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Supervisor’s Foreword

This thesis describes the development of photo-sensitive polymeric nanoparticles
and nanogels as potential carriers for the loading and release of functional com-
pounds upon the application of light as an external stimulus. Such triggered release
systems represent a rapidly developing and highly versatile concept that is expe-
riencing a growing interest, especially in the biomedical field. Here, combining so-
called “smart” stimuli-responsive polymeric nano-structures with pharmaceuti-
cally active substances is being increasingly exploited for the targeted delivery of
drugs and is believed to be one of the key approaches for future therapeutics.
Therefore, developing efficient novel materials in this area represents a highly
desirable, but also rather complex task that requires the effective combination of
different methodologies and techniques from across a multitude of disciplines.
Consequently, a successful design of stimuli-responsive drug delivery systems is
characterized by the ability to tune release profiles via the adjustment of the
molecular building blocks and the resulting polymeric nano-structure in addition to
the capability to predict and optimize its specific interaction with highly intricate
biological systems.

In this thesis, all of these challenges are approached in a systematic way. First,
light-cleavable crosslinkers and monomers were carefully designed to possess
different photolytic properties based on their molecular structure. These new
building blocks were then utilized to prepare light-sensitive nanogels and nano-
particles, whereby different response profiles could be realized by the selective
copolymerization of these new building blocks with a variety of monomers in
mini-emulsion systems. The resulting carrier systems were shown to exhibit the
anticipated loading and release characteristics, as determined by their systemati-
cally planned chemical structure. At least, these new materials demonstrated good
biocompatibility and excellent cell uptake, thus fulfilling crucial prerequisites to
biomedical applications.

While the step-wise development of these new systems represents an excellent
example for the cross-fertilization between disciplines and has led to several
original research publications, this thesis also contains an extended review on

vii



viii Supervisor’s Foreword

stimuli-responsive microgels highlighting the design principles for the preparation
of future materials in this area. Hence, this work will be of great value for a broad
audience with interests in organic and polymer chemistry, colloidal and materials
sciences, and the biomedical field.

The presented research was conducted at the Max Planck Institute for Polymer
Research in Mainz, Germany between 08/2008 and 09/2011 and was honored
summa cum laude by the University of Mainz.

Mainz, March 2013 Prof. Dr. Katharina Landfester
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Chapter 1
Introduction

The chemistry of life offers the most sophisticated example of how selectively
tailored polymers, polymer assemblies, and interfaces provide a specific chemical
function and structure. In natural biopolymers such as proteins, carbohydrates and
nucleic acids, the distinct position and nature of functional groups drives a par-
ticular three-dimensional structure that influences the function of these materials
and also determines their response to external stimuli. Since these features form
the basis for constructing and keeping the complicated cell machinery running,
understanding the fundamental underlying concepts means learning a lesson from
the most influential expert in property control by molecular design: Nature.

Even though there is still a lot to learn and discover, the transfer of several
concepts from biology to the world of synthetic polymer chemistry has already
been accomplished and is rapidly developing [1]. Especially in the case of stimuli-
sensitive macromolecular materials, the gathered knowledge on the response
mechanisms of biopolymers has opened up new perspectives to mimic this
behavior in synthetic systems. Moreover, it enabled the extension of this approach
to the development of novel functional polymers that are sensitive to new signals
formerly non-existent in biological systems [1, 2]. Such stimuli-induced changes
of specific (polymeric) properties can generally be realized by two orthogonal
concepts. The first approach entails changing the materials environment (varia-
tions in pH, temperature, or the presence/absence of chemical and biological
compounds). Second, applying external fields (light, electrical- or magnetic fields)
can stimulate change of polymer properties. Independent of the applied stimulus,
the underlying similarities of all these materials are the triggered conformational
and chemical changes of the respective polymeric system that translate to the
overall response profile of the material. The fact that these small signals are able to
induce a comparably huge response at the macroscopic level renders these
materials such a fascinating research area. Here, the key point to their successful
development is to understand that this behavior is the result of highly cooperative
interactions. These depend not only on the type but also on the localization of a
vast number of functional groups in a polymeric system.

D. Klinger, Light-Sensitive Polymeric Nanoparticles Based on Photo-Cleavable 1
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2 1 Introduction

Having learned this lesson from nature, it is now the task of chemists to transfer
these insights in structure- and composition-property relationships to synthetic
pathways in order to further develop novel and highly sophisticated artificial
materials. In this context, Hawker and Wooley clearly highlighted the importance
of the convergence of synthetic organic and polymer chemistries and stated that
“creative approaches using organic chemistry are required to control every facet
of macromolecular structure and to enable functional groups to be introduced
at defined locations” [3]. Regarding materials research in general, it becomes
obvious that this cross-fertilization between disciplines nowadays is an essential
concept to the successful formation of materials exhibiting tailored properties for
specific applications. Especially, the increasing number and accuracy of analytical
methods, the development of diverse novel processing routes, and the exploitation
of self-assembly methods in combination with new tailor-made synthetic polymers
have opened up a whole new area of applications in the nanoscale [1, 2].

In this context, the work on photo-sensitive microgels described in this thesis
represents an approach to nanoscale materials whose properties are determined by
the molecular structure of their components therefore contributing to the devel-
opment of the “new world” of artificial stimuli-responsive nanomaterials.
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Chapter 2
Motivation

Since the discovery of microgels as a unique class of polymeric nanoscale
materials, this research area has gained increasing attention. Especially the
incorporation of stimuli-responsive properties into gel nanoparticles allows the
preparation of highly functional materials exhibiting bespoken properties for a
tremendous variety of applications. In general, the exceptional properties of
microgels stem from the combination of their colloidal nature with their internal
network structure. Since the latter is characterized by parameters as e.g. the mesh
size, the polymer volume fraction or the interaction of embedded functional
compounds with the network, the ability to control these factors by the appliance
of external triggers represents the underlying concept to stimuli-responsive
microgels. The response mechanism of these nanomaterials crucially depends on
two important features. First, the overall sensitivity of microgels is defined by the
specific type of stimulus to which these materials respond. This is governed by the
particular nature of functional groups responsible for the sensitivity of the gel.
Second, the location of these moieties in the network structure as well as their
specific triggered response mechanism determines the overall stimuli-dependent
behavior of the microgels.

Among a broad variety of triggers described in the literature, light-induced
responses have attracted much attention since they represent one of the most
desirable methods for economical, easy, rapid, and efficient control of the material
properties. This can be achieved by tuning light parameters such as wavelength,
power, and time of irradiation in a non-contact approach. Therefore, the concept of
photo-sensitive nanomaterials such as nanoparticles or microgels is a highly
interesting approach not only for applications in nanotechnology and biomedical
related fields, but also holds promise for creating ideal model systems for
fundamental studies on molecularly controlled structure variations. Moreover,
photochemistry in combination with microgels enables the preparation of a
multitude of materials with different response mechanisms precisely tailored for a
desired application by taking two main design criteria into account:

D. Klinger, Light-Sensitive Polymeric Nanoparticles Based on Photo-Cleavable 3
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4 2 Motivation

(i) The large number of various chromophores and their specific photoreactions
allows for tuning the sensitivity of the microgels with respect to the light
parameters.

(i) The potential to incorporate the respective light-induced changes to a multi-
tude of locations in the polymeric network structure (i.e. polymer backbone,
crosslinking points, polymeric side groups) gives rise to a variety of response
mechanisms. This facilitates the preparation of different materials based on the
same chromophore but exhibiting diverse photolytic variations of their
properties.

As these characteristics render photo-sensitive microgels and nanoparticles very
versatile materials with respect to their design, preparation and application, the
implementation of new materials in this area represents an extremely attractive
field of research. In this context, polymeric gel latexes for light-triggered loading
and release applications are of special interest. Here, controlling the rates of
diffusion of embedded functional substances within the swollen (hydro)gel matrix
by light is the underlying concept.

Based on these considerations, the aim of this thesis is the design, synthesis and
characterization of novel photo-sensitive microgels and nanoparticles as potential
materials for the loading and light-triggered release/accessibility of functional
compounds. A crucial prerequisite to resolve the potential of these materials for
possible applications is a profound understanding of their stimuli-responsive
behavior. Therefore, particular attention is paid on combining the design and
characterization of specific response mechanisms on a molecular level with
detailed investigations on the influence of these features on the overall sensitivity
of the nanoscale polymeric gel particles.



Chapter 3
Theoretical Part

3.1 Polymeric Gels: From Macro to Micro

Gelation of polymers was first investigated in 1931 by Carothers who polymerized
multifunctional monomers by polycondensation. He suggested that this phenom-
enon is a result of linking polymer molecules into a three-dimensional network of
infinitely large size [2]. Since the polymer network consists of inter- and intra-
molecularly connected polymer chains, the entire gel network can indeed be
considered as one macroscopic molecule whose size is theoretically only limited
by the dimensions of the containing vessel [3].

Starting from these early investigations, the development of new polymeriza-
tion techniques and the understanding and resulting utilization of specific
molecular interactions dramatically expanded the field of polymeric gels over the
years. Hence, three dimensional networks are no longer only formed by poly-
condensation reactions in the presence of multifunctional branching units, but
polymeric gels, in general, consist of (organic) polymer components which are
crosslinked by either covalent or physical connecting points. Moreover, an addi-
tional prerequisite for gels is the ability of such networks to swell upon absorbing
specific solvent molecules, thereby distinguishing them from other crosslinked
polymeric materials such as resins, elastomers or thermoset polymers.

The unique combination of the structural integrity of a solid with the ability to
store fluids and the mobility of functional groups in the swollen networks renders
polymeric gels a unique class of materials. The resulting softness, elasticity and
the fluid-like transport characteristics for molecules smaller than the gel pores give
rise to a broad variety of different applications. Probably the most simple and
widespread examples for hydrogels include their utilization as super-absorbers and
contact lenses [4]. Furthermore, the combination of more complex and highly

Parts of this chapter are published as: Klinger D., Landfester K.: Stimuli-responsive microgels
for the loading and release of functional compounds: fundamental concepts and applications.
Polymer 53(23), 5209 (2012). Reprinted with permission from [1]. Copyright 2012 Elsevier.
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6 3 Theoretical Part

functionalized polymeric architectures with diverse crosslinking methods has been
realized by a tremendous variety of different approaches, resulting in a large
number of sophisticated materials with specific functionalities tailored for par-
ticular applications. Nowadays, polymeric gels are applied in the fields of e.g. self-
healing materials [5], drug-delivery [6, 7], chemical separation [8], sensors [9],
shape-memory materials [10, 11] and (self-driven) actuators [12, 13].

The spatial stability of gels in the presence of a variety of solvents is based on
their crosslinked network structure. Linkages can be introduced by several pro-
cessing routes resulting in various materials with specific properties determined by
the crosslinking density, the polymer type and the chemical nature of the cross-
links. A detailed overview over a multitude of crosslinking methods can be found
in the review of Hennink and van Nostrum [14].

A widely investigated approach to chemically crosslinked gels is the radical
polymerization of low molecular weight monovinylic monomers in the presence of
multivinylic crosslinking agents. In the case of water swellable materials, Wich-
terle and Lim were the first to describe the polymerization of 2-hydroxyethyl
methacralyte (HEMA) in the presence of ethylene glycol dimethacrylate as
crosslinker. Detailed investigations on the reaction conditions yielded such a
hydrogel as the first material for soft contact lenses [15]. From here on, the
additional introduction of functional groups resulted in stimuli-responsive gels as a
new class of materials. A different method to obtain covalently crosslinked net-
works is based on the linkage of polymeric precursors. Here, the radical poly-
merization of polymers derivatized with polymerizable groups is a well examined
concept. As an example, the formation of hydrogels from polymerizable dextrans
was pioneered by Edman et al. by reacting dextran with glycidyl acrylate and
polymerizing a solution of the resulting compound [16]. In the group of Hennink,
this approach was further developed and the investigated hydrogels from
(meth)acrylated dextrans served as enzymatically degradable gels for enzyme
immobilization [17]. Moreover, the crosslinking of polymer precursors can also be
achieved by the utilization of low-molecular weight crosslinking agents which
react with functional groups on the polymeric backbones [18]. Examples include
the crosslinking of synthetic polymers such as polyvinylalcohol [19] as well as
biopolymers such as gelatin with glutaraldhyde [20].

Physically crosslinked polymeric gels represent another type of gels where the
network formation is achieved by non-covalent attractive interactions between the
individual polymer chains. In contrast to chemically crosslinked gels, the use of
often toxic crosslinking agents is avoided, thus rendering them interesting mate-
rials for biological applications. Various interaction mechanisms can be used to
create crosslinking points. A very prominent example for physically crosslinked
gels is the utilization of hydrophobic interactions or partial crystallization of
respective domains in amphiphilic block and graft copolymers. Adapting this
concept from the classical ABS rubber has led to an interesting class of materials.
As an example, Kim et al. described the utilization of “Biomer” as a segmented
polymer consisting of a polyurethane and a polyether. Aggregation of the hard
hydrophobic polyurethane segments served not only as crosslinks but also enabled
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the loading of a hydrophobic drug into the overall hydrophilic gel [21]. A similar
approach was described by Feijen and coworkers who used multiblock copolymers
of PEG and polybutylene terephtalate (PBT) to form hydrogels with incorporated
lysozyme as hydrophilic model protein [22]. Another concept to physical cross-
links is the utilization of ionic interactions between charged polymers and their
respective counterions. As an interesting example, the crosslinking of chitosan as
cationic biopolymer with glycerol-phosphate disodium salt was found to depend
on the temperature. Liquid mixtures containing biological materials below room
temperature were injected subcutaneously in rats and gel formation occurred
in situ [23]. Additional approaches to physically crosslinked gels include, among
others, the pH-dependent crosslinking by hydrogen bonds in mixtures of poly
((meth)acrylic acid) and PEG [24] or the crosslinking by antigen—antibody inter-
actions [25].

Comparing physical and chemical approaches, it can be stated that chemically
crosslinked networks are normally characterized by an increased stability com-
pared to the physically crosslinked gels. This feature is based on the covalent
linkage of the polymer chains which ensures a good structural integrity. Never-
theless, crosslinking polymerizations also bear some drawbacks influencing the
properties of the final material. Among other parameters, the structure of the
crosslinking agent as well as the difference in hydrophilicity of monomer and
crosslinker can play a crucial role regarding the crosslinking efficiency and
homogeneity [26].

Besides the field of macroscopic gels which represent insoluble polymeric
materials, it was in 1935 when Staudinger was the first who found a crosslinking
polymerization of a dilute solution of divinylbenzene to result in a soluble polymer
of low viscosity [27]. The conclusion that this polymer is a product consisting of
strongly branched, 3-dimensional molecules was the groundbreaking perception
which led to the development of colloidal macromolecules of globular shape as a
new class of materials [25, 27, 28]. These inter- and intramolecularly crosslinked
macromolecules dispersed in either normal or colloidal solutions are termed mi-
crogels, (hydro)gel nanoparticles or nanogels. It is noteworthy that no clear cor-
relation between the actual size of the gel particles and the nomenclature has been
established and the terms microgels and nanogels are mostly used interchangeable
in the literature. Due to the lack of proper characterization techniques, microgels
were playing a negligible role in science and technology of polymers until the
beginning of the 1970s. Since then, the progress in chemical design and under-
standing of the physico-chemical properties of microgels increased steadily and
significantly, as can be seen from the rising number of publications [28]. Microgels
are an intriguing class of materials since they combine the inherent features of
macroscopic hydrogels (e.g. structural integrity in combination with fluid-like
transport characteristics) with those of colloidal dispersions (e.g. colloidal stabil-
ity, high surface area, facile synthesis and control over particle size). Especially
the combination of the microgel structure with the growing field of stimuli-
responsive polymers and materials gives rise to a tremendous variety of new
research areas and applications which will be in the focus of this chapter.
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3.2 Synthesis of Microgels

As in the case of macroscopic polymeric gels, similar crosslinking methods can be
applied for the formation of microgels. Preparation methods can be generally
categorized in two main concepts: (a) the formation of microgels in homogeneous
phase and (b) the formation of microgels in heterophase.

3.2.1 Microgel Preparation in Homogeneous Phase

Among others, this concept can be realized by two main approaches. Based on the
first investigations made by Staudinger, the free radical crosslinking copolymeri-
zation of mono- and bis-unsaturated monomers in dilute solutions results in the
formation of inter- and intramolecularly crosslinked microgels. In this solution
polymerization the internal structure of the prepared microgels crucially depends
on the ratio of the amount of the inert good solvent to the monomers [28]. Hence, a
higher dilution increases the probability of intramolecular crosslinks. Even though
the resulting internal structure of microgels prepared by this method is not well
defined, investigations conducted on these systems represent an important step to
get insight into the mechanism of gel formation in radical crosslinking polymer-
izations [3, 29-31].

An alternative approach to microgels includes coacervation and desolvation
techniques which are both based on the phase separation of readily formed
polymers during the preparation step, thus forming nanoparticles which are sub-
sequently crosslinked. This method has been widely investigated for the formation
of microgels from biopolymers such as e.g. (modified) gelatin or chitosan which
contain a large number of functional groups available for crosslinking. Hence, the
preparation of pH-sensitive chitosan nanoparticles by complex coacervation can be
achieved e.g. by physical crosslinking due to electrostatic interactions of the
cationic polymer with either anionic polyethyleneimine [32] or tripolyphosphate
[33]. Gelatin nanoparticles were successfully prepared by a two-step desolvation
route including the chemical crosslinking with glutaraldehyde [34]. Nevertheless,
since in these synthetic procedures crosslinking occurs after the nanoparticles
formation, the resulting microgels are only crosslinked at the surface due to a
hindered diffusion of the crosslinking agent into particle interior [35].

3.2.2 Microgel Preparation in Heterogeneous Phase

Another class of synthetic routes to microgels is the heterophase copolymerization
of monomers with crosslinking agents in aqueous solution. Here, three main
concepts can be distinguished: (a) precipitation polymerization, (b) polymerization
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and (physical or chemical) crosslinking of preformed polymers in inverse mini-
and (c) microemulsions.

3.2.2.1 Microgels by Dispersion/Precipitation Polymerization

Dispersion and precipitation polymerizations in general, start with the initiation of
polymerization in a homogenous solution of monomers and crosslinkers [36-38].
While the polymerization proceeds, the monomer and formed oligomers are sol-
uble until the growing chains reach a critical length. As a result of unfavorable
polymer—solvent interactions after reaching a critical chain length, they phase-
separate from the continuous medium by enthalpic precipitation, thus forming
particle nuclei. In the case of crosslinkers present in the mixture, entropic pre-
cipitation occurs favorably and crosslinking prevents the polymer and solvent from
freely mixing even in good solvents for the polymer [39]. Here, the boundary to
the previously described radical crosslinking polymerization in solution is blurred
[28]. Nevertheless, in both cases, the resulting nuclei aggregate into larger parti-
cles that continue to grow by capturing other particles, newly formed polymer
chains or by absorption and polymerization of monomer. In this context, disper-
sion polymerizations are characterized by the addition of a stabilizer to control the
size and to narrow the distribution of the particles [40]. The described mechanism
is schematically illustrated in Fig. 3.1.

The method of precipitation polymerization represents a widely investigated
and elegant approach for the preparation of water swellable thermo-sensitive
microgels. Especially N-isopropylacrylamide (NIPAAm) [41] or N-vinylcapro-
lactam (VCL) [42] are the most applied monomers [43]. In these cases, the en-
thalpic precipitation of growing oligoradicals occurs due to the unfavorable
polymer—solvent interaction at high reaction temperatures. Since the monomers
are completely water soluble but the resulting PNIPAAm and PVCL polymers
exhibit a lower critical solution temperature (LCST) above which they become
insoluble in water, initiation of an aqueous monomer/crosslinker solution results in
the formation of precursor particles consisting of collapsed polymer chains if the

g
. w .

monomerfinitiator precursor grawing swollen
1wt li I particles particles microgels

Fig. 3.1 Microgel formation by precipitation polymerization: a initiation and chain growth,
b precipitation and nucleation, ¢ particle growth and d transfer to good solvent or decrease of
temperature below the volume phase transition temperature. Reproduced with permission from
[1]. Copyright 2012 Elsevier
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reaction temperature is above the LCST. These nuclei further react to the mi-
crogels in analogy to the mechanism described above. Stabilization of the col-
lapsed microgels at elevated temperatures can be achieved by e.g. the utilization of
potassium peroxodisulfate (KPS) as inititiator. The electrostatic stabilization is
based on sulfate groups from initiator fragments which are incorporated into
polymer chains during the nucleation and growth process [44]. Different ways of
stabilization, which in addition offer the possibility of particles size control, are the
utilization of either ionic [45] or steric [46] stabilizers or ionic comonomers [47,
48] analogous to surfactant free emulsion polymerizations. After complete poly-
merization, the microgels dispersion is cooled down to room temperature resulting
in a swelling of the networks (7 < LCST) and a sterical stabilization of the mi-
crogels by dangling chains of the outer swollen particle layer. It is obvious that the
use of crosslinking agents is a necessary requirement in order to prevent microgels
from dissolution at low temperatures [49]. A tremendous variety of thermo-sen-
sitive microgels has been prepared by this method demonstrating the high impact
of this preparation route. Moreover, modifications of the synthetic protocol
enabled the formation of more complex microgels structures. As an example,
temperature- and pH-sensitive microgels were obtained by copolymerization of
NIPAAm with e.g. acrylic acid [50] or aminoethyl methacrylate hydrochloride
[51]. In addition, precipitation polymerization of functional monomers in the
presence of preformed seed particles was demonstrated to yield such complex
structures as e.g. (multi-responsive) [52] core/shell microgels [44, 53] or hollow
hydrogel spheres [54].

Even though this preparation method is one of the most widely investigated
routes to hydrogel nanoparticles, several limitations have to be taken into account.
On one hand, the incorporation of comonomers can only be achieved to a certain
extend depending on the hydrophilicity of the respective compound. Hence, for the
synthesis of thermo-sensitive hydrogel nanoparticles, the additional introduction of
strongly hydrophilic comonomers such as e.g. (meth)acrylic acid is limited as a
successful precipitation during the chain growth crucially depends on the overall
hydrophobicity of the resulting copolymer [44]. Furthermore, since batch copo-
lymerization of monomers of different reactivity and hydrophilicity was shown to
result in core/shell morphologies [42, 55], the preparation of copolymer microgels
exhibiting a homogenous distribution of all functionalities is hindered.

3.2.2.2 Microgel Synthesis in Dispersed Droplets

As described in the previous section, precipitation polymerization for the forma-
tion of microgels bears some serious drawbacks such as the restriction to network
formation by crosslinking polymerization and the limited incorporation of func-
tional comonomers. In order to evade these limitations, microgels synthesis in
droplets dispersed in a continuous phase represents a well examined alternative.
Here, the restriction of the network-forming reaction to the droplets renders the
latter as “nanoreactors”, thus in principle enabling to exploit most of the
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crosslinking (physically and chemically) methods described for macroscopic gels
for the preparation of microgels.

Microgel Synthesis in Microemulsions

Microemulsions in general can be prepared as direct oil-in-water (O/W) or inverse
water-in-oil (W/O) emulsions. For the formation of microgels, especially the W/O
emulsion methods are widely investigated to yield water swellable hydrogel
nanoparticles [56, 57]. In this approach, the dispersed phase contains the respec-
tive compounds for the network formation such as e.g. polymerizable monomer or
crosslinkable prepolymers dissolved mostly in water as solvent. The microemul-
sion is then formed by adding this solution to a continuous organic medium
containing large amounts of an oil-soluble surfactant. By stirring this mixture, the
thermodynamically stable microemulsion is formed. Microgel formation can then
be achieved by e.g. free radical polymerization of mono- and divinylic monomers
in the droplets upon intiation from either the droplets interior or the continuous
phase [58, 59]. This preparation method allows the preparation of microgels with a
high content of ionic groups [60].

Microgel Synthesis in Miniemulsions

In general, miniemulsions are kinetically stable emulsions, thereby distinguishing
them from microemulsions [61]. The advantage is the considerably less amount of
surfactant needed for successful droplet stabilization as well as the versatility of
this approach with respect to the utilization of different monomers [62], the
incorporation of functional compounds [63—-66] and the precise adjustment of the
droplets and particles size [67]. Miniemulsification is generally achieved by
applying high shear forces to a pre-emulsion of droplets in a continuous phase.
During this procedure, a fission and fusion process of broadly distributed
(macro)droplets leads to uniform well defined nanopdroplets in the size range
between 50 and 500 nm [61, 67, 68]. While the presence of either a sterical or
electrostatic surfactant prevents these droplets from coalescence, the kinetic sta-
bilization is accomplished by the suppression of Ostwald ripening by the addition
of a costabilizer to the dispersed phase [69, 70]. The negligible solubility of this
compound in the continuous phase creates an osmotic pressure in the droplets, thus
counteracting the Laplace pressure. As a result the net diffusion between the
droplets is inhibited and therefore, stable droplets of the same composition as the
dispersed phase prior to emulsification are obtained and can be classified as
“nanoreactors” [62]. As a result, the composition of the polymeric particles after
polymerization resembles the composition of the monomer phase, thus enabling
the equal distribution of all different functionalities in each particle. Similar to
microemulsions, also miniemulsions can either be realized as direct (W/O) or
inverse (O/W) systems. While the first case is a well established approach to solid
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polymeric latexes by free radical polymerization of hydrophobic monomers [61,
68], the inverse method gives rise to the formation of hydrogel nanoparticles by
diverse synthetic pathways [35].

One approach is the free radical copolymerization of hydrophilic monomers
with crosslinking agents in dispersed droplets of either aqueous solutions of these
compounds or their mixture without additional solvent. This pathway results in
hydrogel nanoparticles after transferring the polymerized latexes to water as
continuous phase. Examples include the formation of polyacrylamide (PAAm)
[71, 72] and PHEMA [72, 73] based microgels. Moreover, since the only main
requirement for copolymerization of different monomers is their immiscibility
with the continuous phase, this approach is highly tolerant to a broad variety of
monomers and can be used to prepare e.g. highly charged microgels [74]. Fig-
ure 3.2 illustrates the described synthetic pathway schematically.

An alternative to the crosslinking copolymerization of hydrophilic monomers is
the gel formation upon crosslinking of preformed polymers in inverse mini-
emulsion. This concept has been realized by a sophisticated approach which is
based on the ultrasonication of a mixture of two inverse miniemulsions A and B
containing a solution of a preformed polymer and a solution of the crosslinking
agent, respectively. Upon the appliance of high shear forces a fission and fusion
process between the individual droplets of both systems results in the mixing of the
components which induces the crosslinking reaction. This method was

monomer/crosslinker
mixture/solution
c > d > . continuous phase
. “\ Surfactant
. . . . ] osmotic pressure agent

Fig. 3.2 Schematic representation of microgel preparation by radical crosslinking polymeriza-
tion in (inverse) miniemulsion: a emulsification and homogenization, b polymerization,
c¢ removal of excess surfactant by washing/dialysis and subsequent freeze-drying and
d redispersion of microgels in a good solvent for the network-forming polymer by swelling.
Reproduced with permission from [1]. Copyright 2012 Elsevier
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successfully applied to the formation of well defined gelatin microgels covalently
crosslinked by glutaraldehyde [68, 75]. In addition, more complex gel structures
can be obtained as well. As an example the formation of crosslinked starch cap-
sules was achieved by the interfacial crosslinking polycondensation in inverse
minemuslion. Here, the dispersed droplets consisted of an aqueous solution of
starch which was covalently crosslinked only at the droplets surface by the
addition of 2,4-toluenediisocycanate (TDI) to the continuous phase [76].

Microgel Synthesis in Other Compartments

Based on the concept of closed nanoreactors, different supplementary approaches
are described in the literature. A highly interesting method was described by
Kazakov et al. [77]. By using liposomes as compartments for the photo initated
polymerization of monomers, hydrogel nanoparticles were obtained after solubi-
lization of the lipid double layer. Despite that, the formation method of microgels
using micro-fluidics gives rise to well defined spherical particles in the size range
of several micrometers [78].

3.3 Stimuli-Responsive Microgels: Features
and Applications

Stimuli-responsive or environmentally-sensitive micro- or nanogels are intra-
molecularly crosslinked polymeric nanoparticles where a specific molecular
design of the polymeric network structure allows the incorporation of stimuli-
sensitive properties into the gel. In this context, a broad variety of triggers finds
application. These can be classified into two main categories: (a) physical stimuli
such as e.g. changes in temperature, the appliance of light, electric- or magnetic
fields and (b) chemical stimuli including changes in pH, ionic strength or the
presence of chemical or biological compounds. Since the latter are often charac-
teristic features of a specific location, microgels changing their properties upon
their (re)location in such an environment are often called “smart” materials since
they respond to an inherent feature of the location rather than to an externally
applied trigger.

The broad selection of triggers and response mechanisms of stimuli-responsive
microgels has led to a tremendous variety of applications including, among others,
sensors [79], optics [80], colloidal crystals [81, 82], and loading and release
applications [83].
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3.3.1 Microgels for Loading and Release Applications

In the field of biomedical applications, the controlled delivery of pharmaceutically
active substances holds promise to be a key concept for future treatment of dis-
eases. Here, hydrogel nanoparticles represent an outstanding approach, since they
allow the incorporation of water-soluble drugs, including proteins and nucleic
acids, in the gel [84]. The utilization of biocompatible and nonantiogenic materials
enhances the protection of the payload from hostile enzymes until the delivery to
targeted tissues [85]. Due to their chemically crosslinked structure and hydrophilic
chains on the surface (preferably non-charged polymers such as e.g. PEG or
poly(N-vinylpyrrolidone), microgels are characterized by a higher stability for
prolonged circulation in the blood stream [86]. This unique feature is often
referred to as a “stealth” effect, since opsonisation by macrophages and non-
specific binding to cells is dramatically decreased [87]. Moreover, due to their soft
architecture, microgels are able to flatten themselves onto vascular surfaces, thus
simultaneously anchoring in multiple points. Thereby, their retention in the tar-
geted disease site is enhanced [85]. Additional advantages include the ease of
preparation, high stability and the good dispersibility in water [88]. In the special
case of stimuli-responsive microgels, the drug loading and release profile can be
modulated by external stimuli, thus greatly improving the loading efficiency and
enhancing the bioavailability to reduce side effects [44].

Especially the ability to control the loading and release of functional com-
pounds into and from microgels renders stimuli-responsive microgels highly
interesting materials not only for the application in biomedical fields but also e.g.
in the area of triggered catalysis. Here, the embedding of catalysts in a particulate
stimuli-responsive (hydro)gel network allows one to trigger the activity of the
catalytically active compound. This can either be achieved by a triggered release
of the catalyst from the microgels upon swelling or degradation of the network, or
by modulating its accessibility to specific reagents. In the latter case the catalyst
remains in the network and the diffusion of substrates to and from the catalyst is
triggered e.g. by the swelling of the surrounding gel. Examples realizing these
described concepts are based on immobilized enzymes [89, 90] or catalytically
active metal nanoparticles embedded in microgels [90-92].

3.3.1.1 Network Characteristics

Polymeric (micro)gels are networks that absorb large quantities of solvent while
remaining insoluble due to the crosslinking of the individual polymer chains. As a
result of the crosslinking, properties of individual polymers become visible on a
macroscopic scale, thus rendering polymeric gels a unique class of materials. A
key feature to the determination of the nanoscopic structure of gel networks is the
understanding of the solvent-sorption capabilities since the latter is crucially
dependent on the molecular interactions between the network-forming polymer
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and the solvent as well as e.g. the crosslinking density. Investigations on and
mathematical descriptions of the parameters defining the structure of swollen
networks were widely studied for the case of macroscopic hydrogels [4, 26, 93].
Even though the developed models can mostly be transferred to their microgels
analogues, specific deviations may result from inherent features of these nanoscale
materials such as e.g. their high surface area.

In general, for the description of the nanostructure of polymeric gel networks,
three parameters are crucial: (1) the polymer volume fraction in the swollen state:
V2.5 (2) the number average molecular weight between crosslinks: M, and (3) the
network mesh size: & [7].

For loading and release applications of non-porous (micro)gels, the network
mesh size is the most important parameter determining the mobility of embedded
functional substances and their rates of diffusion within a swollen (hydro)gel
matrix. Especially the comparison of the mesh size of the network relative to the
hydrodynamic diameter of the compound to be delivered is of high interest since
theoretically, the diffusion of the latter is hindered when mesh sizes approach the
size of the payload as shown in Fig. 3.3 [94]. This state can e.g. be beneficial for
an efficient loading of functional compounds upon entrapment in the network.

