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Abstract 

    This thesis focuses on 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. In order to realize this concept, different 

approaches to irradiation-dependent response mechanisms have been investigated. 

    Novel light-cleavable divinyl functionalized monomeric crosslinkers based on  

o-nitrobenzyl derivatives were synthesized and used for the preparation of either PMMA or 

hydroxyl functionalized PHEMA microgels swellable and degradable in organic solvents. By 

the introduction of anionic MAA moieties into the PHEMA microgels, this concept was 

successfully 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. In addition, 

a new class of enzyme- and light-sensitive PAAm microgels based on (meth-)acrylate 

functionalized dextrans as photo- and enzymatically degradable macromolecular crosslinkers 

was developed by introducing a photo-labile linker between the enzymatically degradable 

dextran chain and the polymerizable vinyl moieties. Here, the water solubility of the 

crosslinkers is assumed to enable an in situ loading approach of hydrophilic compounds. 

    A different approach to the loading of microgels is based on photo-labile covalent 

microgel-drug conjugates. The first step to the realization of this concept was achieved by the 

development of a novel functional monomer consisting of a doxorubicin molecule covalently 

attached to a radically polymerizable methacrylate group via a photo-cleavable linker.  

    Moreover, in order to enable the release of hydrophobic substances in aqueous media, 

hydrophobic nanoparticles consisting of a photo-resist polymer were designed to be 

degradable upon irradiation in water. Light-triggered conversion of the initial hydrophobic 

polymer into hydrophilic PMAA induced in situ particle dissolution and release of nile red. 

    Since the introduction of a stimuli-responsive shell around a microgel is assumed to prevent 

leakage of embedded compounds, studies on non-stimuli-responsive shell formation around 

preformed microgel seed particles and the formation of microgel cores in polymeric shells 

were conducted to investigate potential synthetic pathways to this approach.  

    In a last attempt, the surface of PHEMA and p(HEMA-co-MAA) microgels was 

functionalized with cinnamoyl groups in order to trigger the (reversible) particles interaction 

with each other by light-induced [2+2] cycloaddition reactions. 
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1 Introduction 
Life itself is certainly the most sophisticated example for the utilization of selectively 

tailored polymers, polymer assemblies and interfaces to provide a specific chemical function 

and structure. Regarding natural biopolymers such as proteins, carbohydrates and nucleic 

acids, the distinct position and nature of functional groups therein not only is the driving force 

to a particular three-dimensional structure and the resultant function of these materials but 

also determines their response to external stimuli. Since these inherent features are the basis to 

construct and keep the complicated cell machinery running, understanding the fundamental 

concept 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, early insights gained in this field 

already enabled the transfer of several concepts of biology to the world of synthetic polymer 

chemistry.
1
 Especially in the case of stimuli-sensitive macromolecular materials, the gathered 

knowledge on the response mechanisms of biopolymers 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 exhibiting specific property changes triggered by 

signals non-existent in biologically-relevant areas.
1-2

 While these stimuli can generally be 

realized either as changes in the materials environment (variations in pH, temperature, or the 

presence/absence of chemical and biological compounds) or the appliance of an external field 

(light, electrical- or magnetic fields), the underlying similarities of all these materials are the 

triggered conformational and chemical changes of the respective polymeric system. The 

resulting fact that small signals are able to induce a comparably huge response apparent at the 

macroscopic level renders these materials 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 depending on the type and localization of a vast number of functional 

groups in a polymeric system. 

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 
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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 analytic methods as well as 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 development of the “new world” of 

artificial stimuli-responsive nanomaterials. 
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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:  

(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. 

(ii) The potential to incorporate the respective light-induced changes to a multitude of 

locations in the polymeric network structure (i.e. polymer backbone, crosslinking points, 
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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. 
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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 phenomenon is a 

result of linking polymer molecules into a three-dimensional network of infinitely large size.
4
 

Since the polymer network consists of inter- and intramolecularly 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.
5 

Starting from these early investigations, the development of new polymerization 

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 polycondensation 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 additional 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.
6
 Furthermore, the combination of more complex and 

highly 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 particular applications. 

Nowadays, polymeric gels are applied in the fields of e.g. self-healing materials,
7
 drug-

delivery,
8-9

 chemical separation,
10

 sensors,
11

 shape-memory materials
12-13

 and (self-driven) 

actuators.
14-15 

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 processing routes 
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resulting in various materials with specific properties determined by the crosslinking density, 

the polymer type and the chemical nature of the crosslinks. A detailed overview over a 

multitude of crosslinking methods can be found in the review of Hennink and van Nostrum.
16

 

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, Wichterle 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.
17

 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 networks is 

based on the linkage of polymeric precursors. Here, the radical polymerization 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.
18

 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.
19

 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.
20

 Examples include the crosslinking of 

synthetic polymers such as polyvinylalcohol
21

 as well as biopolymers such as gelatin with 

glutaraldhyde.
22

  

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 materials 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 the loading of a hydrophobic drug 

into the overall hydrophilic gel.
23

 A similar approach was described by Feijen and coworkers 
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who used multiblock copolymers of PEG and polybutylene terephtalate (PBT) to form 

hydrogels with incorporated lysozyme as hydrophilic model protein.
24

 Another concept to 

physical crosslinks 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.
25

 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
26

 or the crosslinking by 

antigen-antibody interactions.
27

 

Comparing physical and chemical approaches, it can be stated that chemically 

crosslinked networks are normally characterized by an increased stability compared to the 

physically crosslinked gels. This feature is based on the covalent linkage of the polymer 

chains which ensures a good structural integrity. Nevertheless, 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.
28

 

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.
29

 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.
27, 29-30

 These inter- and 

intramolecularly crosslinked macromolecules dispersed in either normal or colloidal solutions 

are termed microgels, (hydro)gel nanoparticles or nanogels. It is noteworthy that no clear 

correlation 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 understanding of the physico-chemical properties of 

microgels increased steadily and significantly, as can be seen from the rising number of 

publications.
30

 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 
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transport characteristics) with those of colloidal dispersions (e.g. colloidal stability, 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. 

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 copolymerization 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.
30

 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 

polymerizations.
5, 31-33 

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 subsequently 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
34

 or tripolyphosphate.
35

 Gelatin 

nanoparticles were successfully prepared by a two-step desolvation route including the 

chemical crosslinking with glutaraldehyde.
36

 Nevertheless, since in these synthetic procedures 

crosslinking occurs after the nanoparticles formation, the resulting microgels are only 
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crosslinked at the surface due to a hindered diffusion of the crosslinking agent into particle 

interior.
37

 

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 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.
38-40

 While the 

polymerization proceeds, the monomer and formed oligomers are soluble 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 precipitation occurs favorably and crosslinking prevents the polymer and solvent 

from freely mixing even in good solvents for the polymer.
41

 Here, the boundary to the 

previously described radical crosslinking polymerization in solution is blurred.
30

 

Nevertheless, in both cases, the resulting nuclei aggregate into larger particles that continue to 

grow by capturing other particles, newly formed polymer chains or by absorption and 

polymerization of monomer. In this context, dispersion polymerizations are characterized by 

the addition of a stabilizer to control the size and to narrow the distribution of the particles.
42

 

The described mechanism is schematically illustrated in Figure 1. 

 

 

Figure 1: Microgel formation by precipitation polymerization: (a) initiation and chain growth, (b) 

precipitation and nucleation, (c) particle growth and (d) transfer to good solvent or decrease of 

temperature below the volume phase transition temperature.  
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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)
43

 or N-vinylcaprolactam (VCL)
44

 are the most applied 

monomers.
45

 In these cases, the enthalpic 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 reaction temperature is above 

the LCST. These nuclei further react to the microgels in analogy to the mechanism described 

above. Stabilization of the collapsed 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.
46

 Different ways of stabilization, 

which in addition offer the possibility of particles size control, are the utilization of either 

ionic
47

 or steric
48

 stabilizers or ionic comonomers
49-50

 analogous to surfactant free emulsion 

polymerizations. After complete polymerization, the microgels dispersion is cooled down to 

room temperature resulting in a swelling of the networks (T < LCST) and a sterical 

stabilization of the microgels 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.
51

 A tremendous variety of thermo-sensitive 

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
52

 or aminoethyl methacrylate 

hydrochloride.
53

 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)
54

 core/shell microgels
46, 55

 or hollow hydrogel spheres.
56

 

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 
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crucially depends on the overall hydrophobicity of the resulting copolymer.
46 

Furthermore, 

since batch copolymerization of monomers of different reactivity and hydrophilicity was 

shown to result in core/shell morphologies,
44, 57

 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 formation of 

microgels bears some serious drawbacks such as the restriction to network formation by 

crosslinking polymerization and the limited incorporation of functional 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 crosslinking (physically and chemically) methods described for macroscopic gels for 

the preparation of microgels.  

3.2.2.2.1 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.
58-59

 In this 

approach, the dispersed phase contains the respective compounds for the network formation 

such as e.g. polymerizable monomer or crosslinkable prepolymers dissolved mostly in water 

as solvent. The microemulsion 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
60-61

. This preparation method 

allows the preparation of microgels with a high content of ionic groups.
62

 

3.2.2.2.2 Microgel synthesis in miniemulsions 

In general, miniemulsions are kinetically stable emulsions, thereby distinguishing them 

from microemulsions.
63

 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,
64

 the incorporation of functional compounds
65-68

 and the 

precise adjustment of the droplets and particles size.
69

 Miniemulsification is generally 
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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.
63, 69-70

 

While the presence of either a sterical or electrostatic surfactant prevents these droplets from 

coalescence, the kinetic stabilization is accomplished by the suppression of Ostwald ripening 

by the addition of a costabilizer to the dispersed phase.
71-72

 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”.
64

 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 

polymeric latexes by free radical polymerization of hydrophobic monomers,
63, 70

 the inverse 

method gives rise to the formation of hydrogel nanoparticles by diverse synthetic pathways.
37

 

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)
73-74

 and PHEMA
74-75

 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.
76

 Figure 2 illustrates the described 

synthetic pathway schematically. 
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Figure 2: Schematic representation of microgel preparation by radical crosslinking polymerization 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. 

 

An alternative to the crosslinking copolymerization of hydrophilic monomers is the gel 

formation upon crosslinking of preformed polymers in inverse miniemulsion. 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 

successfully applied to the formation of well defined gelatin microgels covalently crosslinked 

by glutaraldehyde.
70, 77

 In addition, more complex gel structures can be obtained as well. As 

an example the formation of crosslinked starch capsules 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.
78

 

3.2.2.2.3 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.
79

 By 

using liposomes as compartments for the photo initated polymerization of monomers, 

hydrogel nanoparticles were obtained after solubilization 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.
80
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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 characteristic 

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,
81

 optics,
82

 

colloidal crystals,
83-84

 and loading and release applications.
85

 

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 diseases. Here, hydrogel 

nanoparticles represent an outstanding approach, since they allow the incorporation of water-

soluble drugs, including proteins and nucleic acids, in the gel.
86

 The utilization of 

biocompatible and nonantiogenic materials enhances the protection of the payload from 

hostile enzymes until the delivery to targeted tissues.
87

 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.
88 

This unique feature is often referred to as a 

“stealth” effect, since opsonisation by macrophages and non-specific binding to cells is 

dramatically decreased.
89

 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 targeted disease site is enhanced.
87 

Additional advantages include the 

ease of preparation, high stability and the good dispersibility in water.
90

 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.
46
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Especially the ability to control the loading and release of functional compounds 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
91-92 

or catalytically active metal nanoparticles embedded in 

microgels.
92-94

 

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 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.
6, 95-96

 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: 2,s, (2) the 

number average molecular weight between crosslinks:   
     and (3) the network mesh size: .

6
 

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 
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mesh sizes approach the size of the payload as shown in Figure 3.
97

 This state can e.g. be 

beneficial for an efficient loading of functional compounds upon entrapment in the network. 

 

 

Figure 3: Schematic representation of mesh sizes in swollen and deswollen gel networks. Adapted from 

ref.
95, 97

 

 

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 solvent. Since in 

stimuli-responsive (miro)gels these properties can be influenced by external triggers 

(degradation of crosslinks, change in physico-chemical parameters 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:
98

 

 

      
    

   
     

   
        

     
   

  (1) 

 

Here, 2,s
 
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 as the ratio of the 

polymer volume (Vp) to the swollen gel volume (Vg) which is the reciprocal of the volumetric 

swelling ratio (Q). Moreover, Q can be related to the densities of solvent (1) and polymer 

(2) and the mass swollen ratio (Qm):
95
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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 equation 

(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:
98

 

 

   
     

   
               

       

      
 
   

  (3) 

 

Cn is the Flory characteristic ratio, l is the bond length along the polymer backbone, N is the 

number of bonds between two adjacent crosslinks, Mr is the molecular weight of one 

repeating unit (monomer) of the respective network-forming polymer and Mc is the average 

molecular weight between two adjacent crosslinks. While for a specific network-forming 

polymer l, Cn and Mr can be obtained from the literature, Mc is the last key parameter to be 

determined in order to calculate the mesh size accordingly to equation (1). In general, this 

factor can be obtained from the Flory-Rehner equation:
31

 

 

 

      
 

 

       
 

 
  

  
                         

  

    
   

 
    

 

   (4) 

 

Here, Mn is the number average molecular weight and    is the specific volume of the polymer 

prior to crosslinking;     is the solvent-polymer interaction parameter. Since this equation 

was originally derived for neutral divinyl crosslinked networks for which the molecular 

weight Mn 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.
6

 As a useful approximation, it has been shown by Mason 

et al.
99

 that in the case of highly swollen (Q > 10) neutral polymeric gels, Mc can be derived 

directly from the swelling ratio as: 
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By combining equations (5) or (4) with (3) and subsequently combining (3) and (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.
98-100 

3.3.1.1.1 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 considerations are described for the above mentioned different 

release mechanisms. 

3.3.1.1.1.1 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 compounds. As a result, the 

diffusion coefficient of the specific substance is rather governed by the porosity and tortuosity 
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of the gel than the internal network structure, thus resulting in limited control over the 

release.
101

 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 provide a 

steric hindrance to the compound to be delivered and therefore influence its diffusion 

coefficient.
101-102

 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.
100 

This general 

dependency of the diffusivity on fundamental network characteristics, such as mesh sizes and 

solvent content, is the underlying concept of several theoretical models which have been 

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:
95
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In this equation, Dg and D0 represent the diffusion coefficients of the respective substance 

in the gel network and in solution while rs is the hydrodynamic radius of the substance to be 

delivered, 2,s 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:
103
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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. 
95

  

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 biomedical hydrogels, values between 5 to 

100 nm are reported.
88

 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 
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pathway is not applicable. In contrast, this mechanism finds application for the delivery of 

(biologically active) macromolecules such as e.g. peptides, proteins or oligonucleotides 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.
86

 As a result, a kinetically controlled release system can be 

obtained.
104-105

  

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 equation (7), the diffusion coefficient can thus 

be triggered externally, thereby significantly 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 

(2,s) 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 volume fraction, the diffusion 

coefficient of the active substance in the gel (Dg) is increased according to equation (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 coefficient of the 

embedded compound is known to crucially depend on the crosslinking density (see equation 

(1) and (3)) as well. Hence, by the utilization of cleavable crosslinking points in a network, 

the mesh size and thereby the diffusivity 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.
95 
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3.3.1.1.1.2 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.
106-107

 The embedded compounds are immobilized in the 

initial non-swollen network whereas their rapid diffusion is enabled in the swollen gel.
95

 

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.
108,109

 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. 
 

3.3.1.1.1.3 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 the compound from the 

gel and therefore represents the overall rate limiting parameter.
95

 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 systems. 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. 
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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 prodrugs or polymer-drug conjugates 

are widely investigated to enhance the therapeutic efficacy of drugs.
110

 Realization of this 

approach is mostly achieved by the utilization of either hydrolytically
111-112 

or 

enzymatically
113

 degradable linkers where the release rate is determined by the degradation 

rate of the respective linker (e.g. simple first-order kinetic relationships for hydrolytic 

degradation).
95

 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.
114

 

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.
95

 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 increases with propagating crosslinker degradation (i.e. time-dependent mesh 

size). As a result the respective diffusivity correlation as described in equation (7) can be 

simplified during the initial stages of degradation to:
99
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Here, jkE
’
 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 Dg 

increases and that the diffusivity depends on the bond cleavage kinetics.
115

  

3.3.1.1.2 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.
95

 

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 polymers gives 

rise to an enhanced loading efficiency by the exploitation of electrostatic interactions between 

the functional compound and the gel network. A release can be achieved by triggering these 

interactions by e.g. additional ions competing with the compound to be delivered thus 

weakening their attraction to the network. Loading can be either achieved in situ or in a 
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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 preformed 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. 
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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 swollen state gives rise to loading 

and release applications of functional compounds. (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.
116

 

In this chapter, different approaches to stimuli-responsive microgels are introduced and 

their potential for loading and release applications is reviewed. Figure 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 Figure 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 (Figure 4b). 

Moreover, the introduction 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 (Figure 4c). As a last example, the utilization of linkers - degradable upon the 

appliance of an external trigger - between functional compounds and the microgel network is 

worth mentioning (Figure 4d). 
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Figure 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; (c) externally triggered degradation/formation of intramicrogel aggregates and (d) triggered 

attachment/release of functional compounds onto/from the interior microgels network. 

 

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 solvent-solvent, solvent-polymer and polymer-polymer 

interactions. 

3.3.2.1.1 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.
46

 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.
117

 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 
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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.
118

 

In the case of microgels formed from crosslinked PNIPAAm 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.
119

 

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 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.
46, 120

 

PNIPAAm based microgels are mostly prepared by precipitation polymerization 

exploiting the LCST of the polymer for nanoparticles formation. Since the first synthesis of 

such structures reported by Pelton and Chibante in 1986,
121

 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
50

 or cationic
122

 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
123

 or the utilization of inorganic clay as 

crosslinker
124

 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 PNIPAAm 

microgels, several loading and release concepts have been investigated. In general, it can be 
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distinguished between release mechanisms based on a gel collapse 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 pathological tissues or cells
125

 or 

actively triggering the release by hyperthermia
126

 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.
127

 The same volume transition of PNIPAAm 

microgels can be used for cancer therapy by exploiting the inherent volume change of the 

microgels even without the need for additionally incorporated pharmaceutically 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.
128 

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 based on thermo-sensitive hollow 

PNIPAAm microspheres prepared by the removal of a sacrificial core from core/shell 

microgels.
56

 In a similar template-assisted synthetic pathway, Gao et al. prepared thermo-

sensitive PNIPAAm nanocapsules loaded with FITC as model protein. While the fluorescent 

macromolecule was efficiently entrapped in the cavity at temperatures above the LCST of the 

shell-forming polymer, decreasing the temperature enabled its release.
129

 Exploitation of the 

externally triggered temperature-dependent swelling of microgels 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.
130 

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 utilization of the “squeeze out” mechanism of 

negatively temperature-sensitive microgels based on polymers exhibiting a LCST (e.g. 

