrated
cations leading to a reduction of the potential to the so called Stern poten-
tial (V). The combination of the inner and the outer Helmholtz layer is the
Stern layer with the thicknes §. In the following part of the electrical double
layer the distribution of the charge carriers is diffuse. The potential shows
an exponential decay till the electric neutrality is reached. If the particles
move, e.g. by applying an electric field, parts of the diffuse layer can be
sheared off. This region separates the ions associated with the particle from
those in the bulk phase. The potential at this shear plane is defined as the
zeta potential (). The value of the determined zeta potential can be a strong
indication for the stability of a colloidal system. If the particles show a high
zeta potential the tendency to repel each other is high and therefore in most
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cases a high stability of the system is obtained. Especially, two kinds of
dispersions are interesting for this technique: a solid dispersed in a liquid,
and a liquid dispersed in a liquid.
The principle of the zeta potential measurement is based on electrophoresis
which means that the movement of charged particles in an electric field is
investigated. The observed velocity of the particles (v) is proportional to the
electrophoretic mobility () with the applied electric field (£) as proportion-
ality factor:

v=pupk. (2.21)

From the measured mobility the zeta potential can be calculated using the

Henry equation:
- QEOETC
=3,

where ( is the zeta potential, ¢, the electric field constant, ¢, a relative dielec-

HE f(ka) (2.22)

tric constant, n the viscosity of the medium and f(xa) a correction function
(Henry’s function) which considers the thickness of the double layer and the
particle diameter. Regarding Henry’'s function one distinguishes between
two laws: the Helmholtz-Smoluchowski law and the Hueckel-Onsager law.
The first law can be used for large particles in polar media (ka > 1, where
is the Debye-length and « is the particle radius).®!

6067'C
7 .

g = (2.23)
The second law is valid for small particles (kra < 1) and highly diluted elec-

trolyte solutions:

o 26067"(
HE = 3

The setup of the experiment is similar to the DLS setup shown in figure

(2.24)

2.5 Instead of Brownian motion the movement of the charged particles in
an applied electric field is investigated. The particles scatter the incident
laser light and due to the movement the Doppler effect leads to a shift of
the scattered compared to the incident light. The magnitude of this shift is
proportional to the velocity of the particles. Hence, ur can be determined
(equation [2.21). This measurement principle is defined as laser doppler
anemometry, 9293

Especially in the characterization of the synthesized copolymers this

method is needed to proof the integration of the comonomer within the poly-
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mer network.

2.4.2 Imaging techniques

2.4.2.1 Confocal laser scanning microscopy. Confocal laser scanning
microscopy (CLSM) is a technique for obtaining high-resolution optical im-
ages and is frequently applied in biology and chemistry.®* The principle of
the confocal microscopy was patented by Marvin Minsky in 1957 which
shows that this technique is a relatively new characterization method.®® In
the following years Davidovits and Egger were able to engineer a confocal
laser microscope and published the images of cells in 19719%97 Due to the
usage of lasers for CLSM this technique became a standard method not be-
fore the end of the 1980s.

A scheme of an experimental setup of a CLSM is shown in figure 2.8 As
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in-focus emission
light ray

- — — out-of-focus emission
light ray
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\

\

emission filter
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Figure 2.8: Principal function and beam pathway of a CLSM.

light source a laser is used which produces coherent light of a defined wave-
length. By passing the excitation pinhole a sufficiently thin laser beam is
produced which is afterwards reflected into the objective by a dichroic mir-
ror. The objective focuses the light on the focal plane within the specimen.
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If a fluorescent probe is excited by the incident laser beam, the light emitted
from the sample passes the dichroic mirror and the emission pinhole before
it is detected by the photomultiplier. The scanning unit which is responsi-
ble to shift the laser spot in x- and y-direction is usually controlled by two
galvanometers.

In comparison to a conventional wide field fluorescence microscope a CLSM
shows great advantages. Firstly, in conventional fluorescence microscopy a
wide region of the sample is exposed to the excitation light while in CLSM
the laser beam is focused to a very small spot at the focal plane (figure [2.9).
Secondly, the emission pinhole used in a CLSM is in confocal position to the
excitation pinhole and therefore the out-of-focus light is suppressed. Com-
pared to a conventional wide field fluorescence microscope sharper images
can be obtained.

(é?ver
ass
/SpeC|mer|\~—
Mlcroscope/
Wldefleld Confocal Point
lllumination Exmtatlon Scanning
(Large Volume) Beam (Small Vqume)

Figure 2.9: Comparison between widefield and confocal microscopy illumina-
tion volumes. Figure taken from.%®

An important characteristic of CLSM is its resolution which refers to the
smallest distance (r) between two objects at which the objects still appear
distinct. The lateral resolution of a CLSM can be described by:

0.4\

ateral = 2.25
T'lateral NA ( )

where ) is the emitted light wavelength and N A is the numerical aperture of
the objective. Especially for CLSM it is also important to consider the axial
resolution which is given by equation [2.26}

1.4\n

Tazial = W (226)

Beside the advantages of this technique, there are also some drawbacks
which have to be mentioned. The usage of lasers as excitation source limits
the number of wavelength which can be selected. Furthermore, the sample
is bombarded with intense, focused laser light which can lead to a damage
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of the sample or, if the sample is labeled with a fluorescent dye, to a bleach-
ing of the used dye.

Nevertheless, CLSM is an important technique for numerous biological ap-
plications, especially due to the possibility of 3D-imaging. Therefore, several
xy planes can be measured with small steps in z-direction in between. This
provides all necessary information to reconstruct a 3D-model of the interior
of a sample.

2.4.2.2 Transmission electron microscopy. Another optical method
with higher resolutions than obtained in classical light microcopy is rep-
resented by electron microscopy. The imaging process is done by using
electrons whose wavelength can be described by the DE BROGLIE rela-
tion: 2

o 2.27)

muv

where ) is the wavelength, h Planck’s constant, m the mass and v the veloc-
ity of the electrons.
Equation [2.27] shows that a higher velocity leads to lower values for \. It
is also known that smaller )\ gives a high resolution which is the case for
electrons.
In principle, there are two different types of electron microscopes, transmis-
sion electron microscopes (TEM) and scanning electron microscopes (SEM).
Within this PhD thesis TEM was used to characterize hybrid samples. Fig-
ure [2.10|illustrates a typical setup of a TEM.
The basic setup is very similar to that of a light microscope. The elec-
trons are generated by a glowing wolfram wire and focussed by passing the
Wehnelt cylinder. The electron beam is accelerated to the anode by using ac-
celeration voltages between 20 and 100 kV. Afterwards, a condensor lense
focusses the electron beam on the sample which is prepared on a copper
grid. The following part of the TEM is responsible for the imaging of the
sample. Therefore, electromagnetic as well as projector lenses are used.
Especially, for the prepared hybrid systems made of Au-NPs within p-NIPAM
microgel particles, TEM is a a suitable method for visualization. Due to the
higher electron density of Au-NPs compared to the surrounding polymer,
large contrast is expected and the Au-NPs within the polymer network can
be imaged.
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Figure 2.10: Principal function and beam pathway of a TEM.

2.4.2.3 Atomic force microscopy. Atomic force microscopy (AFM) is a
very high-resolution type of scanning probe microscopy which was devel-
oped by Binnig, Quate and Gerber in 1986.1%° Three years later the first
commercially available AFM was introduced leading to the possibility to
scan a wide range of surfaces on atomic scale including ceramic materi-
als, biological samples and polymers.19!

Figure illustrates a typical setup of an AFM. The basic principle is the
scanning of the surface of a sample with a sharp tip. This tip has a radius
of curvature in the order of 10’s of nanometers and is fixed at a cantilever
which is typically made of silicon or silicon nitride. A laser beam is focused
on the back of the cantilever and the reflected light is detected by a photo-
diode. The usage of piezoelectric scanners give the possibility to move the
cantilever and hence the tip in xyz-direction. The distance between tip and
sample is controlled by a feedback loop. Finally, the results are evaluated
by a computer leading to a topographical image of the sample.

The great advantage of AFM over many other microscopes available is the
possibility to make measurements in x, y and z-direction and hence to re-
ceive a three dimensional image of a sample surface. The samples can be
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Figure 2.11: Sketch of an AFM setup.

studied in air or in liquid environment and the resolution in the x-y direc-
tion ranges from 0.1 nm to 1.0 nm while the resolution in the z-direction is
0.01 nm. Additionally, the height profiles of the measured samples can be
used to determine the height of the sample.

An AFM can operate in three different modes, named contact mode, non-
contact mode and tapping mode. In the first mode an extremely low and
constant force is executed on the cantilever which leads to a continous con-
tact between the tip and the surface while the sample is scanned. The
repulsive force between the sample and the tip or the tip deflection is mon-
itored. Afterwards, this signal is converted into an image of the surface.
The disadvantage of this mode is that soft surfaces can be damaged by the
constant contact with the tip. Therefore, the other modes were developed.
In non-contact mode the frequency of the oscillation is higher than the fre-
quency of the tip leading to no contact between the tip and the sample
during the whole scanning process. Although this is a really gentle method
concerning the damage of the sample, the interactions are rather weak lead-
ing to a low resolution.

The tapping mode is a good compromise between damage of the sample and
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resolution. There, the frequency of the oscillation is slightly lower than the
resonance frequency of the tip. The surface-to-tip distance is set and hence
the surface is only touched ("tapped”) at the bottom of these oscillations.
This means the cantilever oscillates at the surface during the scanning pro-
cess and hence the pushing on the substrate is reduced. Additionally, the
tapping mode can be used in wet and dry state of the investigated sample.
Due to the fact that p-NIPAM microgel particles are quite soft all measure-
ments were done in the tapping mode.

As described before, the force between the sample and the cantilever is de-
termined by AFM. Using HOOKE'’s law, this force can be calculated if the
distance between sample and tip is constant:

F=—kx (2.28)

where F' is the force, k the spring constant of the cantilever and «= the can-
tilever deflection.

In summary, AFM is a powerful technique for the imaging of polymeric and
biological samples.



3 Experimental Section

3.1 Materials

The monomer N-Isopropylacrylamide (NIPAM; 97%, Aldrich) was pu-
rified by recrystallizaton in n-hexane. The cross-linker N,N’-
methylenebis(acrylamide) (MBA; >99.5%, Fluka), potassium peroxodisul-
fate (KPS; >99%, Fluka), allylamine (AA; >99%, Aldrich) and DL-2-
allylglycine (AG; Aldrich) were used as received for microgel synthesis.
HYDRANAL-Methanol dry (Riedel-de Haen) and HYDRANAL-Composite 5
(Fluka) were used for Karl-Fischer-titration.

Tetrachloroauric(Ill)-acid (HAuCl,; >99%, Fluka) and sodium citrate di-
hydrate (>99%, Fluka) were used without further purification for gold
nanoparticle synthesis.

Lipase B from Candida antarctica L (CalB) was generously donated
by Novozymes A/S (Bagsvaerd, Denmark) and dialyzed for the labeling
procedure. Horseradish peroxidase (HRP; Sigma), bovine serum albu-
min (BSA; 2 mg protein/ml, Sigma), Bradford Reagent (Sigma-Aldrich),
Fluorescein-5-isothiocyanat (FITC; >95%, Merck), octanoic acid (>99%,
Sigma-Aldrich), 1-octanol (>99%, Sigma-Aldrich), pyrogallol (>99%, Sigma),
hydrogen peroxide (H,O,; 30% in water, ChemSolution), n-hexane (>99.5%,
Fluka), isopropanol (>99.5%, Chem Solution), para-benzoquinone (BQ;
>99.5%, Fluka), ethanol (>99.5%, Merck), methanol (>99.9%, Sigma-
Aldrich), sodium carbonate (Na,COj; >99.9%, Merck), sodium hydrogen-
carbonate (NaHCOj;; >99.5%, Merck), sodium phosphate dibasic dihy-
drate (Na,HPO,x2H,O; >99.5%, Sigma-Aldrich), potassium dihydrogen-
phosphate (KH,PO,; >99.5%, Merck), dipotassium hydrogenphosphate
(KoHPO,; Merck), sodium chloride (NaCl; >99%, Chem Solution) and potas-
sium chloride (KCl; >99.5%, Merck) were not purified and used for enzyme
immobilization as well as the characterization of the immobilized systems.
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For the adjustment of the pH value sodium hydroxide (NaOH; Titrisol,
Merck) and hydrogen chloride (HCI; Titrisol, Merck) were used as received.
Tris(hydroxymethyl)aminomethane (TRIS; >99.9%, Roth), glycerine (ACS,
Reag. Ph Eur, Merck), sodium dodecyl sulfate (SDS; >99%, Roth), mercap-
toethanol (98%, PlusOne), glycine (>99%, Roth), acrylamide mixture (30%
in water, Roth), ammonium persulfate (APS; >98%, Affymetrix/USB) and
N,N,N’,N’-tetramethylethylenediamine (TEMED; 99%, Roth) were used for
SDS-Page without further purification.

A three-stage Millipore Milli-Q Plus 185 purification system was used for
water purification leading to a final resistance of 18 M.

3.2 Synthesis
3.2.1 P-NIPAM microgels

The p-NIPAM microgel particles with cross-linker concentrations of 0.25
mol-%, 5 mol-% and 10 mol-% were synthesized by surfactant free pre-
cipitation polymerization according to the protocol reported by Pelton and
Chibante.®® The cross-linker concentrations refer to the molar concentra-
tion of the monomer NIPAM. In order to receive particles with a cross-linker
content of 5 mol-%, 1.132 g (0.01 mol) of NIPAM and 0.078 g (5x10~* mol)
of the cross-linker MBA were dissolved in 100 mL of water in a three-neck
flask equiped with a reflux condenser. The temperature of the solution was
increased to 70°C and degassed for 30 min. Afterwards, 1 mL of an aqueous
solution of KPS (3.7x107% M) was added rapidly to the mixture while stir-
ring continuously to initiate the radical polymerization. The clear solution
became turbid within the first 10 min indicating the beginning polymer-
ization. After 4 h of reaction time the temperature was decreased to room
temperature and the mixture was stirred overnight under N,-atmosphere.
The crude microgel particles were purified by filtering over glass wool, dialy-
sis for 2 weeks with daily water exchange and finally freeze drying at -85° C
and 1x1072 bar for 48 h. The received solid microgel particles were dissolved
in methanol to determine the residual amount of water after freeze-drying
by Karl-Fischer titration.

For the preparation of p-NIPAM microgel particles with a different content
of MBA the same experimental setup and amounts of reagents were used.
Just the amount of added MBA was adjusted to 0.0038 g (2.5x107° mol) for
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0.25 mol-% MBA and to 0.154 g (1x10~2 mol) for 10 mol-% MBA.

3.2.2 Large p-NIPAM microgels

Micronsized p-NIPAM microgel particles with a cross-linker content of 0.25
mol-% were synthesized by surfactant free precipitation polymerization via
a temperature ramp according to Meng et al.’%? The cross-linker concen-
trations refer to the molar concentration of the monomer NIPAM. Therefore,
1.8 g (0.015 mol) of the monomer NIPAM and 0.006 g (3.75x107° mol) of
the cross-linker MBA were dissolved in 125 mL water using the same ex-
perimental equipment described in [3.2.1] The solution was degassed for
1h at 45°C. Afterwards, a solution of 1 mL KPS (0.08 M) was added to the
mixture while stirring continously at 450 rpm. The temperature was slowly
increased to 65°C at a rate of 1°C per 2 minutes. During the temperature
ramp the solution became turbid. Finally, the polymerization was completed
by stirring overnight at 65°C under N, atmosphere. The received microgel
particles were purified by filtering over glass wool, dialysis for 2 weeks and
finally freeze drying at -85°C under 1x1072 bar for 48h. After dissolving the
dried microgels in methanol the residual amount of water was determined
by Karl-Fischer titration.

In order to synthesize large p-NIPAM microgels with a MBA content of 5
mol-%, the added amount of cross-linker was increased t0 0.116 g (7.5x10~*
mol). All other parameters and amounts of reagents were the same as de-
scribed for a MBA content of 0.25 mol-%.

3.2.3 Copolymers of NIPAM and AA

The synthesis of p-NIPAM-co-AA microgel particles with a cross-linker and
comonomer amount of 5 mol-% was done using the same experimental
setup described in [3.2.1] The cross-linker as well as the comonomer con-
centrations refer to the molar concentration of the monomer NIPAM. Briefly,
1.132 g (0.01 mol) NIPAM, 0.078 g (5x10~* mol) MBA and 0.038 mL (5x10~*
mol) were dissolved in 100 mL of water. The clear solution was degassed for
30 min using nitrogen while the mixture was heated to 70°C. 1 mL (3.7x1073
M) of the radical initiator dissolved in water was added leading to a clouding
of the solution after a few minutes. After 4 h the solution was cooled down
to room temperature and stirred overnight under N,-atmosphere. The re-
ceived white dispersion was purified by filtering over glass wool, dialysis for
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2 weeks with daily water exchange and finally freeze drying at -85° C and
1x107? bar for 48 h. The received solid microgel particles were dissolved in
methanol to determine the residual amount of water after freeze-drying by
Karl-Fischer titration.

3.2.4 Copolymers of NIPAM and AG

In order to synthesize p-NIPAM-co-AG microgels with a cross-linker con-
tent of 0.25 mol-%, 2.263 g (0.02 mol) NIPAM, 0.0078 g (5x10~° mol) and
the desired amount of the comonomer AG were dissolved in 200 mL of wa-
ter using the same experimental equipment described in [3.2.1 The MBA
as well as the AG concentrations refer to the molar concentration of the
monomer NIPAM. While degassing the mixture with nitrogen for 30 min
the temperature was increased to 70°C. To initiate the polymerization 1 mL
of an aqueous solution of KPS (3.7x107% M) was added rapidly. The solu-
tion became turbid after a few minutes indicating a succesfull beginning
of the radical polymerization. After 4 h the white dispersion was allowed
to cool down to room temperature followed by stirring overnight under N-
atmosphere. To purify the synthesized polymer particles they were filtered
over glass wool, dialayzed for 2 weeks with daily water exchange and finally
freeze dried at -85° C and 1x1072 bar for 48 h.

The initial amounts of AG as comonomer were 3 mol-% (0.069 g, 6x10~*
mol) and 25 mol-% (0.576 g, 5x10~% mol).

3.2.5 Integrated amount of comonomer

The determination of the integrated amount of comonomer was tried via
titration as described for p-NIPAM-co-acrylic acid.=® Briefly, 100 mg of p-
NIPAM 445 were dissolved in 20 mL water. The pH value of the solution was
pH 5 indicating the formation of ammonium ions from amine during the
freeze drying of the polymer particles. Therefore, the sample was titrated
with 0.01 M NaOH to determine the buffer plateau and hence the amount
of AA in the polymer network. The received titration curve is shown in
figure [AIl Additionally, figure [Ala shows the fitting procedure done with
CurTiPot!% assuming carbonic acid (H,COs) in the titrant but not in the
sample. Figure|[AIp presents the fitting data assuming H,COj; in both com-
ponents. The calculated amounts of all components are summarized in
table [3.1
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Table 3.1: My and zeta potential at 25°C for p-NIPAM,s;, p-NIPAM; and
p-NIPAM,, determined by Light Scattering.

ca4 [mol/L] cyoco3 [mol/L] titrant Cc2c03 [mol/L] titrand
Fitl 2.8x107* 4.7x1073 0
Fit 2 1.8x10~* 4.7x1073 9.9x107°

Figure [ATh shows that the fit correlates with the buffer range at pH 6 and
pH 10. Adding small amounts of H,CO; to the sample leads to a change in
the determined amount of AA of ~ 35%. Hence, the evaluation of the data
led to the problem of H,COj; in the sample and the titrant. A small amount
of that acid is formed by dissolved carbon dioxide present in air which is
not avoidable under ambient conditions. Due to the fact that the pK, values
of H,CO3 and AA are very close (pK, (AA) = 9.5, pK, (H,CO3) = 10.3) it is
difficult to quantify small amounts of AA.

As conclusion, only a low amount of the initial comonomer is integrated
into the polymer network. Due to the amine groups in the comonomer AG,
the same problems occur in case of p-NIPAMco-allylglycine. In contrast
to acrylic acid, which is integrated in a higher amount, the concentration
of AA and AG within p-NIPAM microgel particles cannot be determined by
titration.