The most important factors that influence the mesh size of a gel are the degree
of crosslinking and the interaction of the network-forming polymer with the sol-
vent. Since in stimuli-responsive (miro)gels these properties can be influenced by
external triggers (degradation of crosslinks, change in physico-chemical parame-
ters of the polymers), a determination of the mesh size before and after the
appliance of the respective stimulus enables to predict the loading and release
profile of a specific compound. Therefore it is generally of high importance to be
able to derive the mesh size from measurable macroscopic features of the
respective (micro)gels. The mesh size (£) can be described as follows [95]:

c=n(7)= 0 ()"” G.1)

Here, v, is the polymer volume fraction in the respective swollen state and
describes the amount of solvent imbided in the network. It can either be described

< degree of crosslinking >
£

< chemical structure > '.E:,
3

< external stimulus >

swollen state deswollen state

Fig. 3.3 Schematic representation of mesh sizes in swollen and deswollen gel networks.
Adapted with permission from [94]. Copyright 1999 Elsevier
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as the ratio of the polymer volume (V) to the swollen gel volume (V,) which is the
reciprocal of the volumetric swelling ratio (Q). Moreover, Q can be related to the
densities of solvent (p;) and polymer (p,) and the mass swollen ratio (Q,,): [93]

Vo -1 1/p,
A, N | B 3.2
Y2 Vg Q Qm/pl + 1/P2 ( )

In the case of microgels, Q can be calculated from the hydrodynamic particle
diameters in the swollen and non-swollen state. As these can be determined by e.g.
DLS measurements under different conditions (solvents, temperatures, etc.) or
combinations of DLS and electron microscopic investigations (SEM, TEM), this
parameter is easily accessible. In the case of macroscopic gels, the swelling ratio
can be determined by gravimetrical analysis as the mass swollen ratio.

The next factor to be determined in order to calculate the gel mesh size based
on Eq. (3.1) is the root-mean-squared end-to-end distance of network chains
between two adjacent crosslinks in the unperturbed state. As described by Canal
and Peppas, it can be calculated as follows [95]:

— 12
2MC> (3.3)
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(72)"*= 1(C,N) = 1(0,, -
C,, is the Flory characteristic ratio, / is the bond length along the polymer back-
bone, N is the number of bonds between two adjacent crosslinks, M, is the
molecular weight of one repeating unit (monomer) of the respective network-
forming polymer and M. is the average molecular weight between two adjacent
crosslinks. While for a specific network-forming polymer [, C, and M, can be
obtained from the literature, M.. is the last key parameter to be determined in order
to calculate the mesh size accordingly to Eq. (3.1). In general, this factor can be
obtained from the Flory-Rehner equation [29]:

1 ) (Vi]) [ln(l — VZ.,x) + v+ Xlz"%,s
ﬁc = ﬁn - 1/3 vy (3.4)
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Here, M,, is the number average molecular weight and v is the specific volume of
the polymer prior to crosslinking; y,, is the solvent-polymer interaction parameter.
Since this equation was originally derived for neutral divinyl crosslinked networks
for which the molecular weight M, of the respective polymer is known, more
complex derivations of this equation have been developed by Peppas et al. in order
to expand the theory to ionic gels or gels crosslinked during polymerization [4]. As
a useful approximation, it has been shown by Mason et al. [96]. that in the case of
highly swollen (Q > 10) neutral polymeric gels, M, can be derived directly from
the swelling ratio as:

S(L ey \ig 13/ .
0= {W} — p(i.)*"* (3.5)
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By combining Egs. (3.5) or (3.4) with (3.3) and subsequently combining (3.3)
and (3.1), a simple model is available to determine the mesh sizes of polymeric
gels from facile equilibrium swelling experiments. Data obtained from these
calculations not only allow one to predict and tailor the loading and release profiles
of (micro)gels, but also enable to give information about physical properties of the
network such as e.g. mechanical strength and degradability [95-97].

Release From Microgels

In general, the high solvent sorption capabilities of microgels induce completely
different release mechanisms compared to non-swollen matrices. The release from
(micro)gels is governed by passive diffusion of the payload through the (hydro)gel
network and—depending on the rate limiting step of the controlled release—three
main categories of release mechanisms can be distinguished:

(1) Diffusion-controlled
(2) Swelling-controlled
(3) Chemically-controlled.

Since an efficient delivery of (pharmaceutically) active compounds from microgels
crucially depends on the particular release mechanism, it is of high interest to be
able to predict the respective time-dependent release profile. Several simple and
sophisticated models have been developed to achieve this goal and are based on
the understanding of the underlying mechanism and the identification of the key
parameters which govern the release. In the following sections, these consider-
ations are described for the above mentioned different release mechanisms.

Diffusion-Controlled Release Systems

In this case, two main concepts can be distinguished depending on the internal
structure of the gel network. Considering porous gels, the pore sizes of the gels are
typically much larger than the hydrodynamic diameters of the embedded com-
pounds. As a result, the diffusion coefficient of the specific substance is rather
governed by the porosity and tortuosity of the gel than the internal network
structure, thus resulting in limited control over the release [98]. In contrast, in
homogeneous networks or porous gels with pores sizes comparable to the
dimensions of the payload, the polymeric chains in the crosslinked network pro-
vide a steric hindrance to the compound to be delivered and therefore influence its
diffusion coefficient [98, 99]. Here, the mean free diffusion path length of the
embedded compound is decreased as the average free volume per molecule
available to the compound is decreased. As a result, the diffusion coefficient is
decreased compared to the solute state [97]. This general dependency of the dif-
fusivity on fundamental network characteristics, such as mesh sizes and solvent
content, is the underlying concept of several theoretical models which have been
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developed for predicting diffusion coefficients of active compounds in gels. In
general, the relationship between diffusivity in gels and in solution can be
described as follows: [93]

) (3.6)

Dy

In this equation, D, and D, represent the diffusion coefficients of the respective
substance in the gel network and in solution while 7 is the hydrodynamic radius of
the substance to be delivered, v, ; is the polymer volume fraction and ¢ is the mesh
size of the network. While several theories have been developed to describe this
relationship, a prominent example for the description of the correlation between
diffusivity and network structure is based on a free-volume approach and was
developed by Lustig and Peppas as follows [100]:

2O gm(l) o

Here, Y is the ratio of the critical volume which is required for a translational
movement of the embedded compound and the average free volume per molecule
of solvent [93].

It becomes obvious that this approach takes into account the assumed crucial
influences of the gel mesh sizes and the polymer volume fraction (the degree of
solvent sorption) on the diffusivity. Regarding now typical mesh sizes of bio-
medical hydrogels, values between 5 and 100 nm are reported [86]. Since these
size scales are considerably larger than hydrodynamic diameters of most low-
molecular weight compounds (e.g. drugs), their diffusion is not significantly
retarded. Therefore, a controlled delivery by a simple diffusion controlled pathway
is not applicable. In contrast, this mechanism finds application for the delivery of
(biologically active) macromolecules such as e.g. peptides, proteins or oligonu-
cleotides since their release can be sustained due to their larger hydrodynamic
diameters. Here, it is of special interest to design the internal network structure
appropriately to achieve a desired rate of macromolecular diffusion [84]. As a
result, a kinetically controlled release system can be obtained [101, 102].

Based on these considerations, the utilization of stimuli-responsive (micro)gels
represents a highly advantageous approach to controlled delivery applications
since it allows for the adjustment of network properties such as mesh size and
polymer volume fraction upon the appliance of an external trigger. According to
Eq. (3.7), the diffusion coefficient can thus be triggered externally, thereby sig-
nificantly enhancing loading efficiencies and control of the release. As an example,
a functional macromolecular compound can be embedded in a gel network
exhibiting initial mesh sizes smaller than the hydrodynamic diameter of the
compound to be delivered, thus ensuring efficient loading by hindered diffusion.
By utilization of a stimuli-responsive network-forming polymer, the polymer
volume fraction (v, ) as well as the mesh size () can be controlled by external
triggers. If the change results in an increased mesh size and/or a decreased polymer
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volume fraction, the diffusion coefficient of the active substance in the gel (D,) is
increased according to Eq. (3.7). This response is widely realized by changes in the
physico-chemical parameters of the network-forming polymer which induce an
increase in swelling of the network.

Obviously, the mesh size as an important factor governing the diffusion coef-
ficient of the embedded compound is known to crucially depend on the cross-
linking density (see Eqgs. (3.1) and (3.3)) as well. Hence, by the utilization of
cleavable crosslinking points in a network, the mesh size and thereby the diffu-
sivity can be triggered by degradation of crosslinking points. This particular
example represents the border to chemically-controlled delivery systems which
will be discussed in a following section.

As a last point, it has to be mentioned that diffusion controlled release is, in a lot
of cases, much more complex as described in these simplified models. Here,
especially interactions between the embedded compound and the polymer network
(electrostatic, hydrophobic—hydrophobic, etc.) can cause severe deviations from
the predicted release profiles. In order to take these phenomena into account,
several theoretical models based on empirically determined diffusion coefficients
have been developed to predict the release profile [93].

Swelling-Controlled Release Systems

The mechanism of swelling-controlled release systems is based on the swelling of
the gel as the rate limiting step for the release, meaning that the diffusion of the
embedded compound is faster than the swelling of the gel matrix. Originally, this
concept was widely investigated for macroscopic hydrogels which undergo a
swelling-driven phase transition from a glassy/dry state to a rubbery state [103,
104]. The embedded compounds are immobilized in the initial non-swollen net-
work whereas their rapid diffusion is enabled in the swollen gel [93].

Transferring this concept to the nanoscale can be achieved by the utilization of
stimuli-responsive microgels. Investigated approaches include the embedding of
small-molecule compounds into collapsed gels and their swelling-induced release
upon the appliance of an external trigger [105, 106]. A detailed description of
different stimuli-responsive microgels is discussed in a following section.

However, in these cases a necessary requirement to distinguish the resulting
release mechanism from the chemically-controlled alternative is the fast response
to the respective trigger. Only if the change in the chemical nature/physico-
chemical properties of the network-forming polymer is faster than the resulting
swelling, the release mechanism is still governed by the time-scale of gel swelling
and is defined as swelling-controlled.

Chemically-Controlled Release Systems

In chemically-controlled release systems, the release of a functional compound
from the gel network is determined by chemical reactions in the matrix. The time-
scale of the respective reaction has to be considerably slower than the diffusion of



20 3 Theoretical Part

the compound from the gel and therefore represents the overall rate limiting
parameter [93]. Several approaches to chemically controlled delivery systems can
be distinguished by the type of chemical reaction inducing the release. Among
others, the cleavage of network-forming polymer chains resulting in surface-
erosion or bulk-degradation of the (micro)gel and the cleavage of pendant chains
between the polymeric network and the compound to be delivered are the most
common ones. These mechanisms can be further categorized into (a) purely
kinetically-controlled release systems and (b) reaction—diffusion-controlled sys-
tems. While in the first case, the (polymeric) bond degradation is the rate limiting
step and the diffusion term is comparably negligible, in the second case, polymer/
crosslinker degradation and diffusion terms have to be taken into account in order
to be able to predict the release profile. In general, all systems based on chemically
induced release methods are a class of stimuli-responsive materials.

One example for purely kinetically-controlled systems is the pendant chain
approach which is based on the covalent linkage of active compounds to the gel
network by cleavable linkers. Especially in the field of drug delivery, these pro-
drugs or polymer-drug conjugates are widely investigated to enhance the thera-
peutic efficacy of drugs [107]. Realization of this approach is mostly achieved by
the utilization of either hydrolytically [108, 109] or enzymatically [110] degrad-
able linkers where the release rate is determined by the degradation rate of the
respective linker (e.g. simple first-order kinetic relationships for hydrolytic deg-
radation) [93]. If diffusion of the liberated compound is then comparably fast,
these systems are purely kinetically-controlled.

Another example of kinetically-controlled release systems is the release of a
compound as a result of the surface erosion of a polymeric matrix. Here, the rate of
transport of the eroding reagent into the polymer is much slower than the rate of
bond hydrolysis. This can be found in the case of hydrophobic (biodegradable)
polymeric networks or enzymatically degradable hydrogels. In the latter case the
transport rate of the enzyme through the hydrogel layer is significantly retarded in
comparison to the enzymatic bond cleavage [111].

In contrast to the kinetically-controlled release systems, reaction-diffusion-
controlled systems are characterized by the influence of multiple parameters on the
release profile. The theoretical considerations described above mainly consider
only one mechanism to dominate the release. For many cases these simplified
models either purely based on diffusion, swelling or degradation mechanisms
provide a good correlation between experimental data and the predicted release
profiles. In reality however, different mechanisms can occur simultaneously. As an
example where the deviations from these simplified models become obvious, bulk
degrading release systems have to be mentioned [93]. Here, the drug release is
governed by both network/crosslink degradation and molecule diffusion, thus
defining them as reaction-diffusion-controlled systems. Bulk degradation can
either be achieved by the cleavage of the backbones of the network forming
polymers or the crosslinking points. In the latter case, the cleavage of crosslinking
points correlates with a decreasing crosslinking density and an increasing mesh
size. Therefore, the diffusivity of an embedded compound is no longer constant but
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increases with propagating crosslinker degradation (i.e. time-dependent mesh
size). As a result the respective diffusivity correlation as described in Eq. (3.7) can
be simplified during the initial stages of degradation to [96]:

1 _DPe_ 1 st (3.8)
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Here, jkg' is the pseudo-first-order reaction constant for the cleavage of a
degradable crosslinking bond. It can be concluded that, upon degradation, the
diffusion coefficient D, increases and that the diffusivity depends on the bond
cleavage kinetics [112].

Loading of Microgels

In general, the incorporation of active compounds into (micro)gel matrices can be
realized by either one of the two following concepts:

(1) post-formation loading
(2) in situ loading.

In the first case, functional compounds are embedded in preformed (micro)gel
networks. For that, the respective materials are mostly soaked in a concentrated
solution of the respective substance and loading is achieved by absorption.
Regarding the second approach, the embedding of substances to be released is
achieved during the network formation [93].

As described in the previous section, the release from microgels is mainly
governed by the diffusion of the embedded compound from the network. Several
release mechanisms, based on controlling the diffusivity, have been examined. In
order to ensure an efficient loading of microgels, an underlying requirement is the
prevention of diffusion (i.e. leakage) until the targeted site or time point for release
is reached. In dependency on the desired release mechanism, this can be achieved
by several different strategies.

Loading pathways for diffusion-controlled release systems. If the diffusivity of
embedded compounds is only controlled by adjusting the network parameters to
fixed values and thus decreasing the diffusion coefficient of the substance to be
released in the gel, a solely kinetically-controlled release mechanism is realized.
An efficient loading is hereby dependent on the level of retardation of diffusivity,
meaning that only for very slow release kinetics a prevention of leakage can be
realized. As a result the diffusion into the gel is very slow as well. Therefore, an
in situ loading pathway is the concept of choice here. In contrast, the loading
efficiency can dramatically be increased by the utilization of stimuli-responsive
materials. Especially the utilization of polyelectrolytes as network-forming poly-
mers gives rise to an enhanced loading efficiency by the exploitation of electro-
static interactions between the functional compound and the gel network. A release
can be achieved by triggering these interactions by e.g. additional ions competing
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with the compound to be delivered thus weakening their attraction to the network.
Loading can be either achieved in situ or in a post-formation step by adjusting the
ionic strength and pH of the dispersion accordingly. If more complex binding
ligands are used to ensure attachment of a compound to the network, models for
release description have to take both compound-polymer interaction and diffusion
into account. Another highly prominent example for a loading concept based on
preventing diffusion of compounds by dynamically changing network properties is
the entrapment of functional macromolecules. In this case, the mesh size of a
collapsed network is smaller than the hydrodynamic diameter of the compound to
be delivered, thereby hindering its diffusion. This can either be achieved by an
in situ loading approach or by a post-formation method whereby the stimuli-
sensitive properties of the gel allow the entrapment of a compound by a triggered
contraction of the network (i.e. a reduction of mesh sizes). Using either the same
reverse stimulus or an orthogonal second one, the substance can be released by
increasing the mesh sizes as a result of (micro)gel swelling.

Loading pathways for swelling-controlled release systems. An efficient loading
of functional compounds is here realized by their embedding in non-swollen
glassy, dry or collapsed gel networks, thus hindering an unwanted diffusion. This
can be achieved either in situ by the formation of microgels dispersed in a non-
solvent for the polymer chains or by the post-formation approach which is based
on a (stimulus)induced network collaps or drying of the loaded (micro)gels. While
the respective release mechanism is different from diffusion controlled systems,
loading can obviously be achieved in a similar way.

Loading pathways for chemically-controlled release systems. Depending on the
respective release mechanism, this concept can be realized by different pathways.
In the case of bulk-degrading release systems, the entrapment of functional
compounds is mainly realized either by (radical) crosslinking copolymerization of
monomers and crosslinking agents or covalent or physical crosslinking of pre-
formed polymers in the presence of the substance to be released. An efficient
loading is ensured by a hindered diffusion due to mesh sizes in the size range of the
hydrodynamic diameter of the active molecules. For pendant chain degrading
systems, a functional compound is attached to the polymeric network by a
degradable linker therefore preventing leakage. This can either be realized by the
functionalization of the compound with a polymerizable unit linked to the active
molecule via a cleavable linker and the in situ copolymerization with the network
forming monomers and crosslinking agents, or by the post-formation attachment of
the substance to be delivered to the preformed gel network.

3.3.2 Different Approaches to Stimuli-Responsive Microgels

As mentioned before, stimuli-responsive microgels are a unique class of materials
since they combine specific interesting features: (a) The characteristics of gel
networks such as e.g. the structural integrity and a high solvent content in their



3.3 Stimuli-Responsive Microgels: Features and Applications 23

swollen state gives rise to loading and release applications of functional com-
pounds. (b) Transferring these inherent gel features to the nanometer scale bears
the advantages of a high surface area and a high diffusibility and mobility of the
gel nanoparticles, thus allowing their facile distribution in specific environments.
(c) In the case of stimuli-responsive microgels, a big advantage compared to their
macroscopic analogues is their comparably much faster response to a stimulus. It
was found that relaxation time of the volume change of a gel is proportional to the
square of its radius [113].

In this chapter, different approaches to stimuli-responsive microgels are
introduced and their potential for loading and release applications is reviewed.
Figure 3.4 schematically depicts possible mechanisms for changes of stimuli-
responsive microgels characteristics. The respective response of microgels to a
specific external trigger is often characterized by a change in the physico-chemical
properties of the polymeric network, thus resulting in a controlled swelling and
deswelling of the particles. This effect is generally accompanied by changes of
numerous important features of the microgels such as, e.g., the solvent content, the
mesh size, the refractive index and the interior network permeability (see
Fig. 3.4a). Even though this (reversible) volume phase transition is often described
as the defining characteristic for stimuli-responsive microgels in the literature,
several additional response mechanisms of microgels to an external trigger can be
found. Alternatively, the utilization of cleavable crosslinking points in a gel
represents a method for triggering the complete (reversible) decomposition of the
network architecture by using external stimuli (Fig. 3.4b). Moreover, the intro-
duction of stimuli-sensitive groups onto microgels surfaces can be used to trigger
the interaction either between the gel nanoparticles and external compounds
or among each other (Fig.3.4c). As a last example, the utilization of

(a) (b)

(c) (d)

Fig. 3.4 Schematic representation of different mechanisms of stimuli-responsive microgels:
a gel swelling/deswelling due to stimuli-induced changes in physico-chemical parameters of the
network-forming polymer; b gel dissolution/formation upon triggered degradation/formation of
crosslinking points; ¢ externally triggered degradation/formation of intramicrogel aggregates and
d triggered attachment/release of functional compounds onto/from the interior microgels network.
Reproduced with permission from [1]. Copyright 2012 Elsevier
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linkers—degradable upon the appliance of an external trigger—between functional
compounds and the microgel network is worth mentioning (Fig. 3.4d).

Since a discussion of all stimuli-responsive mechanisms would extent the scope
of these remarks, the following section deals with the description of stimuli-
responsive microgels for loading and release applications by either exploiting
triggered changes in the physico-chemical parameters of the network-forming
polymer or labile crosslinking points.

3.3.2.1 Stimuli-Responsive Microgels Based on Triggered
Changes in the Physico-Chemical Parameters
of the Network-Forming Polymer

The fundamental concept of stimuli-responsive microgels based on triggered
changes of the physico-chemical parameters of their network-forming polymers is
a (reversible) volume phase transition of the gel nanoparticles as response to an
external trigger. This behavior is induced by a changed solvation of the polymer
chains as a result of reversibly triggered variations in the interplay between sol-
vent—solvent, solvent-polymer and polymer—polymer interactions.

Temperature-Sensitive Microgels

Probably the most prominent approach to thermo-sensitive microgels is based on
the utilization of poly(N-isopropylacrylamide) (PNIPAAm) as network-forming
polymer [44]. This polymer exhibits a lower critical solution temperature (LCST) in
water. The underlying mechanism is an endothermic, entropically driven phase
transition from a random coil to a collapsed globule at temperatures above ~ 32 °C
[114]. Two main effects influence this behavior: on one hand, the hydrogen bonding
between amide groups and water molecules and on the other hand, the entropically
driven polymer—polymer interactions due to the hydrophobic isopropyl groups. At
low temperatures the polymer-water interactions are favored, thus resulting in a
random-coil configuration of the polymer. If now the temperature is increased, the
hydrophobic polymer—polymer interactions become more dominant, water is
expulsed due to the weakened hydrogen bonds and the polymer chain reorganizes to
a collapsed globule [115]. In the case of microgels formed from crosslinked PNI-
PAAm polymers, the inherent thermo-sensitive characteristic of the network-
forming polymer is transferred to the entire network. Here, at temperatures below
the LCST of the polymer, the gel nanoparticles are swollen and shrink upon
increasing the temperature. This phase transition occurs at the so called volume
phase transition temperature (VPTT) which is close to the LCST of the PNIPAAm
chains [116]. Nevertheless, compared to free PNIPAAm chains, the phase transition
of microgels consisting of the same crosslinked polymer is not as sharp and shifted
to higher temperatures. This deviation was shown to result from the heterogeneous
crosslinking apparent in the network. Since in the case of PNIPAAm microgels
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longer polymer segments between two crosslinking points collaps at lower
temperatures as shorter ones, the observed broad volume phase transition can be
considered as a superposition of all phase transition temperatures of the different
polymer segements [44, 117].

PNIPAAm based microgels are mostly prepared by precipitation polymeriza-
tion exploiting the LCST of the polymer for nanoparticles formation. Since the
first synthesis of such structures reported by Pelton and Chibante in 1986 [118], the
well defined response of these materials to temperature as external trigger has led
to a broad variety of sophisticated applications over the years. In this context, the
VPTT of PNIPAAm close to the physiological temperature renders these systems
highly interesting for biomedical fields such as e.g. drug delivery. However, even
though the VPTT of PNIPAAm microgels around 33 °C is already higher than the
LCST of the free polymer, the value is still lower than the body temperature.
Therefore, various attempts have been performed to increase the VPTT by the
incorporation of either anionic [48] or cationic [119] hydrophilic comonomers.
Although these attempts were successful to increase the VPTT of the resulting
microgels, the volume transition was broadened as well. This effect can be
influenced by the exploitation of different crosslinking techniques such as the self-
crosslinking of PNIPAAm [120] or the utilization of inorganic clay as crosslinker
[121] but results in microgels of a reduced VPTT again. It can be seen that the
specific adjustment of the VPTT and the transition broadness to values suitable for
applications in biomedical fields is rather complex and still an important research
area.

In the context of temperature-controlled drug delivery systems based on PNI-
PAAm microgels, several loading and release concepts have been investigated. In
general, it can be distinguished between release mechanisms based on a gel col-
lapse upon increases in temperature and mechanisms based on gel swelling upon
lowering the temperature.

As examples for the release of entrapped drugs in response to increases in
temperature, either passively exploiting the higher temperature of some patho-
logical tissues or cells [122] or actively triggering the release by hyperthermia
[123] are two concepts worth mentioning. Here, the release is based on a squeeze-
out mechanism: as the microgels collapse due to an increased temperature, water is
expelled from the network and the drug is released. This concept of drug release
upon microgel deswelling was described by Nolan et al. for the delivery of insulin
from PNIPAAm microgels [124]. The same volume transition of PNIPAAm mi-
crogels can be used for cancer therapy by exploiting the inherent volume change of
the microgels even without the need for additionally incorporated pharmaceuti-
cally active compounds. As recently described by Lyon and coworkers, the
aggregation of collapsed folate functionalized PNIPAAm microgels in the cytosol
at elevated temperatures resulted in temperature-dependent cytotoxicity [125].

In contrast to the previously mentioned squeeze-out mechanism induced by
heating, the release of entrapped molecules upon cooling-induced particle swelling
is based on an increased diffusivity of the embedded compounds in a gel network
of increased mesh sizes. A sophisticated approach described by Nayak et al. is
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based on thermo-sensitive hollow PNIPAAm microspheres prepared by the
removal of a sacrificial core from core/shell microgels [54]. In a similar template-
assisted synthetic pathway, Gao et al. prepared thermo-sensitive PNIPAAm
nanocapsules loaded with FITC as model protein. While the fluorescent macro-
molecule was efficiently entrapped in the cavity at temperatures above the LCST
of the shell-forming polymer, decreasing the temperature enabled its release [126].
Exploitation of the externally triggered temperature-dependent swelling of mi-
crogels for drug delivery applications was recently described by Park et al. using a
brief cold-shock treatment to induce the swelling of crosslinked Pluronic (PEO-b-
PPO-b-PEO) based microgels [127].

Although lowering the local temperature is an interesting novel concept to
temperature-triggered cancer therapy based on thermo-sensitive materials, the
utilization of elevated temperatures as stimulus is comparably more facile to realize
by established methods such as e.g. hyperthermia. As mentioned above, the utili-
zation of the “squeeze out” mechanism of negatively temperature-sensitive
microgels based on polymers exhibiting a LCST (e.g. PNIPAAm, PVCL [128],
etc.) is a widely investigated approach to realize this concept but bears some serious
drawbacks. Here, the formation of a skin layer on the deswelling microgels can
significantly hinder the desired drug release upon heating [85]. As a consequence,
the utilization of materials exhibiting a positive volume phase transition—i.e. an
increase in swelling upon increasing temperature—is assumed to dramatically
enhance the efficiency of thermo-sensitive microgels for drug delivery applications.

Polymeric materials fulfilling this criterion are polymers exhibiting an upper
critical solution temperature (UCST). A widely investigated example is based on
copolymers of acrylamide and acrylic acid. In these polymers, the volume change
is driven by hydrogen bonds between the macromolecules. At temperatures below
the UCST the polymer—polymer interaction is favored, thus resulting in a col-
lapsed coil structure of the macromolecule. Upon increasing the temperature, these
interactions are weakened due to the breakage of hydrogen bonds and the poly-
mer—solvent interaction becomes dominant. As a result, the polymer exhibits a
random-coil morphology [129, 130]. While the preparation of macroscopic
hydrogels from these materials was achieved by hydrophobic association cross-
linking by Yang et al. [131], the transfer of this concept to the nanoscale was
recently demonstrated by Echeverria et al. by radical crosslinking copolymeriza-
tion of acrylamide with acrylic acid in the presence of N,N’-methylenebis(acryl-
amide) in inverse emulsion [132]. Microgels prepared by this synthetic pathway
represent an interesting alternative to the widely examined systems exhibiting a
negative volume phase transition.

Moreover, thermo-sensitive microgels containing functional compounds not
only find application in release applications. The temperature-dependent volume
phase transition and the corresponding change in mesh sizes of the gel network can
also be used to trigger the accessibility of embedded active compounds to sub-
stances in the microgel environment. As example, Park et al. described the
embedding of f-galactosidase in PNIPAAm-co-PAAm microgels and
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demonstrated the possibility to trigger the enzymatic hydrolysis of o-nitrophenol-
p-D-galactopyranoside (ONPG) by changing the temperature in either a batch
mode or a packed bed reactor [89]. In addition, Ballauff and coworkers investi-
gated the immobilization of catalytically active metal nanoparticles in PS/PNI-
PAAm core/shell nanoparticles and demonstrated the temperature triggered
catalytic activity [91].

Microgels Sensitive to pH and Ionic Strength

Microgels prepared by crosslinking of weak polyelectrolytes exhibit a
pH-dependent volume phase transition. Depending on the composition of the
polyelectrolyte, it can be distinguished between acid containing cationic, base
containing anionic or acid and base containing amphoteric microgels. The
underlying mechanism of the swelling/deswelling of these materials as response to
changes of the pH of the surrounding medium is the protonation/deprotonation of
the weakly acidic or basic groups along the chain of the network-forming
(co)polymers. The key parameter determining the swelling behavior of pH-
responsive microgels is the respective critical pH value (pH.) at which the phase
transition occurs. Although this parameter is governed by the chemical nature of
the polyelectrolyte, the respective pH value is defined as the point where the
degree of ionization of the network-forming polymer changes. As a result of either
an increased or decreased osmotic pressure within the microgels, swelling or
deswelling occurs. Even though the pH. is correlated to the respective pK, or pKy
values of the acidic or basic groups on the polymer backbone, it has been dem-
onstrated that the apparent pH, value of microgels can deviate from the values of
their low molecular weight analogues [85]. Especially the introduction of more
hydrophobic (alkyl) moieties to the polyelectrolyte backbone can shift the pH.
values [133].

Anionic microgels. In the case of anionic microgels composed of weak acidic
polymers such as e.g. poly(meth)acrylic acid, the gel network is collapsed at pH
values below the pK, of the polyelectrolyte due to the absence of charges and the
resulting comparably hydrophobic character of the network. Increasing the pH
above the pK, of the polymer, the acidic groups are deprotonated, thus increasing
the hydrophilicity of the polymer. Moreover, due to the presence of generated
anionic groups in the network, their electrostatic repulsion and the generated
osmotic pressure, the swelling is significantly enhanced. In general, the swelling
profile of anionic microgels depends on various parameters of the network-
forming polymer such as the amount of acidic groups, their respective pK, values
and the crosslinking density.

The influence of the pK, value of different acidic moieties attached to a
polymeric backbone in the microgel network on the swelling profile was examined
by Needham and coworkers [134]. It was shown that in microgels containing a
fixed amount of methacrylic acid groups together with similar amounts of different
acidic moieties, the pH range of the swelling response shifted by an amount
proportional to the solution pK,’s of the different functional groups.
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Fig. 3.5 a Plot of the equilibrium swelling ratio (Q) for the different cross-link density microgels
versus the pH of the external solution. b Plot of the maximum swelling (Q,.x) for the different
cross-link density microgels versus the feed ratio for the pHs greater than 5.3. Reproduced with
permission from [135]. Copyright 1999 American Chemical Society

In order to examine the influence of the crosslinking density, detailed investigations
on the pH-dependent swelling behavior of poly(methacrylic acid-co-acrylic acid)
microgels have been performed by Eichenbaum et al. [135]. Microgels were pre-
pared by crosslinking precipitation copolymerization of methacrylic acid and
4-nitrophenyl acrylate in the presence of various amounts of MBA as crosslinking
agent. The subsequent hydrolysis of the nitrophenyl groups represents a sophisti-
cated synthetic pathway to highly charged microgels which is challenging by
precipitation polymerization of the respective acid monomers. It was demonstrated
that the microgels exhibit a volume phase transition from the deswollen to the
swollen state upon increasing the pH above pH 5.3. Furthermore, it was observed
that the maximum degree of swelling (Q,,..) at pH values > 5.3 decreased linearly
with an increasing degree of crosslinking (i.e. the feed ration of MBA). Figure 3.5
shows the respective plots adapted from the publication [135].

Another highly important factor to be considered in the field of microgels based
on polyelectrolytes is the dependency of the swelling profile on the ionic strength
of the surrounding medium. Here, the addition of NaCl to highly swollen mi-
crogels at pH values above the pH. was found to result in a decrease of the
swelling ratio. This effect can be explained by a shielded electrostatic repulsion of
the anionic groups due to the presence of the positively charged sodium counte-
rions. The respective plot derived from the publication is shown in Fig. 3.6 [135].

Since the observed swelling profiles in dependency on the crosslinking density
(see Fig. 3.5) were found to be in good agreement with a model derived from the
Flory—Huggins thermodynamic theory for the swelling of ionic networks [135],
these findings represent an important step to be able to optimize microgels for their
specific utilization in loading and release applications.