PNIPAAm, PVCL,
131

 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.
87

 As a consequence, the utilization 
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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 collapsed coil structure of the macromolecule. Upon 

increasing the temperature, these interactions are weakened due to the breakage of hydrogen 

bonds and the polymer-solvent interaction becomes dominant. As a result, the polymer 

exhibits a random-coil morphology.
132-133

 While the preparation of macroscopic hydrogels 

from these materials was achieved by hydrophobic association crosslinking by Yang et al.,
134 

the transfer of this concept to the nanoscale was recently demonstrated by Echeverria et al. by 

radical crosslinking copolymerization of acrylamide with acrylic acid in the presence of 

N,N’-methylenebis(acrylamide) in inverse emulsion.
135

 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 substances in the microgel environment. As 

example, Park et al. described the embedding of -galactosidase in PNIPAAm-co-PAAm 

microgels and 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.
91

 In addition, Ballauff and coworkers investigated the 

immobilization of catalytically active metal nanoparticles in PS/PNIPAAm core/shell 

nanoparticles and demonstrated the temperature triggered catalytic activity.
93

  

3.3.2.1.2 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 
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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 (pHc) 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 pHc is correlated to the 

respective pKa or pKb values of the acidic or basic groups on the polymer backbone, it has 

been demonstrated that the apparent pHc value of microgels can deviate from the values of 

their low molecular weight analogues.
87

 Especially the introduction of more hydrophobic 

(alkyl) moieties to the polyelectrolyte backbone can shift the pHc values.
136 

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 pKa 

of the polyelectrolyte due to the absence of charges and the resulting comparably hydrophobic 

character of the network. Increasing the pH above the pKa 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 pKa values and the crosslinking density. 

The influence of the pKa value of different acidic moieties attached to a polymeric 

backbone in the microgel network on the swelling profile was examined by Needham and 

coworkers.
137

 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 pKa’s of the different 

functional groups. 

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.
138

 Microgels were prepared 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 sophisticated 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 
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swollen state upon increasing the pH above pH 5.3. Furthermore, it was observed that the 

maximum degree of swelling (Qmax) at pH values > 5.3 decreased linearly with an increasing 

degree of crosslinking (i.e. the feed ration of MBA). Figure 5 shows the respective plots 

adapted from the publication.
138 

 

 

Figure 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 (Qmax) for the different cross-link density 

microgels versus the feed ratio for the pHs greater than 5.3. Figures adapted from ref.
138

 

 
 

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 microgels at pH values 

above the pHc 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 counterions. The respective plot derived from the publication is 

shown in Figure 6.
138

 

 

 

Figure 6: Plot of Vr for the different cross-link density microgels versus NaCl concentration in the high pH 

regime (pH > 5.3). Adapted from ref.
138

 



Theoretical Part 

 

32 

Since the observed swelling profiles in dependency on the crosslinking density (see 

Figure 5) were found to be in good agreement with a model derived from the Flory-Huggins 

thermodynamic theory for the swelling of ionic networks,
138

 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 pathway by 

exploiting the electrostatic interactions between anionic groups in the swollen gel network 

and positively charged macromolecules
139

 or low molecular weight drugs.
140

 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 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 interactions 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,
138 

the 

loading of small molecules is dependent on their partition coefficients and resulting binding 

affinities, molecular packing and the condensation of the network upon loading.
138 

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.
141 

Moreover, the pH of intracellular lysosomes or endosmomes is shifted to 

more acidic values than the cytosolic pH.
142 

Based on these considerations, Das et al. 

demonstrated the utilization of PNIPAAm-co-PAA microgels for the delivery of 

doxorubicin.
143

 The microgels 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.
144 
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Cationic microgels. Regarding cationic microgels based on polymers containing weak 

basic groups such as e.g. amino moieties, the critical parameter determining their swelling 

behavior is the pKb value of the respective basic groups. These cationic microgels exhibit a 

pH-dependent volume phase transition orthogonal to the anionic analogues. While at pH 

values above the pKb value the network is collapsed due to the absence of charges, decreasing 

the pH below the pKb 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 mentioned 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.
145 

On the other 

hand, cationic polyelectrolytes 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.
146 

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.
147

 The cationic 

PEO-cl-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.
148

 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 permeability was used for the simultaneous post-formation loading of the 

microgels with iron oxide nanoparticles and oligonucleotides. An efficient loading was hereby 
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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.
149

 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 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.  

3.3.2.1.3 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 trans-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 chromophores 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.
150

 

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
151

 as well as the shrinking of initially swollen 

p(acrylic acid-co-acrylamido azobenzene) hydrogels (at pH values above the pKa of the AA) 
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by the cis-trans isomerization of the azobenzene moieties.
152

 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
153

 or polymerosomes.
154-155

 

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 polymers, the 

embedding of dyes
156-157 

or metal nanoparticles (NP)
158 

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,
159

 the network formation around NP seeds by precipitation polymerization,
160

 the 

adsorbance of NPs onto microgels surfaces
81 

or their absorbance into the network.
161 

Despite 

their different origin, the final materials exhibit the similar light-induced volume phase 

transition of the network. Figure 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.
162

 

 

 

Figure 7: Variation in volume of pure (◊) and hybrid (♦) p(NIPAAm-co-AA) microgels plotted as a 

function of the number of laser on and laser off events n. Both microgel systems were irradiated at  

= 810 nm. Adapted from ref.
162
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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.
163

 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 micrometers up to centimeters.
154

 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
164

 with the 

potential of the externally triggered release of specific chemotherapeutics,
165

 thereby 

dramatically enhancing the therapeutic efficiacy.
87 

3.3.2.1.4 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 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”).
87

 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 chapter 3.3.2.1.1).
166

 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 
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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.
54

 In a similar approach, core/shell microgels consisting of two 

different thermo-sensitive polymers were prepared by Berndt and Richtering.
167

 Since the 

core was formed from PNIPAAm and the shell from poly(N-isopropylmethacrylamid) 

(PNIPMAAm) exhibiting a comparably higher LCST of 45 °C, the temperature-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.
168

 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 > pKa 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 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.
109 

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 
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swollen hydrogel. Figure 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. 

 

 

Figure 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. Adapted from ref.
109

 

 

3.3.2.2 Stimuli-responsive microgels based on cleavable crosslinking 

points 

The fundamental concept of stimuli-responsive microgels based on either complete 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 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. 

3.3.2.2.1 Microgels containing hydrolytically cleavable crosslinkers 

A widely investigated concept to degradable microgels is based on the utilization of 

crosslinking agents containing hydrolytically cleavable groups.
169

 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),
170

 Kim and Graham successfully 

transferred this concept to hydrogel nanoparticles. The microgels prepared from crosslinked 

poly(caprolactone diol) were shown to be degradable upon incubation in acidic, alkaline or 

enzymatic solution of esterase at physiological temperature.
171

 Even though these materials 
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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 applications a fast and precise response to a specific 

stimulus is desired in order to increase the respective efficacy. Thus, increasing the hydrolytic 

lability of crosslinking 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.
172

 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 

beneficial 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.
173

 Figure 9 depicts the followed concept. 

 

 

 

Figure 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. Adapted from ref.
173
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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 of antigen-presenting cells. The 

release of the protein was shown to activate ovalbumin-specific cytotoxic T lymphocytes in 

vitro.
174

 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.
175

 In addition, the versatility towards the encapsulation of different 

biologically active macromolecules such as e.g. plasmid DNA
176

 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.
177

 The concept of acid-labile crosslinkers can even be extended to more 

complex structures such as e.g. hollow microgel capsules prepared from polyvinylamine 

(PVAm) with ketal moieties containing crosslinks described by Shi et al.
178

 

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.
179

 Therefore, delivery 

vehicles based on functional groups cleavable in the presence of high reducing agents 

concentrations are particularly attractive for intracellular delivery.
180

 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.
181

 Bromberg et al. prepared microgels based on poly(acrylic acid) covalently 

bonded to Pluronic (PEO-b-PPO-b-PEO) polyether copolymers.
182

 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 crosslinking density of the network. An 

additional advantage of disulfide based crosslinkers is their reversible formation/degradation, 

which can be used not only for the release of functional compounds upon microgel 

degradation
183 

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 containing 

oligoethyleneglycol (OEG) and pyridyldisulfide (PDS) units.
184

 Cleavage of a certain amount 
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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. 

3.3.2.2.2 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 

considerations, hydrogels containing enzymatically cleavable crosslinking points are 

investigated examples taking advantage of the presence of e.g. azoreductase in the colon.
185

 

While labile azobenzene moieties for covalent crosslinking are well examined for site specific 

drug delivery via macroscopic gels,
186

 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.
182  

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.
187

 Covalent functionalization of dextran chains with either polymerizable vinyl 

groups
188

 or thermal initiators
189

 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.
19

 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.
190

 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 Figure 10, it was observed that the rate of degradation and 

thereby the release of IgG is dependent on the degree of substitution (DS) (Figure 10a) of the 
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dextran chains with methacrylate groups as well as on the amount of embedded enzyme 

(Figure 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. 

 

 

Figure 10: Cumulative release of IgG versus time from degrading dextran microgels: (a) as a function of 

the DS: DS 4 (■), DS 7(●) and DS 13 (▲); (b) as a function of the amount of incorporated dextranse (DS 

4): 2 U/g solid (▼), 0.7 U/g solid (▲), 0.2 U/g solid (●) and 0 U/g solid (■). Adapted from ref.
190

 

 

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.
191

 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.
192

 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. 

3.3.2.2.3 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. 
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Materials of the first category are typically crosslinked by physical aggregates of 

hydrophobic chromophores attached to a hydrophilic polymer backbone. Utilization of photo-

reactive moieties able to change their polarity upon irradiation-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 chromophores 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 azobenzenes as 

photo-reactive chromophores.
193

 As shown in Figure 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.  

 

 

 

Figure 11: Schematic representation of non-covalently crosslinked azo-dextran microgels. Adapted from 

ref.
193

 

 

As mentioned before, these molecules are able to undergo a trans-cis isomerization 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.
194

 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 
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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 application of UV light.
195-196

 Transferring 

this concept to the nanoscale gives rise to a broad variety of interesting materials such as 

thermo- and pH-sensitive microgels
197

 prepared by e.g photo-crosslinking of  

poly(N,N’-dimethylaminoethyl methacrylate-co-dimethylmaleimidoethyl methacrylate).
198

 

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 preparation of (stimuli-responsive)
199

 

microgels by photo-crosslinking of e.g. cinnamoyl side groups in micellar aggregates of 

(amphiphilic) block copolymers
200

 or photo-crosslinking of graft-copolymers containing the 

photo-reactive moieties in the polymer backbone.
201 

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.
202

 As shown in Figure 12, the 

reversibility of the photo-reaction was found to enable a controlled swelling/deswelling of the 

gel networks upon irradiation-induced adjustment of the crosslinking density.  

 

Figure 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). 

Adapted from ref.
202
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In contrast to the non-degradable microgels prepared by photo-crosslinking of micellar 

(block) copolymer aggregates, the utilization of reversible photo-dimerization 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-crosslinking the core of hydrophilic block 

copolymer micelles containing a polymer displaying a LCST and bearing coumarin 

moieties.
203

 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 1. Upon cooling below the LCST crosslinked nanogels were obtained. It 

was demonstrated that the degree of crosslinking can be reduced by irradiating a dispersion 

thereof at 2 leading to swelling of the gel network. Furthermore, the initial crosslinking 

density can be restored by photo-induced re-crosslinking at T > LCST. Figure 13 depicts the 

described concept. 

 

 

Figure 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. Adapted from ref.
203 

 

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.
204

 In 
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addition, the utilization of a water soluble block copolymer containing pH-sensitive 

carboxylic acid moieties in one block and thermo-sensitive groups along with coumarin 

moieties in a second block led to multi-responsive microgels.
205

 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 ( = 200 – 280 nm), thus limiting their application 

to fields where photo-degradability of functional compounds is not an issue.
87

 

 

 

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,
206

 unwanted side reactions or physical 

changes in co-existing non-reactive (polymeric) groups can be avoided.
207

 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 environment. 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.
208 

This feature can not only be applied to create 

patterns with nanometric precision in polymer thin films,
196

 but also renders photo-sensitive 

materials especially interesting for applications in the nanoscale.
196, 209

 Finally, light-sensitive 
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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 photo-sensitivity of polymeric materials can be 

achieved by two different concepts. 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 Figure 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.  

 
 

 

Figure 14: Photoreactions in polymers: classification with respect to type and location of the light-induced 

process. 
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3.4.2.1 Types of chromophores in polymeric materials 

While Figure 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:  

a) cis-trans isomerizations  b) ionization reactions 

c) molecular switches   d) dimerization reactions 

e) radical formation   f) bond cleavage reactions 

cis-trans Isomerizations. Probably the most prominent chromophores undergoing 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 (2). 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.
153, 210

 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.
193 

Moreover, the change in the alignment 

of these chromophores upon irradiation is investigated for the preparation of materials for 

optical data storage.
211-213

 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.
206 

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.
206

 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
214-215 

or the chemically amplified activation of pH-sensitive dye molecules 
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in a polymeric matrix.
216

 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.
217

 

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.
218-219

 Incorporation of 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.
220

 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 hydrophobic 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.
221

 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.
222

 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.
223

  

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 representatives. If these chromophores are attached as side groups to a polymeric 

backbone, irradiation can be used to form either macroscopic
196, 224-226 

or nanoscale
198, 200, 203

 

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.
204-205, 225 

Alternatively to the utilization of 

these chromophores as polymeric side groups, their incorporation into a polymeric back bone 

allows to crosslink the independent chains directly.
202 
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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.
227

 Therefore, the 

attachment of such moieties to polymers serves as a facile approach to photo-crosslinked 

materials
228

 such as e.g. hydrogel thin films.
229 

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).
230-231

 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 polymer can be used for the disrupture 

of micellar aggregates from initially amphiphilic diblock copolymers.
232

 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
233

 or light-cleavable micelles,
234

 

incorporation of these moieties in to the backbone results in completely photo-degradable 

polymers.
235

  

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, carbonates or carbamates 

have been extensively examined since their discovery in 1901
236

 and are known to be cleaved 

fast and quantitatively upon irradiation with UV-A light ( > 300 nm). Detailed investigations 

on the underlying mechanism of the light-induced bond cleavage in o-nitrobenzyl esters were 

performed by Schnabel and co-workers in the late 1980s and the proposed pathway is 

depicted in Figure 15.
237 
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Figure 15: Mechanism of the photoreaction of o-nitrobenzyl esters as proposed by Wong et al.
237

 

 

The light-induced bond cleavage of o-nitrobenzyl esters (1) yields the respective nitroso 

ketone or –aldehyde along with the carboxylic acid (6). The reaction mechanism contains the 

following steps. At first, the nitronic acid (3) is formed either from the excited singlet or the 

triplet state of 1 via an intramolecular hydrogen-transfer process including the biradical (2) as 

proposed intermediate. While the presence of 3 could easily be evidenced 

spectroscopically,
238-239

 the decay mechanism of this compound to yield 5 and 6 has been 

subject to modifications along the investigations of Schnabel and co-workers. Finally, the 

intermediate of 5 has been evidenced in aqueous solution by changes in the electrical 

conductivity.
238-239

 

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  methyl group to the benzylic carbon of the o-nitrobenzyl core was found 

to increase the rate of photolysis significantly.
237 

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.
240-242

 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 > 315 nm compared to the 

unsubstituted core.
242 

Since irradiations in this spectral region (UV-A light) represent 

relatively mild conditions with negligible corrupting influence on co-existing functional 

groups and molecules, the use of these moieties in biomedical related applications is strongly 
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facilitated.
 207

 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
242-243

 and [2-(2-nitrophenyl)ethoxy]carbonyl 

(NPEOC) groups as new type of photo-labile functions.
244 

The good cleavage properties of these different chromophores have been employed in 

various fields such as photo-labile supports for solid phase organic synthesis,
242-243, 245-247

 

linkers for chemical proteomics
248 

or degradable linkers to bridge fluorophores to DNA.
249

 

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
250

 or carboxylic acids.
251

 More recently, possible applications as protection groups in 

biological active molecules and in nucleoside and nucleotide chemistry were gaining 

increasing interest.
207 

In these cases, the photolytic deprotection can be used to activate a 

certain biological function upon deblocking e.g. an active centre or functionality.
252

 

Transferring the concept from solution based applications to the solid state, it is 

beneficial that high photolysis rates of the chromophore are maintained in polymeric 

matrices
233, 237

 and even in the dry state.
251

 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 monolayers
209, 253 

or the preparation of photo-resist materials 

by the attachment of o-nitrobenzyl ester side groups to a polymer.
233, 254

 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.
255

 

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
256

 and the preparation of 

photo-responsive nanocarriers using o-nitrobenzyl esters as capping groups on dendrimers
257

 

or hyperbranched polyglycerol nanocapsules.
258

 Furthermore, Kim and co-workers lately 

prepared mesoporous silica particles with photo-responsive cyclodextrin gate functions 

connected via a cleavable o-nitrobenzyl moiety to the particle.
259
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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 molecule 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 detachment 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: (i) polymeric gel 

nanoparticles swellable and degradable in organic solvents and (ii) hydrogel nanoparticles 

swellable and degradable in aqueous media. In order to realize this concept, novel photo-

labile divinyl functionalized monomeric crosslinkers 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 copolymerizations. 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 enzymatically 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 methacrylate 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 systems 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 microgels 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. 
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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 microgels 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.  

 

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 materials are designed as nanometric building blocks for 

the preparation of self-healing hydrogel thin films. 
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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 microgels: (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 chromophores. The specific hydrophilicity of these divinyl 

functionalized molecules is characterized by a medium polarity and, therefore, enables their 

versatile utilization 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 Figure 16. 

 

Figure 16: Concept of photo-sensitive microgels based on light-cleavable monomeric crosslinkers.



Photo-sensitive polymeric gel nanoparticles 

 

57 

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 as it can be applied in a very 

precise manner by selecting suitable wavelengths, polarization directions, focus and 

intensities in a non-contact approach, respectively.
222, 260

 Photochemistry in combination with 

polymeric gels is well established for the formation of crosslinks by the application of UV 

light.
261-262

 While e.g. the reversibility of the [2+2] cycloaddition reaction of coumarin, 

anthracene and cinnamoyl derivatives is well examined to prepare stimuli responsive 

macroscopic gels,
195-196

 only little attention has been paid to the formation of photo-sensitive 

gel particles in the nano- or micrometer size range.
202, 263

 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 triggered 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 networks. 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. 

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), 1426-1440. 
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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 irradiation wavelengths and 

times applied. A dissimilar photolytic reactivity of the crosslinkers should in principle enable 

the successive decomposition of one specific 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 Figure 17.  

 

 

 

 

Figure 17: 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 t1 and t2. 
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Irradiation of type B microgels with UV-A light of > 315 nm is proposed to result in 

either highly swollen, partially degraded gel networks or complete particle 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  < 315 nm. Short irradiation times t1 lead hereby 

selectively to the complete degradation of type B particles. Eventually, longer irradiation 

times t2 > t1 then enable the full particle degradation of type A microgels as well. In summary, 

either 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 irradiation times 

(Figure 17). 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 photoreaction of the resulting 

crosslinkers, two categories of molecules differing in their absorption spectra were 

synthesized and characterized regarding their photolysis. Figure 18shows the synthetic 

pathway to four different photo-cleavable crosslinkers (CL-1A, CL-2A, CL-3A and CL-4B).  
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Figure 18: 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 d, 

52%; (c) 2-isocyanoethel methacrylate, THF (anhyd.), 65 °C, 24 h, 72%; (d) (3), triethylamine, THF 

(anhy.), 25 °C, 16 h, 40%; (e) methyl 4-bromobutyrate, K2CO3/DMF (anhyd.), 25 °C, 16 h, quant.; 

(f) acetic anhydride/nitric acid (1:2, v/v), 0 °C, 3 h, 53%; (g,h) NaBH4/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%.  

 

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 converted 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 Figure 19. 