3.2.6 Au-NPs

Spherical Au-NPs with a diameter of 18.5 nm were synthesised using the
well known method of Entistiin and Turkevich.” For the preparation citrate
is used as reduction reagent and as stabilizer. All glassware involved in
the synthesis was carefully cleaned with aqua regia. Briefly, 5 mL of a
hot citrate solution (0.6 wt%) were added to 100 mL of a boiling gold salt
solution (5x10~*M HAuCl,) under vigorous stirring. Within the first three
minutes, the light yellow solution changed its colour to almost black, which
is related to the reduction of Au®*" to Au’. Afterwards, the speed of the
stirrer was lowered from 500 rpm to 200 rpm. The growth of the Au-NPs
was continued for 17 min leading to a deep red dispersion. Finally, the
solution was cooled down to room temperature under continuous stirring.
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3.3 Preparation procedures
3.3.1 Determination of the amount of water in microgel particles

Karl-Fischer-titration was used to determine the water content in p-NIPAM
microgel particles before and after solvent exchange.

In case of freeze-dried polymers a solution of 20 mg of the microgel per mL
methanol was prepared under ambient conditions and titrated with a mix-
ture of Sulphur dioxide, Imidazole and lodine (Hydranal). In the presence
of water the components react in a molar ratio of 1:1:1 as shown in figure
[3.1] The endpoint of the titration is determined by a platinum electrode. If

a. CGHN,  + S0, + H,COH H,CO-S0, + CyHNy-H*

Imidazole Sulphur dioxide ~ Methanol Monomethylenesulfit-ion Imidazole-ion

b. H,0 + 1, + C3H NH,-H* +  H,CO-S0, + 2CH,N, H4CO-505" + 3CHN,-H + 2r

Water  lodine Monomethylenesulfit-ion  Imidazole-ion Imidazole Monomethylenesulfat-ion Imidazole-ion lodine-ion

Figure 3.1: Reactions of Karl-Fischer-titration.

no more water is present in the solution, an excess of iodine is produced
and hence a current flow is measured. The consumed amount of titrand is
used to calculate the amount of water in the sample. The water content in
the pure methanol was also determined to receive the exact value of water
content for the freeze-dried microgels.

The determination of the residual water content after solvent exchange was
done by dissolving 20 mg microgel in 1 mL buffer (0.1 M potassium phos-
phate buffer, pH 7) followed by two centrifugation steps (10 min at 9000
g) and redispersion in 1 mL isopropanol. The received solutions as well
as pure isopropanol were titrated and the residual amount of water was
calculated. All measurements were done in triplicate.

3.3.2 Loading of microgels with Au-NPs

Au-NPs were loaded within p-NIPAM microgel particles with a cross-linker
content of 0.25 mol-%, 5 mol-% and 10 mol-% (see[3.2.1). The incorporation
of the Au-NPs was achieved by adding 0.943 mL of the synthesised Au-NPs
to 0.057 mL of p-NIPAM microgel solutions resulting in a concentration of
1.9x10% Au-NPs per liter. The concentration of the microgel particles was
varied to yield Au-NP loadings of 241 and 1133 Au-NPs per microgel particle,
respectively. The mixture obtained was homogenized for 10 min using a
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vortex mixer and centrifuged at 8000 rpm for 4 min. The received residue
was redispersed in 1 mL water. This washing procedure was repeated two
times.

3.3.3 Immobilization of enzymes by solvent exchange

3.3.3.1 Determination of the purity of enzymes by SDS-Page. In or-
der to determine the purity of the commercially available enzymes, sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-Page) was done.
Firstly, the separation and stacking gel were prepared by polymerization.
The composition of these gels is shown in table [3.2]

Table 3.2: Composition of stacking and running gel for 12% SDS gels. The
acrylamide mixture contains acrylamid and bisacrylamide (37.5:1).

components 5% stacking gel [mL] 12% running gel [mL]

H,O 9.9 6.9

30% acrylamide mixture 1.7 12.0
1.5 M TRIS (pH 8.8) - 7.5

1.5 M TRIS (pH 6.8) 1.25 -

10% SDS 0.1 0.3
10% APS 0.1 0.3

TEMED 0.01 0.012

Afterwards, HRP, CalB as received and CalB after dialysis were dissolved
in buffer (0.1 M potassium phosphate buffer, pH 7) with a concentration of
0.5 mg/mL. The samples were mixed with the Laemmli buffer'®* (pH 6,8,
126 mM TRIS-HCI, 20% glycerine, 4% SDS, 0,02% bromophenol blue, 2.5%
mercaptoethanol) in a 1:1 ratio and denaturated at a temperature of 95°C
for 5 min. 10uL of each sample was deposited at the top of the stacking gel.
As molecular mass standard 10uL of the PageRuler Prestained Protein Lad-
der (10 kDa to 170 kDa, Fermentas) were also seperated by the gel. After
surrounding the gel with a running buffer (3.03 g TRIS, 14.41 g glycine, 10
mL of a 10% SDS-solution) 50 V were applied to the system till the samples
reached the separation gel followed by applying a voltage of 100 V for 1h.
After separation the gel was stained with Coomassie dye (PageBlue Protein
Staining Solution, Thermoscientific) on the one hand and with silver nitrate
on the other hand. After washing the received gels with water the molecular
weight of the enzymes was determined.
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3.3.3.2 Labeling of the enzymes with FITC. While HRP was used as
bought, CalB was dialyzed and freeze-dried in advance to receive a solid.
The labeling procedure was done with FITC according to the literature.%°
Therefore, 25 mg of either HRP or CalB were dissolved in 2 mL buffer (0.07 M
sodium carbonate buffer, pH 9.5). While stirring, 200 pL of a FITC solution
in carbonate buffer (1 mg/mL) were added dropwise leading to a slightly
turbid and yellow mixture. Afterwards, the solution was stirred for 2 h in
the dark. To seperate the labeled enzymes from the unreacted FITC the
received sample was purified using PD-10 desalting columns packed with
Sephadex G-25 with the carbonate buffer as eluant. The greenish yellow
fraction was collected and freeze-dried leading to a fluffy sample.

3.3.3.3 Immobilization of CalB. For the immobilization process, 5 mg
of large p-NIPAM particles with either 0.25 mol-% or 5 mol-% MBA and 0.1
mL CalB (c = 4.32 mg/mlL) were dissolved in 1.4 mL buffer (0.1 M potas-
sium phosphate buffer, pH 7) at room temperature, stirred overnight and
centrifuged for 15 min at 9000g. The received residues were redispersed
in the water miscible solvent, isopropanol, and washed three times by cen-
trifugation and redispersion. After the last centrifugation step, one part of
the samples was dissolved in buffer to determine the immobilized amount
using Bradford assay. The other part of the samples was used for another
solvent exchange by the exchange of isopropanol against the water immis-
cible solvent, n-hexane to investigate the catalytic activity.

In case of immobilization within large p-NIPAM microgel particles with a
cross-linker content of 0.25 mol-% the immobilization experiment was done
at 25°C and 50°C during the whole immobilization procedure. Further-
more, CalB and p-NIPAM microgel particles were mixed at 25°C, stirred for
30 minutes followed by heating the mixture to 50°C for the immobilization
over night. As reference un-immobilized CalB was treated the same way for
all temperature procedures.

To determine the location of the immobilized CalB within the polymer par-
ticles, two samples for each microgel system consisting of 5 mg p-NIPAM
microgel particles, 1.1 mg FITC-CalB and 1 mL buffer (0.1 M potassium
phosphate buffer, pH 7) were prepared. After stirring overnight, the sam-
ples were centrifuged for 10 min at 9000g. The residue of one sample was
redispersed in buffer while isopropanol was added to the other sample fol-
lowed by one further washing step.
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Additionally, the residual amount of water within the p-NIPAM microgel
particles after solvent exchange from water to isopropanol was determined
by Karl-Fischer titration.

3.3.3.4 Immobilization of HRP. For the immobilization process, 5 mg
of large p-NIPAM particles with a cross-linker content of 0.25 mol-% and
0.7 mg of HRP were mixed with 1.5 mL buffer (0.1 M potassium phosphate
buffer, pH 7) at room temperature. The amount of HRP was determined
using Bradford reagent leading to an initial concentration of 0.061 mg per
mg p-NIPAM. The solution was stirred overnight and centrifuged for 15 min
at 9000g. The residues were redispersed in isopropanol and washed three
times by centrifugation and redispersion. To determine the immobilized
amount one part of the samples was redispersed in water while the other
part of the samples was redispersed in isopropanol again for investigations
on the catalytic activity.

The preparation for the determination of the localization of HRP within the
p-NIPAM microgel particles was done as described in [3.3.3.3| by using FITC-
HRP instead of labeled CalB.

Furthermore, the residual amount of water within the p-NIPAM microgel
particles after solvent exchange from water to isopropanol was determined
by Karl-Fischer titration.

3.3.3.5 Determination of the immobilized amount of enzyme. The
amounts of CalB and HRP which were immobilized within the large p-NIPAM
microgel particles were achieved using the Bradford reagent according to
the manufacturer’s instruction. After the solvent exchange to isopropanol

described in [3.3.3.3] and [3.3.3.4] the samples were centrifuged for 15 min

at 9000g and redispersed in 50 mL buffer (0.1 M potassium phosphate
buffer, pH 7). This solution was used for the Bradford reagent and via
UV-Vis spectroscopy the total concentration of enzyme in the sample was
calculated. Detailed informations are given in [5.3.2.1]

3.3.4 Covalent immobilization of HRP

For the covalent immobilization of HRP within p-NIPAM-co-AA microgel par-
ticles (see [3.2.3) the coupling reagent BQ was bound to HRP. Therefore,
0.025 mL of a BQ solution in ethanol (15 mg/mlL) were added to 0.25 mL
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of a HRP solution in buffer (20 mg/mL, 0.1 M potassium phosphate buffer,
pH 5.98). After stirring for 30 min at 37°C the solution was diluted with 1
mL of the same buffer. The received mixture was purified by using PD-10
desalting columns packed with Sephadex G-25 with the phosphate buffer
as eluant. The first fraction was collected and purified again with the same
column. Afterwards, 0.5 mL of a sodium carbonate solution in water (0.1
g/mlL) was added to the obtained sample.

In the second step the BQ-HRP complex was covalently attached to the mi-
crogel particles with AA as comonomer by adding 15 mg of the polymer
particles to the solution received in the first step. The mixture was stirred
overnight at room temperature. The obtained p-NIPAM,,_;-BQ-HRP com-
plex was purified by centrifugation for 10 min at 9000g and redispersion in
buffer (0.1 M potassium buffer saline, pH 7.14). This was repeated three
times followed by a third centrifugation step with redispersion in phosphate
buffer. The received solution was stored at 4°C.

3.4 Activity Measurements
3.4.1 Activity measurements of immobilized CalB in organic solvents

The catalytic performance of CalB was determined via the esterification of
1-octanol and octanoic acid in n-hexane. Typically, 50 uL droplets of the
aqueous solution of un-immobilized CalB (c = 4.32 mg/mL) or 5 mg of p-
NIPAM particles loaded with CalB were given to a 1.0 mL of substrate solu-
tion in n-hexane containing 100 mM 1-octanol and 100 mM octanoic acid.
These dispersions were shaken at 25°C, 32°C or 50°C for 15 min. The su-
pernatant of the immobilized CalB or the upper part of the solution with
un-immobilized CalB was investigated with a gas chromatograph to deter-
mine the activity of CalB. Every 5 min 150 pL of solution were withdrawn
and analyzed for ester concentration via gas chromatography. The concen-
tration of the product, octyl octanoate, was calculated from the peak area at
a typical retention time of 10 min. All reactions were performed in triplicate.
One unit per pg (U/ug) of specific activity of free or immobilized CalB was
defined as 1 ymol of product produced per min per pg of free or immobilized
CalB.

To investigate the stability of the system, some samples of immobilized CalB
were stored in n-hexane and after different time intervals the samples were
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used as catalyst for the esterification reaction. The reusability of the system
was investigated by testing the activity of one sample followed by testing the
same sample again after centrifugation and washing. This procedure was
repeated four times.

3.4.2 Activity measurements of immobilized HRP in organic solvents

The reaction to investigate the catalytic activity of HRP is based on the oxi-
dation of pyrogallol to purpurogallin in the presence of hydrogen peroxide.
The formation of the product can be determined via UV-Vis spectroscopy at
a wavelength of 420 nm. 0.4 mL of the immobilized sample redispersed in
1.5 mL isopropanol was mixed with 0.4 mL of a pyrogallol solution in iso-
propanol (1 mg/mL) and 0.132 mL of hydrogen peroxide [48 uL H,O, (35%)
in 20 mL water]. For the determination of the activity of free enzyme 1 mL
of a solution of HRP in isopropanol (1 mg/mL) was mixed with 0.1 mL of
the pyrogallol and hydrogen peroxide solution, respectively. As reference
the same compositions of the reagents were used unless the samples were
replaced by isopropanol. Afterwards, the solution was measured via UV-Vis
spectroscopy for 1 min at 420 nm. Due to a linear behavior of the increase
in absorption with time, the volume activity can be calculated using equa-

tion [3. 11
o AE’V;fotal

Uy, =
v Vséd

where Uy is the volume activity, AE the change of the absorption per

(3.1)

minute, V,,, the total volume, Vs the volume of the sample, ¢ the extinction
coefficient of purpurogallin and d the thickness of the used cuvette. For the
calculation the extinction coefficient of purpurogallin was determined to be
1.976 mLymol~'cm~!. Therefore, one unit is defined as the formation of 1
pmol product per minute per mL.

3.4.3 Activity measurements of immobilized HRP in water

The received sample from the covalent immobilization was used as is for
the activity reaction. The used reaction and procedure is similar to that
described in [3.4.2] The composition for the immobilized system is as fol-
lows: 1.68 mL water, 0.216 mL buffer (0.1 M potassium phosphate buffer,
pH 5.98), 0.12 mL sample, 0.256 mL of a pyrogallol solution in water (0.05
g/mL) and 0.128 mL hydrogen peroxide [0.253 mL H,0O, (35%) in 20 mL
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water]. In order to have a comparison, the same activity reaction was done
with free HRP. Therefore, 1.68 mL water, 0.266 mL buffer (0.1 M potas-
sium phosphate buffer, pH 5.98), 0.07 mL of a HRP solution (4.95 pg/mlL),
0.256 mL of a pyrogallol solution in water (0.05 g/mL) and 0.128 mL hy-
drogen peroxide [0.253 mL H;0, (35%) in 20 mL water] were mixed. In both
cases the blind samples have the same composition, only the sample is re-
placed by buffer. The formation of the product was investigated via UV-Vis
spectroscopy at 420 nm. To calculate the volume activity the extinction
coefficient of purpurogallin in water was found to be 2.642 mLymol 'cm™!.
Therefore, one unit is defined as the formation of 1 ymol product per minute
per mL.

3.5 Intruments and sample preparation
3.5.1 DLS

DLS measurements were done using an ALV goniometer setup with either
a frequency doubled Nd:YAG laser (Compass 150, Coherent, USA) with a
wavelength of A = 532 nm and an output power of 150 mW or a He-Ne laser
with a wavelength of A = 632.8 nm as the light source. The correlation func-
tions were recorded at a constant scattering angle of 60°. The data were
analyzed by a regularized fit routine supplied by the ALV instrument, which
is similar to CONTIN19%107 when cumulant analysis failed to fit the data
due to polydispersity. The swelling behavior was investigated over a tem-
perature range from 15°C to 50°C using a thermostated toluene bath. All
measurements were done in cylindrical quartz cells of 10 mm in diameter
(Hellma, Germany). To inhibit multiple scattering in the samples, very low
concentrations were prepared for DLS (0.0015 wt%). To study the aggrega-
tion behavior of p-NIPAM-co-AG microgels the concentration was increased
to 0.015 wt%.

3.5.2 SLS

Static light scattering (SLS) data were recorded at scattering angles from
17° to 37° with 2° steps in between using an ALV/CGS-3 compact goniome-
ter system equipped with an ALV/LSE-7004 correlator to determine the
My, of the polymer particles. The temperature was controlled with a Huber
Compatible Control thermostat. As light source a He-Ne laser (A = 632.8
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nm) was used and the laser light was polarized vertically with respect to
the instrument table. The concentration of the polymer particles was varied
from 1x10° g/g to 7x10° g/g.

3.5.3 Zeta potential measurements

Zeta potential measurements were carried out with a Malvern Zetasizer
NanoZS (A = 633 nm, 4 mW) using highly diluted microgel solutions in
water (0.0015 wt%) and the synthesised solution of gold nanoparticles. The
temperature during the measurements was was varied from 15°C to 50°C.

3.5.4 Gas chromatography

The formation of octyloctanoate was determined using a Shimadzu 2010
gas chromatograph equipped with a BPX5 column from SGE (length = 25
m, internal diameter = 0.22 mm). The film thickness is 0.25 ym and the
detector is a flame ionization detector at 300°C. Furthermore a split injector
is used at 275°C with an injection volume of 1 yL. The temperature program
ist seperated in three parts. Firstly, the starting temperature of 80°C is kept
constant for 0.5 min. Afterwards, the temperature increases with a rate
of 20°C per minute from 80°C to 170°C. The last ramp leads to a further
increase to the final temperature of 200°C using a rate of 5°C per minute.

3.5.5 CLSM

As described in section the samples were redispersed either in buffer
or in isopropanol. To measure the samples, roughly 20 uL of the immo-
bilized sample was placed between two cover slides. The location of the
enzymes within the microgel particles was investigated using an inverted
microscope Axiovert 200 M equipped with a 100x oil immersion objective
(numerical aperture 1.3) and a Zeiss LSM 510Meta confocal scanning unit
(Zeiss Microlmaging GmbH, Jena, Germany). The CLSM images were pre-
pared using the 488 nm line of the argon laser for excitation and a 505
nm long-pass emission filter. Z-stacks were performed with a step of 50
nm upwards starting at the surface of the cover slips. Different Z-stacks
of the samples were analyzed using the LSM 510 software and displayed as
an overlay of transmission and fluorescence channels in orthogonal section
views.
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3.5.6 AFM

Most of the images were measured with an Asylum Cypher using Igor Pro
6.20 for the analysis of the received images.

Some particles were measured with a Veeco nanoscope III controller on a
multimode microscope working in tapping mode. The images were analyzed
using the WSxM 5.0 software.108

The samples for AFM measurements were prepared by spin-coating. There-
fore, solutions of the microgel particles in water (0.1 wt%) were dropped
on a silicon wafer (=~ 1 cm?) and spin-coated for 200s at 2000 rpm. As
substrates silicon wafers from Olympus (OMCL-AC160TS) with spring con-
stants between 12-103 N/m were used. More information on spin-coating

procedures can be found in the literature.1%?

3.5.7 TEM

Each TEM specimen was prepared using 5uL of solution (see for con-
centration used) on a 200-mesh TEM copper grid with carbon support film.
Excess liquid was blotted from the grid using filter paper after 2 min. The
specimen was inserted into the sample holder after sufficient drying and
transferred to JEOL JEM-2100 operating at an acceleration voltage of 200
kV. Images were recorded digitally with a bottom-mounted 4k TVIPS CMOS
camera system (TemCam-F416) and processed with a digital imaging pro-
cessing system (EM-Menu 4.0). Final image analysis was completed using
Imaged 1.42q. The adsorbed amount of Au-NPs was determined by counting
the nanoparticles in ten different microgel particles.

3.5.8 UV-Vis spectroscopy

UV-Vis spectra were collected using a Perkin Elmer Lambda 35 UV-Vis spec-
trophotometer at a temperature of 25°C.

In order to obtain temperature dependent UV-Vis spectra in a range from
20°C to 50°C a Varian Cary 50 spectrophotometer equipped with a temper-
ature controlled sample holder was used.

All spectra were recorded in standard 10 mm quartz cells (Hellma, Ger-

many).
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3.5.9 SDS-Page

For the seperation of the enzymes by the molecular weight a Mini Trans-Blot
Electrophoretic Transfer Cell (Bio-Rad) was used.