Loading of anionic microgels can e.g. be achieved via a post-formation path-
way by exploiting the electrostatic interactions between anionic groups in the
swollen gel network and positively charged macromolecules [136] or low
molecular weight drugs [137]. An important factor to be considered is the careful
adjustment of the pH of the microgel dispersion to guarantee an efficient loading.
In this context, three parameters defining the optimum pH value for loading have
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to be taken into account: (1) the microgels should be in their swollen state to
ensure the diffusion of the compound into the network, (2) the acidic groups of the
network should be deprotonated to enable the loading due to electrostatic inter-
actions with the functional compound and (3) for the same reason, the functional
compound should exhibit a positive net charge. While the loading of functional
macromolecules such as e.g. proteins into the microgels is further determined by
permeability of the gel network and respective size exclusion experiments can
even be used to estimate the mesh size of the network [135], the loading of small
molecules is dependent on their partition coefficients and resulting binding affin-
ities, molecular packing and the condensation of the network upon loading [135].

Ionic microgels loaded with functional compounds can be used for drug
delivery applications by responding to pH changes at the targeted delivery site.
Here, it is exploited that the extracellular pH of tumor tissues is more acidic than
the pH of the surrounding healthy tissues [138]. Moreover, the pH of intracellular
lysosomes or endosmomes is shifted to more acidic values than the cytosolic pH
[139]. Based on these considerations, Das et al. demonstrated the utilization of
PNIPAAm-co-PAA microgels for the delivery of doxorubicin [140]. The micro-
gels surface was functionalized with transferrin to enable an enhanced uptake in
cancer cells. The drug was released in the slightly acidic cytosol of HeLa cells due
to the protonation of the carboxylic acid groups and the corresponding deswelling
of the microgels and the weakened electrostatic interaction between drug and
polymer network.

In contrast to this release mechanism upon lowering the pH, a pH-induced
swelling of particles can also be used to enable drug diffusion out of the network.
As example, poly(methacrylic acid-co-ethylacrylate) microgels were described by
Tan et al. for the swelling induced release of incorporated procaine hydrochloride
[141].

Cationic microgels. Regarding cationic microgels based on polymers con-
taining weak basic groups such as e.g. amino moieties, the critical parameter
determining their swelling behavior is the pKy, value of the respective basic groups.
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These cationic microgels exhibit a pH-dependent volume phase transition
orthogonal to the anionic analogues. While at pH values above the pKj, value the
network is collapsed due to the absence of charges, decreasing the pH below the
pKy, of the incorporated basic groups induces the protonation of the latter and
the positively charged groups cause the swelling of the network.

Microgels exhibiting an increase in their degree of swelling as response to a
decrease of the pH represent interesting candidates for drug delivery applications
based on a “smart” response to such inherent features as the acidic environment of
tumor tissues and intracellular compartments. The respective release mechanism is
based on enhanced drug diffusion from the network as a result of increased mesh
sizes. Hence, these systems are an orthogonal approach to the previously men-
tioned squeeze out mechanism of anionic microgels.

The positive charges responsible for microgel swelling can be introduced to the
network by various different approaches and by the utilization of several functional
groups. In the field of drug and gene delivery, these cationic groups bear several
advantages. On one hand, the cellular uptake of cationic compounds by adsorptive
endocytosis is assumed to be enhanced by their electrostatic interaction with the
negatively charged cell membrane [142]. On the other hand, cationic polyelec-
trolytes represent a well examined system for the complexation of DNA and
oligonucleotides. In this context, polyethyleneimine (PEI) represents the “golden
standard” for polyelectrolyte gene delivery systems [143].

Cationic microgels based on PEI as pH-sensitive polyelectrolyte were prepared
by crosslinking of bis-activated polyethylenoxide (PEO) (both ends activated with
1,1’-carbonyldiimidazol) with PEI in an emulsification-evaporation method [144].
The cationic PEO-cI-PEI microgels exhibited a pH-dependent swelling profile and
were used for the loading and release of either anionic amphiphilic molecules or
oligonucleotides.

Another approach for the loading and release of oligonucleotides was recently
described by Deka et al. [145]. Radical crosslinking copolymerization of various
compositions of 2-vinylpyridine (VP) and divinylbenzene (DVB) in an emulsion
polymerization yielded cationic microgels in the size range of 90-220 nm. The
microgels exhibited a sharp increase in diameter upon decreasing the pH of the
surrounding medium below pH 4.3. The correlating increase in network perme-
ability was used for the simultaneous post-formation loading of the microgels with
iron oxide nanoparticles and oligonucleotides. An efficient loading was hereby
achieved by the entrapment of the comparably large compounds by increasing the
pH. The simultaneous release was demonstrated to occur as a response to a
decrease in pH.

Despite their potential for the loading and release of functional compounds of
large hydrodynamic diameters, cationic microgels have also been described for the
delivery of small molecule drugs. Kumacheva and coworkers reported on the
synthesis of cationic microgels based on chitosan ionically crosslinked by sodium
tripolyphosphate [146]. The gel nanoparticles were conjugated with apo-
transferrin, and loaded with methotrexate disodium as cytotoxic drug for cancer
treatment. Loading was achieved by electrostatic interactions between the
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negatively charged drug and the positively charged polymer network. The loaded
microgels were found to enter HeLa cells via receptor mediated endocytosis and
release the drug as a response to the intracellular low-pH environment by swelling,
thus killing the immortalized cancer cells.

Light-Sensitive Microgels

As described in the previous sections, a (reversible) volume phase transition in
hydrogel nanoparticles as a result of a triggered change in the physico-chemical
parameters of the network-forming polymer is often induced by the alteration of
the hydrophilicity of polymer bound functional groups. In the case of light as
external stimulus, several chromophores are known to change their polarity upon
irradiation, thus being potential candidates for such approaches. Here, especially
light-triggered isomerization reactions are worth mentioning. As an example,
azobenzenes undergo a frans-cis isomerization upon the irradiation with UV light
whereby the cis state of the molecule is characterized by an enhanced dipole
moment resulting in an increased hydrophilicity. Since this reaction is reversible
either via temperature or visible light induced relaxation, attaching these chro-
mophores to a polymeric backbone represents an interesting approach for the light-
triggered alteration of the overall hydrophilicity of the respective polymer. This
concept was successfully applied for the formation of light-sensitive hydrogels
changing their degree of swelling upon irradiation with UV light. These were
synthesized by the crosslinking copolymerization of acrylamide with trans-4-
methacroyloxyazobenzene in the presence of MBA as crosslinking agent [147].
Moreover, double stimuli responsive materials exploit the influence of the light-
triggered isomerization of azobenzes on the response range of the respective
orthogonal trigger. Examples include the irradiation-induced shift of the LCST of
copolymers from NIPAAm and an azobenzene group containing monomer [148]
as well as the shrinking of initially swollen p(acrylic acid-co-acrylamido
azobenzene) hydrogels (at pH values above the pK, of the AA) by the cis-trans
isomerization of the azobenzene moieties [149]. Even though these examples
represent promising approaches to light-triggered materials (based on direct
changes of the physico-chemical parameters of the polymer), their utilization in
the nanoscale is up to now mainly applied to light-sensitive block copolymer
micelles [150] or polymerosomes [151, 152].

Nevertheless, light-sensitive microgels can be realized by an indirect approach
based on hybrid materials. These systems are composed of a photo-sensitive
moiety embedded in a temperature-sensitive polymeric network. The underlying
concept is the photothermal effect, meaning that upon irradiation at the resonance
wavelength of the respective light-responsive compound, the light energy is
translated to heat by non-irradiative relaxation. As a result to the locally increased
temperature of the surrounding thermo-sensitive network, the latter exhibits a
volume phase transition. Although this concept can be achieved by the utilization
of a broad variety of photo-sensitive compounds and temperature-sensitive
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polymers, the embedding of dyes [153, 154] or metal nanoparticles (NP) [155] into
PNIPAAm gels are the most widely examined approaches.

Especially the incorporation of Au or Ag nanoparticles or —rods into thermo-
sensitive microgels is a highly interesting concept and the preparation of such
materials can be achieved by different pathways including the in situ reduction or
precipitation of NP in the network [156], the network formation around NP seeds
by precipitation polymerization [157], the adsorbance of NPs onto microgels
surfaces [79] or their absorbance into the network [158]. Despite their different
origin, the final materials exhibit the similar light-induced volume phase transition
of the network. Figure 3.7 depicts the irradiation-induced variation of the relative
volume of hybrid Au nanorods containing p(NIPAAm-co-AA) microgels in
comparison to pure polymeric microgels as described by Kumacheva and
coworkers [159].

Regarding the potential of these materials for biomedical applications it is highly
beneficial that the absorption spectra of nobel metal NPs can be tuned over a wide
spectral range to absorb light in the NIR window (650-900 nm) while exhibiting a
large optical cross-section and no self-quenching effects [160]. The inherent
advantage of this particular resonance wavelength is its minimal absorbance by skin
and tissue, therefore enabling a penetration depth of several hundreds of microm-
eters up to centimeters [151]. Another big advantage of thermo-sensitive hybrid
microgels in the field of cancer treatment is the combination of their inherent ability
to influence cell viability due to the photo-induced hyperthermia [161] with the
potential of the externally triggered release of specific chemotherapeutics [162],
thereby dramatically enhancing the therapeutic efficiacy [85].

Multi-Responsive Microgels, Complex Stimuli-Responsive Microgel
Architectures and Stimulus-Induced Transformation
of Hydrophobic Polymeric Nanoparticles to Microgels

Multi-responsive microgels in general are materials responding to more than one
external trigger. The previously described Au@PNIPAAm hybrid microgels are an
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example for a special class of these materials, since the response to one trigger A
(light) results in the creation of a second stimulus B (heat) which finally induces a
response of the polymeric material. Therefore, the pure microgels are only sensitive
to one trigger (B, heat). In contrast, actually double-stimuli responsive materials
can be divided into gels responding orthogonally to either one of the single stimuli
(type “A or B”) and in networks which exhibit a response only if all stimuli are
applied simultaneously (type “A and B”) [85]. Since the latter are characterized by
an enhanced selectivity of their response to the respective specific combination of
triggers, the type “A or B” microgels are potential materials for new loading and
release techniques based on the subsequent appliance of different stimuli. For the
preparation of such compounds it has to be taken into account that the co-existence
of various stimuli-responsive components within one microgel can result in an
interference of the respective sensitivities. This effect can be desired and was
already described earlier in the context of the influence of pH-sensitive groups on
the VPTT of thermo-sensitive microgels (see Sect. 'Temperature-Sensitive Mi-
crogels’) [163]. However, a differentiation between the individual responses to
different stimuli can be achieved by the spatial separation of the specific functional
groups responsible for the respective sensitivities. A sophisticated approach to
realize this concept is the preparation of core/shell microgels consisting of different
stimuli-responsive network-forming polymers in the core and the shell. Jones and
Lyon described the preparation of PNIPAAm(core)/PNIPAAm-co-PAA(shell)
microgels and demonstrated the appearance of a temperature-dependent multistep
volume phase transition for high pH values where the PAA component is highly
charged [52]. In a similar approach, core/shell microgels consisting of two different
thermo-sensitive polymers were prepared by Berndt and Richtering [164]. Since the
core was formed from PNIPAAm and the shell from poly(N-isopropylmethacryl-
amid) (PNIPMAAm) exhibiting a comparably higher LCST of 45 °C, the tem-
perature-dependent swelling profile revealed two phase transitions corresponding
to the two LCSTs of the respective polymers. These materials are potential systems
for the independent release of different compounds from separated compartments
within one carrier.

As mentioned above, multi-responsive microgels of complex architectures give
rise to new loading and release mechanisms. An interesting example in this
research area was described by Needham et al. [165]. They prepared pH-sensitive
PMAA microgels and exploited the anionic character of the gel for the loading of
positively charged doxorubicin upon electrostatic interactions with the network.
The drug was efficiently entrapped in the carrier system by lowering the pH and by
subsequently coating the collapsed microgels with a lipid double layer. The latter
served as a diffusion barrier for the loaded drug and prevented the core/shell
particles from swelling upon immersing these in aqueous medium of a pH > pK,
of PMAA. A successful release was achieved by selectively disrupting the shell
upon the appliance of short electric pulses as second trigger orthogonal to the pH-
sensitivity used for loading.

If it comes to release applications of microgels in the biomedical field, most
investigated systems are limited to the incorporation of hydrophilic active
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compounds into hydrophilic networks. In order to extend this concept to the
delivery of hydrophobic compounds, hydrophobic nanoparticles consisting of
poly(lactic-glycolic acid) represent an approach based on the biodegradability of
the polymer backbone. Nevertheless, these materials cannot be assigned to the
field of microgels. An alternative mechanism for the delivery of hydrophobic
compounds from hydrophilic microgels was recently demonstrated by Griset et al.
[106]. The described concept is based on the generation of swollen hydrogel
nanoparticles from hydrophobic polymer latexes as a result of a stimulus-induced
transition of the hydrophilicity of the network-forming polymer from hydrophobic
to hydrophilic. To this extend, crosslinked particles consisting of a hydrophobic
polymer containing acetal protected diol groups in the backbone were prepared by
inverse miniemulsion polymerization. As a response to a pH change to slightly
acidic conditions (pH 5), these nanoparticles expanded several hundred-fold in
volume due to the acid catalyzed deprotection of the diol groups, thus generating
the swollen hydrogel. Figure 3.8 depicts the underlying mechanism. If loaded with
paclitaxel as poorly water soluble anti cancer drug, this drug delivery system was
shown to prevent establishment of lung cancer in vivo.

3.3.2.2 Stimuli-Responsive Microgels Based on Cleavable
Crosslinking Points

The fundamental concept of stimuli-responsive microgels based on either com-
plete or partial cleavage of crosslinking points is the resulting increase in swelling
or total dissolution of the microgels. As a result of the decreasing crosslinking
density during this process, the mesh sizes in the network are increased, thus
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Fig. 3.8 Synthesis of nanoparticles with differing pH responsiveness obtained from crosslinking
polymerization of either 1 or 2 in the presence of 3. The protecting group of nanoparticle 4 but
not 5 is cleaved at a pH of ~5. This transformation reveals the hydrophilic hydroxyl groups and
formation of nanoparticle 6 with resulting expansion of the hydrogel nanoparticle in water.
Reproduced with permission from [106]. Copyright 2009 American Chemical Society
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giving rise to enhanced diffusivity of embedded compounds which can be used for
release applications. Several different triggers have been examined to induce the
crosslinker’s degradation and will briefly be discussed in this section.

Microgels Containing Hydrolytically Cleavable Crosslinkers

A widely investigated concept to degradable microgels is based on the utilization
of crosslinking agents containing hydrolytically cleavable groups [166]. In this
area, a facile approach is based on ester moieties, since their hydrolysis can be
triggered by several changes of the chemical environment such as the presence of
hydroxide ions, protons or enzymes. While this inherent feature has been exploited
for the preparation of biodegradable nanoparticles from e.g. poly(lactic-co-
glycolic acid) [167], Kim and Graham successfully transferred this concept to
hydrogel nanoparticles. The microgels prepared from crosslinked poly(caprolac-
tone diol) were shown to be degradable upon incubation in acidic, alkaline or
enzymatic solution of esterase at physiological temperature [168]. Even though
these materials represent interesting candidates for release applications, their
degradation is rather unspecific with respect to the types of external triggers and,
as a result, the degradation rate is comparably low. However, for many applica-
tions a fast and precise response to a specific stimulus is desired in order to
increase the respective efficacy. Thus, increasing the hydrolytic lability of cross-
linking points represents an active research area and can be achieved by the precise
adjustment of the molecular structure of crosslinkers (i.e. the incorporation of
highly sensitive labile groups). Jhaveri and Carter exploited the well known acid-
sensitivity of tertiary esters and prepared degradable PMMA microgels with 2,5-
dimethyl-2,5-hexanediol dimethacrylate (DHDMA) as crosslinking agent [169].
These polymeric microgels were found to be degradable upon the addition of
p-toluenesulfonic acid even in the absence of water, thereby representing an
example for the specific degradability in dependency on one particular trigger (i.e.
the presence of protons).

Transferring this conception to drug delivery applications, it is of special
interest to design carrier systems responding to an inherent feature of the site
targeted for the release. As mentioned before, this can be achieved by taking
advantage of the slightly acidic pH values in cancer tissues and intracellular
compartments. In comparison to tertiary esters, requiring elevated temperatures
and a highly acidic pH for their fast degradation, acetals as protection groups are
well known to be hydrolysable under mild conditions, thus rendering them ben-
eficial for their utilization as labile moieties in biomedical applications. Fréchet
and coworkers prepared acid-degradable poly(acrylamide) microgels containing
hydrolysable acetal moieties in the crosslinkers for the encapsulation and acid-
triggered release of proteins [170]. Figure 3.9 depicts the followed concept.

Similar acid-degradable microgels containing ovalbumin as an example of
protein-based vaccines prepared in the same group were demonstrated to release
their payload upon degradation under mildly acidic conditions in the phagosomes
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Fig. 3.9 Schematic representation of the concept of microgels containing acid-degradable
crosslinkers. Loading of proteins in situ during microgel formation and their release upon acid-
catalyzed hydrolysis of crosslinking points. Reproduced with permission from [170]. Copyright
2002 American Chemical Society

of antigen-presenting cells. The release of the protein was shown to activate
ovalbumin-specific cytotoxic T lymphocytes in vitro [171]. By increasing the
hydrophilicity of the labile crosslinker structure the loading efficiency and the
resulting antigen presentation levels could be dramatically enhanced. Moreover,
preliminary in vivo experiments proved enhanced survival rates for tumor-
challenged mice [172]. In addition, the versatility towards the encapsulation of
different biologically active macromolecules such as e.g. plasmid DNA [173]
clearly demonstrates the great potential of these delivery systems. Especially the
divinyl functionalization of the used crosslinkers enables their utilization in radical
copolymerizations with a broad variety of monomers thus giving rise to the facile
preparation of a multitude of acid-degradable polymeric microgels [174]. The
concept of acid-labile crosslinkers can even be extended to more complex struc-
tures such as e.g. hollow microgel capsules prepared from polyvinylamine
(PVAm) with ketal moieties containing crosslinks described by Shi et al. [175].
In addition to pH changes throughout the body, another biological relevant
trigger is the presence of certain reducing agents in specific compartments. As an
example, the accumulation of glutathione in the cytosol is worth mentioning [176].
Therefore, delivery vehicles based on functional groups cleavable in the presence
of high reducing agents concentrations are particularly attractive for intracellular
delivery [177]. In this context, the utilization of crosslinking molecules containing
disulfide bonds hydrolysable in the presence of reducing agents have gained
increasing interest for the preparation of degradable microgels [178]. Bromberg
et al. prepared microgels based on poly(acrylic acid) covalently bonded to Pluronic
(PEO-b-PPO-b-PEO) polyether copolymers [179]. Crosslinking of these microgels
was achieved by permanent and stable ethylene—glycol-dimethacrylate (EGDMA)
groups together with degradable N,N’-bis(acryloyl)cystamine. Degradation of the
disulfide linkers upon the incubation with tris(2-carboxyethyl-phosphine) (TCEP)
was found to result in an increased degree of swelling due to a decreased cross-
linking density of the network. An additional advantage of disulfide based
crosslinkers is their reversible formation/degradation, which can be used not only
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for the release of functional compounds upon microgel degradation [180] but also
for their entrapment based loading upon crosslinker formation. Regarding the
latter, Ryu et al. recently described the formation of self-crosslinked polymer
nanogels by chemically induced crosslinking of self assembled copolymers con-
taining oligoethyleneglycol (OEG) and pyridyldisulfide (PDS) units [181].
Cleavage of a certain amount of PDS groups by dithiothreitol to the corresponding
thiol functionalities and their subsequent reaction with uncleaved PDS groups
leads to disulfide-crosslinks. Prepared microgels containing doxorubicin were
found to release the drug in vitro, thus achieving cytotoxicity upon degradation of
crosslinking points.

Microgels Containing Enzymatically Cleavable Crosslinkers

In the field of release applications, it is generally of interest to design carrier
systems exhibiting a highly specific response to one particular stimulus. In this
context, the utilization of enzymatically degradable microgels represents an
attractive approach to ensure hydrolytic stability of the network—and thereby the
prevention of leakage or degradation of the embedded functional compound—until
the targeted site or time point is reached. Here, especially the localization of
certain enzymes in distinct compartments of the body enables the design of
materials with site specific stimulus-responsiveness. Based on these consider-
ations, hydrogels containing enzymatically cleavable crosslinking points are
investigated examples taking advantage of the presence of e.g. azoreductase in the
colon [182]. While labile azobenzene moieties for covalent crosslinking are well
examined for site specific drug delivery via macroscopic gels [183], the transfer of
this concept to the micro-/nanometer scale is assumed to enhance the therapeutic
efficacy due to a higher surface area of the carrier systems and a corresponding
faster response to the trigger. Hatton and coworkers described the exploitation of
4 4'-di(methacryloylamino)azobenzene as crosslinker for the preparation of
enzymatically degradable microgels consisting of a PAA network covalently
bound to Pluronic polyether copolymers [179].

Another highly interesting approach to degradable (micro-)gels is based on the
utilization of dextrans as naturally occurring polysaccharides that can be cleaved
upon incubation with dextranase [184]. Covalent functionalization of dextran
chains with either polymerizable vinyl groups [185] or thermal initiators [186]
enables the formation of hydrogels by free radical (co)polymerization in aqueous
media. The resulting networks can then be degraded by the addition of dextranase,
inducing the release of embedded active compounds [17]. Here, the dextran
polymer can be considered as a macromolecular crosslinker. Microgels based on
dextran methacrylates have been investigated by Hennink and coworkers for the
release of immunoglobulin G as a model protein [187]. In this case the co-
entrapment of dextranase into the network renders the bulk-degradation of these
gels rather an inherent feature than the response to an external trigger. As shown in
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Fig. 3.10 Cumulative release of IgG versus time from degrading dextran microgels: a as a
function of the DS: DS 4 (W), DS 7(®) and DS 13 (A); b as a function of the amount of
incorporated dextranse (DS 4): 2 U/g solid (V), 0.7 U/g solid (A), 0.2 U/g solid (@) and 0 U/g
solid (). Reproduced with permission from [187]. Copyright 1999 Elsevier

Fig. 3.10, it was observed that the rate of degradation and thereby the release of
IgG is dependent on the degree of substitution (DS) (Fig. 3.10a) of the dextran
chains with methacrylate groups as well as on the amount of embedded enzyme
(Fig. 3.10b). Thus, a high loading efficiency as characterized by the reduction of
the initial burst release to about 10 % was achieved by a high DS.

De Geest et al. further extend this concept and demonstrated that coating of
these self-degrading microgels with a semi-permeable shell yields self-exploding
capsules as promising materials for pulsatile release applications [188]. The
degradation of the microgel core leads to an increase in the swelling pressure until
the latter exceeds the tensile strength of the surrounding membrane, thus causing
shell rupture and release of the payload.

Another example for more complex microgel structures based on degradable
dextrans is the combination of the enzyme-sensitive polysaccharide with thermo-
responsive network-forming polymers. Kumashiro et al. demonstrated that the
degradability of microgels containing dextrans covalently attached to PNIPAAm
and poly(N,N’-dimethylacrylamide) (PDMAAm) is adjustable by temperature
[189]. Since the network is swollen only at temperatures between the different
LCSTs of PNIPAAm and PDMAAm, the enzymatic accessibility of the dextran
chains (and thereby the overall degradability) is only given in this temperature
range.

Microgels Containing Photo-Degradable Crosslinkers

Response mechanisms of microgels containing light-cleavable crosslinking points
can generally be divided into two categories: (1) irradiation-induced cleavage of
physical crosslinks and (2) photo-degradation of covalent crosslinking points.
Materials of the first category are typically crosslinked by physical aggregates
of hydrophobic chromophores attached to a hydrophilic polymer backbone.
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Utilization of photo-reactive moieties able to change their polarity upon irradia-
tion-induced isomerization renders these hydrophobic interactions sensitive to
light as external trigger. Moreover, if the isomerization process is reversible, the
crosslinking density can be reversibly adjusted as well. In general, several chro-
mophores exhibiting the described features are reported in the literature. An
example for the light-triggered changes in the physical crosslinking density of
hydrophilic microgels was reported by Patnaik et al. by the utilization of azo-
benzenes as photo-reactive chromophores [190]. As shown in Fig. 3.11, microgel
networks were prepared by the self aggregation of pre-formed azobenzene-dextran
polymers due to hydrophobic interactions of trans-azobenzene groups attached to
the hydrophilic polymer backbone.

As mentioned before, these molecules are able to undergo a trans—cis isom-
erization upon the irradiation with UV light. Since this change in configuration is
accompanied by a change in the dipole moment of the molecule, the cis-isomer is
significantly more hydrophilic, thus weakening the hydrophobic interactions
responsible for network-formation. The resulting increase in the degree of swelling
of these microgels corresponds to increased mesh sizes. Hence, the release of
embedded compounds such as rhodamine and aspirin was found to proceed faster
for irradiated microgels containing azobenze moieties in the Z-configuration.

A similar approach was described by Akiyoshi and coworkers and is based on
the microgel formation upon the self-assembly of spiropyran-bearing pullulan
[191]. The physical crosslinks are formed by the aggregation of hydrophobic
spiropyran groups. In analogy to the example described above, these molecules are
known to undergo a light-triggered change in configuration to a hydrophilic
zwitter-ionic merocyanine form, thereby reducing the hydrophobic interactions,
destroying the physical crosslinking points and changing the solution properties of
the microgels.

Regarding covalently crosslinked microgels, photo-dimerization reactions—
especially [2+2] cycloaddition reactions—in combination with macroscopic
polymeric gels are well established for the formation of crosslinks by the appli-
cation of UV light [192, 193]. Transferring this concept to the nanoscale gives rise
to a broad variety of interesting materials such as thermo- and pH-sensitive
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microgels [194] prepared by e.g. photo-crosslinking of poly(N,N'-dimethylami-
noethyl methacrylate-co-dimethylmaleimidoethyl methacrylate) [195]. Extending
this concept by the exploitation of reversible photo-dimerization reactions, of e.g.
cinnamoyl, anthracene and coumarin derivatives, is an attractive approach to both
the light-triggered formation and cleavage of covalent crosslinks. The forward
dimerization reaction of such chromophores is widely investigated for the prep-
aration of (stimuli-responsive) [196] microgels by photo-crosslinking of e.g. cin-
namoyl side groups in micellar aggregates of (amphiphilic) block copolymers
[197] or photo-crosslinking of graft-copolymers containing the photo-reactive
moieties in the polymer backbone [198].

Nevertheless, only little attention has been paid to the utilization of the photo-
induced backwards reaction as light-cleavable crosslinks in microgels. Akashi
et al. demonstrated the light-induced crosslinking and de-crosslinking of microgels
prepared from poly(3,4-dihydroxycinnamaic acid-co-4-hydroxycinnamaic acid)
[P(3,4DHCA-co-4-HCA)] copolymers containing cinnamates in the polymeric
backbone [199]. As shown in Fig. 3.12, the reversibility of the photo-reaction was
found to enable a controlled swelling/deswelling of the gel networks upon irra-
diation-induced adjustment of the crosslinking density.

In contrast to the non-degradable microgels prepared by photo-crosslinking of
micellar (block) copolymer aggregates, the utilization of reversible photo-dimer-
ization reactions in a similar approach allows to control the crosslinking density by
light-induced formation/cleavage/re-formation of crosslinking points. As an
example, thermo- and light-responsive nanogels were prepared by photo-cross-
linking the core of hydrophilic block copolymer micelles containing a polymer
displaying a LCST and bearing coumarin moieties [200]. After micelles were
formed by heating a polymer solution above the LCST of the core forming block,
crosslinking was achieved by the photo-dimerization of the chromophore upon
illumination at 4;. Upon cooling below the LCST crosslinked nanogels were

uv
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Fig. 3.12 Schematic representation of size change behavior of microgels with UV irradiation;
chemical structure of UV-induced [2+2] cycloaddition formation (crosslinking) and deformation
(cleavage). Reproduced with permission from [199]. Copyright 2008 American Chemical Society
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Fig. 3.13 a Schematic representation of the preparation and photo-controlled volume change of
thermo- and light-sensitive microgels. b Designed diblock copolymer bearing coumarin side
groups for the reversible photo-crosslinking reaction. Reproduced with permission from [200].
Copyright 2009 American Chemical Society

obtained. It was demonstrated that the degree of crosslinking can be reduced by
irradiating a dispersion thereof at A, leading to swelling of the gel network.
Furthermore, the initial crosslinking density can be restored by photo-induced
re-crosslinking at 7 > LCST. Figure 3.13 depicts the described concept.

Recently, this concept has been extended to pH- and light-responsive microgels
following a similar approach which is based on exchanging the thermo-sensitive
moieties in a comparable crosslinkable block with pH-sensitive 2-(diethylamino)-
ethyl groups [201]. In addition, the utilization of a water soluble block copolymer
containing pH-sensitive carboxylic acid moieties in one block and thermo-sensi-
tive groups along with coumarin moieties in a second block led to multi-responsive
microgels [202]. In dependency on the preparation route, either shell-crosslinked
or core-crosslinked gel structures were obtained.

Even though these examples represent sophisticated approaches to controllable
nanocarriers, cleavage of crosslinks obtained from [2+2] cycloadditions requires
harsh irradiation conditions such as UV-C light (A = 200—280 nm), thus limiting
their application to fields where photo-degradability of functional compounds is
not an issue [85].
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3.4 Photochemistry in Polymeric Nanoscale Materials

The combination of photochemistry with the field of polymer chemistry has led to
the development of materials whose properties can be modified upon the appliance
of light. Since this behavior occurs as a response to an external field, the described
concept is a special approach to stimuli-responsive materials which can be termed
photo-sensitive.

3.4.1 Light as a Trigger

Among the broad variety of stimuli useful for changing the properties of polymeric
materials such as e.g. pH or temperature, light represents an outstanding position
due to various reasons. It can be applied in a very precise manner by adjusting the
irradiation condition to the sensitivity of the incorporated chromophore. Thus, by
selecting suitable wavelengths, intensities and polarization directions [203],
unwanted side reactions or physical changes in co-existing non-reactive (poly-
meric) groups can be avoided [204]. Furthermore, light can be applied in a non-
contact approach. This inherent feature renders photo-sensitive materials highly
beneficial compared to approaches based on a response to changes in the chemical
environment. Such systems being sensitive to e.g. variations in the pH, enzyme
concentration or solvent composition require either the addition of a specific
compound or the localization of the respective material in the specific environ-
ment. Light in contrast, can be applied to closed reaction systems and polymers in
the dry state as well. In addition, light offers the possibility to change the polymer
properties in very confined spaces by using for instance confocal or holographic
methods [205]. This feature can not only be applied to create patterns with
nanometric precision in polymer thin films [193], but also renders photo-sensitive
materials especially interesting for applications in the nanoscale [193, 206].
Finally, light-sensitive materials are not only characterized by the high spatial
resolution of their response but also by the increased resolution of their response
time. In contrast to other stimuli-induced processes, photo-reactions mostly occur
only if light is applied and come to a stop in the dark. This feature gives rise to
kinetically controlled or stepwise response mechanisms.

3.4.2 Photoreactions in Polymers

Regarding photo-sensitive materials, tailoring the precise location and the photo-
induced process of the photo-active chromophore in the material are the key
requirements to effectively incorporate and fully exploit the designed properties
of the material with respect to the desired application. In general the desired
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Fig. 3.14 Photoreactions in polymers: classification with respect to type and location of the
light-induced process

photo-sensitivity of polymeric materials can be achieved by two different con-
cepts. On one hand, this can be realized by the incorporation of photo-active guest
molecules into a polymeric matrix. Here, the characteristics of the polymer are
changed due to an altered interaction between matrix and inserted chromophores
before and after irradiation. On the other hand, the properties of polymers can be
directly tailored by their interaction with photons. To this extend, photo-reactive
moieties are covalently incorporated into the polymer structure as either side
groups or reactive moieties in the back bone. As shown in Fig. 3.14 depending on
the incorporated chromophore and its location in the polymeric material, a wide
span of different types of response mechanisms in photo-sensitive polymers can be
distinguished.