 

 

Figure 19: Photo-labile crosslinking molecules CL-1A, CL-2A, CL-3A and CL-4B: a) classification and b) 

UV-vis spectra in THF. 
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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 -methyl group onto the benzylic carbon of the 

o-nitrobenzyl core is known to increase the rate of photolysis significantly.
244

 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 

> 315 nm compared to the 2NPDM moiety.
254

  

For the photolysis of the crosslinkers, the only requirement to the irradiation wavelength 

is to overlap with the absorption band of the photo-labile chromophore. 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 < 300 nm, should be avoided.
230-231

 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 Figure 19b). Here, the alkoxy substituents on the 

benzylic core exhibit a +M effect and therefore decrease the energy gap of the 

transition, 

resulting in a bathochromic shift of the absorption maximum (see 

Figure 19b). Thus, the crosslinker CL-4B shows a dramatically increased absorption in the 

targeted photolysis wavelength region of  > 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 functional groups (Figure 20). 

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 carbamate 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 
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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. 

 

Figure 20: Photoreactions of the degradable crosslinkers. 

 

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
-3

 mol/L) for 8 h with UV light ( = 315 – 390 nm, I = 17 mW/cm
2
). 

1
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 solutions in THF 

were conducted and their resulting irradiation time-dependent spectra are shown in Figure 21. 

Since the absorption spectra of type A crosslinkers were found to be similar for CL-1A, 

CL-2A and CL-3A, Figure 21a depicts the spectra of CL-1A exemplarily for all type A 

molecules. 

 

Figure 21: 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. 
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Irradiation of either type A or type B crosslinkers with UV light of the wavelengths of 

 = 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. Especially in the case of CL-1A and CL-3A, the secondary evolution of an 

additional absorption band at  > 350 nm can be observed for irradiation times of more than 

20 min (Figure 21a), hence suggesting subsequent follow-up reactions of the primary photo 

products to the generation of o,o’-dicarboxyazobenzenes which are known to be formed by 

dimerization of the primary nitroso groups at longer irradiation times.
254, 264

 Type B 

crosslinker CL-4B shows defined isosbestic points over the complete irradiation time scale 

(Figure 21b). Nevertheless, the large red shift of the absorption band to max = 385 nm and its 

high extinction coefficient 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 Figure 22. 

 

 

Figure 22: Molecular structures of proposed dimeric side products of the photoreactions of the light-

cleavable crosslinkers CL-1A – CL-4B. 

 

In a next step, FD-MS measurements of the irradiated samples for the 
1
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, 
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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 from azobenzenes.
265-266

 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 –ln [CL]t/[CL]0 versus time show all excellent linearity, indicating the 

expected first order kinetic with respect to the chromophore concentration (see Figure 23b). 

Figure 23a 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 1. 

 

 

Figure 23: 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. 
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Table 1: Rate constants and half-life times for the photolysis of the synthesized degradable crosslinkers. 

crosslinker k / s-1 
1/2 /min   crosslinker k / s-1 

1/2 /min 

CL-1A 0.43∙10-4 270   CL-3A 0.43∙10-4 271 

CL-2A 0.56∙10-4 206   CL-4B 2.75∙10-4 42 

       

 

All newly synthesized crosslinkers were found to degrade completely upon irradiation 

with UV light of the wavelengths of  = 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 measurements. In contrast to the UV-vis 

measurements, CL-4B shows not only the formation 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 (Figure 23a). As expected, CL-4B shows a dramatically increased 

rate constant, in comparison to the type A crosslinkers. The enhanced absorption in the used 

photolysis wavelength region is accompanied by an increase of the acidity of the benzylic 

proton by the additional  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 advantage compared to emulsion 

polymerization. Suppression of diffusion of compounds 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 composition of the monomer phase. Hence, all functionalities incorporated are 

equally distributed in each particle. In order to obtain photo-degradable PMMA microgels 
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(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 degradation experiments. In order to assure comparability of 

swelling and degradation behavior, 2.5 mol-% of crosslinker were used in every case. Table 2 

lists the composition of the synthesized microgels. 

 
Table 2: Nominal compositions of photo-degradable PMMA microgels. 

sample 
crosslinker 

type m / mg mol-%  

MG-0 DEGDMA 60.0 2.5 

MG-X DVB 33.0 2.5 

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 

 

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 Figure 26. All minemulsion copolymerizations resulted 

in stable dispersions of non-swollen MGs in water with hydrodynamic diameters in the size 

range of 140 to 200 nm. The mean hydrodynamic 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 ± 24 nm, 140 ± 19 nm, 149 ± 31 nm and 157 ± 29 nm, respectively. In all cases, 

representative SEM images showed spherical particles in the same size range (Figure 24). 

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 distributed 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.  
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Figure 24: Characterization of non-swollen PMMA gel particles prepared with different crosslinkers: 

Representative SEM images of microgels drop cast from aqueous dispersions on silicon wafers. 

 

Potential applications of the photo-degradable particles require stable dispersions in a 

good solvent for the polymer chains forming the network. Therefore, the freeze dried 

microgels were allowed to swell in THF for 3 d 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 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 Figure 25. 
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Figure 25: Representative SEM images of crosslinked microgels after redispersion in chloroform (and 

drying). 

 

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 = Vswollen/Vnon-swollen, thus representing the relative volume of included solvent. The 

obtained values are shown in Figure 26 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. 

 

 

Figure 26: Characterization of the PMMA MGs: a) hydrodynamic diameters in () water, () THF and 

() chloroform; b) () gel contents of the isolated MG particles and DGS in () THF and () 

chloroform. 
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Gravimetrical analysis of the combined supernatants of the washing steps and the 

remaining particle dispersions afforded the sol/gel contents, which are shown in Figure 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.
96

  

While the determination of the sol/gel content in combination with the measured degree 

of swelling did not permit a quantitative evaluation of the crosslinking 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 reference 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 turbidity  = cQext3/(2d) as described 

by Lechner.
267

 Here, c is the mass concentration of the particles, Qext is the Mie extinction 

efficiency, d is the particle diameter and  the particle density. Here, the value of the 

parameter Qext is a function of the relative refractive index np/n0 (np being the refractive index 

of the particles and n0 the one of the solvent) and decreases with decreasing value of np/n0. 

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.
268

 With the intention to 

follow the particle swelling or degradation, turbidity measurements were carried out in 

chloroform by measuring the intensity of the scattered light at 90°. In detail, the intensity 

count rates of the irradiated samples Iirr were determined relative to those of the non-irradiated 

samples I0. The values for the relative turbidity trel obtained from the equation 

trel = (Iirr/I0)·100%, therefore reflect the relative degree of particle degradation. 
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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 ( = 315 - 390 nm, I = 17 mW/cm
2
). The resulting graph in Figure 27 shows a good 

agreement between the light-induced increase of particle swelling and the decrease in 

scattering intensity. 

 

Figure 27: Evolution of the irradiation time-dependent transparency and hydrodynamic diameters upon 

the irradiation of a dispersion of MG-4B in chloroform ( = 315 - 390 nm; I = 17 mW/cm
2
). 

 

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 irradiation with wavelengths of > 315 nm, 

the faster photoreaction of CL-4B - due 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
2
 

confirmed this assumption, as can be seen in Figure 28a. 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 irradiation than MG-1A – MG-3A particles. It was assumed that the 
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enhanced degradability 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  > 315 nm. Therefore, the different 

photolytic reactivity should in principle allow the successive decomposition of one specific 

type of microgel after the other in a mixed dispersion.  

 

 

Figure 28: Irradiation experiments of the PMMA MGs with  = 315 - 390 nm and I = 17mW/cm
2
 : a) time-

dependent turbidity measurements; b) DGSirr determined by DLS measurements after () 400 s of 

irradiation and () 3600 s of irradiation. 

 

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 moieties can 

take place to form new crosslinking points simultaneous to the cleavage of the photo-

degradable crosslinkers. The resulting “steady state” is represented 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 
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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 (DGSirr) were then calculated as the volumes of irradiated particles 

relative to those of the non-irradiated ones in the same solvent. The DGSirr of the samples 

after 3600 s irradiation time are shown in Figure 28b. As expected, the MG-4B particles 

synthesized with type B crosslinker CL-4B showed a dramatically increased DGSirr compared 

to the microgels containing 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 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. Representative 

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-influenced reference particles of MG-0 in Figure 29.  
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Figure 29: SEM images of PMMA microgels after UV irradiation for 400 s ( = 315 – 390 nm, 

I = 17 mW/cm
2
) in chloroform: a) MG-0 out of CHCl3; b) MG-4B out of CHCl3. 

 

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
2
. Figure 30a shows the corresponding time-dependent 

turbidity measurements. The degrees of swelling after 200 s of irradiation are presented in 

Figure 30b. In comparison to the irradiation experiments conducted with  = 315 – 390 nm 

UV light and the resulting DGSirr (Figure 28), 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. 

 

 

Figure 30: Irradiation experiments of the PMMA MGs with  = 365 nm and I = 60 mW/cm
2
: 

a) time-dependent turbidity measurements; b) DGSirr determined by DLS measurements after 200 s of 

irradiation. 
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Furthermore, it is noteworthy that the time scale of degradation was significantly 

shortened compared to the use of 17 mW/cm
2
 UV light of the wavelengths of 

 = 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 degradation 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 (= 315 – 390 nm, 

I = 17 mW/cm
2
; = 365 nm, I = 60 mW/cm

2
), 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 CHCl3 were irradiated 

with UV light of the wavelengths of  = 200 – 600 nm and an intensity of 95 mW/cm
2
. The 

time-dependent relative turbidity is shown in Figure 31a. 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  > 300 nm does not influence those crosslinking points, the use of broadband 

UV light of  = 200 – 600 nm is known to cleave azobenzene or azoxybenzene groups. 

Azoxybenzenes
265

 as detected for CL-2A and CL-4B yield phenyl nitroxides by direct 

photolysis. Photo-degradation of azobenzenes
265-266

 (CL-1A-D and CL-3A-D, see Figure 22) 

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 disintegrated. This could 

be assigned to Norrish type side reactions, which are known to take place for wavelengths 

below 300 nm.
230-231

 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 
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partial particle disintegration of the MG-0 particles crosslinked with DEGDMA 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)
231

 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 microgels MG-X in chloroform with UV light of the 

wavelengths of 200 – 600 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 II 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 

DGSirr after 90 s of irradiation confirms the selective swelling of MG-4B particles which 

show a significantly increased particle volume compared to the microgels MG-1A to MG-3A. 

The respective DGSirr are presented in Figure 31b. The selectivity of the irradiation time-

controlled swelling of MG-4B microgels is characterized by the deviation between the DGSirr 

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 DGSirr in Figure 31b) was detected for the reference particles of 

MG-X and even for the MG-0 microgels, which are based on DEGDMA as crosslinker, thus 

rendering those particles stable under the irradiation conditions used.  
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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 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 Figure 32b). 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 

Figure 31c. 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 DGSirr. Therefore, the reference microgels are stable under the used conditions to 

completely degrade MG-4B particles. 

 

 

 

Figure 31: Irradiation experiments of the PMMA MGs with  = 200 - 600 nm and I = 95 mW/cm
2
: 

a) time-dependent turbidity measurements; b) DGSirr determined by DLS measurements after 90 s of 

irradiation; c) DGSirr determined by DLS measurements after 225 s of irradiation; d) DGSirr determined 

by DLS measurements after 750 s of irradiation. 
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In order to examine the light induced degradation of microgels containing crosslinkers of 

type A subsequent to the selective swelling or disintegration of type B MG-4B particles, DLS 

measurements were conducted to determine the DGSirr at longer irradiation times. Here, 750 

and 1200 s represent the points in time corresponding to a decay of turbidity to almost 0%. 

Therefore, complete particle disintegration was assumed for those irradiation times. The 

resulting data from DGSirr determination is shown in Figure 31d. 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 

DGSirr with increasing irradiation time and still exhibited a spherical structure consisting of 

highly swollen gel networks (see Figure 32c). Turbidity measurements of irradiation 

experiments of the non-photo-labile reference particles 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 DGSirr 

values, the respective MG-X microgels exhibited a good stability even for longer irradiation 

times. Therefore, the impact of photo-degradable microgels is dramatically 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 DGSirr 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 DGSirr, 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 particles could still be observed 

in all cases, as can be seen in Figure 32a. 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 32b 

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 Figure 32c images are presented which show the resulting 
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structures after 750 s of UV irradiation. 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-0 

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 DGSirr discussed above. In the case of 

longer irradiation times of 1200 s, all particles 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). 

 

 

Figure 32: Representative SEM images of PMMA MGs after irradiation in chloroform ( = 200 – 600 nm, 

I = 95 mW/cm
2
): a) 90 s irradiation b) 225 s irradiation; c) 750 s irradiation. 

 



Photo-sensitive PMMA microgels: light-triggered swelling and degradation 

 

79 

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 Figure 17. 

 

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 copolymerization 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.  
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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 monomers in inverse miniemulsion.
269

 In 

this method, the droplets mostly consist of an aqueous solution of crosslinkers and monomers. 

However, the water insolubility 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. 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. 
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Preparation of photo-sensitive PHEMA microgels by free radical copolymerization 

in inverse miniemulsion. The synthesized photo-cleavable crosslinkers 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 33 shows representative SEM images of the microgels drop cast 

from cyclohexane dispersions and the dh values from DLS. 

 

 

Figure 33: Characterization of non-swollen photo-sensitive PHEMA gel nanoparticles with different 

crosslinkers. Representative SEM images and hydrodynamic diameters obtained by dynamic light 

scattering. 

 

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 demonstrated that the specific medium 

polarity of the newly synthesized photo-cleavable crosslinkers (CL-1A to CL-4B, see chapter 

5.1.1.1) enables their utilization for the preparation of a broad range of light-sensitive 

microgels by either direct (chapter 5.1.1.1) or inverse miniemulsion polymerization. 
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Investigations on the swelling behavior of photo-sensitive PHEMA microgels. 

Besides investigating the versatility of the crosslinkers regarding their application in different 

processing routes of microgels, the photo-sensitive PHEMA 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 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.
270-271

 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 nanoscaled 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 (= 315 - 390 nm; I = 17 mW/cm
2
). The 

particle swelling/degradation was monitored by turbidity analogously to the experiments 

conducted on photo-sensitive PMMA microgels (chapter 5.1.1.1). The resulting turbidity 

curves in dependency on the irradiation time are shown in Figure 34. 
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Figure 34: 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 exhibited 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. 
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Conclusion 

As described in this chapter, the successful preparation of photo-sensitive PHEMA 

microgels was achieved by free radical copolymerization of the newly 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 different processing routes (direct and inverse miniemulsion) to 

light-sensitive microgels 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 formations, etc.) a post polymerization 

functionalization of the network could be envisioned. 
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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,
81

 optics,
82

 colloidal 

crystals,
83, 272

 and biomedical fields.
2, 85, 273

 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,
274-275

 particulate drug delivery systems are characterized 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.
276-277

 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.
278

 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 protection of the payload from hostile enzymes until the 

delivery to targeted tissues.
88

 Additional advantages include the ease of preparation, high 

stability, and the good dispersibility in water.
88, 108, 279

  

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.  

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 – 9772.  
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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 formation 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 

swellability 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 addition, the introduction of 

methacrylic acid groups represents a widely investigated approach to render microgels 

containing even hydrophobic comonomers (e.g. MMA)
137-138

 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, biocompatibility of fluorescently labeled microgels is investigated by cell tests. 
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5.1.2.1.1 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. 

Preparation of crosslinked p(HEMA-co-MAA) microgels by inverse miniemulsion 

polymerization. Crosslinked p(HEMA-co-MAA) microgels were prepared 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 3. 

 
Table 3: Nominal compositions and hydrodynamic diameters of p(HEMA) and p(HEMA-co-MAA) 

microgels. 

sample 
HEMA MAA DEGDMA dh

2) 

(wt.-%) (wt.-%) (mol-%)
1) 

(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 
1)

 w.r.t. total amount of monomers; 
2)

 determined by DLS in cyclohexane 

 

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 3 

and Figure 35 depicts representative scanning electron micrographs of the microgels. 
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Figure 35: Representative SEM images of MG-A – MG-D microgels on silica drop cast from cyclohexane 

dispersions. 

 

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 composition 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.
46

 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.  

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 
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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 deprotonation 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 Figure 36. 

 

 

Figure 36: 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. 

 

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 successful 

approach to improve the water swellability of PHEMA based networks.  

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 Figure 36, this requirement is best fulfilled by MG-D 
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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 stepwise from pH 3.5 to pH 12 by adding diluted sodium hydroxide solution. 

Subsequently, after each titration step, the hydrodynamic diameters of the particles were 

measured by DLS. Figure 37a shows the obtained plot of dh 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 subsequently measuring the hydrodynamic diameters were 

conducted. The resulting plot is shown in Figure 37b. 

 

 

Figure 37: 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. 

 

The pH dependent swelling profile in Figure 37a 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 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 Figure 37b and 

was found to be complete for 4 investigated cycles of pH transitions from pH 8.5 to pH 4.5. 
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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.
137-138

 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 Figure 38. 

 

 

Figure 38: 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. 

 

The plot in Figure 38 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. 
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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 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. 

 

5.1.2.1.2 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
190, 280

 or by post-

formation methods.
148, 281

 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 hindering the diffusion due to mesh sizes smaller than 

the hydrodynamic radii of the functional substances (e.g. proteins, enzymes, catalytic metal 

nanoparticles),
45, 173

 by electrostatic interactions of e.g. small molecules with the polymeric 

matrix
137-138

 or by embedding compounds into collapsed networks,
282

 thus excluding water 

from the gel interior and preventing diffusion. 
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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 combination 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 Figure 39. 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 hydrodynamic 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
283

 (see Figure 39a & 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 lowering 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
143

 

(see Figure 39a-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 hindered
281

 even though the 

electrostatic interactions are weakened as well.
139

 This approach is assumed to result in an 

entrapment of the respective compound (see Figure 39b-i). In this case, leakage of the payload 

from the collapsed microgels 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 Figure 39b-ii). 
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Figure 39: 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. 

 

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 shown to enable the successful loading into anionic 

microgels containing methacrylic acid groups at pH 6.75.
138

 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 
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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 max= 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 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 microgels without myoglobin was investigated according to the proposed 

loading and release strategy. Figure 40 shows the degrees of swelling for every step of the 

described pathway including schematical illustrations of the proposed pathway. 

 

 

Figure 40: 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; 

(c) purification; (d) release of myoglobin. Note: investigated samples did not contain myoglobin, cartoons 

are shown to clarify the proposed loading and release mechanism. 

 

The swelling behavior of MG-D microgels depicted in Figure 40 follows the anticipated 

profile and gives rise to the potential embedding and release of myoglobin 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; (c) purifying the loaded microgels by washing with water of pH 4.5 and finally: (d) 
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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 pKa 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. 

Loading of MG-D p(HEMA-co-MAA) microgels with myoglobin. Following a 

procedure described by Eichenbaum et al.,
137

 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 centrifugation, 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 41 

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 centrifugation- and the following washing steps. 

 

 

Figure 41: UV-vis spectroscopic examination of the loading process of MG-D microgels with myoglobin. 
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Comparing the UV-vis spectrum of the myoglobin reference solution to the spectrum of 

the supernatant (after centrifugation of the collapsed microgels dispersed in the myoglobin 

solution), it can be seen that the intensity of the absorbance at max = 410 nm decreased 

significantly. The observed difference can be attributed to a removed amount of myoglobin 

from the solution therefore indicating successful loading of the protein into the microgels by 

entrapment. The subsequent washing steps were conducted to remove excess myoglobin. By 

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 performed washing steps did not show a significant absorbance in the 

wavelength region of max 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: 

   
                    

                  
 

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: 

   
                    

                  
 

Both parameters, embedding and loading efficiency, were determined by comparing the 

absorbance intensities at max = 410 nm of the loaded microgels dispersed in PBS to a 

calibration curve of myoglobin in PBS. In order to take potential scattering influences of the 
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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 42a shows the UV-vis spectrum of the loaded MG-D microgels in PBS 

and Figure 42b depicts the calibration curve obtained from the absorbance intensities at  

max = 410 nm. 