3.5.10 Karl-Fischer titration

Karl-Fischer titration was done with a 836 Titrando from Metrohm to deter-

mine the residual amount of water in the microgel particles.
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4 P-NIPAM microgels loaded with
Au-NPs /2

4.1 Introduction

As described in Chapter 1 hybrid materials can be prepared by combin-
ing responsive microgels with inorganic nanoparticles to create multifunc-
tional particles.! 1913 [deally such hybrid materials combine the sensitivity
of the microgel to temperature and pH with the optical, catalytic or magnetic
properties of the inorganic material. Many hybrid materials are based on

polymer coating of preformed nanoparticles!®114:115

or the in-situ synthe-
sis of inorganic nanoparticles in a polymer matrix.?! 1847 In both cases,
the nanoparticles are larger than the mesh size and immobilized in the gel
matrix. In the study of Lange et. al it was presented that the plasmon
coupling due to Au-NPs is induced by shrinking of the thermoresponsive
p-NIPAM matrix. Related simulations show that the plasmon coupling be-
comes pronounced, if the distance between the nanoparticle surfaces is
below 5 nm.%! Only a few studies deal with the loading of microgels with

922123 or nanorods. 2 However, neither the internal

preformed nanoparticles
structure of the Au-NP loaded microgels nor any plasmon coupling effects
during the volume phase transition of the Au-NPs were investigated in these
studies.

Karg et. al attached polyelectrolyte-coated gold nanorods at the surface of

ISimilar content is included in Interaction of gold nanoparticles with thermoresponsive mi-
crogels: Influence of the cross-linker density on optical properties Gawlitza, K.; Turner, S.
T.; Karg, M.; Mulvaney, P.; von Klitzing, R. 2012, in preparation.

2TEM images were measured by Sarah T. Turner from TU Berlin at the Electron micro-
scope of the Joint Laboratory for Structural Research (JLSR) of Helmholtz-Zentrum Berlin
fiir Materialien und Energie (HZB), Humboldt-Universitiat zu Berlin (HU) and Technische
Universitat Berlin (TU).
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oppositely charged microgels and investigated the optical properties of the
gold nanorods as a function of microgel swelling.“%18 The microgel collapse
led to a significant decrease in the surface area, thereby reducing the dis-
tance between the attached gold nanorods. Plasmon coupling was observed
below a certain nanorod spacing and the longitudinal plasmon resonance
was found to be significantly red-shifted. Variation of the gel structure of-
fers new perspectives for tuning the optical properties. This topic has not
been studied so far.

In the following the physical entrapment of spherical, citrate stabilised Au-
NPs in chemically cross-linked p-NIPAM microgels is described. Changes
to the Au-NP loading density and the microgel cross-linking density lead
to altered distances between the Au-NPs in the microgels. The resulting
variation in the surface plasmon resonances is investigated using UV-Vis
absorption spectroscopy. TEM is used to study the penetration depth of
the Au-NP and DLS is used to investigate the temperature dependant size
changes of the hybrid particles. Due to the sensitivity of the Au-NP plasmon
resonance to changes in the dielectric environment, the plasmon resonance
is also used as a monitor of the particle size distribution and structural
changes during microgel collapse.

4.2 Results and Discussion

4.2.1 Characterization of different cross-linked p-NIPAM microgel par-
ticles

Three p-NIPAM microgel systems with nominal cross-linker concentrations
of 0.25, 5 and 10 mol-% were prepared by surfactant-free precipitation
polymerization. For the sake of clarity, the samples are denoted as p-
NIPAM, where x describes the mol-% of MBA.

The size and the shape of the synthesized polymer particles were investi-
gated by performing AFM measurements against air. The images of one
microgel particle for each sample and the corresponding cross-sections are
summarized in figure 4.1 It is shown that the diameter in dried state is
~ 600 nm for p-NIPAM, .5 (figure ) and p-NIPAM; (figure ) and =~
550 nm for p-NIPAM,, (figure [4.1c). The height of the microgel particles ad-
sorbed on the silicon wafer increases with increasing cross-linker content.
Due to the decrease in the polymer network density the drying process
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Figure 4.1: AFM images of p-NIPAM, 55 (a), p-NIPAM; (b) and p-NIPAM,, mea-
sured against air and the corresponding cross-sections.

leads to a higher amount of expelled water and a less pronounced flattening
with increasing cross-linker content. Additionally, the images confirm the
spherical shape of the synthesized microgel particles.

The molecular weight (My,) of the p-NIPAM microgels was determined using
SLS and Zimm-plot analysis. Karl-Fischer titration was used to determine
a residual water content of around 10 wt% which was considered for the
concentrations of the samples. A refractive index increment dn/dc = 0.167
cm?®/g™9 was used for calculation and the received Zimm-plots can be
found in the Appendix (figure [A2). Table summarizes the My, values
for the three microgels. For p-NIPAM,,; the My, (1.7x10° g/mol) is found,
whereas the values for p-NIPAM; and p-NIPAM,, are in a similar range.
Zeta potential measurements were performed at 25°C as an estimate of
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Table 4.1: My and zeta potential at 25°C for p-NIPAM,;, p-NIPAM; and
p-NIPAM,, determined by Light Scattering.

MBA content [mol-%] My [g/mol] ¢ [mV]
0.25 1.7x10° + 7x107 -6.5 + 0.5
5 8.4x10° + 3x108 -5.7 £ 0.5
10 6.9x107 + 1x108 -7.94+ 0.9

the p-NIPAM surface charge. Small, negative values from -6 to -8 mV were
measured for all three microgels (see table [4.1). This negative charge is due
to the anionic radical initiator used for the polymerization. Note that zeta
potential values are rather difficult to interpret for large, gel-like particles
such as p-NIPAM microgels and therefore ¢ serves only as an indication of
the slightly negative microgel surface charge.

The temperature dependant Ry values of the microgel particles were
measured by DLS. The received swelling curves are presented in figure
for p-NIPAMj »s, for p-NIPAM; and for p-NIPAM,.
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Figure 4.2: Swelling curves for p-NIPAM, o5 (a), p-NIPAM; (c) p-NIPAM,, (e) and
correlation functions with cumulant fit at 25°C for p-NIPAM, »; (b), p-NIPAM;
(d) p-NIPAM,, (f) dispersed in water.

The fitting of the received correlation functions leads to the corresponding
values of Ry. One correlation function for each microgel including the
cumulant fit is given in figure [4.2] and polydispersity indices (PDI) of 0.042
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for p-NIPAM, »; (figure 4.2p), 0.059 for p-NIPAM; (figure [4.2d) and 0.033
for p-NIPAM,, (figure were determined revealing the low polydispersity
of the synthesized polymer particles. All characteristic values which were
obtained from DLS measurements are summarized in table [4.2]

In order to compare the sizes of the synthesized microgel particles, the
hydrodynamic radii have to be compared in the collapsed state (T = 40°C)
of the polymer particles where the polymerization is done. Interestingly,
the hydrodynamic dimensions for the microgel system with the lowest
crosslinker density (p-NIPAM, ,5) are significantly smaller than those of the
p-NIPAM; and p-NIPAM,, particles. As assumption this is attributed to
a less efficient polymerization for a very low amount of cross-linker. The

Table 4.2: Ry, a and VPTT of p-NIPAM microgel particles with MBA-contents
of 0.25, 5 and 10 mol-%.

MBA content [mol-%] Ry (25°C) [nm] Ry (40°C) [nm] «o VPTT [°C]
0.25 238 + 11 112 £ 2 0.10 31
5 281 + 16 173 £ 2 0.23 32
10 249 + 10 176 + 6 0.35 32

deswelling ratio « increases linearly with increasing MBA content as shown
in table 4.2 Due to the higher connectivity in the polymer network at
higher MBA concentrations, the microgel particles become less elastic and
therefore the swelling capacity decreases. This leads to the largest Ry value
for p-NIPAM; at 25°C which is in good agreement with the received My,
values determined at 25°C (table 4.1I). Furthermore, the VPTT is almost
constant which indicates that the interactions between the polymer chains
and the solvent were not changed with increasing MBA content. These
aspects of p-NIPAM microgel particles are in good agreement with studies
of Kratz et al.=%®

Additionally, the swelling curves show the characteristic shrinking with
increasing temperature for all three microgels. Besides, the sample with
the lowest cross-linker content of 0.25 mol-% shows a nearly discontinuous
shrinking while an increase in the cross-linker content leads to a broaden-
ing of the transition range. The less denser polymer network of p-NIPAM 55
leads to a faster and more abrupt expulsion of water above the VPTT. These
investigations are in good agreement with results from literature.=’
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4.2.,2 Characterization of Au-NPs

The Au-NPs were characterized using TEM and UV-Vis spectroscopy. Fig-
ure shows a representative TEM image of the nearly spherical particles.
Figure shows the size distribution of the Au-NPs with an average diam-
eter of 18.5 nm obtained from measuring the size of at least 100 individual
particles from different TEM images. A UV-Vis spectrum recorded from an
aqueous dispersion of the particles at 25°C is presented in figure [4.3f. The
spectrum shows the typical localized surface plasmon resonance leading to
an absorption maximum at ~ 525 nm. Using the optical density of 0.17
of the Au-NP solution at 400 nm the number concentration of Au-NPs was
calculated (2x10% particles/L).
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Figure 4.3: TEM-image (scale bar: 80 nm) (a), size distribution (b) and UV-Vis
spectrum (c) of synthesised Au-NPs.

The zeta potential of the citrate stabilized Au-NPs was measured from dilute
aqueous dispersion at 25°C and yielded a potential of -30 £ 2 mV.

4.2.3 Low loading regime

The synthesized Au-NPs with an average diameter of 18.5 nm were used to
load the p-NIPAM microgel particles. The My, of the microgels (table
allows calculation of the number density of microgel particles in dispersion.
At the same time the number concentration of the Au-NPs dispersion can be
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calculated using the extinction cross-section of gold. Therefore, the theoret-
ical number of Au-NPs per p-NIPAM microgel particle could be calculated.
For experiments with a low degree of loading the ratio of Au-NPs per micro-
gel particle was kept constant at 241 for the different microgels. The results
obtained by TEM and UV-Vis are shown in figure [4.4]

absorbance

Figure 4.4: UV-Vis spectra and TEM images (scale bar: 300 nm) of p-NIPAM, »5
(al, a2), p-NIPAM; (b1, b2) and p-NIPAM,, (c1, c2) for the low loading regime
of Au-NPs.

Although the microgel particle is only barely visible by electron microscopy
due to its very low contrast, the circular assembly of Au-NPs allows the mi-
crogel particle to be easily recognized in the images, and even for the size to
be estimated (figures[4.4a2, [4.4p2 and [4.4/c2). The Au-free areas around the
Au-NP loaded microgels on the TEM images suggest that the nanoparticles
are strongly adsorbed and no diffusion out of the network occurs during
the sample preparation. Image analysis reveals an average diameter of the
Au-NPs of 18.5 nm, which is in good aggrement with the diameter obtained
for the bare gold nanoparticles prior to mixing with the microgels. Table
summarizes the Au-NP loading efficiency for the different microgel particles,
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determined by counting the number of nanoparticles per microgel particle
in different TEM-images.

Table 4.3: Loading efficiency of p-NIPAM microgels for low loading regime of
Au-NPs.

MBA content [mOI'%] NAu,maa: NAu,adsorbed NAu,adsorbed [%]
0.25 241 99 41
5 241 86 36
10 241 83 34

The loading efficiency is around 35% for p-NIPAM; and p-NIPAM,, but
higher (41%) for the lowly cross-linked microgel. Therefore, the loaded
amount of Au-NPs decreases with increasing cross-linker content. Poly-
merization with a low amount of cross-linker leads to a more flexible and
less narrow polymer network compared to a high content of MBA. Due to
the fact that diffusion of Au-NPs in a more flexible structure is favored a
higher number of Au-NPs is embedded within p-NIPAMj »5.

Furthermore, the TEM images show that the Au-NPs seem to be located in
the outer part of the microgel network in case of p-NIPAM; and p-NIPAM,,.
This suggests that the transport of the gold particles into the core of the
microgels is hindered due to blocking of the microgel pores. Access to the
centre of the microgels is controlled by the cross-linker density, which is
responsible for the mesh size distribution within the microgel particles. In
contrast, the TEM images of p-NIPAM,,; show that the Au-NPs are dis-
tributed throughout the microgel particles.

To receive more information on this issue, the samples were measured with
UV-Vis spectroscopy (figure [4.4a1, [4.4b1 and 4.4c1). It is shown that com-
pared to the spectrum of bare Au-NPs (figure [4.3c), the localized surface
plasmon resonance is red shifted by ~ 10 nm to 535 nm at low tempera-
tures, where the p-NIPAM particles are in the swollen state. It is well-known
that an increase in the refractive index leads to a shift of the plasmon res-
onance towards higher wavelengths. This red shift is attributed to the in-
crease in the local refractive index of the environment in the presence of
p-NIPAM chains. The plasmon resonance of the Au-NPs is very sensitive to
changes in the dielectric environment. Hence, the observed shift of ~ 10 nm
indicates a strong interaction between the Au-NPs and the polymer network
of the microgels.?!

If spectra recorded at different temperatures are compared, two effects can



4 P-NIPAM MICROGELS LOADED WITH AU-NPS 49

be observed: 1.) The plasmon resonance at 535 nm red shifts with increas-
ing temperature, which is related to a refractive index increase during the
microgel collapse. 2.) A shoulder appears at ~ 675 nm when the temper-
ature increases. The appearance of this absorption band at higher wave-
lengths can be explained by surface plasmon resonance coupling between
individual Au-NPs. If the distance between individual Au-NPs is less than
the particle diameter, dipolar coupling shifts the resonance to higher wave-
length. Due to the VPT behavior of p-NIPAM, the microgel network collapses
with increasing temperature, which significantly decreases the distance be-
tween the adsorbed Au-NPs. The spectra show that the absorption maxi-
mum at 675 nm decreases in intensity with increasing cross-linker content
and that the effect is more pronounced for p-NIPAM ;5 (figure 1) due
to its much smaller value of «. In other words the relative volume change
induced by temperature is much more pronounced for the weakly cross-
linked microgel compared to the higher cross-linked microgels. The spectra
of p-NIPAM, 5 at higher temperatures are hence a superposition of the spec-
tra of individual Au-NPs and aggregates of Au-NPs present in the microgel.
Due to the rather low loading density these aggregates are assumed to be
almost exclusively pairs of Au-NPs.

The strong plasmon coupling measured by UV-Vis spectroscopy implies
nearby Au-NPs. In contrast, the Au-NPs seem to be homogeneously dis-
tributed within p-NIPAM, o; particles on TEM images. In Table the inter-
particle spacing is shown for the swollen and collapsed state assuming ho-
mogeneously distributed particles. The interparticle spacing is much larger
than the particle diameters and strong NP coupling should not be evident,
even in the fully collapsed state.

Table 4.4: Average distance of Au-NPs within the microgel network for p-
NIPAM, 55 for the low loading regime assuming a homogeneous distribution
over the entire microgel.

N Au,adsorbed dogsx [Mm] dso3r [Nm]
99 103 49

The results for the low loading regime demonstrate that there is a high affin-
ity of citrate stabilized Au-NPs for p-NIPAM microgels, despite the fact that
both the gold and gel particles are negatively charged. This affinity may
be attributed to attractive interactions between the nanoparticles and the
acrylamide functionalities of the p-NIPAM network as amines are known
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to chemisorb strongly to gold metal surfaces. With increasing temperature
a strong plasmon coupling can be observed for low cross-linked microgel
particles. Such strong effects are expected for higher cross-linked microgel
particles by increasing the amount of Au-NPs in the polymer network. This
will be treated in the next subsection.

4.2.4 High loading regime

The results obtained by TEM and UV-Vis spectroscopy for hybrid samples
in the high loading regime (1133 Au-NPs per p-NIPAM microgel particle) are
presented in figure [4.5a1 and a2 for p-NIPAM ,;, in figure [4.5p1 and b2 for
p-NIPAM; and in figure [4.5c1 and c2 for p-NIPAM,.

absorbance

Figure 4.5: UV-Vis spectra and TEM images (scale bar: 300 nm) of p-NIPAM, »5
(al, a2), p-NIPAM; (b1, b2) and p-NIPAM,, (c1, c2) for high the loading regime
of Au-NPs.

It is shown that increasing the amount of added Au-NPs leads to a higher
density of Au-NPs in the polymer network. Therefore, there has to be a
high affintiy of citrate stabilized Au-NPs for p-NIPAM microgels, despite the
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fact that both the gold and gel particles are negatively charged which was al-
ready discussed in section[4.2.3] To further prove this assumption, swelling
curves of all three systems without Au-NPs and for hybrid samples in the
high loading regime were measured using DLS (figure 4.6).
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Figure 4.6: Swelling curves of pure p-NIPAM, s (a.), p-NIPAM; (b.) and p-
NIPAM, (c.) compared to swelling curves after loading with Au-NPs.

It can be seen that the loading of p-NIPAM microgels with Au-NPs has a
strong influence on the swelling behavior as well as on the size of the par-
ticles. A decrease in hydrodynamic dimensions is most significant for the
lowest and the medium cross-linked microgels. These changes are strongly
pronounced in the swollen state, e.g. at temperatures below the VPTT of
the respective microgels. The decrease in volume demonstrates that the
polymer network is contracted due to the encapsulation of the Au-NPs. For
the highest cross-linked sample (p-NIPAM,;), no change occurs below the
VPTT. The Au-NP immobilization was performed at room temperature and
hence far below the VPTTs. The low and medium cross-linked microgels are
rather elastic and flexible and consequently network deformation is already
observed in the swollen state. The sample with the highest cross-linker
density is less flexible and therefore the loading of Au-NPs has a minor ef-
fect. Burmistrova et. al showed by AFM indentation measurements that
the elastic modulus increases with increasing amount of cross-linker.12¢
The Au-NPs partially hinder the particle collapse at the VPTT which leads
to a slightly higher final volume of the microgel in comparison to that of the
unloaded polymer particles.

Comparing the dimensions of p-NIPAM, ,; from the presented TEM images
(figure [4.4p2, [4.5a2) and as obtained by DLS (figure a large deviation
is observed. TEM images indicate a diameter of more than 1 ym while DLS
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measurements give a maximum diameter of about 550 nm. The TEM image
represents the microgel particles after drying (drop casting) and under high
vacuum in the microscopy chamber. The low cross-linker content of 0.25
mol-% leads to a high flexibility in the polymer network and to a strong flat-
tening of the microgel particles during the drying process.

The TEM-images in figure clearly reveal a substantially higher degree
of Au-NP loading compared to the microgels with less initial Au-NP added
(see , as expected. Nevertheless, the TEM images show the same ar-
rangement of Au-NPs in the polymer particles. The NPs are still located in
the outer part of the polymer network for p-NIPAM; and p-NIPAM,, but in
a denser packing. Even for the high loading regime the Au-NPs seem to be
distributed throughout the microgel particles in case of p-NIPAMj 5.

Table presents the loading efficiency of approximately 30% for the high
loading regime. There is a slight decrease in the efficiency compared to
the low loading regime (table which is an indication for a saturation
at high added amounts of Au-NPs. Due to the dense packing of Au-NPs in
the microgel particle, the diffusion of additional Au-NPs can be inhibited.
Nevertheless, this observed effect is too weak for a strong statement.

Table 4.5: Loading efficiency of the p-NIPAM microgels for high loading regime
of Au-NPs.

MBA content [mOI'%] NAu,ma:c NAu,adsorbed NAu,adsorbed [%]
0.25 1133 359 32
5 1133 319 28
10 1133 337 30

The UV-Vis-spectra in figure 4.5 show that even for low temperatures all
three loaded p-NIPAM microgel particles possess a shoulder at higher wave-
lengths than the absorbance maximum at ~ 535 nm which can be explained
by the changing refractive index after adsorption (see [4.2.3). Especially for
p-NIPAM; and p-NIPAM,,, the spectra additionally represent that increas-
ing temperature leads to an increasing intensity of the shoulder at ~ 675
nm which was also found for the low loading regime. As described in [4.2.3|
the shrinking behavior of the loaded microgel particles with increasing tem-
perature is directly related to this shoulder due to plasmon coupling of the
Au-NPs. For further investigation the change in intensity (Al) at a wave-
length of 675 nm was plotted against « (figure |4.7).

It is shown that Al increases with decreasing a which is directly related to
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Figure 4.7: Change of intensity at a wavelength of 675 nm during microgel
collapse for p-NIPAM; (a) and p-NIPAM;, (b).

the decrease in volume. Figure makes clear that the nanoparticle loaded
microgels with 5 mol-% and 10 mol-% MBA have a less discontinuous VPT
compared to the pure microgels. This can be clearly regained in the change
of intensity. For p-NIPAMj; the shoulder at 675 nm increases weakly for a
low decrease in volume (figure ). If an o of around 0.75 is reached a
pronounced plasmon coupling and thus an increase in intensity at 675 nm
can be observed. At some point the final volume of the microgel particles
and therefore « is reached and the intensity remains more or less constant.
In case of p-NIPAM,, (figure ), a changes more continous, which can
be also seen in figure 4.6, leading to a temporary linear increase of the
shoulder at 675 nm. Here, it is also shown that the achievement of the final
volume results in a constant intensity.