3.4.2.1 Types of Chromophores in Polymeric Materials

While Fig. 3.14 gives a schematic overview of the general design parameters for
photo-sensitive materials and their influence on the polymer properties, a more
detailed insight in photo-activated reactions is the focus of this section. The most
common photo-sensitive processes used to obtain different light-induced responses
could be classified into the following categories:
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a) cis—trans isomerizations
b) ionization reactions

¢) molecular switches

d) dimerization reactions
e) radical formation

f) bond cleavage reactions.

cis-trans Isomerizations. Probably the most prominent chromophores under-
going light-induced cis—trans isomerizations are azobenzene derivatives. Here, the
irradiation with light of short wavelengths (1) induces the transformation from the
trans to the cis configuration. Of special interest is the reversibility of this reaction
which can be induced either by thermal relaxation or the appliance of light of
longer wavelengths (4,). Various materials for several applications are based on
different inherent features of this isomerization. The accompanied change in the
dipole moment renders the cis state more hydrophilic. If bound to a polymeric
backbone, this alteration of the chromophore thus enables to adjust the overall
hydrophilicity of the polymer [150, 207]. In combination with the structural
change in the molecule, initial hydrophobic aggregates of azobenzene moieties are
broken up, therefore giving rise to the reversible formation/cleavage of physical
crosslinks [190]. Moreover, the change in the alignment of these chromophores
upon irradiation is investigated for the preparation of materials for optical data
storage [208-210]. Finally, the bending of the molecule can be used to induce
shape changes in nematic liquid—crystal elastomers which represents a fascinating
example for the alteration of macroscopic changes in a material controlled on a
molecular level [203].

Ionization reactions. Several chromophores are known to exhibit a light-
induced reversible dissociation into ion pairs which can be used for different types
of applications. The variation of the electrostatic repulsion of tertiary carbon
cations and anions such as e.g. hydroxide ions from triphenylmethane leuco
derivatives enable the photo-induced expansion and shrinkage of polymers or gels
[203]. In a more indirect approach, photo acid generators (PAGs)—mostly based
on triphenylsulfonium triflates—are commonly used for chemically amplified or
cascade reactions. Examples include the cleavage of acid-labile crosslinking points
in polymeric gels or films via the in situ generation of protons by the irradiation of
incorporated PAGs [211, 212] or the chemically amplified activation of pH-sen-
sitive dye molecules in a polymeric matrix [213]. Since the latter case gives rise to
changes in the refractive index of the materials, this concept can be used for
optical data storage applications [214].

Molecular switches. Chromophores that can be classified as molecular switches
are based on a light-induced isomerization process which is often accompanied by a
change in the polarity of the chromophore. In this context, spiropyranes represent
well examined compounds since they are capable of undergoing a reversible
transformation from a hydrophobic closed spiropyran form to an open mesoionic
merocyanine conformation. This light-induced change of polarity can be transferred
to a polymeric chain, thus triggering its solubility [215, 216]. Incorporation of
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spiropyranes into amphiphilic block copolymers enables the reversible triggering
e.g. the disrupture/formation of micellar aggregates by changing the polarity of the
block containing the chromophore [217]. Similar applications are based on the
utilization of diazonaphtoquinone (DNQ) derivatives which are well known from
the DNQ Novolac photo-resist material. The irreversible transformation of hydro-
phobic 2-diazo-1,2-naphtoquinone into the hydrophilic 3-indenecarboxylate has
found application e.g. in the degradation of micellar aggregates based on PEG chains
containing the chromophore as head group [218]. In contrast, polymeric 1-imino-
pyridinium-ylides represent an example for an irreversible transformation from the
initial mesoionic hydrophilic state to hydrophobic 1,2-diazepanes. This behavior
can be used to create hydrophobic patterns in hydrophilic polymer films [219].
Another highly interesting category of applications exploits the light-induced
changes in the absorption spectra of such molecular switches for optical data storage
in polymeric materials [220].

Dimerization reactions. Photo-dimerization is a bimolecular light-activated
process that involves an electronically excited unsaturated molecule which
undergoes an addition reaction with an unexcited molecule of the same species,
thus forming the dimer. [2+2] and [4+4] photo-cycloadditions are certainly the
most common photo-dimerization reactions. Among the broad variety of different
types of molecules which are known to undergo these photoreactions, cinnamate,
coumarin or anthracene derivatives are propably the most prominent representa-
tives. If these chromophores are attached as side groups to a polymeric backbone,
irradiation can be used to form either macroscopic[193, 221-223] or nanoscale
[195, 197, 200] crosslinked materials. Of special interest is the light-induced
reversibility of these processes which enables to adjust the crosslinking density by
the appliance of light of a different wavelength as the one used for the crosslinking
[201, 202, 222]. Alternatively to the utilization of these chromophores as poly-
meric side groups, their incorporation into a polymeric back bone allows to
crosslink the independent chains directly [199].

Radical formation and reactions from excited states. In the context of radical
formation upon irradiation, benzophenones have gained very much attraction since
the excited triplet state easily undergoes hydrogen atom abstraction reactions [224].
Therefore, the attachment of such moieties to polymers serves as a facile approach to
photo-crosslinked materials [225] such as e.g. hydrogel thin films [226].

Bond cleavage reactions. Probably the simplest chromophore known to
undergo bond cleavage reactions upon irradiation are is the ester group. Here,
Norrish type reactions (usually defined for aldehydes and ketones) are known to
result in the side group cleavage (Norrish type I) but also in the degradation of
polymeric backbones of e.g. PMMA (Norrish type II). [227, 228] Since these
reactions require harsh irradiation condition such as UV-C light, much effort has
been paid to increase the photo-sensitivity of ester groups by the introduction of
several chromophores. As an example, the attachment of pyrenylmethanol to
polymeric backbones via an ester bond is worth mentioning. Irradiation of these
materials leads to the detachment of the chromophore and leaves a carboxylic acid
group on the polymer. The resulting change from a hydrophobic to a hydrophilic
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polymer can be used for the disrupture of micellar aggregates from initially
amphiphilic diblock copolymers [229]. A similar approach to the photolytic
detachment of hydrophobic protection groups from carboxylic acids is based on
the utilization of o-nitrobenzyl esters and derivatives. While their connection to a
polymer as side groups gives rise to photo-resist materials [230] or light-cleavable
micelles [231], incorporation of these moieties into the backbone results in
completely photo-degradable polymers [232].

3.4.2.2 Photoreactions of o-nitrobenzyl Derivatives

As mentioned above, photolytic bond cleavage reactions have gained considerable
interest in the field of nanoscale materials since they give rise to a broad variety of
response mechanisms. Especially o-nitrobenzyl derivatives such as esters, car-
bonates or carbamates have been extensively examined since their discovery in
1901 [233] and are known to be cleaved fast and quantitatively upon irradiation
with UV-A light (4 > 300 nm). Detailed investigations on the underlying mech-
anism of the light-induced bond cleavage in o-nitrobenzyl esters were performed
by Schnabel and co-workers in the late 1980 s and the proposed pathway is
depicted in Fig. 3.15 [234].

The light-induced bond cleavage of o-nitrobenzyl esters (3.1) yields the
respective nitroso ketone or —aldehyde along with the carboxylic acid (3.6). The
reaction mechanism contains the following steps. At first, the nitronic acid (3.3) is
formed either from the excited singlet or the triplet state of 1 via an intramolecular
hydrogen-transfer process including the biradical (3.2) as proposed intermediate.
While the presence of 3 could easily be evidenced spectroscopically [235, 236],
the decay mechanism of this compound to yield § and 6 has been subject to
modifications along the investigations of Schnabel and co-workers. Finally, the
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Fig. 3.15 Mechanism of the photoreaction of o-nitrobenzyl esters as proposed by Wong et al.
[234]
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intermediate of 5 has been evidenced in aqueous solution by changes in the
electrical conductivity [235, 236].

Since these early detailed examinations, further investigations on the photolytic
cleavage of various types of o-nitrobenzyl derivatives revealed the potential to
easily adjust the photolytic characteristics by the molecular structure of the
chromophore. In particular, the introduction of an o methyl group to the benzylic
carbon of the o-nitrobenzyl core was found to increase the rate of photolysis
significantly [234]. This effect can be explained by considering the abstraction of a
benzylic proton by the photo-activated nitro group as the rate limiting step in the
photolysis of the o-nitrobenzyl group, whereby the additional methyl group
increases the acidity of this proton [237-239]. Moreover, the introduction of
alkoxy substituents in the o-nitrobenzylic core results in a modified electronic
structure of the chromophore which is known to result in a considerably increased
UV absorption for A > 315 nm compared to the unsubstituted core [239]. Since
irradiations in this spectral region (UV-A light) represent relatively mild condi-
tions with negligible corrupting influence on co-existing functional groups and
molecules, the use of these moieties in biomedical related applications is strongly
facilitated [204]. Further investigations on varying the molecular structure of these
chromophores and their connection to functional groups or molecules gave rise to
e.g. o-nitrobenzyl amines forming carboxamides upon irradiation [239, 240] and
[2-(2-nitrophenyl)ethoxy]carbonyl (NPEOC) groups as new type of photo-labile
functions [241].

The good cleavage properties of these different chromophores have been
employed in various fields such as photo-labile supports for solid phase organic
synthesis [239, 240, 242-244], linkers for chemical proteomics [245] or degrad-
able linkers to bridge fluorophores to DNA [246]. Another group of applications is
based on the use of o-nitrobenzyl derivatives to protect functional groups. Here,
early investigations were based on the photo-generation of organic bases [247] or
carboxylic acids [248]. More recently, possible applications as protection groups
in biological active molecules and in nucleoside and nucleotide chemistry were
gaining increasing interest [204]. In these cases, the photolytic deprotection can be
used to activate a certain biological function upon deblocking e.g. an active centre
or functionality [249].

Transferring the concept from solution based applications to the solid state, it is
beneficial that high photolysis rates of the chromophore are maintained in poly-
meric matrices [230, 234] and even in the dry state [248]. This inherent feature
gives rise to the light-induced patterning of surfaces via either the application as
photo-labile protection group in the head groups of self-assembled silane mono-
layers [206, 250] or the preparation of photo-resist materials by the attachment of
o-nitrobenzyl ester side groups to a polymer [230, 251]. The latter allows the
surface patterning by UV light-induced solubility changes. In extension to dry
polymer films, hydrogels in the macroscopic size range containing o-nitrobenzyl
groups as crosslinking points allowed the formation of 3 dimensional channels
upon focused irradiation [252].
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The particular good performance of the photoreaction under various conditions
represents a versatile tool for more complex applications in the nanometer size
range as well. Recently investigated approaches include the design of targeting
nanoparticles [253] and the preparation of photo-responsive nanocarriers using o-
nitrobenzyl esters as capping groups on dendrimers [254] or hyperbranched
polyglycerol nanocapsules [255]. Furthermore, Kim and co-workers lately pre-
pared mesoporous silica particles with photo-responsive cyclodextrin gate func-
tions connected via a cleavable o-nitrobenzyl moiety to the particle [256].
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Chapter 4
Outline

The focus of this work lies on investigations on the following three approaches to
irradiation-dependent response mechanisms: first, the light-sensitivity can be
achieved by the utilization of photo-cleavable crosslinking points which represents
a method for decreasing the crosslinking density until complete decomposition of
the network upon irradiation. Second, the attachment of a functional drug mole-
cule to a microgel network via a photo-cleavable linker enables to trigger its
release by the appliance of light. Third, hydrophobic nanoparticles consisting of a
photo-resist polymer change their hydrophilicity upon the light-induced detach-
ment of the photo-labile chromophore, thus resulting in particle swelling and
complete dissolution. Different approaches and concepts have been realized in this
thesis:

Photo-sensitive microgels based on light-cleavable crosslinkers. The aim of
this approach is the development of two classes of photo-sensitive microgels:
(1) polymeric gel nanoparticles swellable and degradable in organic solvents and
(2) hydrogel nanoparticles swellable and degradable in aqueous media. In order to
realize this concept, novel photo-labile divinyl functionalized monomeric cross-
linkers based on o-nitrobenzyl derivatives are designed to enable a light-induced
degradation of the resulting polymeric networks. While the systematic variation of
the molecular structure is assumed to result in different degradation rates
depending on the irradiation conditions, the specific hydrophilicity of these divinyl
functionalized molecules is characterized by medium polarity and, therefore,
enables their versatile utilization in either direct or inverse miniemulsion copo-
lymerizations. This behavior gives rise to the preparation of either PMMA or
hydroxyl functionalized PHEMA microgels swellable and degradable in organic
solvents. Moreover, by the introduction of anionic MAA moieties into PHEMA
microgels, this concept can be transferred to double stimuli-responsive p(HEMA-
co-MAA) hydrogel nanoparticles exhibiting a pH-dependent swelling and light-
induced degradation behavior in aqueous media. This sensitivity to two orthogonal
triggers is proposed to combine a pH-induced post-formation loading mechanism
with a pH- and light-triggered release.
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In addition, the concept of double-stimuli responsive hydrogel nanoparticles
can be extended by the development of a new class of enzyme- and light-sensitive
microgels based on (meth-)acrylate functionalized dextrans as photo- and enzy-
matically degradable macromolecular crosslinkers. The sensitivity to light can be
achieved by introducing a photo-labile linker between the dextran chain and the
polymerizable vinyl moieties. In contrast to the light-sensitive p(HEMA-co-MAA)
microgels, the water solubility of the macromolecular crosslinkers is assumed to
enable an in situ loading approach of hydrophilic functional compounds, thus
extending the concept of photo-sensitive hydrogel nanoparticles.

Light-sensitive microgel-drug conjugates. The underlying concept of this
approach is the development of a novel functional monomer consisting of a
doxorubicin molecule covalently attached to a radically polymerizable methac-
rylate group via a photo-labile linker. Copolymerization of this doxorubicin-photo-
labile linker-methacrylate (Dox-PL-MA) moiety with HEMA and MAA in inverse
miniemulsion is designed to yield anionic microgels as well defined carrier sys-
tems for the light-induced delivery of doxorubicin. Here, the drug molecule is
covalently attached to the network-forming copolymer and therefore leakage is
assumed to be hindered until the light-induced cleavage of the linker molecule
enables the release.

Photo-resist nanoparticles. This approach deals with the development of
hydrophobic nanoparticles consisting of a photo-resist polymer. The polymeric
structure is based on a protected poly (methacrylic acid) that can be easily de-
protected by the photolytic cleavage of light-sensitive o-nitrobenzyl esters. As a
result, conversion of the initial hydrophobic polymer into hydrophilic PMAA
induces in situ particle swelling and finally complete dissolution in water. Here,
the initial hydrophobic nature of the particles which enables an in situ loading of
functional hydrophobic substances is of special interest. In comparison to the
previously mentioned microgels which are limited to the loading and release of
hydrophilic compounds, the light-induced release of hydrophobic substances in
aqueous medium dramatically extents the fields of potential applications for photo-
sensitive carriers.

In addition to these three different light-induced response mechanisms of mi-
crogels and nanoparticles, further investigations in the field of (stimuli-responsive)
microgels are part of this thesis. The respective concepts are briefly introduced in
the following paragraph.

Towards stimuli-responsive core/shell nanoparticles. The introduction of a
degradable/swellable (polymeric) shell around the respective microgel core is
assumed to enhance the loading and release efficiency of stimuli-responsive mi-
crogels since the shell serves as a diffusion barrier to prevent leakage of embedded
functional compounds. Thus, investigating potential synthetic pathways for the
formation of multiple stimuli-responsive core/shell nanoparticles containing a
hydrogel core is of high interest. Preliminary studies on non-stimuli-responsive
model systems include the shell formation around a preformed (microgel) core and
the formation of the microgel core in a polymeric shell.
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Surface modification of microgels with photo-reactive chromophores. The
functionalization of microgels surfaces with photo-reactive moieties to trigger the
particles interaction with different compounds or with each other is another
interesting research area. Realization of this concept is based on the development
of a synthetic protocol for the facile and effective surface modification of PHEMA
and p(HEMA-co-MAA) microgels with cinnamoyl groups. The respective mate-
rials are designed as nanometric building blocks for the preparation of self-healing
hydrogel thin films.



Chapter 5
Results and Discussion

5.1 Photo-Sensitive Microgels Based on Light-Cleavable
Monomeric Crosslinkers

This chapter describes the development of two classes of photo-sensitive micro-
gels: (i) polymeric gel nanoparticles swellable and degradable in organic solvents
and (ii) hydrogel nanoparticles swellable and degradable in aqueous media. Both
types of microgels are based on newly developed light-cleavable monomeric
crosslinkers containing o-nitrobenzyl derivatives as the photo-reactive chro-
mophores. The specific hydrophilicity of these divinyl functionalized molecules is
characterized by a medium polarity and, therefore, enables their versatile utili-
zation in either direct or inverse miniemulsion. In both cases, the dispersed phase
can be formed by either dissolving the crosslinkers directly in the respective
monomer(s) or by dissolving all polymerizable components in an organic solvent
immiscible with the continuous phase. Free radical copolymerizations of the
crosslinkers with different (functional) monomers yields then gel particles in the
nanometer size range. Complete decomposition of the network structure can be
achieved by cleaving the labile crosslinking points upon the appliance of light as
external trigger and results in freely soluble polymer chains. The concept is
schematically illustrated in Fig. 5.1.

5.1.1 Photo-Sensitive Polymeric Gel Nanoparticles

The use of cleavable crosslinking points in a gel is a method for triggering the
complete decomposition of the network architecture using external stimuli. As
mentioned before, light represents an outstanding position among different stimuli

Parts of this work are published in the paper “Photo-Sensitive PMMA Microgels: Light-
Triggered Swelling and Degradation” Daniel Klinger, Katharina Landfester Soft Matter, 2011,
7 (4), 1426. Reproduced from [9] by permission of the Royal Society of Chemistry.
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Fig. 5.1 Concept of photo-sensitive microgels based on light-cleavable monomeric crosslinkers

as it can be applied in a very precise manner by selecting suitable wavelengths,
polarization directions, focus and intensities in a non-contact approach, respec-
tively [1, 2]. Photochemistry in combination with polymeric gels is well estab-
lished for the formation of crosslinks by the application of UV light [3, 4]. While
e.g., the reversibility of the [2+2] cycloaddition reaction of coumarin, anthracene
and cinnamoyl derivatives is well examined to prepare stimuli responsive mac-
roscopic gels [5, 6], only little attention has been paid to the formation of photo-
sensitive gel particles in the nano- or micrometer size range [7, 8]. In general,
light-degradable (organo-) microgels represent a highly interesting class of
materials that find applications in a broad variety of fields. Especially, microgels
degradable in organic solvents could serve e.g., as carrier systems for catalytically
active metal nanoparticles, whereat the accessibility of the catalyst can be trig-
gered by the gel degradation.

In order to prepare photo-sensitive polymeric gel nanoparticles, novel photo-
labile divinyl functionalized crosslinkers based on o-nitrobenzyl derivatives are
designed to enable a light-induced degradation of the resulting polymeric net-
works. The systematic variation of the molecular structure is assumed to result in
different degradation rates depending on the irradiation conditions. The work
described in the following chapter deals with the preparation of photo-degradable
PMMA microgels by free radical copolymerization of the crosslinkers with MMA
in a direct miniemulsion polymerization process. In addition, utilization of the
crosslinkers in a free radical copolymerization with HEMA as a hydrophilic
monomer in inverse miniemulsion gives rise to hydroxyl functionalized light-
sensitive microgels.
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5.1.1.1 Photo-Sensitive PMMA Microgels: Light-Triggered Swelling
and Degradation

The aim of this work is the synthesis of two classes (type A and type B) of novel
photo-labile divinyl functionalized crosslinkers based on o-nitrobenzyl moieties,
which will be used to build up photo-degradable PMMA microgels by free radical
copolymerization with MMA in miniemulsion. The synthesized crosslinker
structures were designed to exhibit two different degradation behaviors, thus
influencing the swelling properties of the resulting PMMA gel particles upon
irradiation in a good solvent for the polymer chains.

Investigations on the cleavage behavior will be focused on controlling the
independent degradation of the different types of gel particles by means of irra-
diation wavelengths and times applied. A dissimilar photolytic reactivity of the
crosslinkers should in principle enable the successive decomposition of one spe-
cific type of microgel after the other in a mixed dispersion of the two, thus giving
access to the potential subsequent release of different functional compounds. The
described concept is schematically illustrated in Fig. 5.2.

Irradiation of type B microgels with UV-A light of 4 > 315 nm is proposed to
result in either highly swollen, partially degraded gel networks or complete par-
ticle dissolution. In comparison, the structure of type A microgels is supposed to
remain intact under the same conditions. Furthermore, distinct photolysis rates of
the different crosslinker types should enable the independent time-controlled
degradation of type B microgels using broadband UV light containing wavelengths
of A < 315 nm. Short irradiation times #, lead hereby selectively to the complete
degradation of type B particles. Eventually, longer irradiation times #, > f; then
enable the full particle degradation of type A microgels as well. In summary, either

Qg
\/
§§'f% A<315nm A>315nm
Ty s Y mex
< typeB type B
L type A
“ " typeB

r’&;ﬁ ! : &
_ ~o~ photolabile crosslinking bond % |

completely degraded microgel  crosslinked microgel partially degraded microgel
(highly swollen)

Fig. 5.2 Schematic representation of swelling and degradation behavior of type A and type B
photo-degradable PMMA microgels upon UV irradiation with different wavelengths and for
different irradiation times #; and #,. Reproduced from [9] by permission of the Royal Society of
Chemistry
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complete or partial particle degradation for both types of microgels is assumed to
selectively be achieved by variation of the used UV light wavelengths and irra-
diation times (Fig. 5.2). Moreover, the low molecular weight structure of the
crosslinkers should cause an initial small mesh size of the resulting gel, allowing
the embedding of relatively small molecules.

Synthesis and characterization of photo-labile crosslinkers. In order to
investigate the desired influence of the photo-labile chromophore on the photo-
reaction of the resulting crosslinkers, two categories of molecules differing in their
absorption spectra were synthesized and characterized regarding their photolysis.
Figure 5.3 shows the synthetic pathway to four different photo-cleavable cross-
linkers (CL-1A, CL-2A, CL-3A and CL-4B).

type A ) “\(@i

.,I,/\/* M\/%/\ I)/\/"\,(\j\m

HEMA MMAOES

N
OI,/\/KII@ ’ ¢ ‘,I,/\/"\(\)tc.

CL4A 2 CL3A

° NO,
CL-2A

type B

o
‘ﬁ/(:(w ¢ ﬁ/@:"\/\)j\w. f :Jc["\/\)l\om g :\";JCE"\/\)Lom h
—_— —_— —_— —_—
OMe o o H
OMe OMe OMe
4 s 7

6

[ [
oo~Mo, i o oo o)Lu,\,oYl\
—> H —_—
Ky oMe OMe YLO/\/NYO oMo o
°

9
8 HEMNPB CL4B

Fig. 5.3 Synthetic pathways to photo-cleavable crosslinkers of type A and B. Reagents and
Conditions: a BH3;*THF/THF, 0 °C, 1 h then 40 °C, 18 h, 90 %; b (2), sodium ethanoate, THF
(anhyd.), 25 °C, 5 day, 52 %; ¢ 2-isocyanatoethyl methacrylate, THF (anhyd.), 65 °C, 24 h, 72 %;
d (3), triethylamine, THF (anhy.), 25 °C, 16 h, 40 %; e methyl 4-bromobutyrate, K,CO3/DMF
(anhyd.), 25 °C, 16 h, quant.; f acetic anhydride/nitric acid (1:2, v/v), 0°C, 3 h, 53 %;
g, h NaBH,/MeOH/THF, 25 °C, 16 h, NaOH, 25 °C, 7 h, 89 %; i BH3;*THF/THF, 0 °C, 1 h then
40 °C, 18 h, 86 %; j 2-isocyanatoethyl methacrylate, DBTDL (cat.)/THF, 65 °C, 48 h, 63 %
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Fig. 5.4 Photo-labile crosslinking molecules CL-1A, CL-2A, CL-3A and CL-4B: a classification
and b UV-vis spectra in THF. Adapted from [9] by permission of the Royal Society of Chemistry

CL-1A was synthesized by carbonyldiimidazole (CDI) activated coupling of
2 equivalents of hydroxyethyl methacrylate (HEMA) with 2NPDM using catalytic
amounts of sodium ethanoate. The synthesis of CL-2A was achieved by a one step
reaction of 2-isocyanatoethyl methacrylate with 2NPDM. For the synthesis of
CL-3A, mono-2-(methacryloyloxy)ethyl succinate (MMAOES) was first con-
verted to the acyl chloride by the reaction with oxalylchloride. The product was
then allowed to react further with 2NPDM to the corresponding ester. CL-4B was
synthesized according to the procedure for the synthesis of CL-2A whereas in this
case, DBTDL was used to catalyze the reaction of the secondary hydroxyl group of
the former prepared HEMNPB with the isocyanate. The classification of the
respective crosslinking molecules and their absorption spectra are shown in
Fig. 5.4.

Type A crosslinkers CL-1A, CL-2A and CL-3A are based on the (2-nitro-1,
4-phenylene)dimethanol (2NPDM) group, whereas type B crosslinker CL-4B
contains 4-(4-(1-hydroxyethyl)-2-methoxy-5-nitrophenoxy)butan-1-ol (HEMNPB)
as the photo-reactive moiety. In the latter case, the introduction of a a«-methyl
group onto the benzylic carbon of the o-nitrobenzyl core is known to increase the
rate of photolysis significantly [10]. This effect can be explained by considering
the abstraction of a benzylic proton by the photo activated nitro group as the rate
limiting step in the photolysis of the o-nitrobenzyl group, whereby the additional
methyl group increases the acidity of this proton. Furthermore, the introduction of
alkoxy substituents in the o-nitrobenzylic core results in a modified electronic
structure of the chromophore which is known to result in a considerably increased
UV absorption for 4 > 315 nm compared to the 2NPDM moiety [11].

For the photolysis of the crosslinkers, the only requirement to the irradiation
wavelength is to overlap with the absorption band of the photo-labile chromo-
phore. However, to degrade the crosslinkers and the resulting PMMA gel particles
in a controlled manner under mild conditions, Norrish-type side reactions, which
primarily take place for irradiations with wavelengths of A < 300 nm, should be
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Fig. 5.5 Photoreactions of the degradable crosslinkers. Reproduced from [9] by permission of
the Royal Society of Chemistry

avoided [12, 13]. UV-vis spectroscopy of the crosslinkers CL-1A—CL-3A shows
in every case an absorption maximum at 260 nm accompanied by tailing up to
370 nm. In comparison, the spectrum of CL-4B shows the anticipated additional
absorption maximum at 342 nm (see Fig. 5.4b). Here, the alkoxy substituents on
the benzylic core exhibit a +M effect and therefore decrease the energy gap of the
n—n transition, resulting in a bathochromic shift of the absorption maximum (see
Fig. 5.4b). Thus, the crosslinker CL-4B shows a dramatically increased absorption
in the targeted photolysis wavelength region of /4 > 315 nm.

Photolysis of the cleavable crosslinkers in solution. Even though either type
of crosslinker consists of a central o-nitrobenzylic group, the variation of the
molecular attachment of the radically polymerizable methacrylate groups onto the
photo-labile chromophore results in different photo-products with specific func-
tional groups (Fig. 5.5). The photoreaction is based on a radical mechanism
including the intramolecular benzylic hydrogen abstraction by a nitro group
oxygen followed by a rearrangement and bond cleavage. Type A crosslinkers
based on 2NPDM all generate a nitrosobenzaldehyde derivative together with
either an alcohol for the carbonate derivative of CL-1A, an amine for the carba-
mate derivative of CL-2A or a carboxylic acid for the ester derivative of CL-3A.
Crosslinker CL-4B however, degrades into an amine and a ketone, which is known
to be less reactive towards possible imine formation with the free amino group.
Regarding the incorporation of those compounds in swollen PMMA gel particles, a
partial degradation of the gel does not only result in a more highly swollen state
but also in the formation of previously protected functional groups covalently
bound to the polymeric network, thus enabling further chemical modification.

The photo-degradation behavior of the crosslinkers was first investigated by
analyzing the products of the photoreaction upon irradiating crosslinker solutions in
THF (3.0-10~° mol/L) for 8 h with UV light (1 = 315-390 nm, / = 17 mW/cm?).
"H-NMR analysis of the crude reaction mixture showed a reduction of the peaks
assigned to the benzylic proton(s) next to the respective carbonate, carbamate or
ester group for every crosslinker. Hence, successful degradation was confirmed.

Furthermore, time-dependent UV—vis measurements of the crosslinker solu-
tions in THF were conducted and their resulting irradiation time-dependent spectra
are shown in Fig. 5.6. Since the absorption spectra of type A crosslinkers were
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Fig. 5.6 Investigations on the photolysis of photo-cleavable crosslinkers in THF solution.
Irradiation time-dependent UV-vis spectra of: a type A CL-1A crosslinker and b type B CL-4B
crosslinker. Reproduced from [9] by permission of the Royal Society of Chemistry

found to be similar for CL-1A, CL-2A and CL-3A, Fig. 5.6a depicts the spectra of
CL-1A exemplarily for all type A molecules.

Irradiation of either type A or type B crosslinkers with UV light of the
wavelengths of A = 315-390 nm resulted in every case in a red shift of the
absorption maxima. Even though these light-induced changes of the spectra point
towards successful photoreactions, the spectra of the crosslinkers CL-1A-CL-3A
did not show well defined isosbestic points, thus indicating the simultaneous
formation of side products in addition to the reaction shown in Scheme 2. Espe-
cially in the case of CL-1A and CL-3A, the secondary evolution of an additional
absorption band at A > 350 nm can be observed for irradiation times of more than
20 min (Fig. 5.6a), hence suggesting subsequent follow-up reactions of the pri-
mary photo products to the generation of o,0’-dicarboxyazobenzenes which are
known to be formed by dimerization of the primary nitroso groups at longer
irradiation times [11, 14]. Type B crosslinker CL-4B shows defined isosbestic
points over the complete irradiation time scale (Fig. 5.6b). Nevertheless, the large
red shift of the absorption band to 4,,,x = 385 nm and its high extinction coeffi-
cient hinder the accurate determination of the formation possible side products
absorbing light in the same spectral region. Molecular structures and exact masses
of the proposed secondary dimeric photo products are shown in Fig. 5.7.

In a next step, FD-MS measurements of the irradiated samples for the '"H-NMR
investigations were performed to investigate the formed photo products. All
crosslinkers still showed the decreased characteristic molecule peak M* of the
starting compounds. In addition, the appearance of the M™ peaks corresponding to
the formed nitrosobenzaldehyde photo products for type A crosslinkers and the
respective keto compound for CL4 was observed and therefore proved successful
cleavage. The subsequent generation of dicarboxyazobenzenes upon irradiation
was confirmed by the appearance of the respective M* peak at 642 m/z for CL-1A-
D and the M" peak at 754 m/z for CL-3A-D. In the other cases, the M* peak at
656 m/z for CL-2A-D and the [M-1]" peak at 827 m/z for CL-4B-D could be
assigned to the respective azoxy compounds which are known to be generated
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Fig. 5.7 Molecular structures of proposed dimeric side products of the photoreactions of the
light-cleavable crosslinkers CL-1A—CL-4B. Reproduced from [9] by permission of the Royal
Society of Chemistry

from azobenzenes [15, 16]. Carboxy or alkoxy radicals necessary for this reaction
are assumed to be produced in small quantities by Norrish type side reactions of
the crosslinkers upon irradiation of the non-degassed solution.

A quantitative time-dependent degradation analysis of the crosslinkers by UV
absorption measurements was hindered by the formation of side products
absorbing in the same spectral region. In this context, HPLC represents a powerful
tool to examine the composition of the reaction mixtures at various times.
Therefore, the kinetics of the photolysis of the photo-labile molecules were then
investigated by monitoring the rate of disappearance of the starting compounds
during irradiation. The presence of one defined peak in the elugrams of the non-
irradiated samples additionally confirmed excellent purity of the synthesized
structures. The kinetic plots of —In [CL]/[CL], versus time show all excellent
linearity, indicating the expected first order kinetic with respect to the chromo-
phore concentration (see Fig. 5.8b). Figure 5.8a presents an example of the time-
dependent HPLC elution curves of the photoreaction of CL-4B and the kinetic
plots for the calculation of the rate constants for all crosslinkers. The obtained
results are listed in Table 5.1.