 

 

Figure 42: 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). 

 

Calculation of loading and embedding efficiency afforded the values of 

EE = 6.9 ± 0.6% and LE = 62.3 ± 5.0%. Regarding the high loading efficiency 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 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 max = 410 nm to a 

calibration curve of myoglobin in PBS. Figure 43a shows the measured time-dependent 
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UV-vis spectra of the release experiment and Figure 43b depicts the cumulative release of the 

protein in dependency on the incubation time. 

 

 

Figure 43: 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. 

 

The increasing absorbance at max = 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 network 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 interactions 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 Figure 43b) was found to follow an initial burst release of 

around 35% of myoglobin during the first three hours of incubation in combination with a 

slow release of additional about 18% of embedded protein in a time span of 21 h. Since the 
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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 concentration 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 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. 

 

5.1.2.1.3 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 treatments 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.
284
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While uptake routes into cells have been described for small molecules and 

macromolecules,
285-286

 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-mediated endocytosis.
287-288

 Especially 

receptor-mediated uptake is a widely investigated approach to targeting of specific cell 

types.
289-290

 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.
291

  

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 chapter 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) microgels. 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 copolymerization 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.  

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 4 shows the nominal composition 
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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 Figure 44. 

 
Table 4: Nominal composition and characterization data of fluorescent FL-MG microgels. 

sample 

composition characterization 

HEMA MAA DEGDMA bodipy-1 dh (CH)
2) 

dh (PBS)
3) 

DGS (PBS) 

(wt.-%) (wt.-%) (mol-%)
1) 

(wt.-%) (nm) (nm)  

FL-MG 85 15 2.5 0.93 124 ± 15 287 ± 34 12 ± 2 
1)

 w.r.t. total amount of monomers; 
2)

 determined by DLS in cyclohexane; 
3)

 determined by DLS in PBS 

 

 

Figure 44: Characterization of fluorescent p(HEMA-co-MAA) FL-MG microgels: a) representative SEM 

image of the particles drop cast from cyclohexane dispersion; b) fluorescence emission spectrum of the 

microgels in PBS (exc = 488 nm); c) molecular structure of the incorporated bodipy-1 fluorescent dye. 

 

The prepared microgels were found to consist of well defined spherical structures with 

hydrodynamic diameters of 124 nm in cyclohexane. The particles dispersion in PBS showed a 

profound fluorescence emission upon excitation with light of the wavelength of exc = 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. 
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Cell tests: cytotoxicity and cellular uptake. All cell tests were performed by Melanie 

Dröge. Regarding the potential utilization of p(HEMA-co-MAA) microgels for delivery 

applications in biomedical fields, a basic requirement for the materials is a good 

biocompatibility as expressed by a low immunogenicity. In this context, several microgel 

nanoparticles are known to be characterized by a hindered opsonisation from macrophages. 

Here, a hydrophilic particle surface impedes the phagocytosis based on adhesion and induces 

a “stealth” behavior of the latexes.
292

 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, apoptotic, 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 Figure 45. 

 

 

Figure 45: Cytotoxicity tests of HeLa cells incubated with FL-MG dispersions of varying concentrations 

(NC represents the negative control of pure HeLa cells). Data obtained by M.Dröge. 

 

As can be seen from the data presented in Figure 45, 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, 
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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 cytometry measurements. The cells were selected on a forward/sideward scatter plot, 

thereby excluding cell debris. Further analysis of the FL1 channel (exc = 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 Dröge). The results 

obtained from the flow cytometry experiments are shown in Figure 46. 

 

 

Figure 46: Characterization of cellular uptake of FL-MG microgels by flow cytometry: median of nFL1 

fluorescence for different particles concentrations. Data from M.Dröge. 

 

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 microgels, 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 

cooporation with Daniela Baumann). Figure 47 shows the obtained cLSM images of HeLa 
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cells incubated with two different concentrations of FL-MG microgels in comparison to the 

negative control. 

 

 

Figure 47: 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 µg/mL; (c), (f) incubated with 

1200 µg/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 Figure 47 the microgel particles are not 

attached to the cell membrane but are successfully incorporated into the cells. Moreover, the 

fluorescence is rather diffuse than spatially 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 
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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 addition, 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.  

 

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.
173, 175

 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 position as it can be applied in a very precise manner by selecting suitable 

wavelengths, polarization directions and intensities in a non-contact approach.
222, 293

 In 

addition, light offers the possibility to change the polymer properties in very confined spaces 

and time scales.
255, 294

 

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 ionizable 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  

Figure 48.  
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Figure 48: Schematic representation of the double stimuli-responsive character of the photo-degradable 

p(HEMA-co-MAA) microgels. 

 

In both cases, particles are highly swollen for pH values higher than the pKa 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-step degradation 

profile. In contrast, by transferring the collapsed particles to phosphate buffer solution, 

slightly swollen particles are obtained, which subsequently 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.
295 

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 Figure 49 together with the reaction conditions. 
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Figure 49: Synthesis of photo-cleavable crosslinkers. Reagents and conditions: (a) methyl 4-

bromobutyrate, K2CO3/DMF (anhyd.), 25 °C, 16 h, quant.; (b) acetic anhydride/nitric acid (1:2, v/v), 0 °C, 

3 h, 53%; (c,d) NaBH4/MeOH/THF, 25 °C, 16 h, NaOH, 25 °C, 7 h, 89%; (e-1) BH3*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, NEt3/DCM, 0 °C to 25 °C, 15 h, 42%; (f-2) ethylenediamine, DCC, DMAP 

(cat.)/DCM, 0 °C to 25 °C, 15 h, 53%. 

 

Both structures are based on 4-(4-(1-hydroxyethyl)-2-methoxy-5-nitrophenoxy)butanoic 

acid (HEMNPBA) which was synthesized accordingly to a previous publication.
295

 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 borohydride 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.  
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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 chapter 

5.1.1.1. The particular chromophore was demonstrated to be characterized by a fast 

photoreaction due to the -methyl group on the benzylic carbon of the o-nitrobenzyl core. 

Moreover, its high extinction coefficient for > 315 nm 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  > 315 nm). Meaning, Norrish-type side 

reactions, which primarily take place for irradiations with wavelengths of < 300 nm
230-231

 

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 342 nm. Thus, both 

crosslinkers exhibit a high absorption coefficient in the targeted photolysis wavelength region 

of  > 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 > 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.
295

 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 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 molecules not 

hindering the particle degradation. In addition, the formed methacrylic acid groups for CL-5B 
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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,
295

 the photo-degradation behavior of 

the crosslinker CL-5B in equimolar THF solution was first investigated by irradiation time-

dependent UV-vis measurements. The respective plot of CL-5B is shown in Figure 50. 

 

Figure 50: Investigations on the photolysis of photo-cleavable crosslinker CL-5B in THF solution: 

Irradiation time-dependent UV-vis spectra.  

 

Irradiation of either the CL-4B (see chapter 5.1.1.1) or the CL-5B crosslinker with UV 

light of the wavelengths  = 315 – 390 nm resulted in every case in a red shift of the 

absorption maxima to max = 385 nm. These light-induced changes of the absorption spectra 

point towards successful photo-reactions. However, the formation 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 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.  
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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 –ln [CL]t/[CL]0 versus time show all excellent 

linearity, indicating the expected first order kinetic with respect to the chromophore 

concentration (see Figure 51b). Figure 51 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 constants for both crosslinkers. The obtained half-life times and rate constants are listed 

in Figure 51b. 

 

 

Figure 51: Kinetic investigations on the photolytic crosslinker degradation: a) irradiation time-dependent 

HPLC measurements of CL-5B; b) kinetic plots of –ln [CL]t/[CL]0 versus irradiation time for CL-4B and 

CL-5B, respective rate constants and half times. 

 

Both crosslinkers were found to degrade completely upon irradiation with UV light of 

wavelengths with= 315-390 nm. As shown before,
295

 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  
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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, 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 copolymerization. 

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 transferred to water swellable pH-sensitive p(HEMA-co-

MAA) hydrogel microgels (HG-MGs).  

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. 

Table 5: Nominal compositions of (photo-sensitive) p(HEMA-co-MAA) HG-MGs. 

sample 
DMSO crosslinker 

m / mg type m / mg mol-% 

HG-MG-0-I --- --- --- --- 

HG-MG-4B-I --- CL-4B 185 2.5 

HG-MG-0-II 375 --- --- --- 

HG-MG-4B-II 375 CL-4B 185 2.5 

HG-MG-5B-II 375 CL-5B 235 2.5 

 

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 
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experiments. P(HEMA-co-MAA) HG-MG-0-I 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 dispersions. 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-I and HG-MG-4B-I particles and about 85 nm for HG-MG-0-II, HG-MG-4B-II 

and HG-MG-5B-II microgels. For the miniemulsions 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 52 shows representative SEM pictures of the drop cast cyclohexane dispersions on 

silica wafers together with the hydrodynamic diameters obtained from DLS measurements. 

 

 

Figure 52: Representative SEM images of p(HEMA-co-MAA) microgels drop cast from cyclohexane 

dispersions and hydrodynamic diameters obtained from DLS measurements in cyclohexane. 

 

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 microgels were washed 3 times with deionized water to remove formed 

sodium chloride, unreacted monomers and non-crosslinked free polymer chains and 
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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 53 shows representative 

pictures. Due to the highly swollen state of the microgels, the particles can be identified as 

flattened spheres on the wafer. Non-crosslinked reference particles HG-MG-0-I and  

HG-MG-0-II completely dissolved in water and SEM analysis only showed polymer films but 

no spherical structures (data not shown). 

 

 

Figure 53: Representative SEM images of photo-degradable p(HEMA-co-MAA) microgels drop cast from 

aqueous dispersions at pH 8.5. 

 

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 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 (dh) of the particles were measured by DLS for every pH value. The 

resulting graphs of plotting dh against pH are shown in Figure 54a to c. Figure 54d 

additionally shows the resulting degrees of swelling calculated as DGS = Vswollen/Vnon-swollen, 

where Vnon-swollen represents the values obtained for the particle dispersions in cyclohexane. 
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Figure 54: 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-I, 

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. 

 

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 conventional 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 Figure 54 d). 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 
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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-II and HG-MG-5B-II enlarged with 

increasing pH to a similar steady value of DGSmax = 11 at pH 8.5. In contrast, at the same pH, 

HG-MG-4B-I is swollen to a much greater extend, as characterized by a higher maximum 

degree of swelling of DGSmax = 17. As HG-MG-4B-I and HG-MG-4B-II 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 microgels, an 

increased DGSmax 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-I, it is assumed that the 

composition of the dispersed 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 purification therefore resulted in 

crosslinker incorporation efficiencies depending on the composition of the respective sol 

content and differing from the theoretical amount.  
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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 Figure 55.  

 

Figure 55: Determination of the amount of ionizable groups in photo-degradable p(HEMA-co-MAA) 

microgels: titration curves. 

 

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 HCl. 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.
296

 The respective contents of ionizable groups Q in the microgels 

were determined from the difference 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 pKa 

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 6. 
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Table 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 efficiency IE of MAA 

and the pKa values. 

sample Q / 10-3 mol/g IE (MAA) / % pKa 

HG-MG-4B-I 1.26 81 6.30 

HG-MG-4B-II 1.17 77 6.28 

HG-MG-5B-II 1.16 75 6.27 

 

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 = 1.26·10
-3

 mol/g clearly contains a higher percentage of acid groups than microgels 

MG-2A and MG-2B with Q = 1.17·10
-3

 mol/g and 1.16·10
-3

 mol/g, thus resulting in a higher 

degree of swelling despite an also enhanced incorporation of crosslinking points. The 

observed pKa values are in all cases in good agreement with the observed swelling profiles. 

Photo-degradation experiments of p(HEMA-co-MAA) microgels in aqueous 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°.
295

 The cleavage of crosslinking points leads to a looser network 

structure, thus decreasing the contrast in the refractive indices between solvent and  

particle.
267-268

  

In a first attempt, dispersions of highly swollen microgels at pH 8.5 were irradiated with 

UV light of varying wavelengths and intensities. Figure 56 shows the resulting turbidity 

curves. 
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Figure 56: 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-I; b) HG-MG-4B-II and 

c) HG-MG-5B-II. 

 

As can be seen in Figure 56a, irradiation of HG-MG-4B-I microgels with UV light of the 

wavelengths of 315 – 390 nm and an intensity of 17 mW/cm
2
 does only 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
2
 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 degradation rate via the light 

intensities used. 

The differences of the degradation profiles of HG-MG-4B-I and HG-MG-4B-II 

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 
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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 HG-MG-4B-II gels, the observed retardation of light induced particle 

disintegration 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 disintegration.
295

 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 

crosslinker 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-I 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 Mn = 235,000 g/mol (PDI = 4.3) and 

Mn = 53,000 g/mol (PDI = 2.0) for HG-MG-0-I and HG-MG-0-II, respectively. 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 microgels, 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  = 365 nm and I = 60 mW/cm
2
 were conducted in 
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different aqueous media and reactions were monitored again by turbidity measurements. The 

obtained curves are shown in Figure 57. 

 

 

Figure 57: Investigations on the light-induced ( = 365 nm; I = 60 mW/cm
2
) particle degradation by 

turbidity measurements at different pH values for: a) HG-MG-4B-I; b) HG-MG-4B-II and  

c) HG-MG-5B-II. 

 

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 degradation 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 

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 
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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 sufficiently 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 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, photolytic 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 microgel can induce the release of embedded 

low molecular weight compounds electrostatically adsorbed to the former swollen network,
143

 

a similar volume transition can be used to entrap high molecular weight compounds such as  

e.g. proteins in the gel.
60, 281

 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 



Dual stimuli-responsive p(HEMA-co-MAA) microgels: pH-dependent swelling and light-induced degradation 

 

123 

size, therefore entrapping the active compound 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 chapter 5.1.2.1.2. 

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 58 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.  

 

 

Figure 58: 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 c) 

HG-MG-5B-II. 
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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 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-II 

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 (chapter 5.1.1) to water swellable hydrogel nanoparticles. Novel 

photo-degradable p(HEMA-co-MAA) microgels were prepared by free radical inverse 

miniemulsion copolymerization of HEMA and MAA 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 degradation 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 pKa of the microgels, whereas decreasing the pH led to a deswelling 

of the networks. The disintegration of the collapsed particles 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 combination with the ionization/deionization of the 
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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 pKa 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 transition 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 degradation induced release. This concept was successfully investigated for 

non-photo-sensitive p(HEMA-co-MAA) microgels (see chapter 5.1.2.1.2). Especially due to 

the good cellular uptake and the negligible cytotoxicity of these model compounds (see 

chapter 5.1.2.1.3), the light-sensitive analogues 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 miniemulsion 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.
280

 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 enzymatically degradable, thus representing 

double stimuli-responsive materials. The proposed concept is schematically illustrated in 

Figure 59. 
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Figure 59: Schematic illustration of the concept of enzymatically- and light-degradable microgels based on 

functionalized dextrans as macromolecular crosslinkers. 

 

 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 crosslinkers 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. 

 

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 utilization of 

dextrans as naturally occurring polysaccharides, that can be cleaved upon incubation with 

dextranase.
187

 Covalent functionalization of dextran chains with either polymerizable vinyl 

groups
188

 or thermal initiators
189

 enables the formation 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.
19

 Microgels 

based on dextran methacrylates have been investigated for the release of immunoglobulin G 

as a model protein.
190
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Investigated routes to enzymatically degradable microgels containing functionalized 

dextrans are so far based on precipitation polymerizations from aqueous solutions. This 

preparation method is generally a widely used approach to microgel formation but is limited 

by some serious drawbacks. On one hand the microgels reported in the literature are in the 

size ranges of 4 – 10 µm
169, 190

 and thus comparably large in diameter. On the other hand, 

introduction of a second comonomer is limited by its hydrophilicity.
46

 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 polymerization, 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.
74

 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.
70

  

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 miniemulsion 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 molecules. Even though this sensitivity depends on a change in the chemical 

composition 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 
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temperatures with a good enzymatic degradability. Nanogels fulfilling these criteria are 

assumed to be highly interesting materials for potential release applications. 

Parts of this work are published as: “Enzymatically Degradable Nanogels by Inverse 

Miniemulsion Copolymerization of Acrylamide with Dextran-Methacrylates as Crosslinkers” 

Daniel Klinger, Eugen Aschenbrenner, Clemens Weiss and Katharina Landfester Polymer 

Chemistry 2012, 3 (1), 204 – 216. 

 

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.
297

 In brief, the polysaccharide was functionalized with methacrylate groups by 

coupling of hydroxyl moieties at the polymer backbone with methacrylic anhydride. The DS 

was evaluated from 
1
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:  

 

 
 ppmHanomericA

ppmHolefinicA
MADexDS

9.4@

2.6@
)(






 

 

The calculated values are listed in Table 7. 

 

Synthesis and characterization of p(AAm-co-Dex-MA) nanogels. As mentioned 

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 distribution 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 7 shows the respective compositions of the synthesized enzymatically 

degradable microgels (E-MG). 
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Table 7: Synthetic details for the preparation of p(AAm-co-Dex-MA) nanogels by free radical inverse 

miniemulsion copolymerization. 

sample Dex-MA 
MW 

(Dex) 
DS 

(Dex) 
Dex-MA 
content 

MA-units initiator Tpolym 

 type [ g/mol ] 1 [ wt.-% ]2 [ mol-% ]3 type [ °C ] 

E-MG-1A Dex-MA1 40,000 0.12 5.0 0.24 V-59 70 

E-MG-1B Dex-MA1 40,000 0.12 17.5 0.90 V-59 70 

E-MG-1C Dex-MA1 40,000 0.12 30.0 1.69 V-59 70 

E-MG-2A Dex-MA2 40,000 0.17 5.0 0.33 V-59 70 

E-MG-2B Dex-MA2 40,000 0.17 17.5 1.25 V-59 70 

E-MG-2C Dex-MA2 40,000 0.17 22.0 1.62 V-59 70 

E-MG-2D Dex-MA2 40,000 0.17 30.0 2.34 V-59 70 

E-MG-3A Dex-MA3 40,000 0.33 5.0 0.59 V-59 70 

E-MG-3B Dex-MA3 40,000 0.33 13.0 1.63 V-59 70 

E-MG-3C Dex-MA3 40,000 0.33 17.5 2.27 V-59 70 

E-MG-3D Dex-MA3 40,000 0.33 30.0 4.28 V-59 70 

E-MG-4A Dex-MA4 6,000 0.09 5.0 0.18 V-59 70 

E-MG-5A Dex-MA5 6,000 0.19 5.0 0.36 V-59 70 

E-MG-6A Dex-MA6 6,000 0.29 5.0 0.48 V-59 70 

E-MG-1Ab Dex-MA1 40,000 0.12 30.0 1.69 V-70 37 

E-MG-2Ab Dex-MA2 40,000 0.17 30.0 2.34 V-70 37 

E-MG-3Ab Dex-MA3 40,000 0.33 30.0 4.28 V-70 37 

E-MG-7Ab Dex-MA7 40,000 0.05 30.0 0.72 V-70 37 

E-MG-1Db Dex-MA1 40,000 0.12 100.0 12.0 V-70 37 

E-MG-8Aa Dex 40,000 --- 30.0 --- V-59 70 

E-MG-8Ab Dex 40,000 --- 30.0 --- V-70 37 

E-MG-8Ac Dex 40,000 --- 30.0 --- 
KPS/ 

TEMED 
30 

E-MG-8Ad Dex 40,000 --- 30.0 --- VA-044 45 
1
calculated as DS = amount of functionalized glucopyranosyl groups /  

        total amount of glucopyranosyl groups 
2
w.r.t. to mass of Dex-MA + AAm 

3
w.r.t. to monomer units of AAm + glucopyranosyl groups 

 

The continuous phase consisted of a 1% (w/v) solution of the nonionic surfactant 

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 

morphologies. Figure 60 shows representative micrographs of nanogels E-MG-1A, E-MG-2A 

and E-MG-3A. 
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Figure 60: SEM images of nanogels E-MG-1A, E-MG-2A and E-MG-3A dropcast from cyclohexane 

dispersions. 