To conclude, at high values for o the plasmon coupling is more pronounced
for highly cross-linked microgel particles. Due to the fact that in case of p-
NIPAM; the Au-NPs are able to diffuse deeper into the polymer network and
that the adsorbed amount is similar for both polymer particles (see table
[4.5), the same number of Au-NPs is situated in a larger area for p-NIPAM;.
Hence, the probability that two Au-NPs become close enough to show plas-
mon coupling by a weak decrease in volume is higher for highly cross-linked
microgel particles.

Whereas the shoulder at ~ 675 nm appears only at high temperatures for
the systems in the low loading regime, in the higher loading regime, the
shoulder already appears in the fully swollen state of the microgels at room
temperature. This effect is most pronounced for highly loaded p-NIPAMj ,5.
In this case the distance between adsorbed Au-NPs is already small enough
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at room temperature (swollen state) so that plasmon coupling is observed
(figure [4.5a1). Hence, the results from TEM images and UV-Vis spec-
troscopy for p-NIPAM, »; for the high loading regime are also contradictory.
As described in the interparticle spacing was calculated for a homo-
geneous distribution of Au-NPs within p-NIPAM, ;. The results are shown
in table . The average distance between Au-NPs within p-NIPAM, .5 is

Table 4.6: Average distance of Au-NPs within the microgel network for p-
NIPAM, »; assuming a homogeneous distribution over the entire microgel.

NAu,adsorbed d298K [nm] d323K [nm]
359 67 32

determined to be 32 nm even in the collapsed state. Due to the fact that
this distance is much higher than the diameter of the Au-NPs no plasmon
coupling would be observed for a homogeneous distribution.

Furthermore, a third shoulder appears at around 750 nm at high tem-
peratures which indicates the formation of even larger resonantly coupled
Au-NPs.

4.3 Conclusion

By simply mixing dilute microgel dispersions with different amounts of
citrate-stabilized gold particles, hybrid microgel systems with different gold
contents could be achieved. Inreasing the added number of Au-NPs a higher
concentration of these NPs within the p-NIPAM microgel networks could be
obtained. Independent from the amount of Au-NPs the measured TEM im-
ages after loading show that the Au-NPs are situated in the outer part of the
polymer network for p-NIPAM; and p-NIPAM,,. In case of p-NIPAM, ,5; a ho-
mogeneous distribution of the Au-NPs in the polymer network was excluded
by calculating the interparticle spacing between Au-NPs after loading. Due
to the different reaction kinetics of the cross-linker MBA and the monomer
NIPAM, it is expected that the microgel particles have a rather pronounced
radial gradient of cross-links."#!' The access of Au-NPs to the center of the
microgel particles is controlled by the cross-linker density which determines
the mesh sizes in the polymer network. This results in a deeper penetration
depth of Au-NPs for loosely cross-linked polymer particles which is demon-
strated in figure and b. During the mixing process the citrate stabilized
Au-NPs are able to diffuse rather freely in and out of the polymer network
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Figure 4.8: Effects of cross-linker concentration on the distribution of Au-NPs
in the microgel during collapse (a,b) and schematic process during loading
with Au-NPs.

but the maximum penetration depth is limited by the mesh size. Therefore,
the loading of Au-NPs within p-NIPAM microgels can be used to get infor-
mation on the structure. Here, one can roughly estimate that the mesh
size in the outer regions is 18.5 nm at minimum since the Au-NPs can be
embedded within the polymer network.

In contrast to other studies in literature, the presented work shows a strong
adsorption of spherical Au-NPs without using covalent attachment.192
These strong interactions between the polymer network and the Au-NPs
are confirmed by the Au-free areas around the microgel particles on TEM
images which proves that no leakage of the Au-NPs occur. Additionally, a
strong effect on the swelling behavior is obtained after loading with Au-NPs
which was not determined in other studies.™ The reason for the strong in-
teractions although both components are negativley charged is related to
a ligand exchange from citrate to the polymer chains. The centrifugation
during the loading procedure supports the removal of the citrate which is
located at the surface of the Au-NPs (figure 4.8).

An increase in temperature above the VPTT leads to a partial aggregation
of the metastable Au-NPs which is more pronounced for microgels with a
low content of MBA. Compared to studies in literature, the presented sys-
tem can be used to precisely adjust the distance between the Au-NPs by
increasing the temperature. Therefore, the received plasmon coupling leads
to a controllable tuning of the absorption wavelength. In contrast to many
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studies in literature, where the hybrids are investigated regarding the pho-
tothermally driven VPT, the plasmon coupling is obtained by an increase in
temperature.®

To create microgels with homogeneously distributed nanoparticle dopants,
it may be necessary to reduce their size to facilitate deeper diffusion into
the microgel interior. Controlling the polymer-particle interactions by elec-
trolyte screening or pH may also enable the particles to penetrate further
into the core of the gels. However, a temperature sensitive absorption be-
havior is a promising approach for sensor applications.



5 Immobilization of enzymes
within p-NIPAM microgels

Parts of the measurements using Bradford reagent were performed by Nora
M. Konnertz from TU Berlin under the supervision of Kornelia Gawlitza.

A large part of the experimental work of section [5.4) was done by Nora M.
Konnertz during her Vertiefungspraktikum at TU Berlin in 2011. The basic
concept and planning of this part was done by the author of this PhD thesis.

5.1 Introduction

In the last decades, application of enzymes in technical processes has been
grown tremendously leading to a strong competition between biocatalysts
and chemical catalysts. Beside the mild conditions during reactions, one
of the most important advantages of biocatalysts is their high chemo-,
stereo- and regioselectivity.122123 Enzymes are able to produce chiral build-
ing blocks with an enantiomeric purity of > 99% which is of great impor-
tance for the production of pharmaceuticals. For the application in indus-
trial processes it is necessary that the used enzymes are stable at high tem-
peratures, at different pH values and in the presence of organic solvents. To
achieve this stability as well as recyclability and high catalyst density many
methods have been developed, among them immobilization.®3

Since immobilization also improves the handling of the catalysts during
their application in synthesis, it has grown into an important and challeng-
ing research field. By definition, the methods are divided into two main
categories. The first one is the immobilization by attachment where either
macroscopic insoluble aggregates are formed by linking the biocatalysts to
each other (cross-linking) or by binding them to the surface of an organic
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or inorganic support (adsorption, covalent binding). The second category
is entrapment which involves encapsulation in semi-permeable membranes
and embedding into a matrix.®® For attachment as well as for entrapment
microgel particles made of p-NIPAM represent a suitable support. Due to
the reversible shrinking above the VPTT the supply of the substrate can be
controlled by changing the temperature.

The following subsection shows the immobilization of two model enzymes
within p-NIPAM particles by entrapment on the one hand and attachment
on the other hand. By applying these different immobilization procedures
two biocatalysts working in different solvents were received.

5.2 Determination of enzyme purity

In order to determine the immobilized amount of enzyme, it is necessary
to investigate the purity of the used enzymes. Therefore, SDS-Page was
performed using a Polyacrylamide-gel (12% MBA) with Coomassie-dye and
silver-staining for analysis. Figure 5.1/ shows the received images. The in-
vestigations were done for CalB as received (figure[5.1a1,b1) and CalB after
dialysis (figure [5.1ja3,b3) with an expected My, of 33273 Da?% and for HRP
as received (figure [5.1a2,b2) with an expected My, of 44000 Da.

a. M 1 2 3 b. M 1 2 3
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130 kDa 100 kDam=3» |
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Figure 5.1: Results from SDS-Page after staining with Coomassie-dye (a) and
silver nitrate (b) for CalB as received (1), HRP as received (2), CalB after dial-
ysis (3) and the used protein standard (M).
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The chromatograms prove that all three samples have a high purity. CalB
as received and CalB after dialysis show an intensive band at around 35
kDa after staining with Coomassie-dye as well as with silver nitrate. This
My, is in good agreement with the expected value for CalB. Only a weak
staining is visible at around 15 kDa which could be either due to protein
fractions from the denaturation process or due to a very small content of
proteins with a lower Myy,. It is also shown that even after dialysis this band
is visible. Due to the fact that, especially in the more sensitive Silver stain-
ing, this band is negligible weak in comparison to the band at 35 kDa CalB
can be considered to be pure. The investigation on HRP results in an inten-
sive stained band at around 40 kDa which is the only visible band on the
chromatograms for this enzyme. The fact that the determined My is in good
agreement with the expected value proves the high purity of this enzyme.

It can be concluded that both enzymes show an acceptable purity for the fol-
lowing immobilizations and investigations on the formed biocatalysts when
used as received.

5.3 Immobilization of enzymes by physical adsorption us-
ing solvent exchange['[?[[|

Especially in chemical synthesis, the usage of organic solvents in enzyme-
catalysed reactions is essential to increase the solubility of organic sub-
strates and therefore to improve the formation of the products.12527 De-
spite the fact that many substrates and products are rather soluble in or-
ganic solvents, many enzymes are soluble in water. The challenge is to
design an efficient system, where both compounds are in their suitable en-
vironment.

Therefore, enzymes were immobilized by embedding within p-NIPAM micro-
gel particles based on non-specific adsorption using van-der-Waals forces
and hydrogen bonds. Due to the reduced contact to the carrier compared
to the immobilization by attachment, the residual mobility and flexibility

!Similar content has been published in Bai, S.; Wu, C.; Gawlitza, K.; von Klitzing, R.;
Ansorge-Schumacher, M. B.; Wang, D. Langmuir 2010, 26, 12980-12987.

2Similar content has been published in Gawlitza, K.; Wu, C.; Georgieva, R.; Wang, D.;
Ansorge-Schumacher, M. B.; von Klitzing, R. Phys. Chem. Chem. Phys. 2012, 14, 9594-
9600.

3Similar content has been published in Gawlitza, K.; Wu, C.; Georgieva, R.; Ansorge-
Schumacher, M. B.; von Klitzing, R. Z. Phys. Chem. 2012, 226, 749-759.



60 5 IMMOBILIZATION OF ENZYMES WITHIN P-NIPAM MICROGELS

of the biocatalysts are much higher.®® There are two other advantages for
using embedding in combination with thermoresponsive polymer particles:
1.) Due to non-specific adsorption, the microgel particles can be recycled
by exchange the immobilized enzyme against unused enzyme. 2.) The im-
mobilized amount of enzyme can be controlled by temperature.

In the early 1990s the adsorption of proteins onto p-NIPAM microgels was
studied intensively.1?%129 [n the following years, the immobilization of en-
zymes within p-NIPAM particles was investigated in several groups.2°28:130
Beside the fact that all of these studies were performed in water, either no
enhanced specific activity could be obtained or the localization of the en-
zyme within the polymer structure was not studied.

In the present work, the immobilization of two enzymes within large p-
NIPAM microgel particles by exchanging water against the organic solvents,
isopropanol and n-hexane, was studied. The principle is illustrated in fig-

ure [5.2]
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Figure 5.2: Sketch of the immobilization of enzymes within p-NIPAM microgel
particles by solvent exchange. The internal structure of the polymer particles
was simplified for the sake of clarity.

The immobilized amount of enzyme at different temperatures, the enzyme
distribution within the polymer particles, the activity at different reaction
temperatures and the reusability of the system applying CLSM and gas
chromatography were investigated. In literature, the usage of immobilized
systems in organic solvents was either shown for macrogels with no en-

1317133 or for reversed micelles where the location of

hanced specific activity
the enzyme was not investigated.1** Here, the location of the enzymes was

determined and an enhanced activity in organic solvents was reached.
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5.3.1 Characterization of large p-NIPAM microgels

Surfactant free emulsion polymerization applying a temperature ramp was
used to synthesize large p-NIPAM microgels with a MBA content of 0.25
mol-% (p-NIPAM,_,.25) and 5 mol-% (p-NIPAM,_5).

The size and the shape of the prepared microgel particles were investigated
using AFM against air. Figure presents an image of one indivdual par-
ticle of p-NIPAM, 25 and p-NIPAM, 5 and the corresponding cross-sections.
The measured AFM images show the spherical shape of both synthesized
p-NIPAM microgel particles. The diameter in the dried state increases with
decreasing cross-linker content leading to a diameter of around 1.4 ym for
p-NIPAM, (25 and around 0.8 ym for p-NIPAM, ;. This decreasing size is
in good agreement with the received results by DLS which are discussed
below. The height of the polymer particles attached to the silicon surface
is similar but taking the different sizes into account the relative height is
lower for less amount of cross-linker used for the synthesis. This is related
to the more flexible and open structure which leads to a pronounced flat-
tening during the drying process.

In order to investigate the My, of the synthesized microgel particles SLS
measurements were done. A residual water content of around 12 wt% at
ambient conditions was determined by Karl-Fischer titration and consid-
ered for sample preparation. Due to the larger dimensions of p-NIPAM, g o5
and p-NIPAM,_;, they adsorb a higher amount of water than the smaller
microgel particles (see section [4.2.1). A refractive index increment dn/dc
= 0.167 cm?®/gH? was used for calculation. The received Zimm-Plots for p-
NIPAM, (25 and p-NIPAM,_; are presented in the Appendix (figure . The
extrapolation of the angle and the concentration to O leads to the My, values
which are summarized in table [5.1].

Table 5.1: My, and zeta potential at 25°C for p-NIPAM, .5 and p-NIPAM,_;
determined by Light Scattering.

MBA content [mol-%] My [g/mol] ¢ [mV]
0.25 3.0x10%0 + 2x10Y -9.9 +£0.9
5 5.9x10'0 + 6x10? -21.7 £ 0.9

Additionally, table |5.1| shows the zeta potentials for the microgels to get
information on the charge. The zeta potentials are negative due to the ini-
tiator KPS used during the synthesis. The zeta potential gets more negative
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Figure 5.3: AFM images of p-NIPAM, (5 (a) and p-NIPAM, ; (b) measured
against air and the corresponding cross-sections. 108

with increasing cross-linker content. This is related to the structure of the
microgels which show a denser polymer network in the outer region for in-
creasing amount of MBA. Therefore, the higher cross-linked microgel has
more functional groups of the initiator in the outer part of the polymer net-
work in the swollen state leading to this higher zeta potentials measured at
25°C. Note that zeta potentials are rather difficult to interpret for large, gel
like particles and hence are only an indication for the charge of the micro-
gels.

The size and the swelling behavior of the synthesized microgel particles were
investigated by DLS measurements. Due to the fact that isopropanol is
used for the solvent exchange, the measurements were done in water and
isopropanol. The Ry values were determined by fitting the correlation func-
tions. The received swelling curves and selected correlation functions in-
cluding the cumulant fits for the microgel particles in water and isopropanol
are presented in figure
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Figure 5.4: Swelling curves of p-NIPAM, .5 (a) and p-NIPAM,_; (c) dissolved
in water and isopropanol and correlation functions with cumulant fit for p-
NIPAM, .25 (b) and p-NIPAM,_; (d) dissolved in water at 25°C.

Due to the fact that the swelling behavior of the microgel particles is con-
trolled by the connectivity it can be characterized by the deswelling ratio «.
All determined hydrodynamic radii in the swollen and collapsed state, the
deswelling ratio  and the VPT temperatures of both investigated systems
are shown in table [5.2]

Figure gives one correlation function of p-NIPAM,_ .5 in water at 25°C
leading to a Ry of 881 nm and a PDI of 0.076. This PDI proves the low
polydispersity of the synthesized polymer particles. An increase in temper-
ature to 40°C leads to a decrease in Ry to 105 nm. The swelling curve in
water shows a VPTT at around 28°C which is about 4°C lower compared
to p-NIPAM microgel particles which are synthesized without temperature
ramp.13% Meng et. al synthesized p-NIPAM microgel particles with 0.25 mol-
% MBA and acrylic acid as comonomer using the temperature ramp leading
to a VPTT of around 31°C.19%2 As known from literature, the VPTT of p-NIPAM
with acrylic acid as comonomer is higher than of pure p-NIPAM particles.1°
The decreased VPTT of the particles synthesized in the presented work are
in good agreement with these investigations.

Since later a solvent transfer to isopropanol will be described, the swelling
behavior was also studied in isopropanol leading to a Ry of 580 nm at
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25°C. The swelling curve of the synthesized microgel particles in isopropanol
shows a steep decrease of the Ry to 35 nm at 40°C. The reduced VPTT from
28°C in water to 27°C in isopropanol (see table shows that water is a
better solvent than isopropanol for this system. A comparison of the micro-
gel particles in water and isopropanol at 25°C leads to a decrease in radius
of 300 nm in isopropanol due to the increased hydrophobicity compared to
water.

A correlation function for p-NIPAM, 5 at 25°C dissolved in water is shown
in figure [5.4d. The cumulant analysis of this example leads to a Ry of 727
nm and a PDI of 0.134. This PDI indicates still a low polydispersity of the
sample although the p-NIPAM particles with a low cross-linker content of
0.25 mol-% show a much lower polydispersity. The VPTT for p-NIPAM, 5
is around 31°C in water which is in good agreement with the results for
p-NIPAM in literature.’*® The increase in temperature to 40°C leads to a
decrease in Ry to 175 nm. The cumulant analysis after dissolving the par-
ticles in isopropanol give a Ry of 680 nm at 25°C and of Ry of 105 nm at
40°C.

The VPTT for this system is roughly at 33°C. In contrast to p-NIPAM,; g5
a similar VPTT is determined in both environments which reflects that iso-
propanol is also a good solvent for large microgels with a cross-linker con-
tent of 5 mol-%. This different behavior can be explained by a higher content
of hydrophobic segments with increasing amount of cross-linker. Therefore,
the solubility in the slightly more hydrophobic isopropanol varies. However,
p-NIPAM, (.5 as well as p-NIPAM,_; show a suitable size for investigations
of the enzyme distribution after immobilization using CLSM.

Table 5.2: Ry, a and VPTT of large p-NIPAM microgel particles with MBA-
contents of 0.25 and 5 mol-% in water and isopropanol.

MBA content [mol-%] Ry at 25°C [nm] Ry at 40°C [nm] «o VPTTI[°C]
0.25 (H50) 881 + 23 105 + 2 1.7x1073 28
0.25 (iso) 580 + 31 35+1 2.2x10~* 27
5 (H20) 727 + 42 175 + 3 1.4x102 31
5 (iso) 680 + 28 105 + 21 3.7x1073 33

5.3.2 Immobilization of CalB

The first model enzyme is water-soluble CalB which cleaves lipids. These
lipids are solely soluble in organic solvents. One effective and well known
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strategy is to bring the lipase into a polymer matrix. The advantages of the
embedding is given by the fact that the polymer matrix can be dispersed in
the organic phase and is permeable for the substrate.

5.3.2.1 Determination of the immobilized amount of CalB. A suitable
parameter for the quality of an immobilized system is the specific activity.
For the calculation of this value it is necessary to determine the amount of
enzyme which is immobilized within the polymer particles. The embedded
amount of CalB was investigated using the Bradford assay.

Therefore, three calibration curves have to be measured. At first, different
concentrations of pure p-NIPAM in water were measured at 595 nm using
UV-Vis spectroscopy. The calibration curve for p-NIPAM, (.5 is shown in
figure leading to the calibration equation

abs = 15.84 - c. (5.1)

Due to the fact that Bradford reagent is sensitive to nitrogen and p-NIPAM

0 2 4 6 8 10 0.01 0.02 0.03 0.005 0.010 0.015 0.020
c__ [mg/mlL] ¢ [wt%] c [wt%]

BSA

Figure 5.5: Calibration curves of BSA using the Bradford assay (a), p-
NIPAM,_ 25 in water (b) and p-NIPAM,_ 25 in water using the Bradford assay

(c).

microgels contain nitrogen in the polymer network, the influence of pure
p-NIPAM on the Bradford assay has to be investigated. Therefore, different
concentrations of pure microgel particles in water were measured at 595 nm
using the Bradford reagent. The received result for p-NIPAM, g5 is shown
in figure and leads to the calibration equation

abs = 18.70 - ¢ 4 0.002. (5.2)
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The determination of the concentration of an unknown enzyme can be done
by using a calibration equation of a known protein with Bradford reagent.
Therefore, different concentrations of the protein BSA were mixed with
Bradford reagent and measured at 595 nm. The calibration curve is shown
in figure where the calibration equation is determined to be

abs = 0.04 - ¢+ 0.015. (5.3)

These three calibration curves were used to calculate the immobilized
amount of CalB within p-NIPAM microgel particles. Therefore, the immo-
bilized systems were measured with UV-Vis spectroscopy at 595 nm giving
only the absorption of pure p-NIPAM. Using equation the microgel con-
centration in the sample can be calculated. Afterwards, equation is
used to calculate the correspondent absorption value at 595 nm for pure p-
NIPAM with the same concentration in the presence of Bradford reagent. By
substracting this calculated absorption value from the measured absorption
of the immobilized sample at 595 nm using the Bradford reagent, the real
amount of CalB within the polymer particles can be calculated by equation
[5.3] The correspondent calibration curves and equations for p-NIPAM,_; are
presented in the appendix (figure [A4).