All newly synthesized crosslinkers were found to degrade completely upon
irradiation with UV light of the wavelengths of 4 = 315-390 nm. Elugrams of
crosslinkers CL-1A—CL-3A showed the generation of multiple side products (data
not shown) confirming the results obtained from UV-vis and FD-MS measure-
ments. In contrast to the UV-vis measurements, CL-4B shows not only the for-
mation of one main photo product, but also the dimeric azoxy side product verified
by FD-MS can be detected as small peak in the elugram at ~4.4 min elution time
(Fig. 5.8a). As expected, CL-4B shows a dramatically increased rate constant, in
comparison to the type A crosslinkers. The enhanced absorption in the used
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Fig. 5.8 Photolysis of degradable crosslinkers: a time-dependent HPLC elution curves of the
photoreaction of CL-4B in THF; b kinetic plots for the calculation of the rate constants of the
photoreaction. Reproduced from [9] by permission of the Royal Society of Chemistry

Table 5.1 Rate constants

st Crosslinker k/s™! T1/2/min
and half-life times for the —
photolysis of the synthesized CL-1A 0‘43'10_ . 270
degradable crosslinkers CL-2A 0.56¢10 206
CL-3A 0.43e107* 271
CL-4B 2.750107* 42

photolysis wavelength region is accompanied by an increase of the acidity of the
benzylic proton by the additional o methyl group. Hence, CL-4B reacts around 5
times faster than CL-2A and 6.4 times faster than CL-1A and CL-3A. Taking into
account absorption of the products in the same spectral region as the wavelengths
used for cleavage of the crosslinkers, the photoreaction is significantly slowed
down. The less reactive molecules CL-1A—CL-3A are therefore more influenced
by this effect than CL-4B and the difference of the photolysis rates is increased.
This promising effect could enable a time-controlled and independent degradation
of a specific type of particles using a definite wavelength of UV light. In addition,
the divinyl groups present in either type of synthesized crosslinker enables the
preparation of a broad variety of polymeric microgels by (co)-polymerization with
different radical polymerizable monomers. In a first attempt, PMMA was chosen
as well-known chemically inert polymer to examine the degradation behavior of
the microgels.

Preparation and characterization of crosslinked photo-degradable PMMA
gel particles by miniemulsion polymerization. With regard to potential release
applications, the miniemulsion polymerization approach represents a big advan-
tage compared to emulsion polymerization. Suppression of diffusion of com-
pounds between droplets characterizes each droplet as a nanoreactor. Therefore,
copolymerization with the respective crosslinking molecules or incorporation of
active hydrophobic substances can easily be achieved during the polymerization.
As no net diffusion takes place, the composition of the latex particles resembles the
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Table 5.2 Nominal

-~ . Sample Crosslinker

compositions of photo-

degradable PMMA microgels Type m/mg mol-%
MG-0 DEGDMA 60.0 2.5
MG-X DVB 33.0 25
MG-1A CL-1A 124.0 2.5
MG-2A CL-2A 123.0 2.5
MG-3A CL-3A 152.0 2.5
MG-4B CL-4B 149.0 2.5

composition of the monomer phase. Hence, all functionalities incorporated are
equally distributed in each particle. In order to obtain photo-degradable PMMA
microgels (MG), MMA was copolymerized with the crosslinkers CL-1A to CL-3A
and CL-4B in miniemulsion. In addition, MG-0 microgels crosslinked with
diethylene glycol dimethacrylate (DEGDMA) and MG-X microgels crosslinked
with divinyl benzene (DVB) were synthesized as reference particles for the deg-
radation experiments. In order to assure comparability of swelling and degradation
behavior, 2.5 mol-% of crosslinker were used in every case. Table 5.2 lists the
composition of the synthesized microgels.

After several washing steps, the number-weighted particle size distributions of
the non-swollen particles in water were determined by DLS measurements. The
obtained mean hydrodynamic diameters are shown in Fig. 5.11. All minemulsion
copolymerizations resulted in stable dispersions of non-swollen MGs in water with
hydrodynamic diameters in the size range of 140-200 nm. The mean hydrody-
namic diameters of particles synthesized with crosslinkers CL-2A and CL-4B were
204 nm (standard deviation 39 nm) and 174 £ 33 nm, whereas the crosslinkers
DEGDMA, DVB, CL-1A and CL-3A yielded smaller particles of 141 4+ 24 nm,
140 £ 19 nm, 149 £ 31 nm and 157 £ 29 nm, respectively. In all cases, repre-
sentative SEM images showed spherical particles in the same size range (Fig. 5.9).
Regarding the polydispersity of the microgels, it becomes obvious that the particle
size is broadly distributed, which might be explained by the utilization of Lutensol
AT-50 as non-ionic surfactant for stabilization of these miniemulsion. Compared
to electrostatic stabilization by ionic surfactants, the sole steric effect by Lutensol
AT-50 is here not as efficient. Even though particles with a more narrowly dis-
tributed particle size could be obtained by using anionic sodium dodecylsulfate
(SDS), a non-ionic surfactant was chosen to assure best possible swellability in
organic solvents. In contrast to the organic soluble Lutensol AT-50, this would be
hindered by the presence of non-organic soluble SDS molecules on the particle
surface.

Potential applications of the photo-degradable particles require stable disper-
sions in a good solvent for the polymer chains forming the network. Therefore, the
freeze dried microgels were allowed to swell in THF for 3 days and the sol content
was removed by additional washing steps. Evaporating the solvent under reduced
pressure yielded the MGs as pale yellowish solids. Redispersion of the microgels
could easily be achieved by swelling the dried samples in a good solvent such as
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Fig. 5.9 Characterization of non-swollen PMMA gel particles prepared with different
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Fig. 5.10 Representative SEM images of crosslinked microgels after redispersion in chloroform
(and drying). Reproduced from [9] by permission of the Royal Society of Chemistry

THF or chloroform over night. The obtained dispersions were sterically stabilized
only by the dangling chains of the swollen outer layer of the microgels and no
additional surfactant was needed. SEM showed still spherical particles after the
redispersion indicating successful crosslinking in every case. Representative SEM
images for the microgels after redispersion in chloroform are shown in Fig. 5.10.

Dynamic light scattering measurements yielded the hydrodynamic diameters of
the swollen particles which showed a significant increase compared to the values
obtained from dispersions in water. The degree of swelling (DGS), or the swelling
ratio, was then calculated as DGS = Vyolten/ Vion-swollen, thus representing the
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relative volume of included solvent. The obtained values are shown in Fig. 5.11
together with the hydrodynamic diameters of the swollen particles in THF and
chloroform. Comparing the hydrodynamic diameters in the different solvents, the
largest particle diameters are found for the dispersions in chloroform. Therefore,
all particle degradation experiments were conducted in the highly swollen state of
the microgels in chloroform.

Gravimetrical analysis of the combined supernatants of the washing steps and
the remaining particle dispersions afforded the sol/gel contents, which are shown
in Fig. 3.5b. The gel contents are in the range of 83-90 % and did not vary
significantly among the various microgels synthesized with different crosslinkers.
The sol contents of 17-10 % may be explained by possible ring formation due to
backbiting reactions of the crosslinking molecules [17].

While the determination of the sol/gel content in combination with the mea-
sured degree of swelling did not permit a quantitative evaluation of the cross-
linking density or an absolute conclusion regarding the inner morphology, it
allowed the expedient comparison of crosslinking efficiency of the different
compounds among each other and relative to DEGDMA. Therefore, equally
successful crosslinking and comparable distribution of crosslinks in the different
microgels was presumed for all used crosslinkers.

Photo-degradation studies of the PMMA gel particles in chloroform. In
general, photo-degradation of the microgel particles was conducted by irradiating
0.125 % (wt/v) dispersions of the microgels in chloroform by UV light of different
wavelengths. At a first glance, a reduction in turbidity was detected for samples
containing the photo-labile moieties. In contrast, a dispersion of the MG-0 refer-
ence particles showed no alteration. The reduced turbidity was attributed to a
loosening of the network structure by degradation of cleavable crosslinking points,
because a more swollen gel particle is characterized by a reduced contrast in the
refractive indices between solvent and particle. As a result, the scattering intensity
decreases, leading to an optically more transparent dispersion. A theoretic
explanation for this phenomenon is based on the following equation for the
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turbidity t = ¢Q.,3/(2dp) as described by Lechner [18]. Here, ¢ is the mass
concentration of the particles, Q,,, is the Mie extinction efficiency, d is the particle
diameter and p the particle density. Here, the value of the parameter Q,,, is a
function of the relative refractive index n,/n (n, being the refractive index of the
particles and n, the one of the solvent) and decreases with decreasing value of n,/n.
The resulting influence on turbidity was described by Al-Manasir et al. and used to
monitor the temperature dependent swelling of PNIPAAm microgels in water [19].
With the intention to follow the particle swelling or degradation, turbidity mea-
surements were carried out in chloroform by measuring the intensity of the scat-
tered light at 90°. In detail, the intensity count rates of the irradiated samples I;,.,
were determined relative to those of the non-irradiated samples /. The values for
the relative turbidity ¢,.; obtained from the equation t,.; = (I;,/Iy)-100 %, therefore
reflect the relative degree of particle degradation.

In order to confirm the correlation between decreasing turbidity and increasing
particle size, the reciprocal turbidity i.e., the transparency was plotted together
with the corresponding hydrodynamic diameters against the time, for a dispersion
of MG-4B upon irradiation with UV light (A = 315-390 nm, I = 17 mW/cmz).
The resulting graph in Fig. 5.12 shows a good agreement between the light-
induced increase of particle swelling and the decrease in scattering intensity.

Wavelength-controlled selective degradation of MG-4B microgels. Kinetic
turbidity measurements of the microgel dispersions were conducted to examine the
influence of the different crosslinker photolysis rates on the time-dependent
swelling behavior of the respective gel particles. It was expected that upon irra-
diation with wavelengths of 2 > 315 nm, the faster photoreaction of CL-4B—due
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Fig. 5.12 Evolution of the irradiation time-dependent transparency and hydrodynamic diameters

upon the irradiation of a dispersion of MG-4B in chloroform (4 = 315-390 nm;/ = 17 mW/em?).
Reproduced from [9] by permission of the Royal Society of Chemistry
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to the significantly higher absorption in this spectral region—also results in an
accelerated increase of the corresponding gel particle size compared to the size
change of particles synthesized with CL-1A to CL-3A. Irradiation experiments
conducted with UV light of the wavelengths of 315-390 nm and an intensity of 17
mW/cm? confirmed this assumption, as can be seen in Fig. 5.13a. In the case of
microgel particles containing photo-labile crosslinking points, the decrease in
turbidity upon irradiation was found to follow an exponential decay to a constant
level. In contrast, non-degradable MG-0 particles did not show any change of
turbidity. As expected, MG-4B microgels are much more sensitive to light irra-
diation than MG-1A-MG-3A particles. It was assumed that the enhanced degra-
dability of MG-4B microgels occurred due to the different photolytic reactivity of
the crosslinkers. This should enable a selective degradation of MG-4B particles
upon irradiation with UV-A light of wavelengths 4 > 315 nm. Therefore, the
different photolytic reactivity should in principle allow the successive decompo-
sition of one specific type of microgel after the other in a mixed dispersion.

The turbidity of all the microgels containing either type A or type B photo-
labile crosslinkers, decreases upon irradiation until a constant level is reached. The
MG-4B microgels being the most sensitive for UV light of the spectral region over
300 nm, showed a decrease to a constant level of 42 %, whereas MG-2A reached
59 % and MG-1A and MG-3A still exhibited a reduced turbidity to around 70 %.
Even much longer irradiation times of 3600 s did not result in a further decrease. It
becomes obvious that even in the case of the most labile CL-4B crosslinker no
complete particle degradation was achieved under the irradiation conditions used.
During degradation of crosslinking points in the microgels, the photo products are
probably still connected to a certain extent to the gel network. Therefore, the
observed intermolecular formation of dimeric azobenzene or azoxybenzene moi-
eties can take place to form new crosslinking points simultaneous to the cleavage
of the photo-degradable crosslinkers. The resulting “steady state” is represented
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by a constant maximum degree of swelling which can be seen as a plateau in the
turbidity curves. In order to support this explanation and exclude polymer chain
entanglement as a reason for incomplete particle degradation due to physical
“crosslinks”, non-crosslinked PMMA particles were prepared analogue to the
microgels MG-0. The freeze dried polymer particles dissolved readily in THF or
chloroform as good solvents for PMMA and no particles could be detected either
by DLS or SEM, suggesting that incomplete particle degradation is not a result of
entanglements. Even though in the experiments conducted with the described
wavelengths only partial degradation was observed in either case, an enlarged
particle volume after irradiation represents an increase in solvent uptake, which
correlates to a looser network structure in the gels. Thus, even partial degradation
of the gel particles might be advantageous for delivery applications as diffusion out
of the network proceeds faster.

In order to quantify the increase in swelling of the particles, DLS measurements
of the particle dispersions in chloroform after different irradiation times were
conducted. The degrees of swelling (DGS;,;) were then calculated as the volumes
of irradiated particles relative to those of the non-irradiated ones in the same
solvent. The DGS;,, of the samples after 3600 s irradiation time are shown in
Fig. 5.13b. As expected, the MG-4B particles synthesized with type B crosslinker
CL-4B showed a dramatically increased DGS;,, compared to the microgels con-
taining CL-1A to CL-3A. Only the size of the reference particles MG-0 was not
influenced at all. The kinetic turbidity measurements show that using shorter
irradiation times increases the selectivity of MG-4B degradation. The degradation
of MG-4B microgels already reaches a constant level after 400 s of irradiation,
whereas the MG-1A to MG-3A particles still exhibit a higher turbidity compared
to 3600 s irradiation time. Figure 3.7b shows the corresponding degrees of
swelling after 400 s irradiation time which confirm an enhanced selectivity of
MG-4B degradation.

The particle morphology of the irradiated samples was studied by SEM. Rep-
resentative images of the MGs still showed the presence of spherical particles.
However, the defined spherical morphology disintegrated to a certain extent and
the particles are flattened on the surface. Here, the partial degradation of the
crosslinking points led to a much softer gel material, which results in flattened
particles, as can be seen exemplary for MG-4B in comparison to the non-influ-
enced reference particles of MG-0 in Fig. 5.14.

Irradiation of the respective microgel dispersions with UV light of wavelengths in
the spectral region above 350 nm should increase the difference in the swelling
behavior of the type A and type B gel particles dependent on the irradiation time. Type
B crosslinking molecules exhibit an absorption band with a maximum at 360 nm,
whereas type A molecules show minor absorption in this spectral region. For this
purpose, dispersions of the microgels in chloroform were irradiated with a UV-LED
emitting at a discrete wavelength of 365 nm with an intensity of 60 mW/cm?,
Figure 5.15a shows the corresponding time-dependent turbidity measurements. The
degrees of swelling after 200 s of irradiation are presented in Fig. 5.15b. In com-
parison to the irradiation experiments conducted with 2 = 315-390 nm UV light and
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Fig. 5.14 SEM images of PMMA microgels after UV irradiation for 400 s (4 = 315-390 nm,
I =17 mW/cm?) in chloroform: a MG-0 out of CHCl3; b MG-4B out of CHCl,. Reproduced
from [9] by permission of the Royal Society of Chemistry
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Fig. 5.15 Irradiation experiments of the PMMA MGs with A = 365 nm and / = 60 mW/cm?:
a time-dependent turbidity measurements; b DGS;, determined by DLS measurements after
200 s of irradiation. Reproduced from [9] by permission of the Royal Society of Chemistry

the resulting DGS;;; (Fig. 5.13), it can be seen that the selective sensitivity of MG-4B
microgels to irradiation can be drastically increased by adjusting the spectral region of
the used UV light.

Furthermore, it is noteworthy that the time scale of degradation was signifi-
cantly shortened compared to the use of 17 mW/cm” UV light of the wavelengths
of 2 = 315-390 nm. As expected, a higher light intensity causes an increase of the
degradation rate of crosslinking points, which results in a faster swelling behavior
of the microgels. This allows the control of particle degradation kinetics by
adjustment of UV light intensity as an external trigger. In addition, an increase in
light intensity does not result in a higher degree of swelling, thus confirming the
presence of an equilibrium between crosslinker cleavage and new formation as
described earlier.

Kinetically controlled selective degradation of MG-4B and complete deg-
radation of microgels. Since a significant increase in swelling was already
achieved upon irradiation with UV-A light in a reasonable time scale under mild
conditions (1 = 315-390 nm, / = 17 mW/cm?; 1 = 365 nm, I = 60 mW/cm?),
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Fig. 5.16 Irradiation experiments of the PMMA MGs with /. = 200-600 nm and / = 95 mW/cm?>:
a time-dependent turbidity measurements; b DGS;,, determined by DLS measurements after 90 s of
irradiation; ¢ DGS;,; determined by DLS measurements after 225 s of irradiation; d DGS;,, determined
by DLS measurements after 750 s of irradiation. Reproduced from [9] by permission of the Royal
Society of Chemistry

further investigations with high intensity UV light of a broader spectral region
were carried out to determine the possibility of complete particle degradation. For
that purpose, dispersions of the microgels in CHCI; were irradiated with UV light
of the wavelengths of 2 = 200-600 nm and an intensity of 95 mW/cm?. The time-
dependent relative turbidity is shown in Fig. 5.16a. In contrast to the irradiation
experiments with UV-A light, using broadband UV light leads to turbidity
diminishments down to 1-2 % for the samples containing the photo-labile
crosslinking points, implying complete particle degradation. This observation
confirms the assumed presence of newly formed crosslinkers as dimeric side
products of the irradiation. Whereas irradiation with wavelengths of 4 > 300 nm
does not influence those crosslinking points, the use of broadband UV light of
A = 200-600 nm is known to cleave azobenzene or azoxybenzene groups.
Azoxybenzenes [15] as detected for CL-2A and CL-4B yield phenyl nitroxides
by direct photolysis. Photo-degradation of azobenzenes [15, 16] (CL-1A-D and
CL-3A-D, see Fig. 5.7) depends on the presence of radicals which are assumed to
be generated in situ by Norrish type reactions upon irradiation.

Concerning the turbidity of the MG-0 reference particles, it becomes obvious
that microgels with no photo-degradable crosslinker were also partially
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disintegrated. This could be assigned to Norrish type side reactions, which are
known to take place for wavelengths below 300 nm [12, 13]. In addition, the curve
obtained for the MG-0 particles does not follow an exponential decay. In this case,
a degradation mechanism based on Norrish type reactions is assumed, since the
simultaneous occurrence of several non-defined photoreactions leads to a different
degradation profile compared to the photo-labile microgels. It is further assumed
that partial particle disintegration of the MG-0 particles crosslinked with DE-
GDMA occurs mainly due to photolytic Norrish type I cleavage reactions of the
ester bonds present in this molecule, rather than due to Norrish type II PMMA
main chain degradation reactions. The latter are known to dominate at shorter
wavelengths (157 nm) [13] than the ones used in the described experiment
(>200 nm). Microgels prepared with a crosslinker, not containing any labile ester
bonds connecting two polymer chains, should therefore exhibit an enhanced photo
stability. In order to prove this assumption and to increase the advantage of photo-
degradable microgels, PMMA particles MG-X crosslinked with divinylbenzene
(DVB) were synthesized analogue to the MG-0 particles. For irradiation of mi-
crogels MG-X in chloroform with UV light of the wavelengths of 200600 nm,
only a negligible decrease of turbidity was detected for irradiation times up to
1200 s. As a result only minor degradation of those particles was assumed and
further proved by DLS and SEM measurements. SEM analysis showed still
spherical particles and no loss of structural integrity was observed. The control
particles therefore represent a photo-stable system, which exhibits only negligible
amounts of Norrish type I PMMA main chain degradation.

With regard to a selective and independent degradation of MG-4B particles, the
kinetic turbidity measurements reveal the additional possibility of an irradiation
time controlled method. Compared to the wavelength selective approach, in this
case a fixed UV light source can be used to achieve the selectivity.

After 90 s of irradiation MG-4B microgels exhibit already a decay of their
turbidity down to 33 %. In contrast, the turbidity of the microgel MG-2A only
decreased down to 77 % and those of the microgels MG-1A and MG-3A even just
to 91-94 %. Determination of the DGS;, after 90 s of irradiation confirms the
selective swelling of MG-4B particles which show a significantly increased par-
ticle volume compared to the microgels MG-1A to MG-3A. The respective DGS;,,
are presented in Fig. 5.16b. The selectivity of the irradiation time-controlled
swelling of MG-4B microgels is characterized by the deviation between the DGS;;,
of MG-4B and those of the type A microgels MG-1A to MG-3A. The observed
differences are comparable to those obtained from the wavelength-controlled
method, hence indicating equal selectivity. In comparison, no significant decrease
in turbidity or increase in particle size (represented by the DGS;,, in Fig. 5.16b)
was detected for the reference particles of MG-X and even for the MG-0 micro-
gels, which are based on DEGDMA as crosslinker, thus rendering those particles
stable under the irradiation conditions used.

Further irradiation experiments were conducted to investigate the selective
complete degradation of MG-4B microgels. In this case, an irradiation time of
225 s yielded a turbidity of ~0 % which was assumed to correlate with complete
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particle disintegration. As a matter of fact, no spherical structures but a polymer
film were observed by SEM analysis of the irradiated MG-4B microgels (see
Fig. 5.17b). In contrast, DLS measurements of the MG-1A to MH-3A gel particles
treated the same way revealed only partial degradation, characterized by an
increase in particle size. The resulting degrees of swelling after irradiation are
shown in Fig. 5.16¢c. Even though MG-1A to MG-3A particles are also partially
degraded, their relatively small volume changes clearly demonstrate the possible
selective complete degradation of type B MG-4B microgels. Regarding the MG-0
and MG-X microgels, no significant particle degradation was observed. In both
cases, turbidity measurements did not show any considerable decrease as well as
DLS measurements did not reveal any changes in the DGS;,. Therefore, the
reference microgels are stable under the used conditions to completely degrade
MG-4B particles.

In order to examine the light induced degradation of microgels containing
crosslinkers of type A subsequent to the selective swelling or disintegration of type
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Fig. 5.17 Representative SEM images of PMMA MGs after irradiation in chloroform
(4 = 200-600 nm, I = 95 mW/cm?): a 90 s irradiation b 225 s irradiation; ¢ 750 s irradiation.
Reproduced from [9] by permission of the Royal Society of Chemistry
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B MG-4B particles, DLS measurements were conducted to determine the DGS;,, at
longer irradiation times. Here, 750 and 1200 s represent the points in time cor-
responding to a decay of turbidity to almost O %. Therefore, complete particle
disintegration was assumed for those irradiation times. The resulting data from
DGS;,; determination is shown in Fig. 5.16d. At an irradiation time of 750 s the
microgels MG-2A were completely decomposed and no particle size could be
determined by DLS. In contrast, the MG-1A and MG-3A particles showed an
increasing DGS;,; with increasing irradiation time and still exhibited a spherical
structure consisting of highly swollen gel networks (see Fig. 5.17c). Turbidity
measurements of irradiation experiments of the non-photo-labile reference parti-
cles revealed also partial degradation for MG-0 microgels at longer irradiation
times. As mentioned above, this effect, which results from Norrish type I ester
cleavage side reactions of the DEGDMA crosslinker, can be avoided by using
DVB as a crosslinker. As can be seen from turbidity measurements and DGS;;,
values, the respective MG-X microgels exhibited a good stability even for longer
irradiation times. Therefore, the impact of photo-degradable microgels is dra-
matically enhanced.

Complete degradation for all microgels containing either type of photo-labile
crosslinker could be observed by SEM after 1200 s of irradiation (data not shown).
The DGS;,; of the MG-0 reference particles seems to decrease with increasing
irradiation time. It was assumed that degradation reactions and crosslinking
reactions based on radical recombination and transfer reactions take place
simultaneously and therefore do not result in a defined degradation of the microgel
particles. In addition MG-X reference particles exhibit only a minor decrease of
turbidity and DGSj,,, therefore representing photo-stable microgels.

All irradiated samples were further characterized with respect to the particle
morphology using SEM. After 90 s of irradiation, the presence of spherical par-
ticles could still be observed in all cases, as can be seen in Fig. 5.17a. Similar to
the irradiation experiments with UV-A light, the flattened particles on the silica
surface result from the disintegration of the defined spherical morphology of
MG-4B due to the cleavage of crosslinking points. However, for longer irradiation
times of 225 s no particles were detected anymore for MG-4A. Figure 5.17b
shows the representative images of the polymer film resulting from the complete
degradation of MG-4B and exemplary for type A MGs, the flattened spherical
structures of the swollen MG-2A particles. MG-0 reference microgels treated
similarly are shown as an example of non-light-sensitive particles. In Fig. 5.17¢
images are presented which show the resulting structures after 750 s of UV irra-
diation. The MG-2A microgels were completely degraded, whereas MG-1A and
MG-3A particles only disintegrated to a certain extent and can be identified as
flattened spherical structures on the surface. Representative for type A microgels,
MG-3A particles are shown in comparison to the MG-0 reference. Even though
MG-O0 reference particles still exhibit a defined spherical structure as well, MG-X
microgels represent reference particles of increased photo stability, as can be seen
from SEM analysis (data not shown), the turbidity measurements and the DGS;,,
discussed above. In the case of longer irradiation times of 1200 s, all particles
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containing either type of photo-labile crosslinker were completely decomposed
(data not shown), whereas the MG-0 and MG-X reference particles still exhibited a
spherical structure (data not shown).

In conclusion, depending on the used UV wavelengths and intensities, either
partial and selective photolysis of the crosslinking points or complete degradation
of the gel particles was achieved as is schematically summarized in Fig. 5.2.

Conclusion

In summary, a new system for controlled light-triggered release applications
based on photo-degradable microgels was developed. The concept is based on the
application of two classes (type A and type B) of newly synthesized photo-labile
crosslinkers. The crosslinkers were designed to exhibit significant differences in
the photolysis rates depending on the irradiation conditions, therefore enabling
their successive and independent cleavage by adjusting the irradiation wavelengths
and times. The divinyl functionality of the crosslinkers offers the possibility for the
preparation of a broad range of photo-degradable (micro-)gels by radical copo-
lymerization with different vinyl functionalized monomers. Investigating photo-
degradable PMMA microgels as a model system for possible future materials for
light-triggered release applications, it was shown that independent and successive
degradation of the microgels containing type A or type B crosslinkers can be
achieved by either a wavelength-controlled or an irradiation-time controlled
approach. This specific performance in organic solvents represents a great
potential for the controlled release of two different functional compounds
embedded in two types of microgels out of a mixed dispersion thereof. In this
context, e.g., the embedding of metallic nanoparticles as possible functional
compounds would give rise to new light-triggered catalytic materials.

5.1.1.2 Photo-Sensitive PHEMA Microgels: Light-Triggered Swelling

The newly synthesized photo-cleavable crosslinking molecules described in the
previous chapter are characterized by their specific solubility behavior in organic
solvents of medium polarity (e.g. THF, aceton, ethyl acetate, DMSO, etc.). Their
insolubility in water and good solubility in MMA as monomer/solvent enabled the
formation of photo-sensitive PMMA microgels by copolymerization in direct
miniemulsion; the dispersed droplets consisted of a solution of the crosslinkers in
the monomer.

In general, the transformation of the concept of photo-sensitive microgels to
water swellable gel nanoparticles is of high interest. A common approach to
hydrogel nanoparticles is based on copolymerizations of crosslinkers and mono-
mers in inverse miniemulsion [20]. In this method, the droplets mostly consist of
an aqueous solution of crosslinkers and monomers. However, the water insolu-
bility of the photo-cleavable crosslinking molecules hinders the preparation of
hydrogel nanoparticles by this synthetic route. Nevertheless, the utilization of a
hydrophilic monomer as solvent for the crosslinkers is assumed to be an alternative
pathway to hydrogel nanoparticles based on an inverse miniemulsion process.
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Necessary requirements have to be matched. A good solubility of the crosslinkers
in the respective monomer in order to form the dispersed phase without water as
solvent has to be ensured. Additionally, the crosslinking molecules have to be
insoluble in the continuous phase, generally consisting of a non-polar solvent such
as e.g., cyclohexane.

Based on these considerations, the aim of the work described in this chapter is
the utilization of the photo-cleavable crosslinkers for the preparation of polymeric
microgels by free radical copolymerization with a hydrophilic monomer in inverse
miniemulsion. 2-Hydroxyethyl methacrylate (HEMA) was chosen as comonomer
since its molecular structure is closely related to the formerly used MMA thus
enabling a good solubility of the crosslinkers in the monomer. By this, the high
versatility of the newly synthesized photo-cleavable crosslinkers regarding their
application in different processing routes to polymeric microgels (their utilization
in either direct or inverse miniemulsion) is assumed to be demonstrated. In
addition, the utilization of HEMA as a monomer containing a hydroxyl group
gives rise to gel networks with included functional groups thus allowing a further
post polymerization modification. Moreover, by investigating the swelling
behavior of the resulting photo-sensitive PHEMA microgels in water, the proposed
inverse miniemulsion processing route to light-degradable hydrogel nanoparticles
is to be examined.

Preparation of photo-sensitive PHEMA microgels by free radical copoly-
merization in inverse miniemulsion. The synthesized photo-cleavable cross-
linkers were readily soluble in HEMA and not soluble in cyclohexane. This
characteristic enabled the application of the inverse miniemulsion technique for
the preparation of light-degradable PHEMA microgels. The dispersed phase
consisted of a solution of the crosslinkers in the monomer (2.5 mol-%). A solution
of the non-ionic surfactant KLE in cyclohexane was used as the continuous phase.
After polymerization and washing the obtained dispersions, the particles were
investigated with regard to their hydrodynamic diameters by DLS and particles
morphologies were examined by SEM. Figure 5.18 shows representative SEM
images of the microgels drop cast from cyclohexane dispersions and the d;, values
from DLS.

The free radical copolymerization of HEMA with different crosslinkers in
inverse miniemulsion afforded in all cases microgels with hydrodynamic diameters
around 100 nm of well defined spherical structures. Therefore, it was demon-
strated that the specific medium polarity of the newly synthesized photo-cleavable
crosslinkers (CL-1A to CL-4B, see Sect. 5.1.1.1) enables their utilization for the
preparation of a broad range of light-sensitive microgels by either direct (Sect.
5.1.1.1) or inverse miniemulsion polymerization.

Investigations on the swelling behavior of photo-sensitive PHEMA micro-
gels. Besides investigating the versatility of the crosslinkers regarding their
application in different processing routes of microgels, the photo-sensitive PHE-
MA microgels were prepared in order to examine the potential of transferring the
concept of light-degradable microgels to hydrogel nanoparticles. To this extent,
the prepared microgels were freeze dried and their swelling behavior in water was
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Fig. 5.18 Characterization of non-swollen photo-sensitive PHEMA gel nanoparticles with
different crosslinkers. Representative SEM images and hydrodynamic diameters obtained by
dynamic light scattering

investigated. It was found that all PHEMA microgels were not swellable in
aqueous medium independent of temperature and concentration. At first view, this
behavior was unexpected since HEMA as hydrophilic monomer is readily soluble
in water. On the other hand, the water solubility of the resulting polymer is well
known to crucially depend on the molecular weight of PHEMA [21, 22]. As the
described microgels were prepared by free radical copolymerization, no control
over the molecular weight of PHEMA was achieved. As a consequence, the
resulting lengths of the polymeric chains of the gel network were assumed to be in
the range of restricted water solubility and thus hindering particles swelling in
aqueous medium. However, further swelling experiments of the prepared photo-
sensitive microgels revealed a good swellability of the materials (0.5 % w/v) in a
chloroform/methanol (1/1 v/v) mixture (visual inspection).

Investigations on the light-induced particles degradation. Even though the
prepared photo-sensitive PHEMA microgels did not exhibit the expected water
swellability, the utilization of HEMA as a monomer bearing functional hydroxyl
groups renders the prepared PHEMA-MG-1A-PHEMA-MG-4B microgels—in
addition to the light-sensitive PMMA polymeric gel nanoparticles described in the
previous chapter—as second highly interesting class of photo-degradable nano-
scaled materials. In order to test the proposed light-induced particle swelling/
degradation, dispersions of the swollen microgels (0.125 % w/v) in chloroform/
methanol were irradiated with UV light (1 = 315-390 nm; [ = 17 mW/cm?).
The particle swelling/degradation was monitored by turbidity analogously to the
experiments conducted on photo-sensitive PMMA microgels (Sect. 5.1.1.1).
The resulting turbidity curves in dependency on the irradiation time are shown in
Fig. 5.19.
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Fig. 5.19 Irradiation experiments of PHEMA microgels dispersed in chloroform/methanol
(1/1 w/v): irradiation time-dependent turbidity measurements

It was found that the turbidity of all microgels containing either type A or type
B photo-labile crosslinkers decreased upon irradiation until a constant level was
reached. The observed turbidity profiles exhibited the same trend as observed for
the photo-sensitive PMMA microgels described in the previous chapter. PHEMA-
MG-4B microgels being the most sensitive for UV light of the spectral region over
300 nm showed the most pronounced decrease in turbidity down to a constant
level of around 50 %. In comparison, PHEMA-MG-1A-PHEMA-MG-3A exhib-
ited a decrease in turbidity to only 70-80 %. The PHEMA-MG-0 nanoparticles as
reference particles containing DEGDMA as photolytically stable crosslinker were
not influenced by the irradiation with UV light. It becomes obvious that in all cases
no complete particle degradation (as characterized by a turbidity reduced to
approximately 0 %) was achieved. This effect is based on the same considerations
as described in the previous chapter. Formation of polymer bound dimeric side
products of the photoreaction of the crosslinkers hinders the complete particle
dissolution due to the formation of new crosslinking points. Nevertheless, the
reduced turbidity is assumed to base on an increased degree of swelling of the
particles correlating to a looser network structure of the gels. This behavior is
assumed to be advantageous for release applications as diffusion from the network
proceeds faster for increased mesh sizes.