 

In a first attempt, Dex-MAs based on dextran of Mn = 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 61 shows the obtained values in dependency on the amount of methacrylic groups. 

 

 

Figure 61: Hydrodynamic diameters in cyclohexane of p(AAm-co-Dex-MA) nanogels containing various 

amounts of functionalized dextrans of different DS: a) Mn(Dex-MA) = 40,000 g/mol; 

b) Mn(Dex-MA) = 6,000 g/mol in comparison to Mn(Dex-MA) = 40,000 g/mol with similar DS. 

 

As shown in Figure 61a, 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 (Figure 61b).  
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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 

(Figure 61a, b), particles containing 17.5 wt.-% Dex-MA (Figure 61a) exhibit hydrodynamic 

diameters of 145 nm and in the case of 30 wt.-% Dex-MA (Figure 61a) dh values of 165 nm 

were detected. This effect was assigned to the increased viscosities (visual inspection) of the 

dispersed phases for increased 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 compounds 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 Mn = 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 unfunctionalized dextran at lower temperatures were carried 

out by using oil soluble V-70 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 tetramethylethylenediamine 

(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 Figure 62 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 
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E-MG-1A – E-MG-3D particles. As shown in Figure 62, resulting particles in cyclohexane 

exhibited hydrodynamic diameters of ~ 165 nm similar to the nanogels obtained from 

polymerizations at 70 °C. 

 

 

Figure 62: Hydrodynamic diameters in cyclohexane of p(AAm-co-Dex-MA) nanogels containing various 

amounts of functionalized dextranes (Mn=40,000 g/mol) of different DS. Polymerizations were carried out 

at 37 °C using V-70 as initiator. 

 

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 enzymatically 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 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. 
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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 hydrodynamic diameters by 

DLS allowed calculating the degrees of swelling (DGS), or the swelling ratios, which were 

calculated as DGS = Vswollen / Vnon-swollen. 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 

oligomers. 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 measured degree 

of swelling did not permit a quantitative evaluation of the crosslinking 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. 
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Figure 63: 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; c) nanogels polymerized with various amounts 

Dex-MA3; d) comparison of DGS of nanogels polymerized with various amounts of Dex-MA1, Dex-MA2 

and Dex-MA3. 

 

Figure 63 shows the resulting DGSs and sol contents for nanogels polymerized at 70 °C 

with various amounts of Dex-MA1 (Figure 63a), Dex-MA2 (Figure 63b) and Dex-MA3 

(Figure 63c), 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.  

As shown in Figure 63d, 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. Independent on the degree of substitution, 

all nanogels polymerized with 30 wt.-% of various types of Dex-MA exhibit DGS in the same 
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order of magnitude. It is concluded that the swelling behavior not only depends on the amount 

of polymerizable 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 64 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-MA1, Dex-MA2, Dex-MA3 and 

Dex-MA4) polymerized at 37 °C initiated with V-70 from the oil phase.  

 

 

Figure 64: Characterization of the gel properties of p(AAm-co-Dex-MA) nanogels polymerized at 37 °C 

with 30 wt.-% of Dex-MAs with various degrees of substitution: DGS and sol contents in dependency on 

the amount of polymerizable MA units. 

 

Analogously to nanogels polymerized at 70 °C, 1.69 mol-% of MA-units correspond to 

the number of the MA moieties introduced with 30 wt.-% of Dex-MA1. Similarly, 

2.34 mol-% correspond to Dex-MA2 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 polymerization 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 
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crosslinking 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/AAm ratio with decreasing DS of the 

Dex-MA used. The resulting microgels were investigated with respect to their initial degree of 

swelling and their sol content. Figure 65a shows the obtained values of DGS in dependency 

on the Dex-MA/AAm ratio. Figure 65b depicts the dependency the sol contents on the degree 

of substitution of the Dex-MA used. 

 

 

Figure 65: Investigations on the gel properties of p(AAm-co-Dex-MA) nanogels synthesized with a fixed 

amount of 1.5 mol-% of methacryl units by changing the Dex-MA/AAm ratio and the DS of the Dex-MA: 

a) DGS in dependency on the amount of different Dex-MAs; b) sol contents in dependency on the amount 

of different Dex-MAs. 

 

As can been seen, increasing the amount of Dex-MA simultaneously to decreasing the 

degree of substitution leads to reduced initial degrees of swelling and lower sol contents. A 

reduced sol content can be assigned to a better crosslinking efficiency which is assumed to be 

caused by a better distribution of the crosslinking points in the gel network. The DGS exhibit 

a similar behavior (i.e. microgels polymerized with a higher amount of Dex-MA of a lower 

degree of substitution swell less). However, in this case the distribution of crosslinking points 
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is not the single factor influencing the swellability of the hybrid gels. As mentioned above, the 

Dex-MA/AAm ratio also affects the swelling properties of the hybrid material due to different 

interactions of the modified dextran and polyacrylamide chains with water. 

In order to further investigate the influence of the distribution of crosslinking points in 

the gel network, nanogel particles polymerized with dextran methacrylates based on dextran 

(molecular weight 6,000 g/mol, 6k) were compared to the samples containing Dex-MA (40k). 

In this experiment 6k Dex-MA crosslinkers were synthesized to exhibit similar degrees of 

substitution as the 40k analogues. Figure 66 shows the DGS and sol contents of the resulting 

microgels polymerized with each 5 wt.-% of different Dex-MAs of either 6k or 40k. 

 

 

Figure 66: Investigations on the gel properties of p(AAm-co-Dex-MA) nanogels synthesized with 5 wt.-% 

of Dex-MAs of different DS: Comparison of DGS and sol contents for 40k Dex-MAs with 6k Dex-MAs of 

similar degrees of substitution. 

 

As can be seen, both the initial degrees of swelling and the sol contents are reduced to 

some extent for the nanogels containing the respective low molecular weight Dex-MA 

crosslinkers, therefore indicating a slightly better distribution of crosslinks in the gel network. 

In summary, free radical copolymerization of acrylamide with dextran methacrylates as 

biodegradable crosslinkers in inverse miniemulsion was found to be highly versatile with 

regard to the polymerization conditions (initiation mechanism and -temperature) and the Dex-

MA/AAm feed ratio. Increasing the amount of polymerizable methacrylate units available for 

crosslinking were carried out by either increasing the Dex-MA/AAm feed ratio for a fixed DS 

of Dex-MA or by increasing the DS of Dex-MA for a fixed Dex-MA/AAm feed ratio. As 

expected, a higher amount of MA-units correlates with a higher crosslinking efficiency as 

determined by low initial degrees of swelling and low sol contents. 
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Enzymatic degradation experiments. In order to investigate the behavior of the 

p(AAm-co-Dex-MA) nanogels in the presence of dextranase, aqueous particle dispersions 

were incubated with the enzyme at 37 °C for 24 h. The dispersions contained 0.0625 wt.-% of 

purified gels after removal of the sol fraction. Particle degradation was monitored by turbidity 

measurements in transmission. Keeping in mind potential applications of the microgels for 

release applications, a low initial degree of swelling represents a crucial parameter to prevent 

leakage of embedded compounds. Therefore, particles with high crosslinking efficiency and 

low sol content are of special interest. As discussed above, for particles containing 30 wt.-% 

of Dex-MA this criterion is fulfilled for all dextrans with different degrees of substitution. The 

relative turbidity curves shown in Figure 67a thus enable the investigation of the degradability 

in dependency on the total amount of crosslinking points and the DS of the used Dex-MAs for 

a fixed Dex-MA/AAm ratio. 

 

 

Figure 67: Enzymatic degradation of p(AAm-co-Dex-MA) nanogels with various amounts of methacrylate 

units for a fixed Dex-MA content of 30 wt.-%: a) time dependent turbidity measurements; b) comparison 

of the degrees of swelling before and after the 24 h treatment with dextranase. 

 

The investigated nanogels E-MG-1C, E-MG-2D and E-MG-3D contained increasing 

numbers of crosslinking points due to an increasing DS of the Dex-MA used. Whereas the 

turbidity of E-MG-3D nanogels containing 4.48 mol-% of MA-units (30 wt.-% Dex-MA3; 

DS=0.33) was not influenced by the addition of dextranase, nanogels E-MG-1C with 

1.72 mol-% (30 wt.-% Dex-MA1; DS=0.12) and E-MG-2D with 2.53 mol-% (30 wt.-% 

Dex-MA2; DS=0.17) of crosslinking points showed a pronounced decrease in turbidity upon 

24 h incubation down to 47% and 65% respectively. This effect is based on the cleavage of 

dextran chains between the crosslinking points, covalently linking Dex-MA molecules to 

pAAm chains. As a result the gel structure is disintegrated and mesh sizes are increased, 

yielding particles with increased swelling ratios. The corresponding loosened network is 
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characterized by a decreased difference of the refractive indices of polymer and solvent which 

is known to reduce the intensity of scattered light and therefore the relative turbidity.
267-268

 

Measurements of particle sizes after enzymatic degradation yielded the DGS which are shown 

in Figure 67b in comparison to the non-degraded particles. As can be seen, a decrease in 

turbidity is accompanied by an increased degree of swelling of the gel particles thus 

confirming successful cleavage of crosslinkers. The performed measurements clearly exhibit a 

dependency of the degradation profile on the amount of methacrylate units and the degree of 

substitution of the used Dex-MA crosslinkers. While it becomes obvious that a higher amount 

of crosslinking points results in a less pronounced degradation (Figure 67), it could not be 

determined whether this effect is based on a smaller mesh size of the network in general (the 

total amount of crosslinking points) or the distribution of the methacrylate units along the 

dextran chains (the degree of substitution of the respective Dex-MA). The first parameter is 

assumed to influence the degradation by a decreased accessibility of dextran chains in the 

network due to hindered diffusion of the enzyme molecules into the network. A higher DS of 

Dex-MA as the second parameter could interfere with a successful dextran chain cleavage by 

sterical hindrance due to the connected PAAm chains.  

To test these assumptions, microgels with similar contents of methacrylate units but 

various amounts of dextran methacrylates of different degrees of substitution were 

investigated with respect to their degradation behavior. Figure 68a shows the resulting 

turbidity curves and Figure 68b the respective DGS obtained from particle sizes determined 

by DLS. 

 

 

Figure 68: Enzymatic degradation of p(AAm-co-Dex-MA) nanogels with various amounts of methacrylate 

units for a fixed Dex-MA content of 30 wt.-%: a) time dependent turbidity measurements; b) comparison 

of the degrees of swelling before and after the 24 h treatment with dextranase. 
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Turbidity measurements clearly demonstrate a decrease in the optical density for all 

samples which is assigned to network degradation upon cleavage of dextran chains. The DGS 

after enzymatic treatment indicate a pronounced increase of the swelling ratio for all degrees 

of substitution of Dex-MA.  

Comparing the differences in the DGS after enzymatic treatment of E-MG-3B and 

E-MG-2C to the data obtained for microgels E-MG-3D and E-MG-2D (Figure 67b) 

containing more Dex-MA with the same DS, it is observed that decreasing the amount of 

methacrylate units (i.e. the amount of the respective Dex-MA) results in an enhanced 

degradability. While for E-MG-3D containing 30 wt.-% of Dex-MA3 only a negligible 

increase in DGS after treatment with dextranase was observed, the DGS for E-MG-3B 

containing 12 wt.-% of Dex-MA3 changed from the initial value of DGS = 7.4 to DGS = 17. 

A similar behavior was observed for microgels prepared with Dex-MA2. The measured 

increase of DGS = 6.3 before to DGS = 12.3 after enzymatic cleavage for E-MG-2C 

(containing 22 wt.-% of Dex-MA2) is much higher than the difference of DGS = 5.5 to 

DGS = 8.5 obtained for E-MG-2D (containing 30 wt.-% of Dex-MA2). Therefore, it is 

assumed that one crucial parameter for successful microgel degradation is the total amount of 

crosslinking points (MA-units) in the gel. This observation can be interpreted by a reduced 

accessibility of the dextran chains for dextranase with increasing amounts of crosslinking 

points. By investigating the enzymatic degradation of crosslinked dextran methacrylates, 

Franssen et al. proposed that the degredability is reduced due to the presence of 

interpenetrating networks and the fact that the dextran chains are severely strained.
188

 

Moreover, the diffusion of the enzyme in a more crosslinked network (i.e. more Dex-MA) is 

decreased as a result of a screening effect. A high density of crosslinking points correlates 

with small mesh sizes and would give access to the enzymatic degradation of the outer 

particle sphere due to an enhanced accessibility of the surface. In contrast, the relatively large 

size of the enzyme (44 kDa) is assumed to hinder its diffusion into the particle core due to 

comparably small mesh sizes thus resulting in incomplete particle degradation.  

Besides the described screening effect, the interaction of the functionalized dextrans with 

the active sites of the enzyme can play an important role as well. As it is known from the 

literature,
187

 dextranase is capable of hydrolyzing a glycosidic bond between a substituted and 

an unsubstituted glucopyranose unit of dextran methacrylate in solution. In contrast, bonds 

between two adjacent functionalized residues cannot be cleaved. Regarding the synthesis of 

Dex-MA crosslinkers, the functionalization with methacrylate groups is assumed to result in a 
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statistical distribution of the latter along the dextran backbone. Thus, the probability of 

obtaining chain segments with two substituted glucopyranose units next to each other 

increases with increasing DS. In the resulting hydrogel matrix those segments covalently 

connect PAAm chains forming the network. Since degradation of those structural elements is 

hindered, incomplete particle degradation occurs. 

Another important observation is the dependency of the degradation rate of the microgels 

on the DS of the Dex-MAs (for a fixed amount of MA-units in the gel). As can be seen in 

Figure 68a, the rate of particle disintegration (measured by turbidity) decreases for an 

increasing degree of substitution of dextran. This effect can be assigned to a changed 

interaction of the Dex-MA with the active sites of the enzyme. Investigations made in the 

group of Hennink proposed that dextran methacrylates with a low degree of substitution can 

easily cleaved by dextranase yielding isomaltose and methacrylated isomaltotriose as the main 

degradation products.
187-188

 In this case, the long unsubstituted segments of the dextran chains 

between two functionalized glucopyranose units are assumed to exhibit enough 

conformational freedom to fold correctly in the binding site of dextranase. Thus degradation 

by even multiple scissions of these segments results in degradation profiles similar to native 

dextran. In contrast, increasing the DS results in shorter unsubstituted chain segments which 

are restricted in their conformational freedom due to adjacent methacrylated glucopyranose 

units. Even though these chain segments can still bind to the active sites of the enzyme, the 

affinity and corresponding degradation rate is decreased. As the DS of the synthesized 

crosslinkers increases from Dex-MA1 to Dex-MA3, the corresponding decreases of the 

degradation rates are also assumed to be a result of the reduced affinity of Dex-MA to the 

binding sites of dextranase. This effect is even enhanced in the p(AAm-co-Dex-MA) nanogels 

since polyacrylamide chains grafted from the dextran molecules cause an additional sterical 

hindrance with respect to the interaction with the active sites of the enzyme 

In another attempt, microgels E-MG-8Aa containing 30 wt.-% of unfunctionalized 

dextran were transferred to aqueous medium in order to investigate the dissolution behavior of 

non-crosslinked particles. Even though no crosslinking methacrylate functionalities were 

present in this sample, a turbidity of 13% relative to the initial turbidity of E-MG-1C 

microgels was observed. The detected value did not change upon 24 h of incubation with 

dextranase (data not shown). Therefore it is assumed that, in addition to the above discussed 

limitations of the enzymatic degradation, complete particle dissolution is also restricted by 
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physical crosslinks due to entanglement of PAAm chains in the gels (as seen in pure PAAm 

hydrogel nanoparticles - data not shown). 

Summarizing the statements made above, the observed degradation profiles are assumed 

to be based on a combination of four different parameters: (i) an increasing amount of 

crosslinking methacrylate groups reduces the accessibility of dextran chains for the enzyme 

due to comparably small mesh sizes of the network; (ii) hindered cleavage of two neighboring 

substituted glucopyranose residues results in incomplete particle degradation and increases 

with the DS; (iii) for increasing the DS the affinity of the Dex-MA to the binding site of the 

enzyme is reduced thus resulting in decreased degradation rates; (iv) PAAm chains grafted 

from the dextran backbone reduce the interaction of the polysaccharide with the enzyme due 

to sterical hindrance; (v) physical crosslinks due to entanglement of PAAm chains hinder 

complete particle dissolution, independent of the enzymatic degradability. Nevertheless, the 

observed increases in particle volumes after treatment with dextranase holds great potential 

for the release of functional compounds from the network, triggered by increasing mesh sizes. 

In a last experiment the influence of the polymerization conditions on the degradability of 

the microgels was investigated. As discussed above, potential delivery applications require 

mild polymerization conditions in order to prevent embedded functional compounds from 

damage. Microgels E-MG-1Ab – E-MG-3Ab were polymerized at ambient temperatures of 

37 °C to facilitate a potential embedding of sensitive functional compounds such as e.g. 

proteins. As their swelling behavior was found to be similar to the gels polymerized at 70 °C 

it is assumed that also the degradation profiles do not vary significantly from those of the 

respective microgels E-MG-1C, E-MG-2D and E-MG-3D. In Figure 69 the time dependent 

turbidity measurements of the enzymatic treatment are shown as well as the DGS before and 

after 24 h of incubation with dextranase. 
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Figure 69: Enzymatic degradation of p(AAm-co-Dex-MA) nanogels with various amounts of methacrylate 

units for a fixed Dex-MA content of 30 wt.-% polymerized at 37 °C: a) time dependent turbidity 

measurements; b) comparison of the degrees of swelling before and after the 24 h treatment with 

dextranase. 

 

Compared to microgels of similar compositions polymerized at 70 °C, no significant 

deviations of the degradation profiles of the samples polymerized at 37 °C could be observed 

by turbidity measurements. In addition the DGS after enzymatic treatment exhibit comparable 

increases in particle size upon dextran chain cleavage. Regarding potential release 

applications, MG-1Ab nanogels are the most promising candidates for a combination of 

reasons: (i) the low polymerization temperature gives rise to the potential embedding of 

sensitive compounds; (ii) the low initial degree of swelling and the low sol content point 

towards a high crosslinking efficiency and density, thus reducing leakage of potential 

embedded substances; (iii) enzymatic degradation proceeds comparably fast and is 

characterized by a substantial increase in DGS, hence enabling the release of a payload upon 

the treatment with dextranase. As a result, p(AAm-co-Dex-MA) gel particles represent a 

highly interesting class of nano-scaled hybrid materials, which are characterized by their 

partial biodegradability and simple and versatile processing routes. 