As shown in table the My of p-NIPAM,_, »5s was determined to be 3.0x10'°
g/mol. Using this My and the My, of CalB (33273 Da'?%) the amount of im-
mobilized CalB per p-NIPAM particles can be calculated.

In order to profit from the thermosensitivity of p-NIPAM particles, the im-
mobilization procedure for the system with 0.25 mol-% MBA was done 1.)
at 25°C, 2.) at 50°C before and during the immobilization process and 3.)
by heating to 50°C after mixing of CalB and p-NIPAM microgel particles.
The schematic process for the immobilization at different temperatures is
shown in figure and 5.7}

The results for the immobilized amount of CalB for the different immobiliza-
tion procedures are summarized in table[5.3]

Table 5.3: Adsorbed amount of CalB within p-NIPAM, 5 particles after im-
mobilization via solvent exchange at different temperatures

T [°C] meap [ug per mg p-NIPAM] Ncap per p-NIPAM
25 6 + 1x1072 5.4x10° £+ 1x10!
50 0] 0

50 (after mixing) 14 + 3.4 12.6x10% + 3.1x103
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Figure 5.6: Scheme of the process of the immobilization of CalB within p-
NIPAM microgel particles at 25°C and 50°C. Due to the fact that after im-
mobilization at 50°C no enzyme is adsorbed, the activity measurement was
only performed for the immobilization at 25°C. The internal structure of the
polymer particles was simplified for the sake of clarity.

The immobilization at 25°C results in a loading of 5.4x10° CalB molecules
per p-NIPAM, (.5 particle. No enzyme is immobilized when p-NIPAM, g5
and CalB were mixed after increasing the temperature above the VPTT lead-
ing to collapsed polymer particles. Due to the denser polymer network the
enzyme has no possibility to diffuse into the p-NIPAM,_ 5 particles. In con-
trast, the increase of the temperature to 50°C after mixing of enzyme and
polymer particles leads to a much higher loading efficiency of 12.6x10° CalB
molecules per polymer particle. At room temperature the enzyme is diffus-
ing through p-NIPAM, (.5 particles. The increase in temperature and the
following collapse leads to enzyme entrapment within the p-NIPAM microgel
network.

The collapse of the system at 50°C makes the p-NIPAM,_ .5 microgel par-
ticles more hydrophobic. Therefore, water is pressed out of the polymer
network while CalB remains inside. By the exchange of water against hot
isopropanol the rest amount of water within the microgels is replaced by
the more hydrophobic isopropanol. The enzyme is not able to diffuse out
of the polymer system due to its size. To investigate the reversibility of this
absorption, the system was cooled down to room temperature and washed
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Figure 5.7: Scheme of the process for the immobilization of CalB within p-
NIPAM microgel particles by increasing the temperature to 50°C after mixing.
The internal structure of the polymer particles was simplified for the sake of
clarity.

with isopropanol again. Afterwards, no more enzyme was left within the p-
NIPAM, ;o5 particles, which indicates that CalB diffuses out of the system.
By cooling the sample down to room temperature the p-NIPAM,_, s microgel
particles swell leading to a larger mesh size and an emersion of CalB. There-
fore, no CalB is determined within p-NIPAM, (5. The dimensions of CalB
are supposed to be 3nm x 4nm x 5nm.1%* Hence, the assumption can be
made that the microgel particles have a mesh size below these dimensions
in the collapsed state and above these dimensions in the swollen state.
The influence of the cross-linker density on the immobilized amount of CalB
was investigated by performing the immobilization procedure for p-NIPAM,_;
at 25°C. Using the determined My, of 5.9x10'° g/mol (see and 33273
Da'l?# a5 the My, for CalB, an immobilized amount of 5.2x10°% + 7x10? CalB
molecules per p-NIPAM microgel particle is determined. The value is in
good agreement with the embedded amount found for p-NIPAM with 0.25
mol-% MBA. This leads to the conclusion that the cross-linker content does
not influence the loading efficiency. Additionally, the largest mesh size of
p-NIPAM, 5 in the swollen state is above the dimensions of CalB (> 3nm x
4nm x 5nm"144).
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5.3.2.2 Activity measurements on the immobilized system. For cat-
alytic applications, it is required that the enzyme is still active after im-
mobilization within the p-NIPAM matrix. The catalytic activity was deter-
mined using an esterification reaction of 1-octanol and octanoic acid in
n-hexane with octyloctanoate as a product (figure [5.8). To compare the
activity of non-immobilized and immobilized CalB, the same esterification
reaction was performed in both systems. One has to take into account
that non-immobilized CalB is dissolved in a buffer solution. Therefore, even
non-immobilized CalB is surrounded by hydration water even when added
to n-hexane.

S SO /\/\/\)?L 15 min Shaking i
+ OH >
hexane, CalB
H;C(CH:)sCH2 OCHz(CH:)sCHs
1 - octanol octanoicacid octyloctanoate

Figure 5.8: Activity reaction for CalB.

At first, the activity of CalB immobilized within p-NIPAM, (.5 was investi-
gated. The reaction was performed at 25°C, 32°C and 50°C to investigate
if the collapse of the p-NIPAM microgel particles influences the diffusion of
the substrate into the polymer particles and the formation of the product
by reaction with the enzyme. The specific activity for non-immobilized CalB
in n-hexane and immobilized CalB in p-NIPAM,_ ;5 redissolved in n-hexane
for the three temperatures is shown in figure [5.9a.
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Figure 5.9: Specific activity in n-hexane of non-imunobilized and immobilized
CalB investigated at 25°C, 32°C and 50°C after immobilization at 25°C within
p-NIPAM, 55 (a) and the calculated activity ratio (b).
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The immobilization before was performed at 25°C. Accordingly, the specific
activity for all three temperatures of immobilized CalB is much higher than
for non-immobilized CalB. This enhanced activity can be explained by the
more homogeneous distribution of the immobilized enzyme in n-hexane.
Due to the fact that CalB is added dissolved in aqueous solution a phase
separation occurs after addition to n-hexane which leads to an internal
hexane/water interface. The biocatalysis takes place at the enzymes which
are located at this internal hexane/water interface. In comparison, the im-
mobilization within p-NIPAM particles creates a much larger total internal
interface at which the esterification reaction normally takes place.

Another explanation can be given by the higher density of CalB within the
polymer particles compared to the non-immobilized CalB in the reaction so-
lution. The diffusion of the substrate molecules into the p-NIPAM microgel
particles leads to an increased collision frequency of enzyme and substrate
resulting in a higher concentration of product.

In addition, figure shows the activity ratio between immobilized and
non-immobilized CalB. Taking the error of the activity measurements into
account leads to the conclusion that a temperature change during the es-
terification reaction of the immobilized system has no pronounced influence
on the specific activity. One explanation could be that even at high temper-
atures the mesh sizes of p-NIPAM with a cross-linker content of 0.25 mol-%
are large enough for a diffusion of the substrate into the microgel particles.
The activity was also investigated for CalB which was immobilized by in-
creasing the temperature to 50°C after mixing with p-NIPAM, ;.5 to find out
if the higher amount of adsorbed enzyme leads to a higher specific activity
(see figure [5.7). The activity reaction was done at 32°C and the results are
shown in figure [5.10}

Against one’s expectations, here the specific activity is lower compared to
the system which was immobilized at 25°C which is supported by the de-
creasing activity ratio between immobilized and non-immobilized CalB (fig-
ure [5.10p). As described before, cooling the system in isopropanol down
to room temperature after immobilization leads to a complete emersion of
CalB. At the reaction temperature of 32°C the p-NIPAM microgel particles
are not in a totally collapsed state which can also lead to an emersion of
CalB out of the p-NIPAM matrix. For this case, CalB is existent as non-
immobilized CalB in n-hexane. As shown in the presented results the spe-
cific activity for non-immobilized CalB in n-hexane is lower than for immo-
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Figure 5.10: Specific activity in n-hexane of non-immobilized and immobi-
lized CalB after immobilization at 25°C and 50°C after mixing of CalB and
p-NIPAM,_, »5 microgel particles measured at 32°C (a) and the calculated ac-
tivity ratio (b). For non-immobilized CalB the same temperature treatment was
done as for the immobilized system.

bilized CalB which explains the lower specific activity for the system immo-
bilized at 50°C after mixing of the components.

As a next step the stability in n-hexane and the reusability of CalB immobi-
lized within p-NIPAM, (.5 were further investigated. Figure |5.11a shows
that the activity decreases by only 10% compared to the starting value
within six days.
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Figure 5.11: Stability of CalB immobilized within p-NIPAM,_, »5 in n-hexane (a)
and reusability of the system (b).

Interestingly, this decrease is not continuous, but rather occurs at the first
measuring point after starting the investigation. This implies that the ac-
tivity loss is not a consequence of deactivation of the immobilized catalyst,
but might be a result of two different populations of CalB after immobiliza-
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tion. The first population is fixed within the p-NIPAM particles. The open
structure near to the surface of the loosely cross-linked particles leads to a
connection of the second population to the polymer particles in this area.
The storage in n-hexane leads to a leakage of this second population of
CalB.

For catalytic applications the reusability of a system plays also an impor-
tant role. Figure shows a slight increase of the specific activity after
the first usage. The catalytic reaction and the washing procedure may affect
a folding of the enzyme leading to a better accessibility of the active center.
Additionally, it is clearly shown that the immobilized CalB can be used sev-
eral times with just a slightly decreasing activity.

In order to get information on the influence of the amount of cross-linker
on the specific activity, CalB immobilized within p-NIPAM,_; was also inves-
tigated after immobilization at 25°C using the esterification reaction (figure
[5.8). Therefore, the substrate penetration into the microgel below and above
the VPTT was determined by measuring the activity at 25°C and 50°C. Fig-
ure .12/ shows the specific activity at both investigated temperatures of the
non-immobilized enzyme and CalB after immobilization within p-NIPAM, 5
compared to p-NIPAM, .5 as well as the activity ratio.
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Figure 5.12: Specific activity in n-hexane of non-immobilized and immobilized
CalB investigated at 25°C and 50°C after immobilization within p-NIPAM,
and p-NIPAM, .5 (a) and the calculated activity ratio (b).

The usage of p-NIPAM,_; leads to a slight decrease in activity at 25°C com-
pared to p-NIPAM, (5. Due to the higher density of the polymer network
with increasing cross-linker content, the diffusion of the substrate into the
polymer particles is decreased. Beside, the substrate is not able to diffuse
easily through the denser network which can lead to a decreased collision



5 IMMOBILIZATION OF ENZYMES WITHIN P-NIPAM MICROGELS 73

frequency. Nevertheless, the system shows still a much higher specific ac-
tivity than non-immobilized CalB.

Furthermore, the esterification reaction was done below and above the
VPTT. As described above, the collapse of p-NIPAM, .5 has no significant
influence on the activity. Using a higher cross-linked p-NIPAM system (5
mol-% MBA) the specific activity decreases clearly by increasing the reac-
tion temperature from 25°C to 50°C (figure [5.12). The shrinkage of the mi-
crogel particles by increasing temperature leads to much smaller meshes.
Therefore, one reason for the decreased activity could be that the supply
of the substrate is partly disabled and the formation of octyloctanoate is
decreased. Additionally, the collapsed polymer network leads to a reduced
flexibility of the enzyme within the microgel particles which could also lead
to a change of the conformation of the active center leading to a disad-
vantage for substrate binding. p-NIPAM particles offer a suitable matrix to
design systems with temperature controlled activity.

5.3.2.3 Localization of CalB within p-NIPAM microgels using CLSM.
In figure the specific activity shows a decrease only after the first day.
This is an indication for two populations of CalB: 1.) near to the surface and
2.) in the interior of the microgel particles. The activity loss might be related
to the desorption of CalB, which is close to the surface, during the storage
in the solvent. In contrast, the enzymes which are immobilized within the
microgel particles are fixed and show no desorption. In order to look at the
location of CalB within the p-NIPAM particles, the enzyme was labeled with
FITC before the immobilization procedure. The determined particle sizes for
p-NIPAM, .5 and p-NIPAM,_; allow the application of CLSM for visualization
of both microgel particles giving the opportunity to observe the distribution
of fluorescently labeled enzyme inside them.

After incubation of the hydrogel particles with FITC-labeled CalB the so-
lution was centrifuged and the p-NIPAM particles were redispersed either
in isopropanol or in buffer. Firstly, labeled CalB was immobilized within
p-NIPAM, ;25 and the obtained CLSM images of the samples are shown in
figure [5.13]

Images al and b1 give the fluorescence of the sample and images a2 and b2
reflect the transmission of the sample. Images a3 and b3 display an overlay
of the fluorescence and transmission mode and proves whether the fluores-
cent areas match with the position of the p-NIPAM microgel particles.
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fluorescence  transmission overlap

Figure 5.13: CLSM-images of the residue of p-NIPAM, .5 after incubation
with labeled CalB redispersed in buffer (a) and isopropanol (b) in fluorescence
mode, transmission mode and as a super imposed image of both.

The upper series of CLSM-images show the residue after enzyme immo-
bilization and centrifugation redispersed in buffer. Obviously, the fluores-
cence is distributed over the whole scan area but there also exist some areas
with less fluorescence (white circles). These areas fit to the position of the
microgel particles shown in the overlay of the first two images. Hence, the
labeled enzyme is not located within the p-NIPAM,_, o5 particles but situated
outside of the particles.

The lower series of figure show the hydrogel particles after redisper-
sion in isopropanol. It can be seen that the measured fluorescence is mainly
concentrated at two positions (white circles). The overlay of the fluorescence
and the transmission images shows that these fluorescence spots are ex-
actly at the position of the microgel particles which leads to the conclusion
that CalB is located within or on the surface of the p-NIPAM,_ .5 particles
after solvent exchange.

In order to get information about the distribution of the enzymes, the micro-
gels redispersed in isopropanol were investigated in more detail using the
z-stack option of the CLSM. Therefore, the sample was scanned in 18 differ-
ent x-y-planes with a distance of 50 nm in z-direction between them. Figure
displays an orthogonal section view of these slices. In the center one
of the x-y-planes framed by a blue box is shown. The upper green box
frames the x-z-plane of a cut through the sample along the green horizontal
line in the central x-y-image. The right hand red framed box represents the



5 IMMOBILIZATION OF ENZYMES WITHIN P-NIPAM MICROGELS 75

7.61um

X z
7.61 pm 0.85 um

Figure 5.14: Orthogonal section view of one x-y-plane of p-NIPAM,_, .5 parti-
cles with immobilized CalB after redispersion in isopropanol (a) and schematic
explanation of the blue, red and green box (b).

y-z-plane of the cut along the red vertical line. The blue line in the x-z and
y-z images represents the z-position of the x-y-plane displayed in the center.
Due to the fact that all three planes show a spherically shaped fluorescent
object, it can be concluded that CalB is located inside of the particles and
not only at the surface.

The distribution of the enzyme between particles and solvent was further
observed by CLSM after drying. The sample was dried directly under the
microscope and immediately scanned in 23 x-y-planes with 50 nm distance
in the z-direction. The orthogonal section view of the z-stack is shown in
figure

The y-z- and x-z-planes show no more spherical fluorescence images of the
particles. Obviously, the labeled enzyme is now located outside of the poly-
mer network, on the top of the dried particles and on the glass surface.
To make this more clear separate x-y-scans were analyzed. The fluores-
cence images and the corresponding intensity profiles for three different
z-positions are summarized in figure The intensity profiles show that
on the bottom of the substrate (scan 6) the fluorescence signal is missing
at the particle position. The profile which belongs to a scan through the
particle (scan 16) demonstrates that there is no fluorescence signal in the
center of the polymer. Going to the surface of the polymer particle (scan 21)
leads to a fluorescence signal which fits the particle position. This proves
that CLSM is an adequate method to investigate the location of the enzyme
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Figure 5.15: Orthogonal section view of p-NIPAM, .5 particles with immobi-
lized CalB after drying.

molecules. Probably, the evaporation of the solvent, which is assumed to
start at the hydrogel surface, creates a negative pressure (capillary forces)
within the hydrogel particles leading to emersion of the enzyme molecules.
The release of enzymes by the drying process is an interesting effect which
can be used for regeneration of the polymer matrix and reuse by immobi-
lization of unused enzymes.

The immobilization of CalB within p-NIPAM, .5 microgel particles by sol-
vent exchange can be explained by the high affinity of CalB to aqueous
environment. If the residue is dissolved in buffer, the enzyme can diffuse
out of the p-NIPAM, ;.5 microgel particles and mainly stays in the buffer.
The exchange of water against isopropanol leads to a decrease of R, of the
p-NIPAM,_,»; microgel particles from 880 nm to 580 nm at 25°C. Simulta-
neously, a residual amount of water remains inside the microgel particles
and presents a kind of "aqueous cage” for the enzymes. Due to the lower
solubility of CalB in isopropanol the enzyme is pressed into the polymer
network of p-NIPAM microgels.

The immobilization of CalB within p-NIPAM,_j; using solvent exchange leads
to the CLSM images shown in figure in buffer (a) and isopropanol
(b). The upper series (in buffer) shows that CalB is distributed over the
whole scan range with the exception of some spherically shaped darker ar-
eas (white circles). An overlay of the transmission and fluorescence image
(figure [5.17a3) proves that these dark areas fit to the position of the micro-
gel particles. This leads to the conclusion that there is no immobilization of
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Figure 5.16: Fluorescence images and corresponding profiles of scan 6 (a),
scan 16 (b) and scan 21 (c) of 23 scans in x-y-plane monitored for p-NIPAM, o5
particles with immobilized CalB after drying.

CalB in buffer which is in good agreement with the results of p-NIPAM, g o5.
The lower series of figure presents the CLSM images after redispersion
in isopropanol. Against one’s expectation, the microgel particles show no
fluorescence. Obviously, some fluorescent aggregates are formed in the so-
lution which are totally independent from the position of microgel particles.
The mass of these aggregates seems to be so high that the immobilized sys-
tem is not purified from them after centrifugation during the washing step
with isopropanol. The images show that CalB is not immobilized within p-
NIPAM,_; microgel particles after labeling with FITC. Due to the fact that
CalB is not soluble in isopropanol, aggregates of enzyme molecules are
formed after redispersion in isopropanol. Unlabeled CalB shows an en-
hanced activity in the immobilized system indicating an embedding of the
enzyme within the polymer network. The adsorption only at the surface of
the microgel particles can be excluded because the enzyme should also be
adsorbed at the surface in the case, where it cannot penetrate the microgel.
As it can be seen in figure there is no enhanced fluorescence on the
particles’ surface. Hence, the labeled enzyme that is not able to penetrate
into the particles is not adsorbed on their surface which is inconsistent with
the case of p-NIPAM,_ »; (figure [5.11j). An increase in the amount of MBA
leads to a higher connectivity and denser polymer network also in the outer
region of the microgel particles. Therefore, CalB is not adsorbed near to the
microgel surface in case of p-NIPAM,_5.
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Figure 5.17: CLSM-images of the residue of p-NIPAM,_5 after incubation with
labeled CalB redispersed in buffer (a) and isopropanol (b) in fluorescence
mode, transmission mode and as a super imposed image of both.

To summarize, without FITC-labeling CalB is small enough to enter into
the swollen microgel particles. After labeling the FITC-CalB seems to be too
large for penetrating the p-NIPAM, ; network. Since CalB does not show
any strong interaction with p-NIPAM itself, this result allows an estimation
of the mesh size of the polymer network.