Conclusion

As described in this chapter, the successful preparation of photo-sensitive
PHEMA microgels was achieved by free radical copolymerization of the newly
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synthesized photo-cleavable crosslinkers (CL-1A to CL-4B) with HEMA in
inverse miniemulsion. The specific medium hydrophilicity of the crosslinking
molecules was found to render those compounds highly versatile regarding dif-
ferent processing routes (direct and inverse miniemulsion) to light-sensitive mi-
crogels consisting of a broad variety of (functional) monomers. Even though the
prepared PHEMA microgels were not swellable in aqueous medium, the expected
light-induced particle swelling was successfully demonstrated by irradiation time-
dependent turbidity measurements in organic solvents.

In addition, the incorporation of hydroxyl groups into the polymeric network
represents a very promising approach to functional light-sensitive polymeric gel
nanoparticles. In this context, by taking advantage of potential coupling reactions of
functional compounds with the hydroxyl groups (e.g., esterifications, ether forma-
tions, etc.) a post polymerization functionalization of the network could be
envisioned.

5.1.2 Photo-Sensitive Hydrogel Nanoparticles

Having demonstrated the successful development of photo-sensitive microgels
swellable and degradable in organic solvents, transferring this approach to aqueous
media renders them highly interesting for a broad variety of applications such as
sensors [23], optics [24], colloidal crystals [25, 26], and biomedical fields [27-29].
In the latter, the controlled delivery of pharmaceutically active substances holds
promise to be a key concept for future treatment of diseases. Regarding drug
delivery applications, various types of polymeric carrier systems have been
developed over the past years. Compared to macromolecular approaches such as
polymer-drug conjugates [30, 31], particulate drug delivery systems are charac-
terized by an enhanced protection of embedded active compounds against the
body’s defense mechanisms, therefore enabling the delivery of drugs to diseased
sites in high doses with minimal damage to healthy tissue [32, 33]. In this context,
micellar aggregates of amphiphilic block copolymers have been well established
but are mainly applied for the incorporation of hydrophobic drugs into the
hydrophobic micellar cores [34]. In contrast, microgels as intermolecularly
crosslinked hydrophilic polymeric nanoparticles allow the incorporation of water-
soluble drugs, including proteins and nucleic acids, in the network. Furthermore,
the utilization of biocompatible and nonantiogenic materials enhances the pro-
tection of the payload from hostile enzymes until the delivery to targeted tissues
[35]. Additional advantages include the ease of preparation, high stability, and the
good dispersibility in water [35-37].

Parts of this work are published as: “Dual Stimuli-Responsive Poly(2-hydroxyethyl methacrylate-
co-methacrylic acid) Microgels Based on Photo-cleavable Crosslinkers: pH-dependent Swelling
and Light-Induced Degradation” Daniel Klinger, Katharina Landfester, Macromolecules 2011, 44
(24), 9758. Reprinted with permission from [38]. Copyright 2011 American Chemical Society.
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This chapter first describes the development of pH-sensitive p(HEMA-co-
MAA) microgels as model systems for biomedical release applications. In
the second part the introduction of light-cleavable crosslinking points in these
materials results in double stimuli-responsive hydrogel nanoparticles exhibiting
pH-dependent swelling and light-induced degradation in water.

5.1.2.1 Anionic Hydrogel Nanoparticles Containing Methacrylic Acid
Groups

Investigations described in the previous chapter revealed a good solubility of the
newly synthesized photo-cleavable crosslinking molecules (CL-1A to CL-3A and
CL-4B) in HEMA as hydrophilic monomer. This characteristic enabled the for-
mation of light-degradable PHEMA microgels by free radical copolymerization in
inverse miniemulsion. However, the swellability of the resulting gel particles was
found to be restricted to organic solvents due to the limited solubility of PHEMA
in water. It is assumed that transferring the concept of light-degradable microgels
to water swellable hydrogel particles can be achieved by improving the swella-
bility of PHEMA based microgels in water upon introducing methacrylic acid
groups into the gel network. Since the dispersed phase during particle preparation
in inverse miniemulsion mainly consists of HEMA, this particular composition is
assumed to ensure a good solubility of the photo-cleavable crosslinkers. In addi-
tion, the introduction of methacrylic acid groups represents a widely investigated
approach to render microgels containing even hydrophobic comonomers (e.g.
MMA) [39, 40] water swellable, thus enabling to transfer the concept of photo-
sensitive gels to hydrogels. Moreover, the introduction of carboxylic acid groups
into the gel networks renders the degree of swelling of the particles sensitive to pH
and ionic strength. Regarding possible loading and release applications, the
introduction of this second stimuli-responsiveness is of high interest.

This chapter describes the development of non-photo-sensitive p(HEMA-co-
MAA) microgels as model system for release applications of light-degradable
hydrogel nanoparticles in biomedical fields. At first, particle preparation by free
radical copolymerization in inverse miniemulsion is optimized to yield microgels
exhibiting a swelling profile dependent on the pH and the ionic strength of the
surrounding medium. Secondly, by exploiting the pH dependency of the networks,
loading and release of myoglobin as a model protein is studied. At last, biocom-
patibility of fluorescently labeled microgels is investigated by cell tests.

p(HEMA-co-MAA) Microgels: pH-Dependent Swelling in Aqueous Media

The aim of the work presented here is the synthesis of non-photo-sensitive
water swellable anionic p(HEMA-co-MAA) hydrogel nanoparticles in inverse
miniemulsion. Further points of interest are the influence of the composition of the
network forming copolymer (i.e., the HEMA/MAA feed ratio) on the swelling
behavior of the resulting microgels as well as the dependency of the reversible
volume phase transition on the pH and the ionic strength of the surrounding
aqueous medium.
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Preparation of crosslinked p(HEMA-co-MAA) microgels by inverse mini-
emulsion polymerization. Crosslinked p(HEMA-co-MAA) microgels were pre-
pared by free radical terpolymerization of 2-hydroxyethyl methacrylate (HEMA)
with methacrylic acid (MAA) as comonomer and diethylene glycol dimethacrylate
(DEGDMA) as crosslinker in inverse miniemulsion. Dispersed phases consisted of
mixtures of HEMA, MAA and DEGDMA without solvent. While the ratio of
HEMA/MAA was varied, the amount of crosslinker was kept constant to 2.5 mol-%
thus enabling to investigate differences in the pH dependent swelling behavior solely
dependent on the amount of ionizable methacrylic acid groups. In total four types of
different microgels were synthesized and the compositions of the dispersed phases
are shown in Table 5.3.

After polymerization, all dispersions were repeatedly washed with cyclohexane
to remove excess surfactant. The purified particles were characterized with respect
to the particles sizes by DLS and SEM was used to investigate the morphology of
the non-swollen gel particles. Hydrodynamic diameters obtained from DLS
measurements are listed in Table 5.3 and Fig. 5.20 depicts representative scanning
electron micrographs of the microgels.

It can be seen that for all different HEMA/MAA feed ratios microgels of
hydrodynamic diameters around 150 nm with relatively narrow size distributions
were prepared. In the investigated range of HEMA/MAA feed ratios, the com-
position of the dispersed phase did not influence the stability of the miniemulsion
and resulting particles exhibited well defined spherical structures. In comparison,
the incorporation of a hydrophilic comonomer into microgels by preparation
methods based on precipitation polymerization from aqueous solutions is limited
to a certain amount [41]. Hence, it can be concluded that the inverse miniemulsion
approach represents a facile and versatile method for the preparation of anionic
p(HEMA-co-MAA) microgels of various compositions.

The purified microgels in cyclohexane were freeze dried and transferred to
aqueous media by swelling the dried particles in water (0.5 % w/v) with a pH
adjusted to 11. The resulting dispersions were washed repeatedly with deionized
water to remove the sol content of the crosslinking polymerization (i.e., unreacted
monomers and non-crosslinked polymers and oligomers). The purified dispersions
in water were stable without any additional surfactant due to sterical stabilization
of dangling chains of the outer swollen particle layer.

Table 5.3 Nominal compositions and hydrodynamic diameters of p(HEMA) and p(HEMA-co-
MAA) microgels

Sample HEMA MAA DEGDMA dhb
(Wt.-%) (Wt.-%) (mol-%)* (nm)
MG-A 100 0 2.5 154 £ 25
MG-B 95 5 2.5 157 + 26
MG-C 90 10 2.5 184 + 31
MG-D 85 15 2.5 127 £ 23

2 w.r.t. total amount of monomers; ® Determined by DLS in cyclohexane
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Fig. 5.20 Representative SEM images of MG-A-MG-D microgels on silica drop cast from
cyclohexane dispersions

Characterization of the swelling behavior of p(HEMA-co-MAA) in
dependency on pH and ionic strength. The prepared particles were designed to
exhibit a good water swellability in combination with a pH dependent swelling
profile. Deprotonation of the carboxylic acid groups increases the hydrophilicity of
the network and results in an increase of the degree of swelling of the particles.
This effect is even enhanced by the electrostatic repulsion of the generated anionic
groups at higher pH values.

With the aim to investigate the influence of the amount of MAA in the networks
on the maximum degree of swelling, the pH values of the aqueous microgel
dispersions (0.125 % w/v) were adjusted to pH 8.5 thus ensuring complete de-
protonation of all carboxylic acid groups. The hydrodynamic diameters of the
particles were determined by DLS and the respective degrees of swelling were
calculated. The resulting values in dependency on the amount of MAA are plotted
in Fig. 5.21.

Regarding the swellability of the microgels in basic aqueous medium, it
becomes obvious that for MG-B to MG-D particles the degree of swelling
increases with the amount of incorporated methacrylic acid groups. The observed
behavior follows the anticipated trend, since more (deprotonated) MAA groups in
the gel result in an overall enhanced hydrophilicity of the network in combination
with an increased electrostatic repulsion. In comparison, experiments to transfer
MG-A particles to the water phase did not yield stable dispersions of swollen
particles. It can be concluded that the incorporation of MAA represents a suc-
cessful approach to improve the water swellability of PHEMA based networks.
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Fig. 5.21 Characterization of p(HEMA) (MG-A) and p(HEMA-co-MAA) (MG-B-MG-D)
microgels: DGS at pH 8.5 in dependency on the amount of methacrylic acid groups

Since the prepared p(HEMA-co-MAA) microgels were designed to serve as
model systems for pH-triggered loading and release applications, a large response
to the respective stimulus is favorable. As shown in Fig. 5.21, this requirement is
best fulfilled by MG-D microgels exhibiting the most pronounced increase in the
particles diameters upon transfer to a basic aqueous medium, thus representing the
most promising candidate for further examinations regarding the loading and
release of functional compounds. With the aim to investigate the complete pH
dependent swelling profile, the pH value of a MG-D dispersion was varied step-
wise from pH 3.5 to pH 12 by adding diluted sodium hydroxide solution. Sub-
sequently, after each titration step, the hydrodynamic diameters of the particles
were measured by DLS. Figure 5.22a shows the obtained plot of dj, in dependency
on pH. The pH-induced volume phase transition is assumed to be reversible by
protonation/deprotonation of carboxylic acid groups in the network. To examine
the proposed behavior, four cycles of varying the pH from 8.5 to 4.5 and subse-
quently measuring the hydrodynamic diameters were conducted. The resulting plot
is shown in Fig. 5.22b.

The pH dependent swelling profile in Fig. 5.22a shows a critical swelling
transition at a pH value of around pH 6. Starting from pH 3.5, the majority of the
carboxylic acid groups became deprotonated above pH 6.0 and the average particle
diameters increased dramatically by about 240 nm. The maximum degree of
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Fig. 5.22 Characterization of the pH dependent swelling profiles of MG-D microgels: a pH
dependency of hydrodynamic diameters of the particles; b reversibility of the pH-induced volume
phase transition

swelling was reached at pH around 7.5 and is mainly caused by the electrostatic
repulsion of the strongly anionic carboxylate moieties. For pH values below pH
5.0, the network forming polymer chains were protonated, thus rendering the gel
more hydrophobic. As a result of the absence of inner charges, the microgels are
collapsed and behave like conventional latex particles. Lowering the pH under 3.5
resulted in coagulation of the particles due to the lack of sterical stabilization of
dangling chains. The reversibility of the described pH-induced volume phase
transition is shown in Fig. 5.22b and was found to be complete for 4 investigated
cycles of pH transitions from pH 8.5 to pH 4.5.

It is well known that the pH sensitivity of ionic microgels is strongly influenced
by the ionic strength of the surrounding medium. The presence of counterions to
the ionizable groups in the network forming polymers shields the electrostatic
repulsion resulting in a decreased degree of swelling [39, 40]. This effect was
investigated for MG-D microgels by adding aliquots of an aqueous sodium
chloride solution to a dispersion of the microgels in water at pH 8.0. After every
NaCl addition step the hydrodynamic diameters were measured and the obtained
values are plotted against the sodium ion concentration in Fig. 5.23.

The plot in Fig. 5.23 clearly shows a decrease of the MG-D hydrodynamic
particle diameter with increasing concentration of sodium ions. As mentioned
above, electrostatic interactions between anionic groups in the network and cationic
counterions enable the penetration of sodium ions into the network. Consequently,
the electrostatic repulsion between the anionic carboxylate groups is shielded by the
cationic sodium ions thus resulting in a decreased degree of swelling.

Conclusion

In summary, free radical terpolymerization of HEMA, MAA, and DEGDMA in
inverse miniemulsion represents a facile approach for the preparation of p(HEMA-
co-MAA) microgels. The incorporation of methacrylic acid groups into the network
resulted in a well defined and pronounced pH-sensitive reversible volume phase
transition of the gel particles. In combination with the additional dependency of the
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Fig. 5.23 Dependency of the hydrodynamic diameters of MG-D particles on the ionic strength
of the dispersion (i.e., the concentration of sodium ions). The dotted line is a guide to the eyes

degree of swelling on the ionic strength of the dispersion this behavior is highly
promising for loading and release applications of functional compounds.

Moreover, the hydrogel particles were prepared from HEMA/MAA mixtures as
dispersed phases in the inverse miniemulsions. As the photo-labile crosslinkers
described in the previous chapter showed a good solubility in HEMA as the main
ingredient of the mixtures, the investigated synthetic approach is assumed to be
transferable to the preparation of water swellable light-degradable microgels by
copolymerization of HEMA with MAA in the presence of the photo-cleavable
crosslinkers.
p(HEMA-co-MAA) Microgels: Loading and Release of Myoglobin
Having demonstrated the occurrence of a well defined pH-dependent swelling
profile of p(HEMA-co-MAA) MG-D microgels, their potential utilization for the
loading and release of functional compounds is of high interest. Moreover, as the
photo-degradable analogues are assumed to be prepared by the same procedure,
MG-D microgels serve as model compounds in order to gain insight into potential
loading of the light-sensitive particles with functional compounds.

Concerning potential delivery applications, loading of microgels can be
achieved by embedding functional substances either in situ during gel formation
[42, 43] or by post-formation methods [45, 46]. In both approaches, an effective
loading is characterized by the prevention of leakage of the functional compound
until the targeted site or time point is reached. This can be realized, e.g., by
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hindering the diffusion due to mesh sizes smaller than the hydrodynamic radii of
the functional substances (e.g., proteins, enzymes, catalytic metal nanoparticles)
[47, 48], by electrostatic interactions of e.g., small molecules with the polymeric
matrix [39, 40] or by embedding compounds into collapsed networks [49], thus
excluding water from the gel interior and preventing diffusion.

Since particle synthesis was carried out by polymerization of HEMA/MAA/
DEGDMA mixtures (without an additional solvent) in droplets of an inverse
miniemulsion at 72 °C, in situ embedding of (sensitive) water soluble functional
compounds, such as e.g., proteins, is not applicable. Nevertheless, the stimuli-
responsive behavior of the material is assumed to enable a post-fabrication loading
of the microgels by exploiting the reversible volume-phase transition in combi-
nation with electrostatic interactions between the polymeric network and the
payload. This approach generally bears the advantage of avoiding potential side
reactions of the embedded compound during the polymerization.

A proposed loading and release mechanism of anionic p(HEMA-co-MAA)
microgels is based on the following considerations which are schematically
illustrated in Fig. 5.24. The gel particles are highly swollen in aqueous medium of
pH values higher than pH 6.0 and consist of negatively charged networks of large
pore sizes. Immersing the microgels in a solution of a substance with a hydro-
dynamic diameter smaller than the mesh sizes of the gel and positively charged at
the respective pH, enables the diffusion of the functional compound into the
network. Loading by electrostatic interactions between the different ionic groups
can therefore be achieved [50] (see Fig. 5.24a and b). From this point on, two
different release mechanisms depending on the size of the functional compound
are imaginable. On one hand, for small molecules embedded in the network, the
protonation of the anionic groups of the network forming copolymer upon low-
ering the pH reduces the electrostatic interactions between the positively charged
payload and the network. In combination with the exclusion of water from the gel,
this behavior induces the release following a “squeeze out” mechanism [51] (see
Fig. 5.24a-ii). On the other hand, a deswelling of the gel corresponds to a decrease
of the pore sizes of the network. For substances of a hydrodynamic diameter larger
than the pore sizes of the collapsed gel, their diffusion from the network is hin-
dered [46] even though the electrostatic interactions are weakened as well [52].
This approach is assumed to result in an entrapment of the respective compound
(see Fig. 5.24b-i). In this case, leakage of the payload from the collapsed micro-
gels at low pH values is prevented. A release can then be induced by increasing the
pH to a value at which both the functional compound and the carboxylic acid
groups in the network are negatively charged. Therefore, the reduced electrostatic
interactions between embedded substance and network in combination with the
increased pore sizes of the swollen gel induce the release (see Fig. 5.24b-ii).

This chapter focuses on investigations on the loading of p(HEMA-co-MAA)
MG-D microgels with myglobin by the described approach of entrapment upon
deswelling of the particles and the subsequent release induced by reswelling.
Myoglobin was chosen as a model protein since it fulfills certain important criteria
for the successful loading. The isoelectric point of myoglobin of Ip = 7.0 was



5.1 Photo-Sensitive Microgels 93

Fig. 5.24 Schematic illustrations of different loading and release strategies of p(HEMA-co-
MAA) microgels: a loading of small cationic molecules into the anionic gel; a-i washing of the
loaded microgels; a-ii release upon pH induced deswelling; b loading of large cationic functional
compounds into the anionic gel; b-i entrapment by pH induced deswelling; b-ii release by
reswelling in PBS

shown to enable the successful loading into anionic microgels containing metha-
crylic acid groups at pH 6.75 [40]. At this pH value it was demonstrated that the
MG-D microgels are highly swollen due to the presence of anionic charges in the
network-forming copolymer (see previous chapter). In addition, this particular pH
value lower than the isolectric point of the protein renders the latter positively
charged, thus enabling an efficient loading due to electrostatic interactions with the
negatively charged gel. Moreover, the relatively large hydrodynamic diameter of
around 4.4 nm of the globular protein (molecular weight of around 17 kDa) is
assumed to facilitate the entrapment in the microgels upon deswelling. Another
beneficial characteristic is the UV absorption maximum at 4,,,, = 410 nm, which
permits both the determination of loading efficiencies and the monitoring of the
release by UV—vis spectroscopy.

Examining the potential loading and release pathway by investigating the
degree of swelling of MG-D p(HEMA-co-MAA) microgels. As mentioned
above, loading of p(HEMA-co-MAA) MG-D microgels with myoglobin and the
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Fig. 5.25 DGS values of MG-D microgels for every step of the proposed loading and release
pathway. The respective steps are schematically illustrated: a loading of myoglobin; b entrapment
of myoglobin; ¢ purification; d release of myoglobin. Note investigated samples did not contain
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subsequent release is based on exploiting electrostatic interactions between protein
and network in combination with the pH-dependent swelling profile of the gel
particles. In a first attempt, the pH-dependent swelling response of MG-D mi-
crogels without myoglobin was investigated according to the proposed loading and
release strategy. Figure 5.25 shows the degrees of swelling for every step of the
described pathway including schematical illustrations of the proposed pathway.

The swelling behavior of MG-D microgels depicted in Fig. 5.25 follows the
anticipated profile and gives rise to the potential embedding and release of myo-
globin following the depicted pathway of: (a) loading by swelling the microgels in
a myoglobin solution of pH 6.75; (b) entrapping the protein by deswelling the
microgels upon lowering the pH to a value of 4.5; (¢) purifying the loaded mi-
crogels by washing with water of pH 4.5 and finally: (d) release of myoglobin by
transferring the loaded microgels to phosphate buffer solution (PBS) of pH 7.4.
Please note that in the last step, even though the pH of PBS is higher than the
apparent pK, of the microgels, the degree of swelling varies dramatically from the
one obtained for microgels in pH 6.75. As investigated in the previous chapter, this
effect is based on the ionic strength of the buffer solution which influences the
swelling behavior of the microgels. Nevertheless, a smaller increase in the DGS is
assumed to result in a slower release over a longer period of time. Regarding
delivery applications, this profile is generally of high interest.
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Loading of MG-D p(HEMA-co-MAA) microgels with myoglobin. Following
a procedure described by Eichenbaum et al. [39], loading of anionic p(HEMA-co-
MAA) MG-D microgels with myoglobin was performed by immersing the gel
particles over night in a solution of the protein at pH 6.75. As mentioned above,
the loading mechanism is based on the electrostatic interaction of the positively
charged myoglobin molecules with the negatively charged polymeric gel in
combination with the large pore sizes of the network. After equilibration, the pH of
the dispersion was adjusted to pH 4.5 in order to collapse the microgels and entrap
the embedded protein. Afterwards, the microgel particles were separated by cen-
trifugation, the supernatant was removed and the particles were redispersed in
water with pH 4.5. After repeatedly washing the loaded particles, the microgels
were finally redispersed in PBS. The loading process was monitored by UV—vis
spectroscopy. Figure 5.26 shows the UV-vis spectra of a myoglobin reference
solution (of the same concentration as used for the loading experiments) at pH 4.5
in comparison to the UV-vis spectra of the supernatants after the first centrifu-
gation- and the following washing steps.

Comparing the UV-vis spectrum of the myoglobin reference solution to the
spectrum of the supernatant (after centrifugation of the collapsed microgels dis-
persed in the myoglobin solution), it can be seen that the intensity of the absor-
bance at 4,,,, = 410 nm decreased significantly. The observed difference can be
attributed to a removed amount of myoglobin from the solution therefore indi-
cating successful loading of the protein into the microgels by entrapment. The
subsequent washing steps were conducted to remove excess myoglobin. By
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Fig. 5.26 UV-vis spectroscopic examination of the loading process of MG-D microgels with
myoglobin
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adjusting the pH value of the surrounding medium to pH 4.5, carboxylic acid
groups are protonated and the electrostatic interaction with the positively charged
myoglobin is weakened. While protein molecules in the microgel interior are
entrapped due to the decreased pore sizes of the gel network, loosely adsorbed
myoglobin molecules on the particles surface are assumed to be liberated.
Therefore, multiple washing steps with water of pH 4.5 were conducted to remove
physically adsorbed proteins. The UV—vis spectra of the supernatants of the per-
formed washing steps did not show a significant absorbance in the wavelength
region of 1,,,, of myoglobin. Hence it was concluded that myoglobin was mainly
incorporated into the microgels interior rather than adsorbed on the particles
surface. Moreover, the absence of myoglobin in the washing phases points towards
an efficient entrapment accompanied by the successful suppression of leakage at
the respective low pH value of 4.5. After the last centrifugation step, the microgels
were redispersed in PBS.

Two important benchmarks of loading experiments are the loading efficiency
(LE) and the embedding efficiency (EE). The loading efficiency represents the
mass ratio of incorporated functional compound to carrier and can in this case be
calculated by the following equation:

_ Mempedded(Myoglobin)

LE
Myoral(Microgels)

The embedding efficiency describes the mass ratio of incorporated functional
compound to the total mass of functional compound available for embedding. For
the experiments described, it can be calculated using the following equation:

EE — membedded(myogIObin)
Myotal (myoglobm)

Both parameters, embedding and loading efficiency, were determined by com-
paring the absorbance intensities at 4,,,, = 410 nm of the loaded microgels dis-
persed in PBS to a calibration curve of myoglobin in PBS. In order to take
potential scattering influences of the microgels into account, all samples of varying
myoglobin concentrations used for the calibration curve contained the same
amount of dispersed “empty” MG-D microgels as in the loaded sample.
Figure 5.27a shows the UV-vis spectrum of the loaded MG-D microgels in PBS
and Fig. 5.27b depicts the calibration curve obtained from the absorbance inten-
sities at A,,,, = 410 nm.

Calculation of loading and embedding efficiency afforded the values of
EE =69+ 0.6 % and LE = 62.3 £ 5.0 %. Regarding the high loading effi-
ciency of 62.3 % it can be concluded that the investigated approach of loading
myoglobin upon entrapment of the protein in collapsed MG-D microgels is a
highly efficient process. The relatively low embedding efficiency of 6.9 % can be
assigned to a huge excess of myoglobin with respect to the amount of microgels.
Nevertheless, the examined loading strategy allows the recycling of not
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Fig. 5.27 Determination of loading- and embedding efficiency of myoglobin in MG-D
microgels: a UV-vis spectrum of loaded MG-D microgels dispersed in PBS; b calibration curve
of myoglobin in PBS containing the same amount of “empty” MG-D microgels as in a

incorporated myoglobin since the microgels were easily removed from the solution
by centrifugation.

Release of myoglobin from p(HEMA-co-MAA) MG-D microgels. Having
demonstrated the efficient loading of myoglobin in MG-D microgels, in a next step
the subsequent release of the protein was investigated by transferring the loaded
microgels from water of pH 4.5 to phosphate buffer solution of pH 7.4. The
resulting microgel dispersion was shaken at 37 °C and samples were taken after
predetermined time intervals. After removal of the microgels by centrifugation of
each sample, the released amount of myoglobin in the supernatant was determined
by comparing the UV absorbance at A, = 410 nm to a calibration curve of
myoglobin in PBS. Figure 5.28a shows the measured time-dependent UV-vis
spectra of the release experiment and Fig. 5.28b depicts the cumulative release of
the protein in dependency on the incubation time.
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Fig. 5.28 Investigations on the release of myoglobin from p(HEMA-co-MAA) MG-D microgels
in PBS at 37 °C: a time-dependent UV—-vis spectra; b cumulative release in dependency on the
incubation time. Dotted line is a guide to the eyes
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The increasing absorbance at 4,,,, = 410 nm in the time-dependent UV-vis
spectra clearly demonstrates an increase of the concentration of myoglobin in the
supernatants after centrifugation. By transferring the loaded collapsed particles
from pH 4.5 to PBS of pH 7.4, the loaded myoglobin is assumed to be released due
to a combination of different factors. At first, the particles exhibit an increased
degree of swelling in the medium of increased pH, therefore consisting of larger
pore sizes which enable a diffusion of the protein from the network. Secondly,
even though the carboxylic acid groups in the network forming copolymer are
assumed to be protonated at pH 7.4, this pH value is higher than the isoelectric
point of myoglobin (Ip = 7.0). Thus, the protein is mainly negatively charged as
well. The resulting electrostatic repulsion between the anionic groups in the net-
work and on the protein results in the release from the gel. Third, the high ionic
strength of the buffer solution induces a shielding of anionic groups in the network.
Moreover, the sodium counterions are assumed to displace electrostatic interac-
tions between remaining positive charges of the protein and anionic carboxylate
groups of the gel network therefore minimizing attractive physical interactions.

Based on the UV-vis spectroscopic investigations, the cumulative release was
calculated. The observed release profile (see Fig. 5.28b) was found to follow an
initial burst release of around 35 % of myoglobin during the first 3 h of incubation
in combination with a slow release of additional about 18 % of embedded protein
in a time span of 21 h. Since the maximum release after 24 h of incubation was
determined to be 53 % of the loaded amount, it can be stated that a quantitative
release was not achieved by this investigation method. It is assumed that this
behavior is based on the equilibration between the release of myoglobin and the
repenetration/diffusion of myoglobin into the highly swollen networks. Since the
surrounding medium was not changed, a thermodynamic equilibrium was allowed
to adjust. It is further proposed that the release profile depends on the concen-
tration of myoglobin in the local environment of the microgels. As outlook, further
investigations on this assumption are of high interest. As an example, the removal
of the surrounding medium after predetermined release times and redispersion of
the microgels in fresh PBS is supposed to shift the equilibrium towards complete
release.

Conclusion

In summary, p(HEMA-co-MAA) MG-D microgels were successfully loaded
with myoglobin as a model protein by electrostatic interactions of the positively
charged myoglobin molecules with the negatively charged polymeric gel in
combination with large pore sizes of the swollen network. Subsequent entrapment
of the compound by pH induced deswelling of the particles resulted in a high
loading efficiency of LE = 62 %, thus rendering this approach highly effective.
The observed release profile upon swelling the particles under physiological
conditions (PBS, 37 °C) followed an initial burst release of 38 % in combination
with a slow release of additional 16 % of loaded myoglobin over a prolonged
period of time, thus representing a saturation profile. It can be concluded that the
observed release profile is very promising for applications where a fast provision
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of a high concentration of the compound (as result of the response to a trigger) in
combination with a subsequent steady supply for a longer period of time is wanted.
p(HEMA-co-MAA) Microgels: Fluorescent Labeling and Cell Tests

The newly developed and highly efficient procedure for loading MG-D microgels
with myoglobin in combination with the observed release profile renders those
materials interesting for delivery applications in biomedical fields. Nevertheless, a
crucial point regarding their potential usage as carrier systems for in vivo treat-
ments is the interaction with human cells. Therefore, the in vitro uptake of
p(HEMA-co-MAA) microgels into human cells as well as the cytotoxicity are
crucial parameters to be studied [53].

While uptake routes into cells have been described for small molecules and
macromolecules [54, 55], the uptake mechanisms of larger particles in the size
range of hundreds of nanometers have not been clarified. Possible mechanisms
include, among others, pinocytosis, non-specific endocytosis and receptor-medi-
ated endocytosis [56, 57]. Especially receptor-mediated uptake is a widely
investigated approach to targeting of specific cell types [58, 59]. Since most types
of carcinogenic cells are characterized by an increased expression of folate
receptors, functionalization of nanometric delivery systems with folic acid on the
surface results in an enhanced uptake of the respective vehicles in carcinogenic
cells rather than in healthy cells [60].

The work presented in this chapter describes the preparation of p(HEMA-co-
MAA) microgels (synthesized analogously to MG-D gel particles but marked with
a fluorescent dye covalently incorporated into the network) and the investigation of
their interaction with HeLa cells. In addition, since these materials represent model
compounds for the aimed preparation of photo-degradable p(HEMA-co-MAA)
microgels that will be introduced in Sect. 5.1.2.2, the results obtained from these
investigations are assumed to be of high importance to predict the biocompatibility
of the light-sensitive analogues.