 

Conclusion 

In conclusion, free radical copolymerization of acrylamide with dextran methacrylates as 

biodegradable crosslinkers in inverse miniemulsion represents a facile approach to 

p(AAm-co-Dex-MA) gel particles in the nanometer size range. The investigated preparation 

method was found to be highly versatile with regard to the polymerization conditions 

(initiation mechanism and -temperature) and the Dex-MA/AAm feed ratio. Systematic 

investigations on increasing the amount of polymerizable methacrylate units available for 
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crosslinking were carried out by either increasing the Dex-MA/AAm feed ratio for a fixed DS 

of Dex-MA or by increasing the DS of Dex-MA for a fixed Dex-MA/AAm feed ratio. As 

expected, a higher amount of MA-units correlates with a higher crosslinking efficiency as 

determined by low initial degrees of swelling and low sol contents. Enzymatic degradation 

profiles of the nanogels were examined by turbidity measurements and DLS. The 

investigations revealed a dependency of the degree and the rate of degradation on the 

crosslinking density (MA-units incorporated) of the gels and the DS of the used Dex-MAs.  

The described adjustment of the gel properties by variation of the synthetic parameters 

revealed p(AAm-co-Dex-MA) nanogels as extremely interesting candidates for potential 

release systems in the nanometer size range. In this context, the combination of an ambient 

polymerization temperature with high crosslinking densities - as determined by low initial 

degrees of swelling and the low sol contents - gives rise to the potential embedding of 

sensitive compounds. Furthermore, enzymatic degradation proceeds comparably fast and is 

characterized by a substantial increase in DGS, hence enabling the release of a payload upon 

the treatment with dextranase.  

As a result, p(AAm-co-Dex-MA) gel particles represent a very interesting class of 

nanoscale hybrid materials, which are characterized by their partial biodegradability and 

simple and versatile processing routes. Moreover, their sensitivity towards dextranase is of 

great advantage for release applications since it is an orthogonal approach to widely used pH- 

or temperature sensitive microgels. 
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5.2.2 Enzymatically- and light-degradable nanogels based on 

functionalized dextrans as crosslinkers 

In the previous chapter, the successful preparation of enzymatically degradable microgels 

by free radical copolymerization of dextran methacrylates with acrylamide in inverse 

miniemulsion was demonstrated. Optimization of the synthetic parameters resulted in 

nanogels which combined a high crosslinking density (i.e. small mesh sizes) and -efficiency 

with a good enzymatic degradability. Even though the investigated materials were found to 

degrade only partially upon incubation with dextranase, the observed dramatic increases in the 

respective degrees of swelling are assumed to give rise to potential enzyme triggered release 

applications. Nevertheless, the described microgels require the addition of enzymes or the 

localization of the carrier system in specific milieus. In comparison, the release of a payload 

upon applying an external trigger without a change in the chemical composition of the 

surrounding media bears the advantage of an on-demand delivery. As mentioned before, light 

is especially interesting as stimulus since it offers the possibility to change the network 

properties in very confined spaces and time scales in a non-contact approach respectively.  

Based on these considerations, the aim of the work presented in this chapter is to expand 

the newly developed concept of enzymatically degradable microgels to the preparation of 

double stimuli-responsive nanogels being degradable upon the addition of dextranase or the 

irradiation with light as an orthogonal second trigger. The presented approach to realize the 

described concept is based on free radical inverse miniemulsion copolymerization of 

acrylamide (AAm) with newly synthesized functional dextran crosslinkers containing acrylate 

moieties covalently attached to the backbone via a photo-labile linker (Dex-PL-A).  

Parts of this work are published as: “Enzymatic- and Light-Degradable Hybrid Nanogels: 

Crosslinking of Polyacrylamide with Acrylate Functionalized Dextranes Containing Photo-

Cleavable Linkers” Daniel Klinger, Katharina Landfester J. Polym. Sci., Part A: Polym. 

Chem., in press. 
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Enzymatically and photolytically degradable hybrid p(AAm-co-Dex-PL-A) nanogels 

were designed to alter their network structure upon the appliance of two different stimuli; 

i.e. the addition of dextranase or the irradiation with UV-light. While enzymatic degradation 

of the nanogels can be achieved by cleavage of the dextran backbone upon the addition of 

dextranase, irradiation of the hydrogel nanoparticles leads to photolytic cleavage of the 

covalent linkage of the polyacrylamide chains to the dextran chains and is assumed to yield 

freely soluble poly acrylamide and dextran chains. Both stimuli can be applied either 

separately or subsequently, thus enabling a good and versatile control over the swelling and 

degradation behavior. The described concept is schematically illustrated in Figure 70. 

 

 

Figure 70: Schematic representation of the double stimuli-induced degradation of hybrid 

p(AAm-co-Dex-PL-A) nanogels. 
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Synthesis and characterization of dextran-photo-labile linker-acrylate 

(Dex-PL-A). Dextran-photo-labile linker-acrylate (Dex-PL-A) molecules were synthesized 

according to Figure 71 in order to combine the enzymatic degradability of the dextran 

biopolymer with the photolytic properties of the o-nitrobenzyl ester groups in the photo-

cleavable spacer between acrylate moieties and the polysaccharide backbone.  

 

 

Figure 71: Synthetic pathway to Dex-PL-A. Reagents and Conditions: (a) methyl 4-bromobutyrate, 

K2CO3/DMF (anhyd.), 25 °C, 16 h, quant.; (b) acetic anhydride/nitric acid (1:2, v/v), 0 °C, 3 h, 53%; 

(c,d) NaBH4/MeOH/THF, 25 °C, 16 h, NaOH, 25 °C, 7 h, 89%; (e) acryloyl chloride, NEt3, DCM, 0 °C to 

RT, 16 h, 65%; (f) oxalyl chloride, DMF (cat.), DCM (anhyd.), 3 h, quant.; (g) detxtran (6k), NEt3, LiCl, 

DMF (anhyd.), RT, 16h, 60°C, 1 h, 58 %. 

 

The carboxylic acid and hydroxyl funtionalized photo-labile chromophore (8) was 

synthesized according to the procedure described earlier.
295

 In brief, the ether formation of (4) 

with methyl 4-bromobutyrate was followed by nitration of the aromatic core with acetic 

anhydride/nitric acid. Reduction of the keto group of (6) and subsequent ester hydrolysis 

yielded (8) in good yields. In a next step, the hydroxyl group was reacted with acryloyl 

chloride to attach the polymerizable unit through a photo-labile o-nitrobenzyl ester bond. The 

carboxyl group of (11) was then activated by forming the respective carboxyloyl chloride with 
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oxalylchloride. Finally, the crosslinking molecule Dex-PL-A was obtained by the reaction of 

hydroxyl groups of dextran with the activated carboxyl group of (12), thus covalently 

attaching the acrylate moieties to the dextran backbone via the photo-labile linker. The 

obtained crosslinker was investigated with regards to the degree of substitution by means of 

1
H-NMR measurements. Calculation of the peak area ratio of the 6 protons (aromatic, olefinic 

and tertiary benzylic) of the photo-labile linker to the one anomeric proton of dextran afforded 

a degree of substitution (DS) of DS=0.17. In other words, on one dextran chain consisting of 

~34 glucopyranosyl groups, 5 – 6 of these groups are functionalized. While a low degree of 

substitution is assumed to decrease the crosslinking efficiency, functionalization of the 

dextran with too many acrylate side groups could influence the enzymatic degradation 

behavior due to a reduced accessibility of the dextran backbone as a result of sterical 

hindrance. The medium degree of substitution of 0.17 should allow a sufficient crosslinking 

upon copolymerization with acrylamide while maintaining the enzymatic degradability. 

Additionally, a comparatively low molecular weight of 6,000 g/mol of the used dextran was 

chosen to enable a good distribution of the crosslinking points in the resulting gel. Preliminary 

studies performed on PAAm nanogels crosslinked with dextran methacrylates confirmed this 

hypothesis (see chapter5.2.1). 

As discussed in previous chapters, regarding the photolysis of the crosslinking molecules 

and the resulting nanogels, a fast and quantitative reaction under mild conditions is highly 

favored. The -methyl group on the benzylic carbon of the o-nitrobenzyl was introduced into 

the photo-labile chromophore as it is known to increase the rate of photolysis significantly.
244

 

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 > 315 nm
254

 and thus, allows for a more gentle decomposition with 

possible benefits for release applications of sensitive molecules. Figure 72 presents the UV-

vis spectroscopic investigation of the Dex-PL-A crosslinker. It reveals an absorption 

maximum at 260 nm accompanied by the anticipated additional absorption maximum at 

350 nm. Thus, the crosslinker exhibits a high absorption in the targeted photolysis wavelength 

region of  > 315 nm. 

Photolysis of the cleavable crosslinker in solution. In order to investigate the photolytic 

performance of the newly synthesized photo cleavable crosslinker, time dependent UV-vis 

measurements of Dex-PL-A in aqueous solution were performed. The respective spectra are 

shown in Figure 72. 
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Figure 72: Irradiation of Dex-PL-A in aqueous solution: a) time dependent UV-vis spectra; b) time 

dependent absorbance at  = 305 nm and kinetic plot. 

 

Irradiation with UV light of the wavelength of  = 365 nm resulted in a red shift of the 

absorption maximum at 350 nm and the evolution of two new absorption bands at 235 nm and 

270 nm. In addition, absorbance at 305 nm decreased upon irradiation as shown in 

magnification in the inset of Figure 72a. Along with these light-induced changes in the 

spectra, the occurrence of well defined isosbestic points over the complete irradiation time 

scale points towards a successful cleavage of the chromophore which is supposed to be a first 

order reaction. As shown in Figure 72b, the rate of decrease of the absorbance at 305 nm 

during irradiation followed an exponential decay to a constant level at 176 s. Kinetic analysis 

was performed by setting the value of the final absorbance at 245 s as zero. The resulting 

kinetic plot of –ln [CL]t/[CL]0 versus time shows excellent linearity, indicating the expected 

first order kinetic with respect to the chromophore concentration. The observed well defined 

photolytic cleavage in short time scales under mild irradiation conditions in combination with 

the polymerizable acrylate functionalities and the enzymatic degradable dextran backbone 

renders these newly synthesized molecules highly interesting as double stimuli-sensitive 

crosslinkers for the formation of degradable hydrogels from aqueous solutions. 

Preparation and characterization of hybrid p(AAm-co-Dex-PL-A) gel nanoparticles 

by inverse miniemulsion copolymerization. In order to prepare hybrid  

p(AAm-co-Dex-PL-A) nanogel particles, acrylamide (AAm) and Dex-PL-A were dissolved in 

an aqueous sodium chloride solution and copolymerized in inverse miniemulsion by free 

radical polymerization. Table 8 lists the composition of the different nanogels in combination 

with the type of initiator. Two sets of experiments were performed to demonstrate the 

versatility of this preparation method. While hybrid nanogels HNG-1A – HNG-3A of set A 

were polymerized at 70 °C using V-59 as radical initiator, V-70 was used for the preparation 
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of set B (HNG-1B - HNG-4B) by initiating the polymerization at a much lower temperature 

of 37 °C. With regard to a potential embedding of active compounds, a lower polymerization 

temperature holds promise for the embedding of labile biological compounds (e.g. proteins or 

enzymes) at mild conditions. 

 
Table 8: Synthetic details for the inverse miniemulsion copolymerizations of hybrid nanogels. 

classification sample 
AAm Dex-PL-A m(Dex-PL-A)/ 

[m(Dex-PLA)+m(AAm)] 

solvent f. 

dispersed phase 
initiator 

m /g m /g type m /g type 

set A 

HNG-1A 0.950 0.050 5.0% 
0.5 M 
NaCl 

1.000 V-59 

HNG-2A 0.825 0.175 17.5% 
0.5 M 
NaCl 

1.000 V-59 

HNG-3A 0.700 0.300 30% 
0.5 M 
NaCl 

1.000 V-59 

set B 

HNG-1B 0.950 0.050 5.0% 
0.5 M 
NaCl 

1.000 V-70 

HNG-2B 0.825 0.175 17.5% 
0.5 M 
NaCl 

1.000 V-70 

HNG-3B 0.700 0.300 30% 
0.5 M 
NaCl 

1.000 V-70 

HNG-4B 0.400 0.600 60% 
0.5 M 
NaCl 

1.000 V-70 

 

Another important factor to be considered during nanogel preparation is the crosslinking 

density of the resulting network. Especially in the context of potential carrier applications, the 

prepared nanogels should exhibit a low initial degree of swelling in order to prevent diffusion 

of embedded compounds from the network. Even though this parameter can be adjusted by 

increasing the Dex-PL-A/AAm ratio (i.e. the amount of crosslinking points on the dextrane), a 

balance between a low initial DGS and a good enzymatic degradability is of high importance. 

Incorporation of too many crosslinking points is known to hinder enzymatic degradation of 

the dextran chains due to a reduced accessibility caused by too small mesh sizes of the gel.
188

 

Hence, in every set of nanogels, the amount of Dex-PL-A crosslinker was varied with the 

intention to investigate the influence of the Dex-PL-A/AAm ratio on the properties of the 

resulting microgels. For polymerizations at 70 °C HNG-1A contained 

5 wt.-%, HNG-2A 17.5 wt.-% and HNG-3A 30 wt.-% of Dex-PL-A respectively. 

Analogously, the gel particles HNG-1B – HNG-4B of set B contained 5.0, 17.5, 30 and 

60 wt.-% of Dex-PL-A. All polymerizations were carried out over night and the resulting 

dispersions were washed repeatedly with cyclohexane to remove excess surfactant. The 

resulting stable dispersions of hybrid nanogels in cyclohexane were investigated with regard 
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to the hydrodynamic diameter by DLS measurements and the particle morphologies and sizes 

were determined by SEM. Figure 73 shows representative SEM pictures of HNG-3 in 

comparison to HNG-3B as well as the respective number weighted size distributions obtained 

from DLS and SEM analysis. Figure 73b shows the hydrodynamic diameters of the particles 

in cyclohexane in dependency on the amount of acrylate groups available for crosslinking. 

 

 

Figure 73: a) Representative SEM pictures HNG-3A and HNG-3B nanogels dropcast from cyclohexane 

dispersion and size distributions obtained from DLS measurements (number weighted) in comparison to 

diameters obtained from SEM analysis. b) Hydrodynamic diameters of hybrid nanogels obtained from 

DLS measurements in cyclohexane dispersion after washing. 

 

As can be seen from SEM pictures, inverse miniemulsion copolymerizations yielded well 

defined spherical hybrid gel particles with nanoscale dimensions. From the hydrodynamic 

particle diameters shown in Figure 73b, it becomes obvious that for an increasing amount of 

polymerizable acrylate units - realized by increasing the Dex-PL-A/AAm ratio - the particle 

size also increases. Analogously to p(AAm-co-Dex-MA) nanoparticles described in the 

previous chapter, this effect is assumed to be based on an increased viscosity of the monomer 

phase for higher contents of functionalized dextrans. Comparing the hydrodynamic diameters 

obtained from DLS measurements to the diameters from SEM pictures (see Figure 73), it 

becomes apparent that the values from light scattering in cyclohexane dispersion are larger 
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than those obtained from the dried particles. As water was added as a solvent for the monomer 

phase, it is still present in the formed gel particles after polymerization. Compared to the 

collapsed dried particles observed by SEM, nanogels in cyclohexane dispersion consist of 

swollen networks resulting in increased particle diameters. 

At very high Dex-PL-A contents (60 wt.-%), increasing polydispersity and ill-defined 

morphologies were observed (data not shown). In this case, the high amount of the 

functionalized dextran is assumed to influence the stability of the droplets due to the surface 

active character of the amphiphilic Dex-PL-A. Since attempts to form nanogels from pure 

Dex-PL-A did not yield stable miniemulsions, the presence of a second comonomer seems to 

be a crucial requirement for the formation of enzymatically- and light-degradable gel particles 

by inverse miniemulsion polymerization. 

Transfer of the gel particles to the aqueous phase was easily achieved by immersing the 

freeze dried particles over night in water. Repeated washing of the swollen nanogels with 

deionized water removed the soluble fraction of the crosslinking polymerization reaction. 

Since a lower sol content reflects a higher crosslinking efficiency, its determination enables 

the relative evaluation of the performance of the crosslinking copolymerization. As mentioned 

above, the swelling ratio or the degree of swelling (DGS) is another important property of the 

nanogels. Similar to the sol content, this parameter is an indication for the efficiency of the 

crosslinking reaction, since a lower initial degree of swelling is based on a smaller mesh size 

of the network caused by the incorporation of more crosslinking points. Figure 74a shows the 

values for the sol contents and initial DGSs obtained by gravimetric analysis and DLS 

measurements. Though determination of either parameter does not permit to draw quantitative 

conclusions regarding the crosslinking density or the inner morphology of the nanogels, it 

nevertheless allows the expedient relative comparison of the gel properties among the 

different samples. 
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Figure 74: Characterization of the gel properties of the hybrid p(AAm-co-Dex-PL-A) nanogels: a) DGS 

and sol content values in dependency on the feed ratio of Dex-PL-A/AAm . Empty squares: nanogels of set 

A polymerized at 70 °C, filled dots: nanogels of set B polymerized at 37 °C; b) effective ratio of 

Dex-PL-A/AAm in comparison to the respective feed ratio, the diagonal represents the ideal case of 

quantitative incorporation of both compunds and is a guide for the eye; c) DGS values in dependency on 

the effective ratio of Dex-PL-A/AAm. Empty squares: nanogels of set A polymerized at 70 °C, filled dots: 

nanogels of set B polymerized at 37 °C. 

 

Figure 74a shows the dependency of Dex-PL-A/AAm feed ratio to DGS values and sol 

contents. As expected, increasing the feed ratio of Dex-PL-A/AAm (i.e. the theoretical 

amount of polymerizable photo-labile linker acrylate (PL-A) groups) for a fixed 

polymerization temperature, reduces both the sol content and the initial degree of swelling. 

Both parameters indicate a higher copolymerization efficiency.  

Comparing the properties of the gel particles polymerized at 70 °C to those of the 

nanogels polymerized at 37 °C it becomes obvious that for similar feed ratios of 

Dex-PL-A/AAm, a lower polymerization temperature resulted in increased sol contents and 

lower degrees of swelling. This effect can be assigned to comparably lower conversions of the 

polymerization reactions. The decreased reaction temperature hinders diffusion of monomers 

and increases the probability of termination reactions. Since 
1
H-NMR analysis of the sol 

content (data not shown) revealed only negligible amounts of Dex-PL-A, quantitative 
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incorporation of the crosslinking molecules is assumed. Based on the ensuing presumption 

that the sol content consisted only of unreacted AAm monomers and oligomers, the effective 

Dex-PL-A/AAm ratios were calculated. Figure 74b shows the calculated values plotted 

against the theoretical values; i.e. the feed ratios of Dex-PL-A/AAm. It is seen that for the 

same Dex-PL-A/AAm feed ratio, higher sol contents for the nanogels polymerized at 37 °C 

correlate with increased effective Dex-PL-A/AAm ratios compared to the samples 

polymerized at 70 °C. 

Plotting the DGS values of the two sets of nanogels against the effective Dex-PL-A/AAm 

ratio shows the anticipated trend of decreasing degrees of swelling with increasing amounts of 

actually incorporated crosslinking molecules (Figure 74c). The favored incorporation of 

functionalized dextran for the lower polymerization temperature (37 °C) is therefore expected 

to yield nanogels consisting of networks with smaller mesh sizes. Additionally, with 

increasing feed ratios of Dex-PL-A/AAm, a decreasing deviation of the effective ratios from 

the theoretical values is observed for both polymerization temperatures. This confirms a 

higher crosslinking efficiency if more Dex-PL-A crosslinking molecules are available. 