The size of CalB is supposed to be 3 nm x 4 nm x 5 nm."™4 As determined
by UV-Vis spectroscopy the average number of bounded FITC molecules per
CalB molecule is 1.5. Due to the fact that no labeled enzyme is immobilized
within the polymer particles, even CalB with one FITC molecule attached is
not able to diffuse inside of the p-NIPAM,_; network. The largest molecular
axis of FITC is 0.7 nm. That means the largest axis of FITC-CalB can be
up to (5+ 1 x0.7) nm = 5.7 nm. From literature it is known that p-NIPAM
microgels consist of an inhomogeneous network with larger meshes in the
outer part’2! which are probed with the described technique. That means
that the largest mesh sizes in the outer part of the swollen gel (5 mol-%
MBA) are between 3 nm (shortest axis of CalB) and ~ 6 nm (longest axis
of FITC-CalB). According to the temperature sensitive catalytic activity the
shrunken gel (5 mol-% MBA) has to have a largest mesh size below 1 nm
(longest axis of the substrate) or the mesh sizes are at least close to this
value and lead to a reduced mobility of the substrate. In contrast to this
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result the largest mesh size of the swollen gel with 0.25 mol-% MBA is well
above ~ 6 nm and the shrunken gel has a largest mesh size below ~ 5 nm
but above 1 nm.

Although the labeled CalB is not immobilized within p-NIPAM, 5, the im-
mobilization of unlabeled CalB has been clarified. As described above the
assumption is that a residual amount of water remains within the micro-
gel particles after exchange of the solvent. This kind of "aqueous cage” is
supposed to be the driving force for the enzyme to stay within the polymer
matrix. To support this assumption Karl-Fischer titration was used to de-
termine the water content within p-NIPAM microgel particles after solvent
exchange. Due to the fact that p-NIPAM is stored under ambient condi-
tions there is also water left in the dried polymer particles. To exclude this
amount from the determined residual water content after solvent exchange,
the same experiments were done for "dry” microgel particles. Table
summarizes the determined water contents of p-NIPAM,_g2; and p-NIPAM,_;
in dried state (ambient conditions) and after solvent exchange. There is a

Table 5.4: Water contents of p-NIPAM, .5 and p-NIPAM,_5 after freeze dry-
ing (ambient conditions), after solvent exchange and amount of water per
p-NIPAM microgel particle.

MBA [mol-%] ci20 [Wt%] (dry) cr20 [Wtoo] (after se) m20 [g per p-NIPAM]

0.25 12.0 + 0.9 46.6 + 2.4 2.32x10 14
5 12.1 + 0.7 36.7 + 2.1 3.60x10 14

huge difference in the water contents before and after solvent exchange.
This supports the assumption that a kind of "aqueous cage” remains within
the polymer network. Due to the high affinity of enzymes to aqueous envi-
ronments, these results explain the motivation for CalB to stay within the
microgel particles.

Additionally, the water content of p-NIPAM, .5 is higher (46.6 wt%) than
the value of p-NIPAM, 5 (36.7 wt%). In order to compare the results, the
mass of water per microgel particle was calculated using the determined
My values (table [5.I). The values are given in table [5.4] For the higher
cross-linked polymer particles a higher content of water is found per parti-
cle after exchange of the solvent. At room temperature p-NIPAM microgels
absorb a very high amount of water. Due to the fact that p-NIPAM,_; has a
more narrow structure, the exchange of water against isopropanol is more
hindered leading to a higher amount of water compared to p-NIPAM,_ o5.
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5.3.3 Immobilization of HRP

It has been shown that the immobilization via solvent exchange works well
for the enzyme CalB leading to an enhanced specific activity. To prove the
general application of this method, the same experiments were done for
another enzyme, named horseradish peroxidase (HRP). HRP uses hydrogen
peroxide to oxidize both organic and inorganic compounds. Therefore, it can
catalyze a number of synthetically useful conversions, such as asymmetric
epoxidations and sulfoxidations.'2® Due to the fact that reactions can be
not only carried out in water but also in nearly anhydrous solvents, it is
important to reach a high specific activity and stability after immobilization,
for example within a polymer matrix.

5.3.3.1 Determination of the immobilized amount of HRP. In com-
parison to the immobilization of CalB, HRP was immobilized within p-
NIPAM,_, ;5 at 25°C (figure [5.6). After immobilization the embedded amount
of HRP was determined using the Bradford assay (see |5.3.2.1). The de-
termined My, of the microgel and the My, of HRP (44000 Da) lead to an
immobilized amount of 8.1x10° HRP-molecules per p-NIPAM,_g,; particle.
The determined values are summarized in table [5.5 and compared with the
results for CalB.

Table 5.5: Adsorbed amount of CalB and HRP within p-NIPAM,_ 5 particles
after immobilization at 25°C.

enzyme Menzyme (1€ per mg p-NIPAM] Nenzyme Per p-NIPAM
CalB 6 + 1x10? 5.4x10% + 1x10!
HRP 12 + 2.6 8.1x10% + 2x103

The loading efficency for HRP is much higher than for CalB. The dimen-

137 and

sions of peroxidase are supposed to be 6.2 nm x 4.3 nm x 1.2 nm
thus slightly smaller than for CalB (3nm x 4nm x 5nm"“4%). Due to an easier
diffusion within the microgel structure for smaller molecules, this could be
one reason for the higher immobilized amount of HRP. Additionally, HRP is
a metalloenzyme!°® and consists of a lower number of hydrophobic amino
acids, which makes the enzyme more hydrophilic than CalB. Therefore, it
has a higher affintiy to the remaining aqueous cage inside of the micro-
gel structure after solvent exchange. The presence of this "aqueous cage”

has been proven by Karl-Fischer titration (see [5.3.2.3) and is very impor-
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tant, especially for HRP which is usually soluble and active only in aqueous
environment. Hence, a higher amount of HRP is immobilized.

5.3.3.2 Activity measurements on the immobilized system. In order
to get information on the activity of the immobilized system the oxidation
of pyrogallol to purpurogallin in the presence of hydrogen peroxide, iso-
propanol and HRP was used (figure [5.18). The product can be determined
by UV-Vis spectroscopy at a wavelength of 420 nm. The activity reaction
was carried out for the immobilized and non-immobilized HRP.

OH 0
OH o
oH POD MO
+H,0, +2H,0 + €O,
OH HO
pyrogallol purpurogallin

Figure 5.18: Activity reaction for HRP.

Due to the fact that the immobilized amount of HRP in the microgel parti-
cles and the amount of HRP in the non-immobilized enzyme is known, the
specific activity can be calculated. The results for HRP and CalB are pre-
sented in table [5.6]

Table 5.6: Specific activity in [pmol/minug] of non-immobilized and immobi-
lized HRP and CalB after immobilization at 25°C.

CalB HRP
non-immobilized 3.49x10~ % + 9x10°° 5.55x10 6 + 1x10°°
immobilized 2.21x1072 + 4x1073 1.60x1072 + 9x10°3

The results show clearly that a high increase in the specific activity is
reached after immobilization of HRP within p-NIPAM, (5. This increase is
more pronounced than for CalB where the non-immobilized enzyme shows
a higher activity than non-immobilized HRP. This can be attributed to the
better solubility of non-immobilized CalB in n-hexane than non-immobilized
HRP in isopropanol or n-hexane. Additionally, CalB is an enzyme which
normally catalyzes reactions with organic substrates and products at the
interface between aqueous and organic environment. The investigations
emphasize that this immobilization method can be applied to other enzymes
leading also to an enhanced specific activity.
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5.3.3.3 Localization of HRP within p-NIPAM microgels using CLSM.
The location of HRP within p-NIPAM, ;.5 was determined using CLSM in
analogy to CalB as described in section The upper series in figure
shows clearly that there is no FITC-labeled HRP immobilized after re-
dispersion in buffer due to the fact that the fluorescence does not match
the position of the polymer particles (white circles). The redispersion in iso-
propanol is visualized in series b and proves that the enzyme is located at
the same position as the microgel particles.

fluorescence  transmission overlap

Figure 5.19: CLSM-images of the residue of p-NIPAM, 5 after incubation
with HRP redispersed in buffer (a) and isopropanol (b) in _fluorescence mode,
transmission mode and as a super imposed image of both.

In order to investigate if the enzyme is immobilized within the microgel net-
work and not only adsorbed on the surface, the z-stack option of the CLSM
was used. After redispersion in isopropanol, the sample was scanned in 32
different x-y-planes with a distance of 50 nm in z-direction between them.
An orthogonal section view of these slices is shown in figure A precise
description of the interpretation of the image is given in section[5.3.2.3] It is
shown that there is also a spherical shaped fluorescence signal in all three
planes leading to the conclusion that HRP is located within the polymer
structure.
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Figure 5.20: Orthogonal section view of one x-y-plane of p-NIPAM,_, »; parti-
cles with immobilized HRP after redispersion in isopropanol.

5.4 Immobilization of horseradish peroxidase by covalent
immobilization using para-benzoquinone

Beside the usage as biocatalysts in organic solvents, it is also important
to create systems which show high activity in aqueous environment, e.g.
for detergent and food industry.?# The described immobilization by solvent
exchange leads to a leakage of the enzymes after transfer to aqueous so-
lution. To overcome this problem the following subsection describes the
immobilization within p-NIPAM microgel particles by covalent attachment.
Due to its broad application in aqueous environment, e.g. the removal of
Chlorophenols from waste water, HRP has been chosen as enzyme.139

In literature, the covalent attachment of enzymes is widely used but often
leads to a strong reduction of enzyme activity.120141 The usage of coupling
agents like aldehydes or esters leads to changes of enzyme conformation or
hindrance/delocalization of the active center, thus reducing enzyme activ-
ity. Here, the covalent attachment was realized by using p-benzoquinone
(BQ) as coupling agent between amine-groups from HRP and from the poly-
mer network. 86142

Due to the fact that the focus of this PhD thesis is on the immobilization of
enzymes by solvent exchange, the investigations on the covalent attachment
were not finished in the context of the presented work.
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5.4.1 Characterization of p-NIPAM-co-AA microgels

In order to get the possibility to covalently bind HRP to p-NIPAM microgels
using BQ as coupling agent, it is necessary to produce microgels with amine
groups integrated into the polymer network. Therefore, p-NIPAM microgels
with 5 mol-% of the cross-linker MBA and 5 mol-% of the comonomer al-
lylamine (AA) were synthesized via surfactant-free precipitation polymeriza-
tion (p-NIPAM 44_5).

The shape and the monodispersity of the synthesized microgel particles
were investigated by AFM measurements against air (figure [5.2I). The
hexagonal order of the microgels presented in figure is a typical order
of monodisperse particles. Additionally, a cross-section of one individual
polymer particle was done (figure [5.21c, d). The diameter in dried state is
around 500 nm but it is also shown that the particle height is only around
35 nm. Therefore, the drying process leads to a flattening and an increase
in diameter compared to the particles in solution.
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Figure 5.21: AFM images of p-NIPAM,,_5 measured against air (a, b, ¢) and
the cross-section of c (d).

The My, of p-NIPAM 445 was determined using SLS and Zimm-plot analysis.
A residual water content of around 10 wt% which was determined by Karl-
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Fischer titration and a refractive index increment dn/dc = 0.167 cm?/g!!®
were used for calculation. The determined Zimm-plot can be found in the
Appendix (figure and the achieved My, is presented in table [5.7] The
lower value compared to p-NIPAM; is in good agreement with the smaller
size received when AA was used as comonomer.

The size and the swelling behavior of the synthesized microgels was deter-
mined using DLS. The measured swelling curve in water (pH ~ 6) and the
correlation function including the cumulant fit at 25°C are shown in figure
5.22]
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Figure 5.22: Swelling curves of p-NIPAM 4,5 and p-NIPAM; from figure 4.1 ¢
(a) and correlation _function with cumulant fit at 25°C of p-NIPAM s 4_5 (b).

The correlation functions were used to determine Ry. The function shown
in figure leads to a PDI of 0.112 which proves the low polydisper-
sity of the synthesized microgel particles. The determined Ry values in the
swollen and collapsed state, the calculated deswelling ratio o and the VPTT
are summarized in table and compared with p-NIPAM; discussed in sec-
tion [4.2.11

Table 5.7: Ry, o, VPTT and My, of p-NIPAM microgel particles with 5 mol-%
MBA and AA-contents of O and 5 mol-%.

mol-% AA Rgy(25°C) [nm] Rpg(40°C) [nm] o VPTT [°C] My [g/mol]
0 281 £ 16 173 + 2 0.23 32 8.4x10° + 3x10°
5 173 + 6 73 +£ 0.6 0.08 34 1.5x10° + 3x108

In order to further characterize the synthesized microgel particles and to
prove the presence of the amine groups, zeta potential measurements were
done at different pH values and temperatures (figure [5.23g). At a pH value
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Figure 5.23: Temperature dependance of the zeta potentials of p-NIPAM; (a)
and p-NIPAM,4_5 (b) at pH 2 (circles), 7 (rhombs) and 12 (triangles).

of 2 the amine groups of the comonomer and the sulfate groups of the initia-
tor KPS are potonated (R-NH;, R-SO;H) resulting in a positive zeta potential.
With increasing temperature and the induced VPT the charge becomes more
positive. This result proves that the amine groups are situated in the outer
region of the polymer network. Changing the pH value to 7 leads to a de-
protonation of the sulfate groups (R-NH;, R-SO;). Therefore, the charges
compensate each other and the zeta potential is around O mV in the swollen
state of the microgel particles. After the temperature induced collapse the
negative charges of the sulfate groups predominate and the determined zeta
potential becomes negative. A further increase of the pH value to 12 leads
to deprotonation of the amine groups (R-NH,, R-SO;) and a negative charge
even in the swollen state can be obtained. The same zeta potential mea-
surements were performed for pure p-NIPAM microgels and the results are
shown in figure [5.23p. At pH 2 the zeta potential of the polymer particles
remains around O mV with increasing temperature which proves the proto-
nation of the sulfate groups ( R-SO3;H). Additionally, it has been proven that
the positive zeta potential determined for p-NIPAM 44 5 at pH 2 is due to the
amine groups integrated within the polymer network. These observations
prove that the comonomer AA was succesfully integrated within the polymer
network during the polymerization.

The assumption that the amine groups are situated in the outer region of
the polymer network of p-NIPAM 4 ,4_; can be supported by the swelling curve
(figure [5.22h) where two different regions of the shrinking are shown. Above
29°C a strong collapse of the microgel particles is observed. This can be at-
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tributed to the shrinking of the inner part of the polymer network where no
comonomer is integrated. This temperature is similar to the results of p-
NIPAM; (figure [5.22) where no AA was used for the synthesis. The strong
collapse is followed by a less steep decrease in size above 36°C. This is
related to the shrinking of the outer region of the p-NIPAM microgel parti-
cles where the AA groups are situated. The amine groups make this part
more hydrophilic and lead to the decrease in size at higher temperatures.
Additionally, this is the reason for the increase in the VPTT from 32°C for
p-NIPAM; to 34°C for p-NIPAM,4_;. Additionally, the determined Ry values
(table show that the integration of AA as comonomer leads to smaller
microgel particles. In contrast, the integration of acrylic acid as comonomer
leads to an increase in size due to the increasing electrostatic repulsion be-
tween the polymer chains.'#® The DLS measurements for p-NIPAM ,,_5 are
done at pH 6 where the amine groups are protonated. Hence, the electro-
static repulsion from the negative charged sulfate groups of the intitiator is
lowered. This leads to a decrease in the hydrodynamic radius. Nevertheless,
this effect is not strong enough to lead to a decrease in Ry of 100 nm after
synthesis (table [5.7). Acrylic acid forms much more stable radicals than
AA. Therefore, AA has a low reaction rate and is integrated at a late point
of the polymerization process which supports the assumption of p-NIPAM
particles with AA groups situated in the outer region of these microgels.
The described structure and swelling behavior is schematically presented
in figure [5.24]

Figure 5.24: Sketch for the structure and swelling behaviour of p-NIPAM 4_s5.
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5.4.2 Immobilization of HRP using B@

Due to the fact that HRP shows catalytic activity in aqueous environment
it was used for the covalent immobilization within p-NIPAM,4 5. In the
first step, the amino groups of the enzyme were used to bind BQ using a
Michael-addition. Below, this complex is abbreviated as BQ-HRP. To cova-
lently bind this complex to the microgel particles another Michael-addition
was performed leading to p-NIPAM4,4_5-BQ-HRP. This coupling is schemat-
ically drawn in figure [5.25]
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p-NIPAM 5 5 BQ-HRP p-NIPAM s 5-BQ-HRP

Figure 5.25: Scheme of the covalent imumobilization of HRP within p-
NIPAM 5.

5.4.2.1 Activity measurements on the immobilized system. In order
to prove the immobilization of HRP, the catalytic activity of the system was
investigated. Therefore, the oxidation of Pyrogallol, which is described in
section (figure [5.18), was done in aqueous solution. The colour
change of the solution from clear to yellow proves the immobilization of
HRP and demonstrates the catalytic activity of the immobilized system (fig-

ure [5.26).

-

time

Figure 5.26: Colour change during the activity reaction of p-NIPAM,_5-BQ-
HRP.

The absorption change at 420 nm within 1 minute can be used to calculate



5 IMMOBILIZATION OF ENZYMES WITHIN P-NIPAM MICROGELS 89

the concentration of the produced purpurogallin. Hence, the catalytic vol-
ume activity was determined to be 4.34 + 0.3 ymolmL 'min~'.

The stability of the immobilized system was investigated by storing the sam-
ples in buffer solution. The catalytic activity was measured several times
during the next 11 days. The same experiment was performed with the
non-immobilized HRP. By evaluation of the results as a relative change of
the volume activity the stability of immobilized and non-immobilized HRP
can be compared. The determined stabilities are presented in figure [5.27]
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Figure 5.27: Relative stability of p-NIPAMa, ;-BQ-HRP (circles) and non-
immobilized HRP (rhombs).

Surprisingly, the volume activity of the immobilized system increases within
the first days. This could be due to changes in the enzyme conformation
by covalent binding to the matrix. By storage in aqueous environment an
equilibrium appears and the active center of the enzyme is reachable for
the substrates. The maximum activity of the system was measured after
5 days. Afterwards, the activity decreases again reaching a constant value
of around 65%. In contrast, the activity of non-immobilized peroxidase de-
creases strongly during the first days losing roughly 20% of its activity.
After day 3 the relative activity slightly decreases further to around 60%.
Nevertheless, the immobilized system shows the tendency to be more stable
regarding long time stability. To prove this assumption the mesaurements
should be continued after day 11.
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5.4.3 Outlook

Although, the stability and the volume activity of the p-NIPAM 4,_;-BQ-HRP
system has been proven, it is necessary to determine the specific activity for
future work. This value can be directly compared to the non-immobilized
enzyme which is of huge interest to show further advantages of the immobi-
lized system, especially for industrial application. To calculate the specific
activity the immobilized amount of HRP within the microgel particles has to
be determined.

In a first attempt, the Bradford assay was used to determine the amount
of HRP after covalent immobilization. The idea was to measure a calibra-
tion curve of pure p-NIPAM,,4_5 with Bradford reagent to substract the ab-
sorption value wich is produced by the pure microgel from the absorption
value after immobilization (see section [5.3.2.1). Due to the fact that p-
NIPAM 44 5 contains amine groups and the detection of the enzyme concen-
tration via Bradford assay is based on amine groups the measurements led
to a huge error. After immobilization the amine groups of pure p-NIPAM 445
are blocked by the covalently bounded BQ-HRP complexes. This leads to a
lower absorption signal of p-NIPAM 44_5-BQ-HRP after substracting the pure
p-NIPAM 4,45 than in reality.

To overcome this problem, in a second approach the order of coupling was
changed. The idea was to covalently bind BQ to the polymer particles in the
first step and to add a known amount of HRP in the second step. Then the
amount of immobilized HRP can be calculated by determination of the non-
immobilized amount of HRP in the supernatant after immobilization. This
experiment failed due to the interparticle reaction of BQ and p-NIPAM 44 _s.
This led to aggregates of the polymer particles after the first step and no
further coupling of HRP could be done.

As conclusion, it is necessary to use a method for determination of the
enzyme concentration which is not sensitive to amine groups. Although
such methods exist, e.g. determination via fluorescence or absorbance us-
ing Amplex Red,1##145 they are not included in this PhD thesis and are an
interesting approach for the continuation of this project. Due to the fact
that the focus of this thesis is on the immobilization by solvent exchange,
the investigations on the covalent immobilization were not continued at this
point.

Nevertheless, it is shown that covalent attachment of enzymes to microgel
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particles by BQ is a promising method to obtain biodegradable catalysts

working in aqueous environment.