Preparation and characterization of fluorescent p(HEMA-co-MAA) mi-
crogels. The incorporation of fluorescent markers into nanoparticles is a key
requirement in order to investigate their cellular uptake by either flow cytometry or
confocal laser scanning microscopy (CLSM). The incorporation of the fluorescent
functionality into p(HEMA-co-MAA) microgels can be achieved by copolymeri-
zation of the described monomers with a methacryl-functionalized bodipy dye
(bodipy-1) (synthesized by Dr. Andrey Turshatov). In comparison to hydrophobic
polymeric nanoparticles where fluorescent dyes such as perylene monoimide
(PMI) can be included physically into the particles, the swollen network structure
of microgels would result in the leakage of these types of dyes. As a consequence,
the described covalent attachment of the dye to the network is necessary.
An additional benificial characteristic of the used fluorescent marker is the high
stability of the bodipy chromophore against photo bleaching upon fluorescence
spectroscopy.
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Table 5.4 Nominal composition and characterization data of fluorescent FL-MG microgels

Sample  Composition Characterization
HEMA MAA DEGDMA  bodipy-1 d,, (CH® d, (PBS)° DGS (PBS)
Wt-%) (wt.-%) (mol-%)* (wt.-%) (nm) (nm)

FL-MG 85 15 2.5 0.93 124 =15 287 +£34 12+2

2 w.r.t. total amount of monomers; ® determined by DLS in cyclohexane; © determined by DLS in
PBS

Fluorescent p(HEMA-co-MAA) microgels FL-MG containing bodipy-1 were
synthesized analogous to MG-D particles described in the previous chapter. After
purification in cyclohexane the particles were examined with regard to the
hydrodynamic diameters by DLS and the particles morphologies by SEM. After
transfer to PBS, the swollen microgels were investigated by DLS and fluorescence
spectroscopy. Table 5.4 shows the nominal composition of the FL-MG microgels,
their hydrodynamic diameters in cyclohexane and PBS as well as the calculated
degree of swelling in PBS. A representative SEM image of the particles from
cyclohexane dispersion, the respective fluorescence spectrum in PBS and the
molecular structure of bodipy-1 are shown in Fig. 5.29.

The prepared microgels were found to consist of well defined spherical struc-
tures with hydrodynamic diameters of 124 nm in cyclohexane. The particles dis-
persion in PBS showed a profound fluorescence emission upon excitation with
light of the wavelength of .. = 488 nm (matching the excitation wavelength
used in FACS and CLSM), thus demonstrating the successful incorporation of the
bodipy-1 dye. Comparing the particle sizes and their swelling behavior to the
MG-D microgels, similar values were obtained. As a consequence, the utilization
of FL-MG microgels as model systems for the prediction of the behavior of MG-D
particles is enabled.

Cell tests: cytotoxicity and cellular uptake. All cell tests were performed by
Melanie Droge. Regarding the potential utilization of p(HEMA-co-MAA) mi-
crogels for delivery applications in biomedical fields, a basic requirement for the
materials is a good biocompatibility as expressed by a low immunogenicity. In this
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Fig. 5.29 Characterization of fluorescent p(HEMA-co-MAA) FL-MG microgels: a representa-
tive SEM image of the particles drop cast from cyclohexane dispersion; b fluorescence emission
spectrum of the microgels in PBS (/... = 488 nm); ¢ molecular structure of the incorporated
bodipy-1 fluorescent dye
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context, several microgel nanoparticles are known to be characterized by a hin-
dered opsonisation from macrophages. Here, a hydrophilic particle surface
impedes the phagocytosis based on adhesion and induces a “stealth” behavior of
the latexes [61]. Considering the p(HEMA-co-MAA) microgels as biocompatible
compounds, their potential for in vivo applications still strongly depends on their
cytotoxicity. This parameter was investigated by incubation (24 h) of HeLa cells
with particle dispersions in PBS of increasing concentrations and staining with
7-aminoactinomycin (7-AAD) as fluorescent apoptosis marker. Investigations on
the incubated cells by flow cytometry revealed three populations (viable, apop-
totic, dead) by using negative controls and the apoptotic and dead cells present in
cell cultures. The relative amounts of the respective populations dependent on the
concentration of added microgels are shown in Fig. 5.30.

As can be seen from the data presented in Fig. 5.30, the FL-MG p(HEMA-co-
MAA) microgels had no cytotoxic effect on the HeLa cells after incubation for
24 h. Even for drastically increased particle concentrations, the viability was
always above 88 %.

The proposed potential of the described microgels as carrier systems for the
delivery of functional compounds into cells is based on their successful cellular
uptake. In this context, especially the efficient uptake without the need for a
transfection agent or targeting vector is of high interest and was studied by
incubation of HeLa cells with increasing concentrations of FL-MG particles. The
fluorescent labeling of the microgels enabled to determine the uptake by flow
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Fig. 5.30 Cytotoxicity tests of HeLa cells incubated with FL-MG dispersions of varying
concentrations (NC represents the negative control of pure HelLa cells). Data obtained by
M.Droge
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Fig. 5.31 Characterization of cellular uptake of FL-MG microgels by flow cytometry: median of
nFL1 fluorescence for different particles concentrations. Data from M.Droge

cytometry measurements. The cells were selected on a forward/sideward scatter
plot, thereby excluding cell debris. Further analysis of the FL1 channel
(Aexe = 488 nm) afforded the median from 1D histograms corresponding to the
amount of nanoparticles taken up by or associated with individual cells (analysis
was performed by Melanie Droge). The results obtained from the flow cytometry
experiments are shown in Fig. 5.31.

By comparing the intensities obtained from cells incubated with different
amounts of microgels to the negative controls (without and with 7-AAD), it can be
seen that the fluorescence signals for the microgels containing samples were
significantly increased. Moreover, the signal intensity increased dramatically with
increasing microgel feed concentration. While the observed behavior clearly
points towards an attractive interaction between HeLa cells and the FL-MG mi-
crogels, the performed flow cytometry measurements do not allow distinguishing
between a successful cellular uptake and the adsorption of particles to the cell
surface. Confocal laser scanning microscopy (cLSM) studies were performed in
order to investigate the localization of the microgels in/at the cells (conducted in
cooperation with Daniela Baumann). Figure 5.32 shows the obtained cL.SM
images of HeLa cells incubated with two different concentrations of FL-MG
microgels in comparison to the negative control.
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Fig. 5.32 cLSM images of HeLa cells incubated with different concentrations of FL-MG
microgels: a, d negative control without gel nanoparticles; b, e incubated with 800 pg/mL;
¢, f incubated with 1200 pg/mL. Images from D. Baumann

It becomes obvious that incubation with FL-MG microgels does not induce any
morphological changes of the cells compared to the untreated negative control
shown. As can be seen from the green fluorescence in the images of Fig. 5.32 the
microgel particles are not attached to the cell membrane but are successfully
incorporated into the cells. Moreover, the fluorescence is rather diffuse than spa-
tially well confined. This effect is assumed to stem from the swollen state of the
microgel particles in aqueous medium thus rendering the particles structure more
diffuse.

Conclusion

In summary, it was found that fluorescently labeled FL-MG microgels did
exhibit a good cellular uptake by HeLa cells in combination with a negligible
cytotoxicity. This performance is assumed to be a inherent feature of the
p(HEMA-co-MAA) microgels with a specific particles size and swelling behavior.
As a consequence, the utilization of FL-MG microgels as model systems for the
prediction of the biocompatibility of loaded MG-D particles is enabled. In addi-
tion, since these materials represent model compounds for the aimed preparation
of photo-degradable p(HEMA-co-MAA) microgels, the results obtained from the
described investigations are assumed to be transferable to the light-sensitive
analogues.
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5.1.2.2 Dual Stimuli-Responsive p(HEMA-co-MAA) Microgels:
pH-Dependent Swelling and Light-Induced Degradation

Having demonstrated in the previous chapters the great potential of non-light-
sensitive p(HEMA-co-MAA) microgels for loading and release applications in
biomedical fields, the combination of these pH-sensitive materials with the
developed concept of light-degradable microgels is highly interesting.

Regarding particulate delivery systems solely based on pH-sensitive materials,
either degradation- or swelling-induced release occurs as a response to the H*
concentration of the local environment, thus rendering those particles “smart”.
Such concepts are investigated for drug delivery applications by exploiting the
acidic pH of malignant tissue and lysosomes [48, 62]. Nevertheless, these systems
require the addition of protons or the localization in acidic milieus. In comparison,
inducing the release of a payload by applying an external trigger without a change
in the chemical composition of the surrounding media bears the advantage of an
on-demand delivery. Concerning this point, light represents an outstanding posi-
tion as it can be applied in a very precise manner by selecting suitable wave-
lengths, polarization directions and intensities in a non-contact approach [1, 63]. In
addition, light offers the possibility to change the polymer properties in very
confined spaces and time scales [64, 65].

The aim of this work is the preparation of dual stimuli-responsive p(HEMA-co-
MAA) microgels to exhibit a pH-dependent volume phase transition due to ion-
izable MAA groups in the network-forming polymer and the ability to complete
particle disintegration upon irradiation due to light-cleavable crosslinking points.
The particular combination of the mentioned stimuli is designed to exhibit two
different degradation profiles as shown in Fig. 5.33.

In both cases, particles are highly swollen for pH values higher than the pK, of
the microgels, whereas decreasing the pH leads to a deswelling of the networks.
The disintegration of the collapsed particles by direct irradiation represents a one-
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Fig. 5.33 Schematic representation of the double stimuli-responsive character of the photo-
degradable p(HEMA-co-MAA) microgels. Reprinted with permission from [38]. Copyright 2011
American Chemical Society
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step degradation profile. In contrast, by transferring the collapsed particles to
phosphate buffer solution, slightly swollen particles are obtained, which subse-
quently can be degraded by the application of UV light, therefore characterizing a
two-step swelling/degradation profile.

Realization of the described concept is based on the formerly developed
preparation method of light-sensitive PHEMA microgels. As the photo-labile
crosslinkers described in the previous chapters exhibited a good solubility in
HEMA as the main ingredient of the mixtures, the investigated synthetic approach
is assumed to be transferable to the preparation of pH-sensitive and light-
degradable microgels by copolymerization of HEMA with MAA in the presence of
photo-cleavable crosslinkers in inverse miniemulsion.

Synthesis and characterization of photo-labile crosslinkers. Investigations
on photo-sensitive PMMA polymeric gel microgels revealed the synthesized
crosslinker CL-4B as the compound exhibiting the best photolytic properties under
mild irradiation conditions [9]. Based on these considerations concerning the
utilized chromophore, a new crosslinker CL-5B was synthesized in order to
investigate the influence of the molecular structure on the degradation behavior of
the hydrogel particles. The synthetic pathway to CL-5B in comparison to CL-4B is
shown in Fig. 5.34 together with the reaction conditions.

Both structures are based on 4-(4-(1-hydroxyethyl)-2-methoxy-5-nitrophen-
oxy)butanoic acid (HEMNPBA) which was synthesized accordingly to a previous
publication [9]. Briefly, acetovanillone was reacted with methyl 4-bromobutyrate
to the corresponding keto ester (5) under basic conditions. A subsequent nitration
of the crude product was achieved by the reaction with acetic anhydride and nitric
acid. In the next step, the reduction of the keto group of (6) with excess boro-
hydride was conducted and directly followed by inducing the ester cleavage by the
addition of NaOH in water yielding HEMNPBA (8). CL-4B was synthesized by
first reducing the acid group of (8) to the corresponding alcohol and then reacting
(9) with two equivalents of 2-isocyanatoethyl methacrylate in the presence of
catalytic amounts of DBTDL to form the carbamate. In the case of CL-5B,
HEMNPBA (8) was reacted with an excess amount of methacryloyl chloride to
form the o-nitrobenzyl ester of (10). The symmetric crosslinker CL-B was then
prepared by DCC coupling of two equivalents of (10) with ethylene diamine.

CL-4B and CL-5B crosslinkers are both based on nitroveratryloxycarbonyl
derivatives as the photo-reactive moieties thus representing crosslinkers of type B,
as introduced in Sect. 5.1.1.1. The particular chromophore was demonstrated to be
characterized by a fast photoreaction due to the a-methyl group on the benzylic
carbon of the o-nitrobenzyl core. Moreover, its high extinction coefficient for
A>315nm enables the degradation of the crosslinkers and the resulting
p(HEMA-co-MAA) gel particles in a controlled manner under mild conditions
(UV-A light of wavelengths 42 > 315 nm). Meaning, Norrish-type side reactions,
which primarily take place for irradiations with wavelengths of 4 < 300 nm [12,
13] and undesirable side effects in biological applications should be avoided. UV—
vis spectroscopy of the crosslinkers CL-4B and CL-5B showed in every case an
absorption maximum at 300 nm and an additional absorption maximum at
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Fig. 5.34 Synthesis of photo-cleavable crosslinkers. Reagents and conditions: a methyl 4-
bromobutyrate, K,CO3/DMF (anhyd.), 25 °C, 16 h, quant.; b acetic anhydride/nitric acid (1:2, v/
v), 0 °C, 3 h, 53 %; ¢, d NaBH4/MeOH/THF, 25 °C, 16 h, NaOH, 25 °C, 7 h, 89 %; e-1
BH;*THF/THF, 0 °C, 1 h then 40 °C, 18 h, 86 %; e-2 2-isocyanatoethyl methacrylate, DBTDL
(cat.)/THF, 65 °C, 48 h, 63 %; f-1 methacryloyl chloride, NEt;/DCM, 0-25 °C, 15 h, 42 %; f-2
ethylenediamine, DCC, DMAP (cat.)/DCM, 0-25 °C, 15 h, 53 %. Reprinted with permission
from [38]. Copyright 2011 American Chemical Society

342 nm. Thus, both crosslinkers exhibit a high absorption coefficient in the tar-
geted photolysis wavelength region of 2 > 315 nm.

Photolysis of the cleavable crosslinkers in solution. Although either type of
crosslinker consists of one or two central o-nitrobenzylic group(s), the variation of
the molecular attachment of the radically polymerizable methacrylate moieties
onto the photo-labile chromophore results in different photo-products with specific
functional groups. The carbamate derivative of crosslinker CL-4B degrades into an
amine and a ketone, whereas irradiation of the ester of CL-5B generates two
carboxylic acid groups and two ketone moieties. Earlier investigations on the
photolysis of CL-4B revealed that upon longer irradiation times with UV light of
the wavelengths of A > 300 nm, dimeric azoxybenzene compounds are formed
from the primary photo-products in THF solution. As shown for photo-degradable
PMMA microgels, the covalent attachment of those side products to the polymer
backbone hinders complete particle degradation due to the formation of new
crosslinking points in the respective gels [9]. Even though a dramatic increase in
the degree of swelling for those particles could be detected for the mentioned
irradiation conditions, complete microgel disintegration enhances the potential for
delivery applications. Therefore, the symmetric molecular structure of CL-5B was
designed to generate only carboxylic acid groups on the polymer backbone by
photolytic cleavage of the o-nitrobenzyl ester bonds. The separated middle part of
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the crosslinking molecule contains both of the chromophore cores and is not
connected to the gel-forming polymers any more. Thus, a possible formation of
dimeric side products of the photo-product is assumed to result in liberated mol-
ecules not hindering the particle degradation. In addition, the formed methacrylic
acid groups for CL-5B in the polymer backbone are supposed to enhance the
swelling of the anionic gels whereas the amine groups generated upon photolysis
of CL-4B are—due to electrostatic interactions and dependent on the pH—able to
form physical crosslinks with the methacrylic acid groups in the p(HEMA-co-
MAA) copolymer.

In comparison to the studies performed on CL-4B [9], the photo-degradation
behavior of the crosslinker CL-5B in equimolar THF solution was first investi-
gated by irradiation time-dependent UV—vis measurements. The respective plot of
CL-5B is shown in Fig. 5.35.

Irradiation of either the CL-4B (see Sect. 5.1.1.1) or the CL-5B crosslinker with
UV light of the wavelengths 4 = 315-390 nm resulted in every case in a red shift
of the absorption maxima to 4,,,, = 385 nm. These light-induced changes of the
absorption spectra point towards successful photo-reactions. However, the for-
mation of possible side products absorbing light in the same spectral region could
not be excluded. In the case of CL-4B, no further changes in the absorption spectra
were detected after an irradiation time of 5 min indicating no further conversion of
the photo-reaction. In comparison, more than 10 min of irradiation were necessary
to complete the light-induced cleavage of the CL-5B molecule. Comparing the
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Fig. 5.35 Investigations on the photolysis of photo-cleavable crosslinker CL-5B in THF
solution: Irradiation time-dependent UV-vis spectra. Adapted with permission from [38].
Copyright 2011 American Chemical Society
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molecular structure of CL-4B to CL-5B, it becomes obvious that for the same
molar concentration in THF, in the latter case two chromophores per molecule
have to be cleaved. As a result, the required irradiation time is increased.

In order to perform a quantitative time-dependent degradation analysis of the
crosslinkers, HPLC measurements were conducted to examine the composition of
the reaction mixtures at various irradiation times. The kinetics of the photolysis
of the photo-labile molecules was therefore investigated by monitoring the rate of
disappearance of the starting compounds during irradiation. Kinetic plots of —In
[CL]/[CL], versus time show all excellent linearity, indicating the expected first
order kinetic with respect to the chromophore concentration (see Fig. 5.36b).
Figure 5.36 presents an example of the time-dependent HPLC elution curves of the
photo-reaction of CL-B and the kinetic plots for the calculation of the rate con-
stants for both crosslinkers. The obtained half-life times and rate constants are
listed in Fig. 5.36b.

Both crosslinkers were found to degrade completely upon irradiation with UV
light of wavelengths with 4 = 315-390 nm. As shown before [9], the elugram of
crosslinker CL-4B exhibits the direct formation of one main photo-product
accompanied by the generation of the dimeric azoxybenzene side product. In
comparison, the elugram of CL-5B displays the formation of an intermediary
compound (peak at 6.6 min) during irradiation in addition to the main photo-
product (peak at 5.0 min). The intermediate was assigned to the compound
generated by the unilateral cleavage of one o-nitrobenzylic ester group of the
symmetric bifunctional molecule. Further irradiation leads to the complete
cleavage of both chromophore units and therefore results in one main photo-
product, which was assigned to the peak at 5.0 min. It was demonstrated that the
variation of the molecular structures of the crosslinkers CL-4B and CL-5B results
in different degradation profiles whereas CL-4B reacts around 1.5 times faster than
CL-5B. Taking into account absorption of the (intermediary) photo-products in the
same spectral region as the wavelengths used for the cleavage of the crosslinkers,
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Fig. 5.36 Kinetic investigations on the photolytic crosslinker degradation: a irradiation time-
dependent HPLC measurements of CL-5B; b kinetic plots of —In [CL]/[CL], versus irradiation
time for CL-4B and CL-5B, respective rate constants and half times. Adapted with permission
from [38]. Copyright 2011 American Chemical Society
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the photo-reaction of the two chromophores containing CL-5B is significantly
slowed down compared to CL-4B. Nevertheless, even an unilateral cleavage of the
CL-5B molecule is assumed to already enable the degradation of a polymeric
network. In addition, the complete cleavage of CL-5B for longer irradiation times
does not generate any polymer bound dimeric side products, which is expected to
facilitate the complete particle degradation under mild conditions.

Preparation and characterization of crosslinked photo-degradable
p(HEMA-co-MAA) hydrogel nanoparticles by inverse miniemulsion copoly-
merization. Photo-degradable p(HEMA-co-MAA) microgels were prepared by
the copolymerization of HEMA, MAA, and the respective crosslinkers in inverse
miniemulsion. Thereby, the successfully developed method of preparing light-
sensitive PHEMA microgels by inverse miniemulsion copolymerization is trans-
ferred to water swellable pH-sensitive p(HEMA-co-MAA) hydrogel microgels
(HG-MG:s).

In order to assure comparability between the individual gel particles regarding
their swelling and degradation behavior, 2.5 mol-% of crosslinkers were used in
every case. The nominal compositions of the dispersed phases are shown in
Table 5.5.

For the HG-MG-4B-I microgels, the crosslinking molecule CL-4B was readily
soluble in the monomer mixture, so no further solvent was used to form the
dispersed phase prior to polymerization. Solubility restrictions of CL-5B in the
same monomer composition hindered analogous reaction conditions. Therefore, in
order to form HG-MG-5B-II microgels, 20 wt.-% of DMSO were added to assure
complete crosslinker solubility. Analogously, HG-MG-4B-II gel particles were
prepared using crosslinker CL-4B. In addition, particles containing no crosslinking
molecules were prepared as reference particles for the swelling and degradation
experiments. P(HEMA-co-MAA) HG-MG-0-1 nanoparticles were polymerized
analogously to HG-MG-4B-I gel particles without any additional solvent for the
dispersed phase. In contrast, HG-MG-0-II particles, polymerized using 20 wt.-%
DMSO as solvent, represent the reference particles to the HG-MG-4B-II and HG-
MG-5B-II microgels. To remove excess surfactant, all particle dispersions were
repeatedly washed with cyclohexane after polymerization yielding stable disper-
sions. Hydrodynamic diameters of the non-swollen MGs were determined by DLS
measurements in cyclohexane and were found to be in the size range of around
130 nm for HG-MG-0-1 and HG-MG-4B-I particles and about 85 nm for HG-MG-
0-1I, HG-MG-4B-II and HG-MG-5B-II microgels. For the miniemulsions

Table 5.5 Nominal

-~ . Sample DMSO Crosslinker
compositions of (photo-
sensitive) p(HEMA-co- m/mg Type m/mg mol-%
MAA) HG-MGs HG-MG-0-1 — _ _ _
HG-MG-4B-1 - CL-4B 185 2.5
HG-MG-0-1T 375 - - -
HG-MG-4B-II 375 CL-4B 185 2.5

HG-MG-5B-11 375 CL-5B 235 2.5
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Fig. 5.37 Representative SEM images of p(HEMA-co-MAA) microgels drop cast from
cyclohexane dispersions and hydrodynamic diameters obtained from DLS measurements in
cyclohexane. Reprinted with permission from [38]. Copyright 2011 American Chemical Society

including DMSO as solvent for the dispersed phase, smaller particles were
obtained after polymerization. This effect might be either explained by a changed
surface tension or a decreased viscosity in this system. Figure 5.37 shows repre-
sentative SEM pictures of the drop cast cyclohexane dispersions on silica wafers
together with the hydrodynamic diameters obtained from DLS measurements.

In order to transfer the prepared microgels to the aqueous phase, the freeze-
dried samples were allowed to swell in water (solid content 5.0 % (w/v)) adjusted
to pH 12. Here, complete deprotonation of the carboxylic acid groups was
achieved as could be monitored by the decrease of the pH to about pH 8 for all
samples. After titration with diluted hydrochloric acid to pH 7, the swollen mi-
crogels were washed 3 times with deionized water to remove formed sodium
chloride, unreacted monomers and non-crosslinked free polymer chains and
oligomers. Freeze-drying of the purified dispersions yielded the microgels as
slightly yellow colored powders which can be stored in the dried state and
transferred to water by simple swelling. Resulting aqueous dispersions are stable
without any additional surfactant due to sterical stabilization by dangling chains of
the swollen outer layer of the microgels.

The retention of the particulate structure for the crosslinked particles dispersed in
aqueous media of pH 8.5 was confirmed by SEM analysis. Figure 5.38 shows rep-
resentative pictures. Due to the highly swollen state of the microgels, the particles
can be identified as flattened spheres on the wafer. Non-crosslinked reference par-
ticles HG-MG-0-1 and HG-MG-0-II completely dissolved in water and SEM anal-
ysis only showed polymer films but no spherical structures (data not shown).

Investigations on the pH-dependent swelling behavior of the microgels. The
prepared microgels are designed to exhibit a pH-dependent swelling behavior due
to the anionic network-forming p(HEMA-co-MMA) copolymer. Deprotonation of
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Fig. 5.38 Representative SEM images of photo-degradable p(HEMA-co-MAA) microgels drop
cast from aqueous dispersions at pH 8.5. Reprinted with permission from [38]. Copyright 2011
American Chemical Society

the carboxylic acid groups increases the hydrophilicity of the network, thus
inducing an enlargement of the degree of swelling of the particles. This effect is
even enhanced by electrostatic repulsion of the generated anionic groups at higher
pH values.

With the aim to investigate the described behavior, the pH values of microgel
dispersions in water were varied from pH 4 to pH 12 by adding an aqueous NaOH
solution, and hydrodynamic diameters (dj,) of the particles were measured by DLS
for every pH value. The resulting graphs of plotting dj, against pH are shown in
Fig. 5.39a—c. Figure 5.39d additionally shows the resulting degrees of swelling
calculated as DGS = Vg, oiien/Vion-swottens Where Vo, coonen represents the values
obtained for the particle dispersions in cyclohexane.

As expected, all microgels exhibited pH-dependent swelling properties with
critical swelling transitions at pH values between 6.0 and 8.5. The majority of the
carboxylic acid groups became deprotonated above pH 6.0 and the average particle
diameters increased dramatically. In all cases a maximum degree of swelling was
reached at about pH 9, represented by electrostatic repulsion of the strongly
anionic chains. Regarding pH values below 5.5, the network forming polymer
chains were protonated, thus rendering the gels more hydrophobic. As a result of
the absence of inner charges, the microgels are collapsed and behaved like con-
ventional latex particles. Lowering the pH below 3.75 resulted in coagulation of
the particles due to the lack of any sterical stabilization of dangling chains.

Comparing the actual relative volumes of the different particles, it is noteworthy
that all microgels dispersed in phosphate buffer solution (PBS) with pH 7.4 showed
a lower swelling degree compared to the identical particles in water of the same pH
(see Fig. 5.39d). Cationic electrolytes present in the buffer solution shield the
generated anionic groups in the network, thus resulting in a reduced electrostatic
repulsion. In this context it becomes obvious that the observed degrees of swelling in
PBS are lower than in the case of MG-D and FL-MG particles described in previous
chapters. This effect is assumed to be the result of the more pronounced hydrophobic
nature of the photo-cleavable crosslinkers in comparison to DEGDMA. Therefore,
the overall hydrophilicity of the network is reduced. Furthermore, it becomes
obvious that the DGS values of HG-MG-4B-1I and HG-MG-5B-II enlarged with
increasing pH to a similar steady value of DGS,,,.x = 11 at pH 8.5. In contrast, at the
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Fig. 5.39 Investigations on the pH-dependent swelling behavior of photo-degradable p(HEMA-
co-MAA) microgels: a—c¢ hydrodynamic diameters measured by DLS of aqueous dispersions of
HG-MG-4B-1, HG-MG-4B-II and HG-MG-5B-II dependent on the pH; d degrees of swelling in
dependency on pH and additional values for PBS as medium. Adapted with permission from [38].
Copyright 2011 American Chemical Society

same pH, HG-MG-4B-I is swollen to a much greater extend, as characterized by a
higher maximum degree of swelling of DGSy,,,x = 17. As HG-MG-4B-I and HG-
MG-4B-1II only differ in their preparation, namely their initial composition of the
dispersed phase before the polymerization, it is assumed that this parameter either
influences the amount of included crosslinker or the incorporation ratio of HEMA/
MAA in the final network.

UV-vis measurements of microgel dispersions in DMSO were conducted to
determine the amount of incorporated crosslinking molecules. For quantification,
spectra of the swollen photo-degradable microgels were compared to spectra of
solutions of the respective crosslinkers in dispersions of non-photo-degradable
p(HEMA-co-MAA) microgels. By this, in contrast to pure crosslinker solutions,
scattering effects can be taken into account. The relative quantity of incorporated
crosslinker was determined with respect to HEMA and MAA amounts before
polymerization as mol-% of theory. Whereas in the case of HG-MG-4B-II and
HG-MG-5B-II 73 and 82 mol-% of CL-4B and CL-5B were incorporated into the
respective microgels, for HG-MG-4B-I a value of 117 mol-% integration of CL-
4B was determined. Considering the pH-dependent swelling profile of the different
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microgels, an increased DGS,.x of HG-MG-4B-I in combination with a higher
amount of incorporated crosslinker (>100 mol% of theory) is assumed to base on
an enhanced incorporation of MAA into the network. Since the similar crosslinker
incorporation efficiencies into the microgels, polymerized using additional DMSO
as solvent (HG-MG-4B-II and HG-MG-5B-II), were found to vary significantly
from the value for HG-MG-4B-1, it is assumed that the composition of the dis-
persed phase during polymerization influences both parameters mentioned above:
the crosslinker incorporation and the HEMA/MAA ratio in the network forming
polymer. In general, non-quantitative conversions of the polymerization reactions
yielded sol contents consisting of unreacted monomers, crosslinkers and non-
crosslinked oligomer- or polymer chains. Removal of the sol during gel purifi-
cation therefore resulted in crosslinker incorporation efficiencies depending on the
composition of the respective sol content and differing from the theoretical
amount.

In order to investigate the proposed enhanced incorporation of MAA into
HG-MG-4B-I microgels, potentiometric titration experiments were conducted. The
pH values of the different aqueous microgel dispersions (0.5 % w/v) were adjusted
to about pH 4 by adding diluted hydrochloric acid (0.05 N). The resulting mixture
was allowed to equilibrate for 1 h and was then titrated to around pH 10 by adding
NaOH (0.05 N). After every base addition step, the dispersions were allowed to
equilibrate for 15 min under stirring and ultrasonicated for 2 min. Titration curves
for the different microgels are shown in Fig. 5.40.

In every case three different inflection points were observed at about pH 4.7, 6.3
and 8.3. The lowest inflection point at about pH 4.7 is the first equivalence point of
the titration, meaning the neutralization of all excess HCI. The highest inflection
point at about pH 8.3 is the second equivalence point and corresponds to the point
of complete deprotonation of all methacrylic acid groups [66]. The respective
contents of ionizable groups Q in the microgels were determined from the dif-
ference in amount of OH™ between these points. In addition the third inflection
point at about pH 6.3 represents the half equivalence point and denotes the pK,
values of the microgels. From the calculated values for Q, the MAA incorporation
efficiency IE (MAA) was determined relative to the theoretical amount assuming
100 % incorporation of monomers and crosslinkers into the latex particles. The
obtained values are listed in Table 5.6.

It was demonstrated that for all samples the amount of integrated MAA groups
in the microgels differs from the theoretical amount of 100 %. Keeping in mind
that the final composition of the polymeric gels is influenced by the conversion of
the polymerization, this effect can be explained by removal of the sol content
during the purification procedure which resulted in the observed deviations from
the theoretical values. Nevertheless, HG-MG-4B-I with Q = 1.26-107> mol/g
clearly contains a higher percentage of acid groups than microgels MG-2A and
MG-2B with Q = 1.17-107> and 1.16-107> mol/g, thus resulting in a higher
degree of swelling despite an also enhanced incorporation of crosslinking points.
The observed pK, values are in all cases in good agreement with the observed
swelling profiles.
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Fig. 5.40 Determination of the amount of ionizable groups in photo-degradable p(HEMA-co-
MAA) microgels: titration curves. Reprinted with permission from [38]. Copyright 2011
American Chemical Society

Table 5.6 Determination of the amount of methacrylic acid in photo-degradable p(HEMA-co-
MAA) microgels: obtained values for the content of ionizable groups Q, the incorporation effi-
ciency /E of MAA and the pK,, values

Sample 0/1072 mol/g IE (MAA)/% pK,
HG-MG-4B-1 1.26 81 6.30
HG-MG-4B-II 1.17 77 6.28
HG-MG-5B-II 1.16 75 6.27

Photo-degradation experiments of p(HEMA-co-MAA) microgels in aque-
ous media. Photo-degradation of the different microgels in water was examined by
irradiating 0.125 % (w/v) dispersions in various aqueous media with UV light. The
light-induced swelling/degradation was monitored by turbidity of the samples.
Analogously to irradiation studies of photo-degradable PMMA particles, turbidity
was measured as the relative scattering intensity at 90° [9]. The cleavage of
crosslinking points leads to a looser network structure, thus decreasing the contrast
in the refractive indices between solvent and particle [18, 19].

In a first attempt, dispersions of highly swollen microgels at pH 8.5 were
irradiated with UV light of varying wavelengths and intensities. Figure 5.41 shows
the resulting turbidity curves.

As can be seen in Fig. 5.41a, irradiation of HG-MG-4B-I microgels with UV
light of the wavelengths of 315390 nm and an intensity of 17 mW/cm? does only
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Fig. 5.41 Investigations on the light-induced particle degradation at pH 8.5 by turbidity
measurements for different light intensities and wavelengths for: a HG-MG-4B-1; b HG-MG-4B-I1
and ¢ HG-MG-5B-II. Adapted with permission from [38]. Copyright 2011 American Chemical
Society

result in a decay of the turbidity down to a constant level of about 21 %, therefore
indicating only increased particle swelling due to incomplete degradation. In
contrast, HG-MG-4B-II and HG-MG-5B-II both exhibit a decrease in scattering
intensity to almost 0 % of the initial value being a sign of complete particle
disintegration. Furthermore, using a discrete irradiation wavelength of 365 nm and
increasing the UV light intensity up to 30 and 60 mW/cm? results in a faster
degradation for all microgels but does not influence the constant turbidity level
>0 % of HG-MG-4B-I. In general, this behavior allows controlling the degrada-
tion rate via the light intensities used.