The systematic variation of the Dex-PL-A/AAm ratio (Figure 74a) revealed HNG-3B 

nanogels as the most promising candidates for potential release applications for three reasons: 

(i) The observed relatively low sol content of 29.6 wt.-% mainly consisted of AAm monomers 

and oligomers, therefore pointing towards a successful crosslinking copolymerization with an 

almost quantitative incorporation of Dex-PL-A crosslinking molecules. (ii) The low initial 

degree of swelling of 2.5 is potentially effective for the embedding of functional compounds. 

(iii) The substantially low polymerization temperature of 37 °C renders these synthetic 

parameters highly effective. 

Photolytic and enzymatic degradation. Since hybrid p(AAm-co-Dex-PL-A) nanogels 

HNG-3B exhibited the desired gel properties, their degradation behavior upon irradiation and 

treatment with dextranase was investigated in order to demonstrate their potential for release 

applications. Degradation experiments were conducted in aqueous dispersions with a solid 

content of 0.0625% consisting of purified nanogels. 

Partial cleavage of crosslinking points by either photolytic disrupture of the connecting 

bonds between polyacrylamide chains and dextrans or the enzymatic decomposition of the 

latter should result in a loosened network structure with increased mesh sizes, thus yielding 

gel particles of an increased degree of swelling. Further exposure to the respective stimuli is 
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expected to form completely disintegrated networks consisting of freely soluble polymer 

chains and dextran oligomers. Generally, DLS measurements can be applied to determine 

increased particle sizes caused by the higher degree of swelling but are limited to the partial 

degradation regime. To investigate the complete degradation behavior, turbidity 

measurements can be used as they are capable of visualizing the complete time dependent 

photolytic and enzymatic particle disintegration as well. 

First, the photolytic cleavage of the o-nitrobenzylester groups connecting polyacrylamide 

chains to dextrans was investigated. Two different experiments were performed: constant and 

stepwise irradiation of the sample with UV light. Figure 75 shows the resulting plots of 

turbidity vs. time.  

 

 
Figure 75: Turbidity measurements for the irradiation of an aqueous HNG-3B nanogel dispersion 

(0.0625% w/v) with UV light (=365nm, I=30mW/cm
2
). 

 

The plot clearly shows a profound decrease of the relative turbidity down to a constant 

level of almost 0% after only ~ 3 min of continuous irradiation, thus indicating complete 

particle degradation in a short time scale under mild conditions. This observation was 

confirmed since attempts to perform DLS measurements on the resulting clear solution did 

not yield any results regarding particle sizes. The stepwise irradiation was performed by 

repeated cycles of irradiating the sample for each time 15 s and then keeping the sample in the 

dark for 2 min. Turbidity was monitored during the whole process and was found to decrease 

only during the appliance of light. Since turbidity – and therefore the degradation – is not 
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altered in the dark, the photolytic decomposition of the nanogels can be stopped at any desired 

degree, thus proving a highly controlled photo degradation profile.  

The observed stepwise degradation allowed the detailed investigation of the photolytic 

decomposition at fixed time points of irradiation. Samples were withdrawn after every 

irradiation step and analyzed. The chromophore cleavage was investigted by UV-vis 

spectroscopy and the particle size assessed by means of DLS measurements. Figure 76a 

shows the respective normalized irradiation time dependent UV-vis spectra while Figure 76b 

depicts the respective hydrodynamic diameters of the irradiated nanogels in comparison to the 

relative transmittance of the dispersion. 

 

 

Figure 76: a) Irradiation time dependent UV-vis spectra of HNG-3B nanogels (normalized to = 330 nm 

at tirr = 165 s); b) Irradiation time dependent hydrodynamic diameters of HNG-3B nanogels in comparison 

to the relative transmittance of the respective aqueous dispersion. 

 

Irradiation time-dependent UV-vis measurements clearly show the successful cleavage of 

the photo-labile o-nitrobenzyl ester linkers. Compared to the photolysis of pure Dex-PL-A 

crosslinking molecules in solution, the spectra of the respective nanogels are influenced by 

scattering of the dispersion. As seen by turbidity measurements, the scattering intensity 

decreases upon irradiation and no isosbestic points were observed in the raw UV-vis spectra 

(data not shown). Nevertheless, the change in absorbance at 270 nm relative to the absorbance 

at 300 nm clearly points to a successful photoreaction. Since UV-vis spectroscopy of the 

irradiation of pure Dex-PL-A exhibited an isosbestic point at  = 330 nm, normalizing the 

spectra of the nanogels to the final absorbance after 165 s of irradiation at this wavelength 

yielded the same well defined isosbestic points as well. Hence, it was concluded that the 

photoreaction is not influenced by the gel matrix. 
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DLS measurements of the irradiated samples clearly show the increase of particle sizes in 

dependency on the irradiation time. As expected the light-induced cleavage of covalent bonds 

between polyacrylamide and dextran chains results at first in highly swollen nanogels 

characterized by a loosened network structure and later in completely soluble polymer chains. 

While DLS measurements of irradiated nanogels up to irradiation times of 90 s yielded well 

defined monomodal size distributions, the determination of hydrodynamic diameters for 

longer irradiation times exhibited multimodal distributions due to fragmentation of the gels. 

For even longer irradiation times, no results were obtained due to a too low scattering 

intensity. As speculated before, these results confirm that DLS characterization is indeed only 

possible in the partial degradation regime. In contrast, the performed turbidity measurements 

clearly are highly advantageous in order to investigate the full degradation profile. The 

correlation between increasing particle sizes and increasing transparency (i.e. decreasing 

scattering intensity) is confirmed by the plot in Figure 76b. 

In summary, the experiments demonstrate that the complete photolytic disintegration of 

the hybrid p(AAm-co-Dex-PL-A) network structure upon cleavage of the covalent bonds 

between PAAm and dextran can be achieved fast and quantitatively under mild irradiation 

conditions. Moreover, the well defined photoreaction even allows only partial degradation of 

crosslinking points and therefore nanogels of a desired specific degree of swelling can be 

obtained by adjusting the irradiation time accordingly.  

To demonstrate the double stimuli-responsive character of the hybrid nanogels, further 

degradation experiments were conducted to investigate the enzymatic dextran chain cleavage 

upon the addition of dextranase. In principal, the degradation of the dextran backbone in the 

Dex-PL-A crosslinkers should lead to a disintegration of the polymeric network and result in 

either fully degraded gels or particles exhibiting an increased degree of swelling (for 

incomplete dextran chain cleavage). Investigations were carried out on aqueous dispersions of 

the purified HNG-3B gel particles (0.0625% w/v) at 37 °C and turbidity of the sample was 

monitored after the addition of a dextranase solution. The resulting curve is shown in 

Figure 77a. 
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Figure 77: Enzymatic and subsequent photolytic degradation of HNG-3B nanogels: a) turbidity curve; 

b) particle size distributions before and after enzymatic treatment measured by DLS. 

 

The initial turbidity decreases as a function of incubation time until it reached a constant 

value of 50% after circa 5 h. Even though no complete particle degradation – corresponding 

to a relative turbidity of around 0% - was achieved, the drop in turbidity can be assigned to an 

increased degree of swelling of the hydrogel particles. The corresponding increased pore size 

of the network results from partial cleavage of the dextran backbones responsible for the 

crosslinking of gel. DLS measurements were conducted to confirm this assumption and the 

resulting size distributions before and after enzymatic treatment are shown in Figure 77b. As 

expected, the particle size increased from an initial diameter of 212 nm to 344 nm, thus 

corresponding to a change in DGS from the low initial value of 1.4 to the final value of 6.2. 

Comparing the measured hydrodynamic diameter of 344 nm after enzymatic treatment – 

corresponding to a turbidity of 50% - to the measured diameter of 364 nm after 60 s of UV 

irradiation – corresponding to a similar turbidity of about 50% - the similar particle sizes once 

again demonstrate the good correlation between turbidity and degree of degradation (i.e. 

DGS). Moreover, these results point towards a comparable degradation mechanism including 

the increase in mesh sizes by cleavage of crosslinking points.  

Since any treatment with the enzyme for longer times did not yield a further decay of the 

turbidity – i.e. breakage of dextran chains – the final value represents the crucial limit for 

enzymatic particle degradation. This observed limitation is in agreement with the results 

obtained from degradation experiments on p(AAm-co-Dex-MA) microgels as described in the 

previous chapter. In brief, incomplete microgel degradation upon treatment with dextranase is 

assumed to be based on: (i) the reduced accessibility of the dextran chains in the 

interpenetrating p(AAm-co-Dex-PL-A) network for the enzyme; (ii) the hindered cleavage of 

two neighboring substituted glucopyranose residues and (iii) the decreased affinity of the 
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Dex-PL-A to the binding site of the enzyme due to the relatively high degree of substitution 

with PL-A moieties and (iv) grafted PAAm chains. Nevertheless, the observed 6 fold increase 

in particle volume after treatment with dextranase holds great potential for the release of 

functional compounds from the network triggered by increasing mesh sizes. 

Having demonstrated partial enzymatic degradation, the question arises whether complete 

particle disintegration can be subsequently achieved by irradiation of the swollen nanogels. 

As shown in Figure 77a, this pathway could indeed be used to realize a two step degradation 

profile. After the hybrid nanogel particles reached the maximal degree of swelling upon 

treatment with dextranase, irradiation of the swollen gel particles lead complete particle 

degradation as demonstrated by a measured turbidity of ~ 0%. An additional advantage is the 

comparably much faster response to the trigger. Since enzymatic treatment can induce a 

continuous but slow degradation profile (~ 6h), the photolytic degradation can be achieved in 

less than two minutes. 

In order to verify the results presented above, SEM pictures of HNG-3B nanogel 

dispersions at different points of the two-step degradation were taken and are shown in 

Figure 78. 

 

 

Figure 78: SEM investigations on the stimuli-induced degradation behavior of HNG-3B: a) swollen 

microgels in water; b) completely degraded microgels after UV irradiation; c) swollen and partially 

aggregated/fragmented microgels after treatment with dextranase; d) completely degraded microgels 

after first enzymatic treatment and subsequent irradiation with UV light. 
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The initial non-degraded particles can be identified as flattened spheres on the silica 

wafer (Figure 78a). Even though drying of the particles from the swollen state resulted in film 

formation and flattened structures, the retention of the spherical morphology clearly hints 

again to the successful crosslinking of PAAm by Dex-PL-A. After irradiation with UV light 

no spherical structures were observed by SEM but a polymeric film (Figure 78b), thus 

indicating complete particle degradation. As shown in Figure 78c, after the enzymatic 

treatment partially aggregated/fragmented particular structures were still observed but an 

increasing film formation/flattening is visible, caused by the highly swollen state of the 

nanogels before drop casting. Finally, in Figure 78d no particular structures were detected and 

the observed polymer film results from the completely degraded nanogels upon UV 

irradiation. 

Summarizing the degradation behavior of the p(AAm-co-Dex-PL-A) hybrid nanogels 

three different degradation profiles were realized. At first, the exclusive photolytic cleavage 

of the photo-labile linkers between dextran and PAAm chains was successfully used to fully 

degrade the nanogels upon continuous irradiation in a short time span. Partial degradation of 

crosslinking points and therefore nanogels of a desired specific degree of swelling were 

obtained by adjusting the irradiation time accordingly. Second, partial enzymatic cleavage of 

the dextran backbones of the Dex-PL-A crosslinking molecules resulted in an increase of the 

degree of swelling of the nanogels up to a constant value. Third, the subsequent irradiation of 

those swollen hydrogel particles could be used to fully degrade the network structure. Hence, 

by combining the two orthogonal stimuli a two-step degradation profile was realized 

rendering such hybrid nanogels highly versatile materials for potential release applications. 

 

Conclusion 

In conclusion, a new system for potential enzymatic- and light-triggered release 

applications based on degradable nanogels was successfully developed. Realization of this 

concept was achieved with newly synthesized water soluble crosslinking molecules consisting 

of vinyl functionalized dextrans. In addition to the inherent enzymatic cleavability of the 

dextran backbone upon incubation with dextranase, light-sensitivity was incorporated into the 

crosslinking structure by the covalent attachment of multiple radically polymerizable acrylate 

units via a photo-labile linker to the polysaccharide chains. The resulting dextran-photo-labile 

linker-acrylate (Dex-PL-A) structures are characterized by their good water solubility which - 
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in combination with multiple vinyl groups per chain - offers the possibility for the preparation 

of a broad range of enzymatic- and light-degradable (nano-)gels by copolymerization with 

different vinyl functionalized monomers from aqueous solutions. As a first model system, 

acrylamide was copolymerized with Dex-PL-A in an inverse miniemulsion. High crosslinking 

efficiency of the resulting p(AAm-co-Dex-PL-A) nanogels was achieved by systematic 

increasing the Dex-PL-A/ AAm ratio. It was shown that irradiation with UV light enabled 

either complete particle degradation or the adjustment of a desired specific degree of swelling 

by tuning the irradiation time accordingly. In addition, a two step degradation profile based on 

the subsequent appliance of the two orthogonal stimuli was realized by first generating highly 

swollen nanogels by partial enzymatic cleavage of the Dex-PL-A crosslinking molecules and 

their successive complete degradation upon irradiation. The facile way of preparation at 

ambient temperatures of 37 °C from aqueous solutions and the observed low initial degree of 

swelling is promising for the potential embedding of functional water soluble compounds 

already during the polymerization. In combination with the well defined degradation profiles, 

this feature renders these new materials highly interesting for triggered release applications in 

aqueous dispersions. 
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5.3 Light-sensitive microgel-doxorubicin conjugates: labile 

drug attachment via a photo-cleavable linker 

In a previous chapter the great potential of p(HEMA-co-MAA) microgels for the 

triggered delivery of water soluble (biological) macromolecules was demonstrated by 

exploiting the pH-sensitivity of the polymeric network for the loading and release of 

myoglobin as a model protein. The pH-induced entrapment by a swelling-deswelling 

mechanism is suitable for the controlled release of large functional compounds.  

In comparison, the loading efficiency of comparably small functional molecules into 

microgels is crucially limited by leakage of the active substances from the network. In this 

context, it is of high importance to ensure a successful retention of the functional molecule in 

the carrier system until the desired site or time point for its triggered release is reached. This 

can be achieved by several approaches.  

On one hand, the embedding of hydrophobic drugs into non-swollen hydrophobic 

polymeric nanoparticles prevents their leakage in aqueous media. A triggered release can then 

be achieved e.g. by changing the hydrophilicity of the network-forming polymer from 

hydrophobic to hydrophilic. Hereby, the resulting swelling of the particles induces the release 

of the payload. This concept was recently described by Griset et al. for the delivery of 

paclitaxel from pH-sensitive expansible nanoparticles based on acetal protected polymers.
109 

On the other hand, the covalent attachment of a drug to a hydrophilic polymeric carrier 

system is highly efficient to prevent its leakage. A triggered release can be achieved by the 

utilization of a specific linker molecule between drug and polymer which is cleavable upon 

the appliance of a certain trigger.
298-301

 An interesting example to realize this concept was 

recently described by Choi et al. The investigated approach is based on a doxorubicin-

PAMAM dendrimer conjugate where the hydrophilic drug is connected to the preformed 

dendrimer via a photo-cleavable linker.
302

 As this was shown to be highly efficient for the 

release of doxorubicin upon irradiation, it is of great interest to extend this conception to a 

broad variety of polymeric carrier systems such as e.g. microgels. This would enable to study 

the delivery efficiency of the drug to cells in dependency on the used network-forming 

polymer. It is noteworthy that the functionalization of the previously mentioned dendrimers 

was achieved by attaching the linker-doxorubicin molecule to the preformed dendrimer via a 

subsequent esterification step. Utilization of this coupling reaction limits the versatility of this 

approach to polymeric materials containing either functional hydroxyl- or amine groups. 
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Therefore, in order to ensure a versatile applicability of the described concept it is of high 

interest to develop a synthetic strategy which allows the incorporation of the doxorubicin-

photo-labile linker moiety into a wider range of polymeric materials.  

The aim of the work described in this chapter is the development of a novel functional 

monomer consisting of a doxorubicin molecule covalently attached to a radically 

polymerizable methacrylate group via a photo-labile linker. Generally, this doxorubicin-

photo-labile linker-methacrylate (Dox-PL-MA) moiety is assumed to be copolymerizable with 

a broad variety of hydrophilic monomers, thus giving rise to a multitude of different delivery 

systems. Keeping in mind the observed good cellular uptake and negligible cytotoxicity of 

previously described p(HEMA-co-MAA) microgels, their great potential for delivery 

applications in biomedical fields is obvious. Therefore, in a first attempt to demonstrate the 

versatility of the Dox-PL-MA molecule, the copolymerization of the latter with HEMA and 

MAA in inverse miniemulsion is designed to yield anionic microgels as well defined carrier 

systems for the light-induced delivery of doxorubicin. Here, the drug molecule is covalently 

attached to the network-forming copolymer and therefore leakage is hindered. Moreover, the 

embedding of the drug into the network efficiently shields the doxorubicin against the body’s 

defense mechanisms. In contrast to previously described approaches based on network 

degradation, an effective release only at the targeted site can be induced by the light-induced 

cleavage of the linker molecule leaving the microgel structure intact. The described concept is 

schematically illustrated in Figure 79. 

 

Figure 79: Schematic illustration of the concept of light-sensitive microgel-doxorubicin conjugates. 
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Realization of the described concept starts with the synthesis of the 

Dox-PL-MA moiety. Here, an efficient synthetic route has to be developed and the resulting 

product has to be investigated with regards to the photolytic release of doxorubicin in 

solution. In a next step, a mild preparation method for p(HEMA-co-MAA) microgels should 

be elaborated. Finally, this is assumed to enable the incorporation of the Dox-PL-MA in situ 

during nanoparticles formation without damaging the drug molecule. 

Synthesis and characterization of doxorubicin-photo-labile linker-methacrylate 

(Dox-PL-MA). Regarding the photolytic performance of the Dox-PL-MA molecule, two 

important considerations have to be taken into account: First, the doxorubicin molecule has to 

be coupled to the photo-cleavable linker in such a way that light-induced cleavage yields the 

free drug molecule leaving the photoproduct of the chromophore attached to the polymeric 

network. This can be achieved by forming a carbamate bond between the amine group of the 

drug and the benzylic hydroxyl group of the chromophore. Second, the introduction of an -

methyl group in the chromophore was shown to enhance the rate of photolysis significantly. 

Therefore, in a first synthetic approach the route described by Choi et al.
302

 was modified 

accordingly. Figure 80 depicts the examined pathway. 

 

Figure 80: Synthetic route A to Dox-PL-MA. Reagents and conditions: (i) methyl 4-bromobutyrate, 

K2CO3/DMF, 25 °C, 16 h; (ii) acetic anhydride/nitric acid (1:2 v/v), 0 °C, 3 h; (iii) NaOH, THF/MeOH, 25 

°C, 7 h; (iv) N-BOC-ethylenediamine, DCC, DMAP, DCM/DMF, 0 °C, 1 h then 25 °C, 24 h; (v) NaBH4, 

THF/MeOH, 25 °C, 7 h; (vi) p-nitrophenyl chloroformate, DCM/DMF, 25 °C, 20 h; (vii) doxorubicin, 

DMF, triethylamine, 25 °C, 16 h; (viii) TFA, chloroform, 25 °C, 10 min. 
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The synthesis starts with the preparation of the chromophore core of (6) analogous to the 

synthesis of the photo-labile crosslinkers CL-4B and CL-5B described in previous chapters. In 

a next step, the methyl ester is hydrolyzed and the resulting carboxylic acid (13) is coupled 

with mono BOC-protected ethylene diamine to yield (14). Subsequent reduction of the keto 

group produces the alcohol of (15) which exhibits two orthogonal addressable functionalities. 