5.5 Conclusion

Immobilization of enzymes within p-NIPAM microgel particles was in-
vestigated to create biocatalysts for the usage in organic and aqueous
environment.

The enzymes CalB and HRP were successfully immobilized within large
p-NIPAM particles using a solvent exchange from aqueous to organic
solvents. Promising catalytic systems working in organic environment were
produced which show enhanced activity compared to the free enzyme,
high stability and good reusability. The principle of this great method is
based on a remaining "aqueous cage” within the p-NIPAM microgels after
exchange of the solvent. The high affinity of enzymes to water is the driving
force for the immobilization. Another solvent exchange from organic to
aqueous solvents can be used to exchange the inactive enzyme against
fresh one.

The thermoresponsive behavior as well as the cross-linker density of the
microgel matrix are useful to tune the loading efficiency and the activity. A
change of the temperature above the VPTT after mixing of the components
results in a higher amount of CalB within the p-NIPAM microgels (0.25
mol-% cross-linker) compared to an immobilization at 25°C. In contrast, no
entrapment of the enzyme is reached by an increase in temperature above
the VPTT before mixing of the components due to the collapsed polymer
network.

A tunable supply of the substrate was reached by increasing the amount
of cross-linker (5 mol%). By increasing the temperature for the activity
reaction above the VPTT a strong decrease in activity was observed. The
dependance of the activity on the temperature is a great property to reach
systems where a change in temperature leads to either an active or a
nonactive biocatalyst.

Compared to other studies in literature2228130 the localization of the
enzymes within the lowly cross-linked polymer structure was determined
using confocal laser scanning microscopy (CLSM). Additionally, the immo-
bilization of enzymes is useful to estimate the largest mesh sizes of such
polymer particles.
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The described immobilization by embedding enzymes in hydrated polymer
matrices gives several advantages like a more homogeneous distribution,
easier accessibility and easier handling of the enzymes. Furthermore, no
chemical adjustment of the polymer matrix is needed for the embedding.
The drawback of the described method is given by the leakage of the
enzymes in aqueous solution. As an approach to create a biocatalyst which
is active in aqgeous environment BQ was used as coupling agent between
a p-NIPAM matrix and the enzyme HRP. Although covalent attachment of
enzymes often leads to a loss in activity due to structural changes, this
procedure leads to an active system in aqueous solvents. The attachment
of HRP to a p-NIPAM matrix using BQ is a promising approach to obtain
highly active biocatalysts in water which are interesting systems for indus-
trial applications.

The potential to apply these two immobilization methods to other enzymes
makes the described procedures promising approaches for creating new
biocatalysts, especially for the chemical synthesis in organic solvents
(solvent exchange) and detergent industry (covalent attachment).



6 Polyampholyte p-NIPAM-co-AG
microgels

6.1 Introduction

The integration of ionic comonomers into the polymer network of microgel
particles influences the swelling behavior. These, so called polyelectrolyte
(PE) microgels are able to respond to several external stimuli including tem-
perature,4® pH'%” and ionic strength.?48

When PE microgels contain both cationic and anionic groups they are
called Polyampholyte (PA) microgels.?? These systems have the properties
of PE microgels but can also show a very different behavior compared to
monoionic polymer particles. These properties make them interesting for
basic research. The presence of opposite charges lead to multiple interac-
tions which can act simultaneously or compete against each other within
the microgel interior. This behavior makes them highly interesting and
therefore many studies focused on the synthesis and investigation on the
stimuli-responsive properties of PA microgels.=%3!1

So far, two different comonomers, one cationic and one anionic, were added
to receive opposite charges within the polymer network.=2<3 Due to the
different polymerization kinetic of the comonomers the used ratio has to
be modified to obtain PA microgels with balanced charges. Their stimuli-
responsive properties make PA microgels useful in a broad range of appli-

cations, such as sequestration of gold nanoparticles,4? drug delivery %151

and gene delivery.152
In contrast to the other studies in literature, the work presented in this
chapter is based on the usage of one amphoteric comonomer. PA microgels

were prepared by integrating allylglycine (AG) into the polymer network. The
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structure of this comonomer is based on the amino acid glycine which con-
sists of neighbored amine and carboxy groups. The pH dependant charge of
the functional groups within the polymer particles is schematically shown

in figure [6.1].
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Figure 6.1: PH dependant charges within p-NIPAM microgel particles using
AG as comonomer.

AG has the same basic structure as an amino acid which makes this PA
microgels a promising system for the immobilization of enzymes. The point
where AG has an overall neutral charge (isoelectric point (IEP)) is approxi-
mately at a pH of 5.9. Due to the fact that enzymes also consist of amino
acids there is a high affinitiy for building hydrogen bonds to the AG groups
within the polymer network. The presented study focuses on the influence
of the concentration, pH and amount of AG on the swelling behavior. It is
shown that defined aggregates of PA microgels can be formed and separated
by changing different external stimuli.

6.2 Results and Discussion
6.2.1 Characterization of p-NIPAM-co-AG microgels

In the present work, balanced PA microgel particles (Ncoon @ Nyg, = 1:1)
were received by integrating the comonomer AG within the polymer net-
work. Therefore, two microgels were prepared by surfactant-free precip-
itation polymerization using a cross-linker content of 0.25 mol-% and a
comonomer content of 3 mol-% (p-NIPAM 4._3) on the one hand and 25 mol-
% (p-NIPAM 4 _25) on the other hand. The size and the swelling behavior of
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the synthesized particles dissolved in water were investigated by DLS mea-
surements. The received swelling curves are presented in figure [6.2]
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Figure 6.2: Swelling curves of p-NIPAM,;_3 (a) and p-NIPAM g o5 (c) and
correlation functions with cumulant fits at 25°C for p-NIPAMg_3 (b) and p-
NIPAM 4;_o5 (d) dissolved in water.

The Ry values were determined by fitting the received correlation functions.
One correlation function with the cumulant fit for each synthesized sam-
ple is given in figure [6.2] This leads to a PDI of 0.024 for p-NIPAM;_;
(figure [6.2b) and 0.042 for p-NIPAM ,¢_o5 (figure [6.2d) supporting the low
polydispersity of the synthesized polymer particles. All characteristic val-
ues obtained from DLS measurements are summarized in table [6.1. As
comparison to pure p-NIPAM with the same cross-linker amount, the ob-
tained results from section [4.2.1] were added to the table.

Table 6.1: Ry, a and VPTT of p-NIPAM, 5, p-NIPAM 4¢;_3 and p-NIPAM s _25.

AG content [mol-%] Ry (25°C) [nm] Ry (40°C) [nm] o VPTT [°C]
0 238 + 11 112 + 2 0.10 31
3 428 + 11 186 + 5 0.08 31
25 422 + 17 153 + 1 0.05 32

As expected, the synthesized microgel particles show a thermoresponsive
behavior with a decrease in the Ry values with increasing temperature. A
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nearly discontinous shrinking can be observed for both types of prepared
polymer particles. The same behavior was found for pure p-NIPAM with the
same amount of cross-linker integrated into the polymer network (see figure
4.2a). This behavior is related to the low cross-linker content of 0.25 mol-%
resulting in an extremely flexible polymer network.

Furthermore, a higher amount of AG as comonomer (p-NIPAM 4 _s5) results
in a stronger decay in the swelling curve after reaching the VPTT. This can
be explained by the functional groups of the comonomer. If the microgel is
dissolved in water the system has an pH value of around 6.5 which is close
to the IEP of the comonomer AG (IEP ~ 5.9). This means that the overall
charge of the functional groups is close to zero. As it is known for amino
acids like glycine the tendency to build hydrogen bonds at this pH value
is very high (see figure [6.5p). In the swollen state of microgel particles the
amine and carboxy groups are distributed in the polymer network and too
far away from each other to build these hydrogen bonds. If the tempera-
ture is increased, the hydrophobic character of p-NIPAM increases and the
particles start to collapse. The functional groups approach and are able to
build hydrogen bonds. Therefore, the expulsion of water from the microgel
interior and the shrinking process are facilitated leading to a sharp VPT.
Table shows that the microgel particles with AG as comonomer are
larger than the corresponding pure polymer particles. Due to the fact that
the polymerization is done above the VPTT one has to compare the Ry val-
ues at 40°C. Even in the collapsed state the Ry values of p-NIPAM 4¢3 and
p-NIPAM 4 o5 are larger than the values of pure microgel particles. As de-
scribed above hydrogen bonds between the functional groups are formed
above the VPTT. The polymer network contracts much more than in case
of p-NIPAM, »;. This supports the assumption that the increase in size us-
ing AG as comonomer is not an effect of electrostatic repulsion as it was
obtained for p-NIPAM-co-acrylic acid microgels.'*> Here, the polymerization
process is responsible for the formation of larger polymer particles which
are highly compact above the VPTT.

Comparing p-NIPAM ,._3 and p-NIPAM ,4¢_»5; at 40°C shows that an increase
in the amount of comonomer leads to a decrease in size. This can be
explained by the formation of more hydrogen bonds and a more compact
structure of p-NIPAM 4¢_»5. With decreasing temperature the p-NIPAM-co-
AG particles become more hydrophilic and start to swell. In the swollen
state the functional groups in the polymer network are located far away from
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each other. Hence, the hydrogen bonds between the functional groups of the
comonomer break with decreasing temperature. This leads to an abrupt
VPT and a high deswelling ratio. The similar Ry values for p-NIPAM -3
and p-NIPAM,; o5 at 25°C support the assumption that the difference in
size at 40°C is related to the formation of hydrogen bonds.

Although the integration of AG makes the polymer network more hy-
drophilic, the VPTT remains the same for all three investigated microgels.
Typically, the increase of hydrophilicity of the microgel network leads to a
shift of the VPTT towards higher temperatures. Here, the hydrogen bonds
inhibit the swelling at higher temperature. This additionally reinforces the
assumption that hydrogen bonds are present in the shrunken state of the
microgel particles.

Additionally, the size and the shape of the synthesized microgel particles
were measured by AFM against air. Images of indivdual particles of p-
NIPAM 4¢3 and p-NIPAM 4. _»5 and the corresponding cross-sections are pre-
sented in figure [6.3
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Figure 6.3: AFM images of p-NIPAM y_3 (a) and p-NIPAM s¢;_»5 (b) measured
against air and the corresponding cross-sections.

The diameter in dried state is around 1.3 pum for both p-NIPAM microgel
particles. In comparison to the hydrodynamic diameter measured by DLS
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(~ 840 nm) the size in dried state appears rather large. Investigating the
height of the measured particles on the wafer leads to the conclusion that
the drying process stimulates a flattening. It is also shown that the height
decreases with increasing amount of AG from 25 nm for p-NIPAM 4.3 (fig-
ure [6.3a) to 12 nm for p-NIPAM,_5 (figure [6.3p) while the diameter stays
constant. Assuming that there is no significant change in lateral direction,
these results are an additional proof for the presence of hydrogen bonds be-
tween the functional groups of the comonomer. The surface of the p-NIPAM
microgel particles appears some kind of fluffy which can be addressed to
the low amount of cross-linker in the polymer network.

The synthesized microgel particles were further characterized by temper-
ature dependant zeta potential measurements. The measurements were
performed at three different pH-values and a concentration of 0.015 wt%.
The received curves are presented in figure [6.4]
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Figure 6.4: Temperature dependant zeta potential measurements for p-
NIPAM, 55 (a), p-NIPAM s¢;_3 (b) and p-NIPAM¢_o5 (c) at pH 2, 7 and 12.

The measurements of pure p-NIPAM with 0.25 mol-% MBA shows a con-
stant zeta potential of around O mV at low temperatures (figure [6.4p). With
increasing the temperature above the VPTT the zeta potential becomes neg-
ative. This is related to the functional groups of the initiator KPS at pH 7
and 12 (R-SO;). The change in the zeta potential can be explained by two ef-
fects: 1.) The number of charges remains the same after the volume phase
transition while the size is decreasing. 2.) The shrinking of the microgel
particles presses the charged sulfonate groups to the surface of the polymer
particles and a final zeta potential of ~ -25 mV is reached in the collapsed
state. At pH 2 the sulfate groups of KPS are protonated and hence the zeta
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potential stays constant with increasing temperature.

The integration of only 3 mol-% AG as comonomer within the polymer net-
work leads to a tunable charge by changing the pH value (figure [6.4b). The
charge of the functional groups of AG is schematically shown in figure [6.5]
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Figure 6.5: Structure of the comonomer AG at pH 2 (a), pH 7 (b) and pH 12 (c).

Due to the fact that the overall charge of the functional groups of AG is
nearly neutral at pH 7 p-NIPAM,;_3; shows the same temperature depen-
dant zeta potential like p-NIPAM, 5.

Changing the pH value to 2 by adding HCI to the sample results in posi-
tive charged amine and neutral carboxy groups (figure [6.5a). Additionally,
the sulfonate groups of the initiator are protonated at this point (R-SO3;H).
This is reflected by the appropriate zeta potential curve. In the swollen
state of the microgel particles the zeta potential is similar to that of the
pure p-NIPAM. The charged amine groups are in the interior of the polymer
network and the charge density is low for these large particles (Ry ~ 420
nm). With increasing temperature the described VPT begins leading to an
increase in the charge density on the one hand and an enrichment of the
functional groups on the surface on the other hand. Hence, the charge of
p-NIPAM 4 _3 increases clearly to a final zeta potential of ~ 40 mV in the
collapsed state.

By changing the pH value in the opposite direction to 12 the functional
groups become deprotonated. This leads to neutral amine groups and neg-
atively charged carboxy (figure[6.5c) and sulfonate groups (R-SOj3). Starting
at a similar zeta potential as pure p-NIPAM in the swollen state p-NIPAM 4¢3
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particles reach a higher negative charge of around -35 mV in the collapsed
state.

The increase in the AG amount to 25 mol-% has no significant influence on
the charge in the swollen state (figure [6.4fc). The zeta potential in the col-
lapsed state increases to ~ 50 mV at pH 2 and ~ -40 mV at pH 12 proving
a higher amount of AG integrated into the polymer network. Additionally,
compared to p-NIPAM 43 the change in zeta potential is more abrupt at pH
2 when the VPTT is reached . This is due to the faster shrinking process
which was observed in the swelling curves. This fact and the higher amount
of charged functional groups within the polymer network leads to a stronger
increase of the charge density.

In summary, the zeta potential measurements prove the integration of AG
into the polymer network and show that the charge of the synthesized mi-
crogel particles can be tuned by changing the pH value and the temperature.

6.2.2 Switchable aggregation behavior of p-NIPAM-co-AG microgels

To get more information on the synthesized PA microgels, the swelling be-
havior was investigated at different pH values. During these studies one
effect appears which was also found for pure p-NIPAM microgels by Al-
Manasir et al.’®3 While p-NIPAM,,; as well as p-NIPAM 4;_y; dissolved in
water (pH =~ 6.5) show the expected swelling behavior the addition of a small
amount of NaOH to change the pH value to 7 leads to an aggregation above
the VPTT. By decreasing the concentration of microgel particles with a fac-
tor of 10 this aggregation is not obtained anymore. The measured swelling
curves are summarized in figure [6.6] Swelling curves of the microgels in
water at concentrations below 0.015% are not shown because aggregation
becomes less propable.

Firstly, it is shown that the Ry values of p-NIPAM 4;_»5 in the swollen state
increase by changing the pH to 7 (figure [6.6c.d). Due to the fact that the
adjusted pH value is slightly above the IEP of AG the amine groups of the
comonomer become deprotonated. Therefore, the charges within the micro-
gel particles show electrostatic repulsion and the flexible polymer network
is expanded.

The second, more interesting observation is the formation of aggregates at
higher concentrations right after the VPT. Due to the fact that these ag-
gregates can be observed for both types of microgels, the interparticle for-
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Figure 6.6: Swelling curves of p-NIPAM, .5 at pH7 (a) and in water (b) and of
p-NIPAM 25 at pH7 (c) and in water (d) using different concentrations.

mation of hydrogen bonds for p-NIPAM,;_ o5 seems to be not very likely.
Although the Ry values of ~ 1000 nm are at the detection limit of DLS, the
small error bars and the narrow size distribution after camulant analysis
show that these aggregates are very homogeneous. This indicates a forma-
tion of a complex which consists of a fixed number of polymer particles.
The observed aggregation can be explained by increasing hydrophobicity of
the polymer network with increasing temperature (see section [2.1). In the
swollen state the polymer particles show a hydrophilic character. Hence,
they are soluble in water and have no tendency to aggregate. Reaching the
VPTT leads to an increasing hydrophobicity and the shrinking of the mi-
crogel particles. This hydrophobicity supports the affinitiy of the polymer
particles to each other in a surrounding aqueous environment. Tempera-
ture dependant zeta potential measurements at low concentrations proved
that the negative charge of the microgel particles increases with increasing
temperature at pH 7. This inhibits the aggregation (see section [6.2.1). At
higher polymer concentrations the distance between the particles becomes
smaller. The presence of ions (NaOH) leads to a screening of the charges and
therefore the hydrophobic attraction overcomes the electrostatic repulsion.
By a further increase of the temperature the Ry values decrease till the
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same values as for the diluted case are reached (figure [6.6c,d). This indi-
cates that the aggregates break up and individual particles are present in
the solution in the collapsed state. As shown in section the size re-
duction with increasing temperature results in an increase of the negative
zeta potential. The amount of added NaOH to reach pH 7 is insufficient for
a further screening of the charges. Due to the arising electrostatic interac-
tions the collapsed microgel particles repel each other and the aggregates
disappear. The distances are too large for attractive interactions in a highly
diluted sample. Hence, these assemblies are not obtained in this case.

To get further information about the formation of aggregates, the scattering
intensity of pure p-NIPAM as model system was monitored using temper-
ature dependant DLS. Additionally, the swelling curve was measured in a
heating and cooling cycle to investigate the reversibility of the process. The
results are summarized in figure 6.7
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Figure 6.7: Time and temperature dependant scattering intensity (a) and
swelling and deswelling curve (b) of p-NIPAM, 5.

The monitored intensity signal for p-NIPAM,,; using a temperature ramp
from 20°C to 33°C clearly demonstrates the formation of homogeneous ag-
gregates (figure [6.7). The abrupt increase in the intensity indicates the
presence of larger particles. The measured signal remains constant when a
temperature of 33°C is reached. That proves a defined number of microgel
particles attached to each other. These assemblies are stable at the reached
temperature (33°C). If the number of aggregated microgel particles would
become higher the intensity signal would increase with time. Additionally,
a stronger fluctuation of the measured signal would be observed if there
would exist a large size variation of aggregates in the sample.

Going to higher temperatures leads to a temporary increase of the intensity
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indicating that 33°C is not equivalent to the temperature where the largest
aggregates are formed. However, further heating to 50°C shows that the
measured intensity signal decreases again. This proves that the assemblies
of microgel particles break up.

Figure presents the swelling curve of p-NIPAM, »; in one heating and
cooling cycle. The measured temperature dependant radii prove the re-
versibility of the formation of the formed aggregates. Hence, defined sizes of
single microgel particles as well as aggregates can be adjusted by the tem-
perature in high concentration regimes.

To investigate the influence of the comonomer AG and the pH value on the
thermoresponsive behavior, the swelling curves of all three synthesized mi-
crogel particles were studied at pH 2, 7 and 12 at 0.015 wt%. The received
results are presented in figure [6.8]
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Figure 6.8: Swelling curves of p-NIPAM,s; (a), p-NIPAM,;_ s (b) and p-
NIPAM o5 (c) at pH 2 (circles), pH 7 (rhombs) and pH 12 (triangles).

NaOH and HCI were used to adjust the pH values. In case of p-NIPAM, ss,
a change of the pH value to 2 or 12 leads to a formation of aggregates with
a high polydispersity (figure [6.8a). In contrast to the behavior at pH 7,
these particles remain aggregated even in the collapsed state of the micro-
gel particles. At pH 2 the sulfonate groups of the initiator are protonated
(R-SO3H) and the affintiy of the considered polymer particles to aggregate
increases. At pH 12 the functional groups of KPS are deprotonated (R-
SO;) and the charge of the microgel becomes more negative with increasing
temperature (see figure [6.4). Due to the fact that a high amount of base
was added to reach a pH value of 12 the charges of the polymer particles
are screened even in the total collapsed state. Hence, the hydrophobic at-
traction is stronger than the electrostatic repulsion and no tendency for a
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separation of the formed assemblies at both pH values can be determined.
The integration of AG as comonomer within the polymer network has a huge
influence on this aggregation behavior. At pH 7 all three synthesized micro-
gel particles show a similar swelling behavior at a concentration of 0.015
wt% regarding the formed assemblies.