The differences of the degradation profiles of HG-MG-4B-1 and HG-MG-4B-11
microgels, both based on crosslinker CL-4B, are dependent on their respective
polymerization conditions. Whereas in the case of HG-MG-4B-I no additional
solvent was used during polymerization, HG-MG-4B-II microgels were prepared
by adding DMSO to the dispersed phase. As discussed above, this parameter
influences the composition of the final gels in terms of amount of MAA groups in
the network-forming copolymer and incorporated crosslinker molecules. As a
higher crosslinker content was determined for HG-MG-4B-I particles compared to
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HG-MG-4B-II gels, the observed retardation of light induced particle disintegra-
tion can be explained. Nevertheless, increasing the irradiation light intensity does
not affect the constant turbidity level observed for HG-MG-4B-I latexes, therefore
indicating the influence of another parameter. Irradiation of CL-A crosslinking
molecules is known to form dimeric azoxybenzene side products. As shown for
PMMA-gel particles, those side products are bound to the polymer backbone,
therefore forming new crosslinking points hindering complete particle disinte-
gration [9]. It is assumed that this effect also occurs in HG-MG-4B-I microgels but
is suppressed in the case of HG-MG-4B-II. It is assumed that a higher degree of
chain entanglement in combination with a higher amount of incorporated cross-
linker in HG-MG-4B-I microgels retards the diffusion of cleaved polymer chains
in the gels, thus rendering the formation of dimers by the encounter of two
polymer bound chromophores more likely. In this context, the use of additional
DMSO as solvent for the dispersed phase of HG-MG-4B-II is assumed to influence
the resulting molecular weight of the gel forming polymers by restraining the
Thromsdorff effect due to a higher dilution of the polymerization mixture. Even
though reference particles HG-MG-0-1 and HG-MG-0-II were completely soluble
and disintegrated at pH 8.5, the determination of the molecular weights of the
polymers by GPC analysis yielded values of M, = 235,000 g/mol (PDI = 4.3)
and M, = 53,000 g/mol (PDI = 2.0) for HG-MG-0-I and HG-MG-0-I1, respec-
tively. The about five times increased molecular weight of the polymers formed
without additional DSMO as well as the dramatically increased polydispersity
point towards the occurrence of a gelation effect during the polymerization. It is
concluded that incomplete particle degradation of HG-MG-4B-I originates in the
distinct photolysis behavior of CL-4B in correlation with polymer entanglement of
the network-forming copolymer.

Regarding possible release applications for the double stimuli-responsive mi-
crogels, a direct degradation of the collapsed particles at pH 4.5 would enable a
one-step release, whereas the degradation of slightly swollen microgels in PBS
would combine a slow diffusion-based release with a subsequent irradiation-based
degradation, thus representing a two-step release profile.

In order to examine light-triggered particle disintegration in dependency of the
pH, irradiation experiments with UV light of 2 = 365 nm and I = 60 mW/cm?
were conducted in different aqueous media and reactions were monitored again by
turbidity measurements. The obtained curves are shown in Fig. 5.42.

The irradiation of HG-MG-4B-I microgels in aqueous media at different pH
resulted in every case in a decay of turbidity down to a constant level higher than
0 %. Comparing the results obtained for pH 8.5 and 10.5, no differences in the
turbidity curves were observed, thus confirming that incomplete particle degra-
dation is a result of newly formed crosslinks as side products of the photolysis of
CL-4B. Physical crosslinks between the formed amine groups of cleaved CL-4B
and the carboxylic acid groups of the network-forming copolymer can be excluded
due to the absence of protonated amine moieties at this pH value. Measurements in
PBS buffer at pH 7.4 and aqueous medium at pH 4.5 resulted in an increase of the
constant turbidity levels up to 32 and 60 % respectively. Here, analogously to the
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Fig. 5.42 Investigations on the light-induced (1 = 365 nm; I = 60 mW/cm?) particle degrada-
tion by turbidity measurements at different pH values for: a HG-MG-4B-I; b HG-MG-4B-II and
¢ HG-MG-5B-II. Adapted with permission from [38]. Copyright 2011 American Chemical
Society

experiments in basic media, irradiation of the microgels causes the cleavage of
CL-4B molecules and the formation of new crosslinks as side reactions resulting in
swollen gel particles rather than free polymer chains. The final degree of swelling
after irradiation correlates to the constant turbidity level and is influenced by two
parameters: (a) the ratio of CL-4B cleavage to dimeric side product formation and
(b) the pH-dependent swelling properties of the gels. An initial low degree of
swelling due to a lower pH favors in this context the formation of new crosslinks.
A more confined space enhances the reaction probability of two polymer bound
groups thus hindering particle swelling.

Experiments conducted on HG-MG-4B-II microgels confirm the conclusions
derived above. While complete degradation was observed for a high initial degree
of swelling at pH 8.5, irradiations in PBS or pH 4.5 resulted in incomplete particle
disintegration, characterized by final constant turbidity values of about 60 %. At
pH 8.5, in contrast to HG-MG-4B-I latexes, reduced entanglement of the shorter
polymer chains enables the generated photolysis products to diffuse apart suffi-
ciently fast enough not to form dimeric side products. By lowering the pH and
thereby reducing the initial degree of swelling, the spatial concentration of the
photolysis products in the less swollen gels is increased, thus enabling the
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formation of new dimeric crosslinks and resulting in swelling of the particles or
formation of macroscopic aggregates rather than complete degradation.

Regarding HG-MG-5B-II gel particles crosslinked with CL-5B—independent
of the pH of the media—the turbidity of the samples decreased upon irradiation in
every case down to almost 0 %, therefore indicating complete particle degradation.
In contrast to HG-MG-4B-I and HG-MG-4B-II particles crosslinked with CL-4B,
CL-5B—used to crosslink HG-MG-5B-II—was designed to be cleaved upon
irradiation without generating polymer bound chromophores. As a result, photo-
Iytic generation of dimeric side products prohibits the formation of new crosslinks.
The excellent and fast degradation behavior of HG-MG-5B-II independent on the
pH of the aqueous phase renders those particles highly interesting for possible
release applications.

Investigations on the double stimuli-responsive behavior of the p(HEMA-
co-MAA) hydrogel nanoparticles. Depending on the specific properties of the
active compound to be delivered, the loading and release mechanisms due to an
externally induced volume transition can vary significantly. As described in the
case of non-photo-sensitive p(HEMA-co-MAA) particles, while collapsing a mi-
crogel can induce the release of embedded low molecular weight compounds
electrostatically adsorbed to the former swollen network [51], a similar volume
transition can be used to entrap high molecular weight compounds such as e.g.,
proteins in the gel [46, 67]. Here, the swollen state enables the diffusion of active
compounds with a hydrodynamic diameter smaller than the mesh size of the
swollen network in- and out of the gel. Deswelling of the network is characterized
by an effective decrease of the mesh size, therefore entrapping the active com-
pound due to hindered diffusion. Subsequent swelling results then in the release of
the captured compound. Following this concept, the successful loading and release
of myoglobin into- and out from non-photo-sensitive p(HEMA-co-MAA) was
demonstrated in Sect. p(HEMA-co-MAA) Microgels: Loading and Release of
Myoglobin.

Regarding the potential of the dual stimuli-sensitive photo-degradable
p(HEMA-co-MAA) microgels for release applications, pH-dependent swelling/
deswelling of the gels should be combined with subsequent photo-degradation.
Figure 5.43 demonstrates the investigated responses in terms of the degree of
swelling of the different microgel particles. It becomes obvious that all microgel
particles can easily be transferred from the cyclohexane phase to aqueous media
by swelling freeze dried samples at pH values higher than pH 8. Lowering the pH
to around 4.5 resulted in every case in deswelling of the microgels, therefore
giving rise to a potential entrapment of active compounds in the network.
Collapsed particles can then follow either a direct degradation or a two-step
swelling/degradation profile. Whereas the direct case represents the light-triggered
degradation of the collapsed particles in acidic medium, the two-step profile can be
realized by slightly swelling the particles in PBS which is then followed by
(complete) particle degradation upon irradiation.

It was demonstrated that in the case of microgel particles HG-MG-4B-I and
HG-MG-4B-II crosslinked with CL-4B, the direct photolytic degradation of the
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Fig. 5.43 Investigations on the double stimuli-responsive behavior of photo-degradable
p(HEMA-co-MAA) microgels: pH-induced swelling and light-triggered (partial) degradation in
different media. Plots of DGS in dependency on different stimuli for: a HG-MG-4B-I;
b HG-MG-4B-II and ¢ HG-MG-5B-II. Adapted with permission from [38]. Copyright 2011
American Chemical Society

collapsed particles is hindered by the formation of new crosslinks and results only
in slightly swollen particles or macroscopic coagulates. Nevertheless, swelling of
these microgels in PBS is characterized by an initial small increase in the degree of
swelling up to a DGS of about 3. Subsequent irradiation leads then to dramatic
increases in the particle volumes to a DGS of about 8. This pronounced difference
is assigned to increased mesh sizes, thus increasing the diffusion coefficients of
potential embedded compounds in the swollen state. In contrast, due to the specific
designed photolytic behavior of CL-5B crosslinking molecules, HG-MG-5B-11
microgels can be fully degraded upon UV light irradiation either in acidic aqueous
phase or in PBS. In summary, this versatile behavior is assumed to be highly
interesting for potential release applications.

Conclusion

The concept of light-degradable microgels was successfully transferred from
gel particles swellable in organic solvents (Sect. 5.1.1) to water swellable hydrogel
nanoparticles. Novel photo-degradable p(HEMA-co-MAA) microgels were pre-
pared by free radical inverse miniemulsion copolymerization of HEMA and MAA
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with two newly synthesized photo-labile crosslinking molecules. The introduction
of anionic MAA moieties into the gel renders the microgels double stimuli-
responsive as they exhibited a pH-dependent swelling and light-induced degra-
dation behavior. The particular combination of the mentioned stimuli was found to
exhibit two different degradation profiles. In both cases, particles were highly
swollen for pH values higher than the pK, of the microgels, whereas decreasing the
pH led to a deswelling of the networks. The disintegration of the collapsed par-
ticles by direct irradiation represents a one-step degradation profile. In contrast, by
transferring the collapsed particles to phosphate buffer solution, slightly swollen
particles were obtained, which were subsequently degraded by the application of
UV light, therefore characterizing a two-step swelling/degradation profile.

The preparation and characterization of the described microgels reveals their
versatile behavior representing a great potential for delivery applications in
materials science or biomedical fields. As outlook, three possible loading and
release pathways are imaginable: (i) The pH-induced volume transition in com-
bination with the ionization/deionization of the network gives rise to a potential
loading with functional small cationic compounds due to electrostatic interactions
with the polymeric matrix at high pH. A triggered release of these substances
would be induced by decreasing the electrostatic interactions and deswelling the
network upon adjusting the pH below the apparent pK, value of the gel—i.e.,
transferring the gels from pH 7.4 to pH 5.0. (ii) In addition, the pH-dependent
volume transition and the associated reduction of effective mesh sizes could be
applied to entrap functional compounds of large hydrodynamic diameters upon
lowering the pH to a medium value (i.e., transfer from pH 8.5 to phosphate buffer
solution with pH 7.4) at which small cationic molecules are still embedded. The
described double-stimuli responsive character would enable the combination of the
pH-dependent release of electrostatically loaded small substances at pH 5 with an
orthogonal light-induced fast on-demand release of large sterically entrapped
compounds upon irradiation at the same pH. (iii) The pH-induced volume tran-
sition could be applied to entrap active compounds of large hydrodynamic
diameters by deswelling the gels (e.g., transfer from pH > 7 to pH < 6). By
subsequent increasing the pH, a first pH-dependent swelling controlled release
profile could then be combined with either a subsequent or substitutional degra-
dation induced release. This concept was successfully investigated for non-photo-
sensitive p(HEMA-co-MAA) microgels (see Sect. p(HEMA-co-MAA) Microgels:
Loading and Release of Myoglobin). Especially due to the good cellular uptake
and the negligible cytotoxicity of these model compounds (see Sect. p(HEMA-co-
MAA) Microgels: Fluorescent Labeling and Cell Tests), the light-sensitive ana-
logues represent highly interesting potential carriers for delivery applications.
Even though this concept has yet to be studied, the results described in this chapter
renders those materials highly promising.
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5.2 Photo-Sensitive Hydrogel Nanoparticles Based
on Light-Cleavable Polymeric Crosslinkers

The work described in this chapter deals with the development of a new class of
enzyme- and light-sensitive microgels based on (meth-)acrylate functionalized
dextrans as photo- and enzymatically degradable macromolecular crosslinkers. An
important feature of these modified polysaccharides is their highly hydrophilic
nature that enables their utilization for microgel preparation in inverse mini-
emulsion processes. In comparison to the previously described light-cleavable low
molecular weight crosslinkers which require the addition of an organic solvent for
the formation of the dispersed phase, the water solubility of the dextran based
crosslinkers is designed to enable the dispersed phase to be formed by dissolving
the crosslinker and additional comonomer(s) in water as solvent immiscible with
the continuous phase. This water solubility of the dextran based crosslinkers is
assumed to give rise to a potential in situ embedding of functional water soluble
compounds (e.g., proteins) already during microgel formation by free radical
(co)polymerization in the aqueous droplets [43]. In comparison, the p(HEMA-co-
MAA) based materials described in the previous chapter require the addition of an
organic solvent for the formation of the dispersed phase, thus restricting loading of
(solely water soluble) functional compounds to post-formation methods. Hence,
the development of dextran containing photo-sensitive microgels expands the
versatility of preparation routes to light-degradable hydrogel nanoparticles for
release applications dramatically.

Regarding the described macromolecular crosslinkers, a sensitivity to light can
be achieved by introducing a photo-labile linker between the dextran chain and the
polymerizable vinyl moieties. Upon irradiation, cleavage of the connecting points
between the dextran backbone and the network-forming polymer leads to freely
soluble dextrans and the respective polymer chains. As the dextran backbone can
be cleaved by dextranase, the resulting microgels are designed to be also enzy-
matically degradable, thus representing double stimuli-responsive materials. The
proposed concept is schematically illustrated in Fig. 5.44.

In order to realize the described approach, free radical copolymerizations of
methacrylated dextrans with acrylamide in inverse miniemulsion are investigated
to demonstrate the adaptability of the functionalized polysaccharides as cross-
linkers for the preparation of enzymatically degradable microgels. Subsequently,
this newly developed concept is expanded to the formation of enzymatically- and
light-degradable microgels as double stimuli-responsive materials.
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Fig. 5.44 Schematic illustration of the concept of enzymatically- and light-degradable microgels
based on functionalized dextrans as macromolecular crosslinkers. Adapted from [44] by
permission of the Royal Society of Chemistry

5.2.1 Enzymatically Degradable Nanogels Based
on Dextran-Methacrylates as Macromolecular
Crosslinkers

A highly interesting approach to degradable (micro-) gels is based on the utili-
zation of dextrans as naturally occurring polysaccharides, that can be cleaved upon
incubation with dextranase [68]. Covalent functionalization of dextran chains with
either polymerizable vinyl groups [69] or thermal initiators [70] enables the for-
mation of hydrogels by free radical (co)polymerization in aqueous solutions. The
resulting networks can then be degraded by the addition of dextranase, inducing
the release of embedded active compounds [71]. Microgels based on dextran
methacrylates have been investigated for the release of immunoglobulin G as a
model protein [42].

Investigated routes to enzymatically degradable microgels containing func-
tionalized dextrans are so far based on precipitation polymerizations from aqueous
solutions. This preparation method is generally a widely used approach to mi-
crogel formation but is limited by some serious drawbacks. On one hand the

Parts of this work are published as: “Enzymatically Degradable Nanogels by Inverse
Miniemulsion Copolymerization of Acrylamide with Dextran-Methacrylates as Crosslinkers”
Daniel Klinger, Eugen M. Aschenbrenner, Clemens K. Weiss and Katharina Landfester, Polym.
Chem. 2012, 3, 204. Reproduced from [75] by permission of the Royal Society of Chemistry.
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microgels reported in the literature are in the size ranges of 4—10 um [42, 72] and
thus comparably large in diameter. On the other hand, introduction of a second
comonomer is limited by its hydrophilicity [41]. To ensure successful particle
precipitation upon polymerization, very hydrophilic comonomers can only be
incorporated to a certain extend thus restricting the versatility of this approach and
these materials. Compared to the described method of precipitation polymeriza-
tion, the inverse miniemulsion technique is advantageous. Since the only main
requirement for copolymerization of different hydrophilic monomers is their
immiscibility with the continuous phase, this approach is very tolerant to a broad
variety of materials [73]. A second advantageous point is the good control over the
size of the particles obtained by inverse miniemulsion polymerizations. Particle
sizes are generally in the sub-micron range and can be adjusted by the choice and
concentration of surfactant from roughly 100 to ~500 nm [74].

In this chapter, the preparation of enzymatically degradable poly(acrylamide-
co-dextran methacrylate) nanogels by free radical copolymerization from aqueous
solutions of acrylamide (AAm) and dextran methacrylate (Dex-MA) in inverse
miniemulsion is presented. Acrylamide as a highly water soluble monomer was
chosen as a model compound to demonstrate the versatility of the inverse mini-
emulsion polymerization process towards the choice of monomers. In addition, the
multiple methacrylation of dextran leads to water soluble dextran methacrylates
which are used as enzymatically degradable macromolecular crosslinking mole-
cules. Even though this sensitivity depends on a change in the chemical compo-
sition of the respective surrounding media, it gives rise to a potential release of
compounds in aqueous media of a broad range of pH values, therefore representing
an alternative approach to predominantly used acid-labile crosslinkers.

Important properties of the resulting nanogels such as the initial degree of
swelling and the sol content are assumed to be adjustable by varying the amount of
methacrylate units available for crosslinking. Systematic investigations on this
parameter are part of this study and are expected to give insight in the crosslinking
performance of the Dex-MA molecules. In this context, another important focus of
the work presented is to optimize the synthetic parameters (i.e., the Dex-MA/AAm
feed ratio) in order to yield nanogels which combine a high crosslinking density
(i.e., small mesh sizes) and -efficiency for ambient polymerization temperatures
with a good enzymatic degradability. Nanogels fulfilling these criteria are assumed
to be highly interesting materials for potential release applications.

Synthesis of dextran-methacrylates (Dex-MA). (Reactions were performed
by Eugen Aschenbrenner) Dextran was functionalized using a modification of the
protocol presented by Kim et al. [76]. In brief, the polysaccharide was function-
alized with methacrylate groups by coupling of hydroxyl moieties at the polymer
backbone with methacrylic anhydride. The DS was evaluated from 'H-NMR
spectra by calculating the ratio of the peak areas of the olefinic peak at 6.2 ppm
relative to the anomeric proton of dextran assigned to the peak at 4.9 ppm by using
the formula:
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Alolefinic — H @ 6.2 ppm|

DS(Dex — MA) =
(Dex ) Alanomeric — H @ 4.9 ppm]

The calculated values are listed in Table 5.7.

Synthesis and characterization of p(AAm-co-Dex-MA) nanogels. As men-
tioned above, important properties of the hydrogels, such as the initial swelling
ratio and the crosslinking efficiency are assumed to strongly depend on the amount
of crosslinking points, i.e., methacrylate groups in the network and their distri-
bution therein. Those parameters were adjusted by the variation of: (i) the ratio of
Dex-MA/AAm for a fixed DS of Dex-MA; (ii) the DS of Dex-MA for a fixed ratio
of Dex-MA/AAm and (iii) the molecular weight of the Dex-MA for analogous DS.
Moreover, a fixed value of methacrylic groups in the network was achieved by a
combined variation of the Dex-MA/AAm ratio and the DS of the respective Dex-
MA. Table 5.7 shows the respective compositions of the synthesized enzymati-
cally degradable microgels (E-MG).

The continuous phase consisted of a 1 % (w/v) solution of the nonionic sur-
factant Lubrizol U in cyclohexane. Dispersed phases contained mixtures of Dex-
MA and acrylamide dissolved in aqueous 0.5 M NaCl solution with 50 % (w/v)
monomer. Polymerizations were either initiated from the continuous phase by using
V-59 at 70 °C or V-70 at 37 °C or from the dispersed phase by using KPS/TEMED
at room temperature or VA-044 at 45 °C. After polymerization (16 h) the resulting
particles were repeatedly washed with cyclohexane to remove excess surfactant.
The resulting dispersions in cyclohexane represent the nanogel particles in their
collapsed (non-swollen) state. SEM was used to investigate the particles mor-
phologies. Figure 5.45 shows representative micrographs of nanogels E-MG-1A,
E-MG-2A and E-MG-3A.

In a first attempt, Dex-MAs based on dextran of M, = 40,000 g/mol with
different DS were used to form nanogels E-MG-1A to E-MG-3D. In comparison,
gel particles E-MG-4A-E-MG-6A were synthesized using functionalized dextrans
of 6,000 g/mol with DS and Dex-MA/AAm weight ratios analogous to E-MG-1A,
E-MG-2A and E-MG-3A. The non-swollen gel particles were investigated
regarding their hydrodynamic diameters by DLS. Figure 5.46 shows the obtained
values in dependency on the amount of methacrylic groups.

As shown in Fig. 5.46a, for fixed Dex-MA/AAm ratios, the variation of the
total amount of MA-units available for crosslinking is realized by using dextran
methacrylates with different degrees of substitution. It becomes obvious that gel
particles of analogous Dex-MA weight contents exhibit similar hydrodynamic
diameters, independent of either the degree of substitution or the Dex-MA
molecular weight (Fig. 5.46b).

Furthermore, upon increasing the Dex-MA/AAm ratio, an increased particle
size results. Sizes of nanogels containing 5 wt.-% Dex-MA are in the range of
130 nm (Fig. 5.46a, b), particles containing 17.5 wt.-% Dex-MA (Fig. 5.46a)
exhibit hydrodynamic diameters of 145 nm and in the case of 30 wt.-% Dex-MA
(Fig. 5.46a) d;, values of 165 nm were detected. This effect was assigned to the
increased viscosities (visual inspection) of the dispersed phases for increased
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Fig. 5.45 SEM images of nanogels E-MG-1A, E-MG-2A and E-MG-3A dropcast from
cyclohexane dispersions. Reproduced from [75] by permission of the Royal Society of Chemistry
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Fig. 5.46 Hydrodynamic diameters in cyclohexane of p(AAm-co-Dex-MA) nanogels containing
various amounts of functionalized dextrans of different DS: a M, (Dex-MA) = 40,000 g/mol;
b M, (Dex-MA) = 6,000 g/mol in comparison to M,(Dex-MA) = 40,000 g/mol with similar DS.
Reproduced from [75] by permission of the Royal Society of Chemistry

Dex-MA contents prior to polymerization. Miniemulsification is achieved by
applying high shear forces by ultrasonication, where a fission and fusion process
results in the formation of stable droplets of a narrow size distribution. This
process is influenced by the viscosity of the dispersed phase yielding bigger
droplets for dispersed phases of higher viscosities.

All nanogels described above were synthesized by initiation with V-59 from the
continuous phase at 70 °C. Regarding the possibility of embedding active com-
pounds such as e.g., proteins in the gel networks during polymerization, mild
conditions for the gel formation have to be applied in order to ensure the integrity
of the compound to be delivered. Therefore, experiments to investigate different
initiation and polymerization conditions were conducted. In a first attempt, non-
crosslinked reference particles for the degradation studies were synthesized by
inverse miniemulsion polymerization of acrylamide in the presence of non-
functionalized dextrans of M,, = 40,000 g/mol. E-MG-8Aa was polymerized by
initiation with V-59 at 70 °C from the continuous phase analogously to particles
E-MG-1A-E-MG-3D. The resulting particles exhibited a similar hydrodynamic
diameter of 165 nm in cyclohexane. Particle formation reactions with unfunc-
tionalized dextran at lower temperatures were carried out by using oil soluble V-70
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for initiation from the continuous phase at 37 °C (E-MG-8Ab), water soluble
VA-044 for initiation from the dispersed phase at 45 °C (E-MG-8Ad) and water
soluble KPS for initiation from the dispersed phase upon adding tetramethyl-
ethylenediamine (TEMED) to the continuous phase at room temperature (E-MG-
8Ac). In case of initiation by KPS/TEMED no stable dispersions were obtained
whereas utilization of either V-70 or VA-044 resulted without exception in stable
dispersions of dextran-containing PAAm particles in cyclohexane. Resulting
hydrodynamic diameters were in the same range (165 nm) as those of particles
with 30 wt.-% of functionalized dextrans (see Fig. 5.47 for initiation with V-70,
data for initiation with VA-044 not shown).

Since initiation with V-70 required the lowest polymerization temperatures, the
respective conditions were used to synthesize E-MG-1Ab-E-MG-7Ab p(AAm-co-
Dex-MA) microgels with weight contents of 30 wt.-% Dex-MA of different DS
analogously to E-MG-1A-E-MG-3D particles. As shown in Fig. 5.47, resulting
particles in cyclohexane exhibited hydrodynamic diameters of ~ 165 nm similar
to the nanogels obtained from polymerizations at 70 °C.

Investigations on further increasing the amount of Dex-MA in the nanogels
revealed that at very high Dex-MA contents (60 wt.-%), increasing polydispersity
and ill-defined morphologies resulted (data not shown). In this case, a dramatically
increased viscosity (visual inspection) hinders homogenization of the pre-emulsion
by ultrasonication. In addition, the high amount of the functionalized dextran is
assumed to influence the stability of the droplets due to the interfacially active
character of the amphiphilic Dex-MA. Since attempts to form nanogels from pure
Dex-MA1 (E-MG-1Db) did not yield stable miniemulsions, the presence of a
second comonomer seems to be a crucial requirement for the formation of enzy-
matically degradable gel particles by inverse miniemulsion polymerization.

Summarizing the preparation of p(AAm-co-Dex-MA) nanogels, it can be
concluded that the free radical copolymerization in inverse miniemulsion allows
the formation of stable dispersions consisting of well defined spherical particles.
The applied synthetic approach is highly versatile with respect to the
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polymerization conditions (i.e., initiating mechanism and temperature). Moreover,
increasing the Dex-MA/AAm feed ratio was found to result in stable dispersions
for Dex-MA contents up to 30 wt.-% Resulting particle sizes were found to depend
on the amount of Dex-MA in the dispersed phase prior to polymerization and were
in the nanometer size range. The obtained nanogels were then further investigated
with regard to their respective gel properties by transferring them to aqueous
media.

Investigations on the relative crosslinking efficiency and the swelling
behavior of p(AAm-co-Dex-MA) nanogels in water. Subsequent to particle
purification by washing with cyclohexane, all dispersions were freeze dried
yielding the nanogels as white powders. In order to investigate the gel properties of
the prepared p(AAm-co-Dex-MA) hybrid particles, dispersions in aqueous medium
were obtained by simply dispersing and swelling the freeze dried samples in water.
Purification was achieved by repeated centrifugation and redispersion in water. The
resulting dispersions of the swollen nanogels were stable without any additional
surfactant. This effect is assumed to occur due to sterical stabilization by hydrated
dangling chains of the swollen outer particle layer. Determination of the hydro-
dynamic diameters by DLS allowed calculating the degrees of swelling (DGS),
or the swelling ratios, which were calculated as DGS = V,oiien/Vion-swoiten-
The washed nanogel dispersions were assumed to consist solely of p(AAm-co-
Dex-MA) networks, i.e., the gel content of the crosslinking copolymerization. The
combined supernatants of the washing steps represent the sol content consisting of
unreacted monomers, non-crosslinked polymer chains and non-incorporated olig-
omers. Freeze drying of both fractions was followed by gravimetric analysis and
afforded the sol/gel content for every sample.

While the determination of the sol/gel content in combination with the mea-
sured degree of swelling did not permit a quantitative evaluation of the cross-
linking density or an absolute conclusion regarding the inner morphology, it
allowed the expedient comparison of important properties, such as the initial
swelling ratio and the relative crosslinking efficiency. As mentioned above, those
parameters strongly depend on the amount and distribution of crosslinking
points—i.e., methacrylate groups—in the network and can be adjusted by the
variation of: (i) the ratio of Dex-MA/AAm for a fixed DS of Dex-MA; (ii) the DS
of Dex-MA for a fixed ratio of Dex-MA/AAm and (iii) the molecular weight of the
Dex-MA for analogous DS. Moreover, a fixed value of methacrylic groups in the
network can be achieved by a combined variation of the Dex-MA/AAm ration and
the DS of the respective Dex-MA.

Figure 5.48 shows the resulting DGSs and sol contents for nanogels polymer-
ized at 70 °C with various amounts of Dex-MA1 (Fig. 5.48a), Dex-MA2
(Fig. 5.48b) and Dex-MA3 (Fig. 5.48c), thus representing three different classes of
nanogels. Each class is characterized by a particular degree of substitution of the
used Dex-MA. The amount of methacrylate groups was varied in every class by
changing the ratio of Dex-MA/AAm. It becomes obvious that both DGS and sol
content decrease with an increasing amount of Dex-MA i.e., a higher number of
methacrylate groups, thus indicating enhanced crosslinking efficiency.
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Fig. 548 DGS and sol contents of p(AAm-co-Dex-MA) nanogels (prepared at 70 °C) in
dependency on the amount of polymerizable MA units: a Nanogels polymerized with various
amounts of Dex-MA1; b nanogels polymerized with various amounts Dex-MA2; ¢ nanogels
polymerized with various amounts Dex-MA3; d comparison of DGS of nanogels polymerized
with various amounts of Dex-MAI1, Dex-MA2 and Dex-MA3. Reproduced from [75] by
permission of the Royal Society of Chemistry

As shown in Fig. 5.48d, the same effect can be observed by comparing the
DGSs of nanogels polymerized with the same Dex-MA/AAm ratio but containing
Dex-MA crosslinkers with different degrees of substitution. Here as well, higher
amounts of methacrylate units (realized by increased DS) result in lower initial
degrees of swelling and consequently increased crosslinking efficiencies. Inde-
pendent on the degree of substitution, all nanogels polymerized with 30 wt.-% of
various types of Dex-MA exhibit DGS in the same order of magnitude. It is
concluded that the swelling behavior not only depends on the amount of poly-
merizable methacrylate units but also on the Dex-MA/AAm ratio. This suggests
that also the amount of dextran chains in the network strongly influences the
swelling behavior due to different interaction parameters of the hydrophobically
functionalized dextran and poly acrylamide with water. The composition of the
hybrid nanogels therefore represents an additional crucial parameter.

Figure 5.49 shows the values for the DGS and sol contents for p(AAm-co-Dex-
MA) nanogels containing 30 wt.-% Dex-MA of various DS (Dex-MAl,
Dex-MA2, Dex-MA3 and Dex-MA4) polymerized at 37 °C initiated with V-70
from the oil phase.
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Analogously to nanogels polymerized at 70 °C, 1.69 mol-% of MA-units cor-
respond to the number of the MA moieties introduced with 30 wt.-% of Dex-MA1.
Similarly, 2.34 mol-% correspond to Dex-MA?2 and 4.28 mol-% to Dex-MA3. In
comparison to E-MG-1C, E-MG-2D and E-MG-3D, all samples exhibit similar
initial swelling ratios and only slightly increased sol contents. Therefore, an equally
effective crosslinking polymerization (network formation) is assumed. Regarding a
potential embedding of active substances into the gels, this versatility of poly-
merization conditions represents a big advantage. Whereas in the case of E-MG-
7Ab microgels (0.72 mol-% of MA-units by utilization of 30 wt.-% of Dex-MA7) a
dramatic increase in the sol content can be observed, the initial degree of swelling
does not vary significantly from the values for the microgels containing similar
amounts of dextran methacrylates of higher degrees of substitution. As mentioned
above, the DGS of the particles is assumed to not only be affected by the cross-
linking density but also to depend on the Dex-MA/AAm ratio. It is assumed, that
the swelling behavior of E-MG-7Ab microgels is dominated by the high amount of
dextran methacrylate rather than the comparatively low crosslinking efficiency.

In general, the total amount of crosslinking points in a p(AAm-co-Dex-MA) gel
can be varied by either changing the Dex-MA/AAm ratio for a Dex-MA of a fixed
DS or by changing the DS of the dextran methacrylate for a fixed Dex-MA/AAm
ratio. Another highly important factor which governs the properties of the hybrid
microgels is the distribution of crosslinking points in the network. In order to
investigate this parameter, microgels containing equal amounts of 1.5 mol-%
methacrylate units but varying in the Dex-MA/AAm ratio were prepared using
dextran methacrylates of different degrees of substitution. Similar contents of
MA-units were realized by increasing the Dex-MA