Changing the pH to 2 or 12 leads to different swelling behaviors. In case
of p-NIPAM 43 only small aggregates are present at temperatures slightly
above the VPTT (figure [6.8b). In contrast to pure p-NIPAM these assemblies
separate with increasing temperature as it was observed at pH 7. The in-
tegration of a higher amount of AG as comonomer disables the aggregation
completely at pH 12 and almost completely at pH 2 (figure [6.8c). The ad-
dition of NaOH or HCI, depending on the adjusted pH value, increases the
charge within the polymer network due to the integrated amine and carboxy
groups. This has been proven by zeta potential measurements (6.2.1). An
initial comonomer amount of 25 mol-% is enough to overcome the effect of
screening. Hence, the electrostatic repulsion is stronger than the hydropho-
bic attraction and single p-NIPAM microgel particles are observed.

The described behavior makes the novel PA microgels a promising system
for the control of aggregate size. The formation of defined aggregates can
be tuned by the amount of comonomer, the concentration, the pH and the
temperature of the system.

6.3 Conclusion

In this chapter a PA microgel system is presented which was synthesized by
using AG as comonomer. In contrast to other studies from literature,=%=2
only one comonomer was used to receive the PA polymer particles. There-
fore, the preparation leads to a system where both functional groups (R-
NH,, R-COOH) are balanced.

Temperature dependant zeta potenial measurements showed that the
charge of the PA microgels can be tuned either to positive or negative po-
tentials by variation of the pH value. Especially, in the collapsed state the
polymer particles have a high charge density. The swelling behavior was
investigated in response to the variation in temperature, pH and concentra-
tion. Dissolved in water, which corresponds to the zwitterionic pH range,
the PA microgel particles show a sharper VPT than the pure p-NIPAM par-
ticles. This can be related to the formation of hydrogen bonds between the
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amine and carboxy groups of the integrated AG. Introducing ions to the
solution leads to a homogeneous aggregation at pH 7 for the PA microgels
as well as for the corresponding pure microgel particles at a concentration
of 0.015 wt%. Figure illustrates the thermoresponsive behavior and the
influence of pH, concentration and amount of comonomer around the VPTT.

uncharged or charged

uncharged or charged
(PH2,7,12)

uncharged or
charged
(pH 2, 7,12)

@@
@ @
@

25°C 34°C 50°C

Figure 6.9: Schematic thermoresponsive behavior of p-NIPAM g 25 and the
influence of pH, concentration and amount of comonomer at 34°C.

The sketch makes clear that the integration of AG as comonomer gives the
opportunity to switch between defined aggregates and single microgel par-
ticles in a temperature range aorund the VPTT. This novel synthesized sys-
tem produces either uncharged or charged single particles or charged or
uncharged homogeneous aggregates by variation of the sample concentra-
tion, the integrated amount of the comonomer or the pH value.

This behavior makes the presented PA microgel particles a promising sys-
tem in a wide field of applications. Even for processes in which higher
microgel concentrations are needed the change of the pH value inhibits the
formation of aggregates. The tunable aggregation is also an interesting ef-
fect for purification processes.

Additionally, the integration of the amphoteric functional groups leads to
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a promising polymer matrix for enzyme immobilization. The structure of
the used AG also exists in the structure of enzymes. As known, amine
and carboxy groups in combination have a high affinity to build hydrogen
bonds or show electrostatic interactions depending on the pH and hence the
charge of the groups. At a pH value where enzyme and microgel are neutral,
the enzyme can be immobilized using hydrogen bonds as driving force. A
change in the pH value afterwards leads to the formation of charges and
electrostatic repulsion occurs. Hence, the enzyme will be removed from the
polymer matrix. This fact is an advantage regarding two aspets: 1.) Inactive
enzyme can be exchanged. 2.) PA microgel particles are useful to fabricate
tunable biocatalysts demonstrating switchable behavior.



7 Conclusions and Future Per-
spectives

7.1 Conclusions

This PhD thesis comprises the study of responsive microgel particles in
terms of their structure and different applications. During the last two
decades countless studies have been done on these materials. There is
still a huge interest in research due to the wide field of applications of this
responsive microgels. In this work different stimuli responsive p-NIPAM mi-
crogels were synthesized, characterized and used as matrices for inorganic
and organic particles. This leads to materials with tunable properties.

Four different types of p-NIPAM microgel particles were investigated:

1. p-NIPAM microgels with different amounts of the cross-linker MBA
(0.25 mol-%: p-NIPAM, 5, 5 mol-%: p-NIPAM;, 10 mol-%: p-NIPAM,)

2. Copolymer microgels made of NIPAM, 5 mol-% MBA and 5 mol-% Ally-
lamine (p-NIPAM 44_5)

3. Copolymer microgels made of NIPAM, 0.25 mol-% MBA and differ-
ent amounts of Allylglycine (3 mol-%: p-NIPAM,q;_3, 25 mol-%: p-
NIPAM 4¢ -25)

4. Large p-NIPAM microgels with different amounts of MBA (0.25 mol-%:
p-NIPAM, .5, 5 mol-%: p-NIPAM, ;)

The size, shape, swelling behaviour and zeta potential of the prepared mi-
crogel particles were investigated by DLS and AFM. All p-NIPAM particles
show a low polydispersity and the typical thermoresponsive character due
to the volume phase transition temperature (VPTT) of the polymer particles.
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The results regarding size and swelling behavior are summarized in the ap-
pendix (table [A.1).

In good agreement with literature the deswelling ratio « increases linearly
with increasing amount of MBA for p-NIPAM, 5, p-NIPAM; and p-NIPAMj.=”
The VPTT of the microgel particles is ~ 32°C and independant from the
cross-linker content. Due to the used initiator potassium peroxodisulfate
(KPS), the synthesized microgel particles show a slightly negative zetapo-
tential.

In contrast to acrylic acid,’*® the integration of allylamine (AA) into the poly-
mer network results in smaller particles than pure p-NIPAM microgels. The
presence of amine groups in the polymer network increases the hydrophilic-
ity leading to an increased VPTT. Hence, it has been proven that the usage
of comonomers is a nice tool to influence the swelling behavior of the mi-
crogel particles.’®1® Another advantage of integrating AA into the polymer
network, is the possibility to change the charge of the polymer particles
by adjusting the pH value. Zeta potential measurements showed that p-
NIPAM 4,45 is positively charged at pH 2 and negatively charged at pH 7 and
12, especially above the VPTT. Regarding the embedding of particles, this
can be used for switching between electrostatic repulsion and attraction.
Additonally, the amine groups give the opportunity to covalently bind or-
ganic particles.

Furthermore, allylglycine (AG) was used as amphoteric comonomer to pre-
pare Polyampholyte (PA) microgels offering carboxy- and amine groups. In
the range of the isoelectric point (IEP ~ 5.9) the functional groups are able to
build hydrogen bonds. This leads to a more pronounced compression of the
polymer network in the shrunken state of p-NIPAM ,¢_3; and p-NIPAM 4¢_o5.
As expected, this effect is stronger for a higher amount of AG. With decreas-
ing temperature, these hydrogen bonds keep the polymer network com-
pressed till the hydrophilicity of the microgels is strong enough and the vol-
ume phase transition occurs. Hence, the VPTT is around 32 °C although the
hydrophilicity of the microgel particles is increased by the integration of AG.
It has been proven that the zeta potential of p-NIPAM 4¢3 and p-NIPAM 4425
can be changed from negative values at pH 12 to positive values at pH 2.
Due to the additional carboxy groups the negative charge at pH 12 is more
pronounced than in case of p-NIPAM 4, ;. The combination of the ampho-
teric and thermoresponsive behavior make the polymer particles suitable
systems for a wide field of applications. The functional groups are the same
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like in peptides or enzymes and offer a suitable point of connection. Another
interesting and special property of p-NIPAM 4 _»5 is the switchable aggrega-
tion around the VPTT. The addition of NaOH to adjust the pH to 7 leads to
a charge screening and the formation of aggregates. These aggregates are
stable at different pH values for decreasing amount of AG but can be sep-
arated by changing the pH to 2 or 12, changing the temperature below or
above the VPTT or decreasing the sample concentration. The fact that the
aggregation behavior can be influenced by different external stimuli makes
the systems also useful for purification processes.

The size of p-NIPAM microgel particles can be influenced by using a temper-
ature ramp during the polymerization. Comparing the hydrodynamic radii
of p-NIPAM, o5, p-NIPAM;, p-NIPAM, (25 and p-NIPAM,_; in the swollen state,
an increase of around 500 nm can be observed. The VPTT for these polymer
particles is dependant from the content of MBA. Hence, the structure of the
large p-NIPAM microgel is not directly comparable with that of p-NIPAM o5
and p-NIPAM;. Nevertheless, the thermoresponisve character is the same
which makes them a suitable matrix for the embedding of inorganic and or-
ganic particles. The large size is a good property for analyzing the microgels
by optical methods, like confocal laser scanning microscopy (CLSM).

Organic and inorganic particles were emedded within the stimuli responsive
microgel particles a.) to investigate the structure of the p-NIPAM microgels
and b.) to create new materials with tunable functions.

By simply mixing dilute dispersions of p-NIPAM,,;, p-NIPAM; and p-
NIPAM,, with spherical, citrate-stabilized Au-NPs (average diameter: 18.5
nm) structural information on the microgel particles were obtained. Inves-
tigations using TEM and temperature dependant UV-Vis spectroscopy show
that the Au-NPs were embedded in the outer region of the polymer net-
work. This proves an inhomogeneous structure of the microgel network.141
With decreasing cross-linker content a deeper penetration of the Au-NPs
was observed indicating a smaller area of large meshes for p-NIPAM; and
p-NIPAM;, compared to p-NIPAM, ;. Additionally, it has been proven that
the largest mesh size for all three microgel particles is above 18.5 nm.

The mesh sizes of p-NIPAM, 5 and p-NIPAM,_; were estimated by success-
ful immobilization of the enzyme Lipase B (CalB, shortest axis ~ 3 nm). After
labeling CalB with the dye FITC (longest axis ~ 3 nm), CLSM was used to
prove the imobilization within the polymer particles. In case of p-NIPAM,_s,
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the labeling with 1 FITC molecule per CalB molecule leads to an increase in
size which inhibits CalB to penetrate within the polymer network. Hence,
the largest mesh size in the swollen state is between 3 nm and 6 nm for
p-NIPAM, 5 and above 6 nm for p-NIPAM,_ 5.

The prepared thermosensitive microgels are also suitable matrices for a
huge field of applications, e.g. biocatalysis and sensors.

By loading p-NIPAM,,;, p-NIPAM; and p-NIPAM,, with spherical, citrate-
stabilized Au-NPs, hybrid microgels were obtained. The number density of
Au-NPs within the polymer network can be controlled by the initial amount
of added NPs. Due to a ligand exchange from citrate to the polymer chains
the Au-NPs are strongly fixed to the polymer network. The special char-
acteristic of the prepared hybrid microgels is reflected by the precisely ad-
justable distance between the Au-NPs within the polymer network with in-
creasing temperature. The received plasmon coupling leads to a stepwise
red shift of the absorption maximum to ~ 675 nm. The shift increases with
increasing number of Au-NPs in the polymer network and with decreasing
MBA content. This "smart” hybrid microgels show optical properties which
can be tuned by changing the temperature. The possibilty to modify the
properties by variation of the MBA content as well as of the loaded amount
of Au-NPs might be interesting for applications like sensor design.

Another part of this PhD thesis deals with a promising method to create
biocatalysts wich work in organic solvents. By simply exchanging the aque-
ous against an organic solvent, CalB was successfully immobilized within
p-NIPAM,_;25. The thermoresponsive behavior of the microgel particles offer
the possibility to control the amount of immobilized CalB by changing the
temperature. By proceeding the uptake at 50°C no CalB is immobilized.
Increasing the temperature above the VPTT after mixing CalB and the poly-
mer matrices results in an immobilized amount which is two times higher
than at 25°C. The immobilized system shows an enhanced activity com-
pared to non-immobilized CalB as well as a high stability and reusability
in n-hexane. Increasing the amount of MBA to 5 mol-% leads to biocat-
alyst with a tunable supply of the substrate. Above the VPTT the activity
decreases due to the denser polymer network and hence a lower collision
frequency between substrate and enzyme.

The applicability of this method has been proven by successful immobi-
lization of peroxidase (HRP). Although this enzyme is usually not stable in
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organic solvents, the immobilized system also shows an enhanced activity.
This supports that the described procedure is a really helpful approach for
creating new biocatalysts, especially for the chemical synthesis in organic
solvents. Additionally, the embedding in hydrated polymer matrices gives
advantages like a more homogeneous distribution, easier accessibility and
handling of the enzymes. Furthermore, no chemical adjustment of the poly-
mer matrix for the embedding is needed. Another advantage of this method
is the possible exchange of inactive enzymes by another solvent exchange to
water. This also leads to the drawback that the produced biocatalysts are
not able to work in aqueous environment.

As an approach to create biocatalysts which work in aqueous solvents, HRP
was covalently bound to p-NIPAM,,_; using p-benzoquinone (BQ) as cou-
pling agent. It is shown that the covalent binding leads to an active biocat-
alyst which is quite stable. Hence, this is a promising approach to obtain
highly active biocatalysts in water which are interesting systems for indus-
trial applications, e.g. detergent industry.

7.2 Future Perspectives

The present research has provided different strategies for the usage of ther-
moresponsive p-NIPAM microgels in terms of different applications. How-
ever, further work is encouraged to make the current research more appeal
for industrial applications.

The production of the hybrid materials presented within this work is based
on the strong interaction between the polymer network and the Au-NPs. In
order to prove the assumption that the citrate is released from the surface
of the Au-NPs a further addition of citrate after the loading is of interest.
If the citrate stabilizes the NPs again, a leakage of the Au-NPs should be
observed. Additionally, the influence of using different sizes of Au-NPs for
the loading procedure is of high interest. If there is a dependance on the
mesh size and a density gradient present within the polymer network the
penetration depth should be dependant on the size of the loaded Au-NPs.
Regarding the immobilization of enzymes for the usage in organic solvents
in industrial applications some general informations are relevant. Within
this work the localization of the enzymes was determined to be inside of the
polymer network. Due to the fact that the enzymes work at the interface
between the "aqueous cage” within the polymer particles and the organic
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solvent, it would be interesting to know if the enzymes are located at this
interface and where this interface is. Another important aspect is the distri-
bution equilibrium between the substrate outside and inside of the polymer
particles as well as the amount of product which is formed by one single
enzyme molecule.

The thermoresponsibility of the used p-NIPAM matrices should be optimized
to reach a biocatalyst where the activity can be switched on and off by a tem-
perature change. Therefore, microgel particles with a cross-linker content
above 5 mol-% have to be used for the immobilization in order to control the
supply of the substrate completely by the collapse of the polymer matrix.
It is important to produce p-NIPAM microgel particles where the meshes in
the swollen state are still large enough for enzyme immobilization on the one
hand and where the temperature induced collapse leads to meshes which
are small enough to inhibit the supply of the substrate on the other hand.
Especially, for the usage in industry it is helpful to create a biocatalyst
with a recyclable polymer support. The presented system is suitable due
to the fact that the immobilized enzyme can be released again by another
solvent exchange back to aqueous environment. This has to be investigated
in detail in future studies to determine if new enzyme can be immobilized
afterwards.

The immobilization for the usage in aqueous environment by covalent at-
tachment has to be investigated intensively in future studies. The most
important aspect is the determination of the immobilized amount of HRP
to calculate the specific activity. Therefore, a method has to be figured out
which is not based on the interactions with amino groups, e.g. determina-
tion via fluorescence or absorbance using Amplex Red.144145

The novel PA microgel system is a promising matrix for several applica-
tions, e.g. enzyme immobilization. Therefore, the system should be used
at different pH values, depending on the IEP of the used enzyme, for the
immobilization based on hydrogen bonds or electrostatic interactions.
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A.1 Experimental Section
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Figure Al: Titration curve of p-NIPAM,,_5 and fitting curves taking small

amounts of carbonic acid in the titrant (a) or in the titrant and titrand (b) into
account.
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A.2 P-NIPAM microgels loaded with Au-NPs
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Figure A2: Zimm-Plots of p-NIPAM, s; (a), p-NIPAM; (b) and p-NIPAM;, (c) dis-
solved in water at 25°C.
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A.3 Immobilization of enzymes within p-NIPAM
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Figure A3: Zimm-Plots of p-NIPAM, (.5 (a) and p-NIPAM, 5 (b) dissolved in
water at 25°C.
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Figure A5: Zimm-Plot of p-NIPAM 45 dissolved in water at 25°C.

A.4 Conclusions and Future Perspectives

Table A.1: Ry, o and VPTT of all synthesized p-NIPAM microgel particles in
water.

sample Ry (25°C) [nm] Ry (40°C) [nm] o VPTT [°C]

p-NIPAM 25 238 + 11 112 + 2 0.10 31
p-NIPAM; 281 + 16 173 + 2 0.23 32
p-NIPAM 249 + 10 176 + 6 0.35 32
p-NIPAM 44_5 173+ 6 73+ 0.6 0.08 34
p-NIPAM 4¢_3 428 + 11 186 + 5 0.08 31
p-NIPAM 425 422 + 17 153 + 1 0.05 32
p-NIPAM,;_g 25 881 + 23 105 + 2 1.7x1073 28

p-NIPAM;_5 727 £ 42 175+ 3 0.01 31




B Abbreviations

! deswelling ratio
r relaxation rate
dielectric constant

™

€ extinction coefficient

¢ zeta potential

n viscosity

0 scattering angle

K Debye-length

A wavelength

LE electrophoretic mobility
v molar volume

I1 osmotic pressure

T correlation time

) volume fraction

X polymer-solvent interaction parameter
v potential

a particle radius

an scattering coefficient

ay amplitudes

AA allylamine

AG allylglycine

APS ammonium persulfate
Au-NPs gold nanoparticles
AFM atomic force microscopy
by scattering coefficient
BSA bovine serum albumine
BQ para-benzoquinone

Clout extinction cross-section
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B ABBREVIATIONS

CalB
CLSM

Da
DLS

e.g.

et al.

FITC
g'(7)
g*(7)

H,CO;4
HCI
HRP

IEP

Lipase B from Candida antarctica
confocal laser scanning microscopy
thickness of the cuvette

distance

diffusion coefficient

Dalton

dynamic light scattering

electric field

extinction

example gratia

et altera

number of counterions per chain
free energy

force

Fluorescein-5-isothiocyanat

field time autocorrelation function

intensity time autocorrelation function

enthalpy

Planck’s constant

hour(s)

Carbonic acid

hydrogen chloride
horseradish peroxidase
intensity

isoelectric point

wave vector

spring constant

Boltzmann constant
potassium peroxodisulfate
lower critical solution temperature
mass

molar

molecular weight
N,N’-methylenebis(acrylamide)
minute(s)

refractive index
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PDI

p-NIPAM
p-NIPAM, o5
p-NIPAM;
p-NIPAM,,
p-NIPAM 445
p-NIPAM 4¢3
p-NIPAM 4 55
p-NIPAM, .25
p-NIPAM, 5

TEM
TEMED
TRIS
Uspecific
Uy
UCST

[

number

numerical aperture

Avogadro constant

number of chains

Sodium hydroxide

N-Isopropylacrylamide

polyampholyte

polyelectrolyte

polydispersity index
poly-N-isopropylacrylamide

small p-NIPAM with 0.25 mol-% MBA

small p-NIPAM with 5 mol% MBA

small p-NIPAM with 10 mol-% MBA

p-NIPAM with 5 mol-% MBA and 5 mol-% AA
p-NIPAM with 0.25 mol-% MBA and 3 mol-% AG
p-NIPAM with 0.25 mol-% MBA and 25 mol-% AG
large p-NIPAM with 0.25 mol-% MBA

large p-NIPAM with 5 mol-% MBA

scattering vector

resolution

radius

hydrodynamic radius

rotation per minute

entropy

sodium dodecyl sulfate

sodium dodecyl sulfate polyacrylamide gel electrophoresis

solvent exchange

static light scattering

temperature

transmission electron microscopy
N,N,N,N-tetramethylethylenediamine
tris(hydroxymethyl)aminomethane
specific activity

volume activity

upper critical solution temperature
velocity
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volume
volume phase transition
volume phase transition temperature

EEh

cantilever deflection
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