Because the amine group is protected, efficient attachement of the drug molecule to the 

secondary hydroxyl group can take place. This is achieved by first activating the latter with p-

nitrophenyl chloroformate to yield the reactive carbonate (16) and then forming the o-

nitrobenzyl carbamate of (17) upon nucleophilic substitution of the 

p-nitrophenol by the amine group of doxorubicin. In analogy to the procedure described in the 

literature, in a next step, the deprotection of the amine group takes place by treatment with 

anhydrous trifluoracetic acid (TFA). In contrast to the published procedure,
302

 this synthetic 

step was found not only to set free the BOC-protected amine group to generate (18), but also 

to degrade the glycosidic bond between the aromatic system and the pyranose unit in the 

doxorubicin molecule. Even though reactions were performed under extremely dry 

conditions, several attempts to follow this pathway failed to yield the desired product. Hence, 

a new synthetic route was designed to contain the coupling of the sensitive drug molecule to a 

preformed photo-labile linker-methacrylate as the last step. The synthetic concept is 

illustrated in Figure 81. 

 

 

Figure 81: Synthetic route B to Dox-PL-MA. Reagents and conditions: (i) TFA, chloroform, 25 °C, 

10 min; (ii) p-nitrophenyl chloroformate activated HEMA, triethylamine, DMF, 25 °C, 48 h; 

(iii) p-nitrophenyl chloroformate, diisopropylethylamine, DMAP, DCM, THF, 25 °C, 24 h; 

(iv) doxorubicin, DMF, triethylamine, 25 °C, 16 h. 

 

The alternative pathway (route B) starts with the previously described compound (15) 

containing a secondary hydroxyl group and a N-BOC-protected amine group as functional 

moieties for further modifications. While the former synthetic protocol route A was based on 
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protecting the amine group during the coupling of the doxorubicin moiety to the alcohol, route 

B exploits the pronounced differences in the nucleophilicity of the secondary hydroxyl group 

and the deprotected amine of (19). Here, the selective reaction of the primary amine with 

p-nitrophenyl chloroformate activated HEMA yielded the photo-labile linker-methacrylate of 

(20). Subsequent attachment of the drug molecule was finally achieved by p-nitrophenyl 

chloroformate activated coupling of (21) with doxorubicin and resulted in Dox-PL-MA in 

good yield (57%). Investigations on the product by 
1
H- and 

13
C-NMR- as well as ESI mass 

spectroscopy confirmed the proposed structure (see experimental part). 

The synthesized Dox-PL-MA molecule was examined with regard to its purity by HPLC 

measurements coupled with UV-vis spectroscopy. The obtained elution curve is shown 

together with the 3-dimensional plot of UV-vis absorbance in dependency on the elution time 

in Figure 82. 

 

 

Figure 82: HPLC investigations on the synthesized Dox-PL-MA molecule: a) elution curve and b) 3-D 

elution curves containing the respective UV-vis spectra. 

 

Regarding the HPLC elution curve depicted in Figure 82a, two distinctive peaks of 

similar peak areas were detected at elution times of 9.21 and 9.83 min. At first sight, this 

observation points towards an unsuccessful purification of the prepared Dox-PL-MA 

containing a side product. Nevertheless, the respective UV-vis spectra obtained for both peaks 

(see Figure 82b) exhibited the same absorption bands at max1 = 295 nm, max2 = 350 nm and 

max3 = 485 nm. Therefore, it is assumed that the two different peaks can be assigned to two 

enantiomers of the Dox-PL-MA molecule which contains a chiral centre at the benzylic 

carbon coupling the doxorubicin moiety to the photo-labile linker-methacrylate. 

Consequently, it can be concluded that the desired product was obtained in high constitutional 

purity. 
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In order to further evaluate the spectroscopic properties of the Dox-PL-MA and 

demonstrate its successful preparation, UV-vis spectra of each fraction from HPLC (peak at 

9.21 min and peak at 9.83 min of elution time) were compared to the spectra of pure 

doxorubicin and pure CL-4B crosslinker as model system for the carbamate based photo-

labile linker. The resulting spectra are shown in Figure 83. 

 

Figure 83: UV-vis spectroscopic investigations: Spectra of the 2 Dox-PL-MA enantiomers in comparison 

to the spectra of pure doxorubicin and CL-4B as carbamate based model compound for the pure photo-

labile linker. 

 

As can be seen from the UV-vis spectra of the two enantiomers of Dox-PL-MA, in both 

samples the absorption band of pure doxorubicin (max = 485 nm) is present in addition to the 

band of the photo-labile linker (max = 350 nm), thus indicating a successful attachment of the 

drug to the polymerizable methacrylate unit via the photo-cleavable chromophore.  

Regarding the light-induced release of doxorubicin under mild conditions by photolysis 

of the Dox-PL-MA molecules, it is of high importance that the chemical structure of the drug 

molecule is not influenced by the irradiation. A pre-requirement is a low extinction coefficient 

in the spectral region used for light-induced cleavage. Since the photo-labile linker molecule 

exhibits a high absorbance at = 350 nm, this wavelength was targeted for irradiation 

experiments. In comparison, the pure doxorubicin molecule features only a negligible 

absorbance at this wavelength. This characteristic should in principle enable the controlled 

drug detachment without light-induced changes in the biological active molecule.  
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Summarizing the observations described above, a novel functional monomer consisting 

of a doxorubicin molecule covalently attached to a methacrylate group via a photo-labile 

linker was successfully synthesized. Utilization of the incorporated radically polymerizable 

moiety is assumed to give rise to the preparation of a wide range of polymeric light-triggered 

delivery systems by copolymerization of the synthesized compound with different monomers. 

As mentioned above the incorporation of those molecules into water-swellable microgels is of 

special interest. Moreover, since the attachment of the drug to the photo-labile linker-

methacrylate molecule was the last step in the examined synthetic protocol, the activated 

precursor (12) is assumed to be modifiable with a multitude of functional compounds bearing 

either a hydroxyl- or amine group. Hence, the described synthetic concept is assumed to be 

transferable to the preparation of a broad variety of polymeric systems for light-triggered 

cleavage/release applications. 

Photolysis of the cleavable Dox-PL-MA in solution. In comparison to studies 

performed on the photo-cleavable crosslinkers described in a previous chapter, the photo-

degradation behavior of the Dox-PL-MA was first investigated by irradiation time-dependent 

UV-vis measurements in THF solution. Figure 84a depicts the recorded spectra. 

 

 

Figure 84: Kinetic investigations on the photolytic degradation of Dox-PL-MA in THF solution: a) 

irradiation time-dependent UV-vis spectra; b) relative absorbance of Dox-PL-MA at = 380 nm in 

dependency on the irradiation time. Data obtained from M. Dröge. 

 

Irradiation of Dox-PL-MA with UV light of the wavelength of = 365 nm resulted in red 

shift of the absorption maximum to max = 380 nm. This light-induced change of the 

absorption spectra together with the observed well defined isosbestic points point towards a 

successful photoreaction. It is noteworthy that the absorbance band at max = 485 nm assigned 

to the doxorubicin molecule did not change upon irradiation in the investigated time span. 
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This is assumed to be a sign for the drug molecule not being influenced by the application of 

UV light of this particular wavelength. 

Figure 84b shows the relative absorbance of the compound at 380 nm as a function of 

irradiation time (Abst / Abs0), where Abs0 and Abst are the absorbances at time zero (0) and a 

specific time (t). The relative absorbance value reached a plateau after an irradiation time of 

approximately 14 min thus indicating no further photoreaction.  

Summarizing these experiments, the photolysis of the Dox-PL-MA molecules was 

demonstrated to proceed fast under mild irradiation conditions (UV-A light, low intensity). 

Especially the unaltered absorbance of the drug molecule, points towards a release of the 

intact drug molecule.  

Synthesis and characterization of p(HEMA-co-MAA) microgels as model systems 

for Dox-PL-MA containing hydrogel nanoparticles. As mentioned above, the 

polymerizable methacrylate unit in the Dox-PL-A molecule is designed to enable the 

preparation of photo-sensitive polymeric carrier systems by copolymerization of the 

synthesized compound with a broad variety of functional monomers. Having demonstrated 

the good cellular uptake of p(HEMA-co-MAA) microgels in a previous chapter, incorporation 

of Dox-PL-MA into these materials represents a highly interesting approach to the light-

triggered release of doxorubicin from water-swellable microgels. 

Incorporation of Dox-PL-MA into p(HEMA-co-MAA) microgels can be achieved in situ 

during nanoparticles formation by free radical copolymerization in inverse miniemulsion. 

Following this approach, a high loading efficiency is assumed since embedding of 

doxorubicin is realized by its covalent attachment to the network-forming copolymer rather 

than by electrostatic interactions between the drug molecule and the gel. As a result, leakage 

should be dramatically hindered. Nevertheless, as the stability of doxorubicin is known to be 

sensitive to its environment (e.g. pH, temperature),
303

 microgel formation has to be conducted 

under mild conditions. Therefore, in a first attempt, a new “gentle” preparation route to 

p(HEMA-co-MAA) microgels was developed in order to ensure the stability of the drug 

during its incorporation. 

In comparison to the previously reported procedure (see chapters 5.1.2.1.1 and 5.1.2.2), 

the new route is based on forming the dispersed phase of the inverse miniemulsion from a 

solution of HEMA, DEGDMA and potassium methacrylate in PBS buffer. In contrast to using 
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the free methacrylic acid, the pH of the dispersed phase is here adjusted by the buffer to a 

neutral value of 7.4. This is assumed to prevent an acid-induced degradation of the glycosidic 

bond
303

 in the drug molecule. Moreover, by using V-70 as thermal initiator with a low 

decomposition temperature, the polymerization temperature can be dramatically lowered to  

37 °C.  

Based on these considerations, p(HEMA-co-MAA) model microgels M-MG-0 were 

prepared by free radical copolymerization in inverse miniemulsion. The molar amount of 

DEGDMA crosslinker and the molar ratio of K-MAA/HEMA were similar to FL-MG 

microgels (see chapter 5.1.2.1.3) in order to retain the observed good cellular uptake and low 

cytotoxicity. Table 9 lists the used amounts for the dispersed phase. 

 
Table 9: Nominal composition of p(HEMA-co-MAA) model microgels prepared under mild conditions. 

sample 

monomer solvent crosslinker 

type 
m / 
mg 

type 
m / 
mg 

type 
m / 
mg 

type 
m / 
mg 

mol-%1) 

M-MG-0 HEMA 637.5 K-MAA 161.4 
H2O 
PBS 

150 
150 

DEGDMA 37.5 2.5 

1)
 w.r.t. all monomers 

After polymerization, the dispersion was repeatedly washed with cyclohexane to remove 

excess surfactant. The purified particles were characterized regarding 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 together with representative 

scanning electron micrographs of the microgels are shown in Figure 85. 

 

Figure 85: Characterization of p(HEMA-co-MAA) model microgels prepared under mild conditions: 

a) representative SEM image of the microgels drop cast from cyclohexane dispersion; b) number weighted 

particles size distribution of particles in cyclohexane and PBS as determined by DLS. 
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It can be seen that microgels of hydrodynamic diameters around 110 nm with relatively 

narrow size distributions were obtained. These observations are in good agreement with the 

results obtained for FL-MG microgels. Hence, it can be concluded that the particle sizes and 

morphologies are not influenced by this preparation method. Regarding the swellability of the 

microgels, in contrast to FL-MG microgels, no base addition was needed to achieve swollen 

particles. This is assumed to further enhance the stability of the pH-sensitive doxorubicin 

during the formation of the carrier system. DLS measurements of the swollen particle 

dispersions in PBS yielded hydrodynamic diameters of around 250 nm. The respective DGS 

of 12.4 is in good agreement with the value obtained for FL-MG microgels (DGS = 12.0). 

It can be concluded, that the new mild microgel preparation method yielded well defined 

p(HEMA-co-MAA) M-MG-0 model particles. The respective microgel properties did not 

vary significantly from those observed for FL-MG microgels. Consequently, it is proposed 

that the biocompatibility of the M-MG-0 particles does not vary from their FL-MG analogues.  

 

Conclusion and outlook 

Summarizing the results described in this chapter, it can be concluded that an efficient 

synthetic route to a novel functional monomer consisting of a doxorubicin molecule 

covalently attached via a photo-labile linker to a radically polymerizable methacrylate group 

was successfully developed. Copolymerization of the synthesized compound with different 

monomers is assumed to give rise to a wide range of polymeric light-triggered delivery 

systems. In this context, polymer-drug conjugates, polymeric micelles, hydrogels, hydrogel 

thin films or especially hydrogel nanoparticles are imaginable.  

Moreover, the activated precursor (12) is assumed to be modifiable with a multitude of 

functional compounds bearing either a hydroxyl- or amine group. Hence, the described 

synthetic concept is assumed to be transferable to the preparation of a broad variety of 

polymeric systems for light-triggered cleavage applications. Further investigations following 

this approach might include the functionalization of the precursor with a bromine containing 

group serving as initiator for ATRP. Polymerization of this new monomer by a method 

orthogonal to the ATRP concept is assumed to yield a reactive polymer which can be further 

functionalized with polymeric arms by a grafting from approach. Irradiation with light is then 

assumed to detach the grafted polymers from the backbone. 
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With respect to the photolysis of the Dox-PL-MA molecules, the doxorubicin moiety is 

characterized by a minor extinction coefficient at the wavelength used for cleavage. As 

demonstrated by irradiation time-dependent UV-vis measurements, this characteristic enables 

the controlled drug detachment without light-induced changes in the pharmaceutically active 

molecule. 

Generally, the doxorubicin-photo-labile linker-methacrylate (Dox-PL-MA) moiety is 

assumed to be copolymerizable with a broad variety of hydrophilic monomers. Having 

demonstrated the observed good cellular uptake and negligible cytotoxicity of 

p(HEMA-co-MAA) microgels, copolymerization of the Dox-PL-MA molecule with HEMA 

and MAA in inverse miniemulsion is assumed to yield anionic microgels as well defined 

carrier systems for the light-triggered delivery of doxorubicin. In a first step, a mild 

preparation method for p(HEMA-co-MAA) microgels was elaborated in order to ensure the 

potential incorporation of the Dox-PL-MA in situ during nanoparticles formation without 

damaging the drug molecule. 

As outlook, transferring this newly developed mild preparation route for 

p(HEMA-co-MAA) microgels to the formation of analogous hydrogel nanoparticles 

containing the Dox-PL-MA conjugate is of high interest. Resulting microgels should be 

investigated with regard to the incorporation efficiency of doxorubicin, and the light-triggered 

release profile of the drug from the network in PBS. Moreover, cell tests should be performed 

in order to examine the cellular uptake of the prepared particles. In this context, it is assumed 

that drug loaded microgels incorporated into cells do not influence cell viability if kept in the 

dark. In contrast, the light-triggered release of doxorubicin should result in a pronounced 

cytotoxicity. Control experiments of irradiating cells with incorporated non-loaded microgels 

should be performed in order to take potential light-induced damages into account. 
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5.4 Photo-resist nanoparticles: light-induced degradation of 

hydrophobic polymers in aqueous dispersion 

In the previous chapters, the preparation and characterization of novel light-sensitive 

microgels has been investigated. Examined approaches included among others: a) crosslinked 

hydrophobic polymer lattices degradable in non-polar organic solvents and b) hydrogel 

nanoparticles swellable and degradable in aqueous dispersion. Both concepts are based on 

exploiting the good solubility of the network-forming (co)polymer in the respective solvent. 

Here, particle degradation is achieved by cleaving photo-labile crosslinking points responsible 

for retention of the particulate structure of the swollen networks. By this, the investigated 

materials show great potential for the loading and release of functional compounds of a 

hydrophilicity similar to the gel network and the specific solvent.  

In general, especially the development of carrier systems for the delivery of active 

substances in aqueous medium is of high interest for a broad variety of applications. The 

described concept of degradable hydrogel nanoparticles is nevertheless restricted to the 

loading and release of hydrophilic substances. In addition, it is of interest to be able to deliver 

hydrophobic substances in water as well, since it holds promise to widen the fields of 

application dramatically. Investigations to realize this concept are mainly based on micellar 

aggregates of amphiphilic block copolymers which enable the embedding of non-polar 

molecules in the hydrophobic core.
278

 In comparison, polymeric nanoparticles are 

characterized by their outstanding ability to maintain their initial structural integrity in diverse 

environments.
70, 116

 The combination of this characteristic with the ability to disassemble in a 

controlled fashion upon an applied stimulus is of high interest for a broad variety of 

applications including the fields of drug delivery,
10

 catalysis, optics and colloidal crystals.
46, 

108
 In this context, a novel approach for the embedding of hydrophobic drugs into non-swollen 

pH-sensitive hydrophobic nanoparticles based on acetal protected polymers was recently 

described by Griset et al. A triggered release was achieved by changing the hydrophilicity of 

the network-forming polymer from hydrophobic to hydrophilic. Hereby, the resulting 

swelling of the particles induced the release of the payload.
109

 Another approach to 

degradable nanoparticles was investigated by Fomina et al. Here, light-degradable 

nanoparticles were prepared by a solvent evaporation method from a preformed photo-

degradable polymer. The examined polymer combined multiple light-sensitive triggering 

groups along the backbone with quinine-methide self-immolative moieties.
304

 A drawback 

however, is the complex preparation method including several extensive synthetic steps. 
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Based on these considerations, the work described in this chapter deals with the 

development of hydrophobic nanoparticles consisting of a photo-resist polymer. Particle 

preparation by free radical polymerization in miniemulsion represents a facile alternative to 

the concept described by Fomina et al. These lattices are designed to be degradable upon a 

light-induced change of the hydrophobicity of the respective material. The polymeric 

structure is based on a labile protected poly(methacrylic acid) (PDMNB-MA) that can be 

easily de-protected by the photolytic cleavage of the o-nitrobenzyl esters. As a result, 

conversion of the initial hydrophobic polymer into hydrophilic PMAA induces in situ particle 

dissolution in water. With the aim to investigate the potential of the described particles for 

release applications, nile red was encapsulated as a model compound. Nile red as a 

hydrophobic dye bears the advantage of acting as a fluorescent probe due to its high 

fluorescence sensitivity toward changes in polarity. Thus, incorporation of nile red into 

PDMNB-MA nanoparticles allows for studying not only the particle degradation process (via 

solubilization of in situ generated PMAA during photo-cleavage of PDMNB-MA), but also 

the possibility to perform controlled release experiments. The concept is schematically 

illustrated in Figure 86.  

 

Figure 86: Schematic illustration of the concept of light-degradable polymeric photo-resist nanoparticles. 

Note: overlapping of schematic polymer chains in the initial particles refers to entanglement and not to 

crosslinking. 
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Parts of this work are published as “Polymeric Photo-Resist Nanoparticles: Light-

Induced Degradation of Hydrophobic Polymers in Aqueous Dispersion” Daniel Klinger, 

Katharina Landfester, Macromol. Rapid Comm. 2011, 32 (24), 1979 – 1985. 

 

Selection and synthesis of the monomer, (4,5-dimethoxy-2-nitrobenzyl methacrylate 

(DMNB-MA)). The monomer 4,5-dimethoxy-2-nitrobenzyl methacrylate (DMNB-MA) was 

synthesized by the modification of a reported procedure.
305

 As shown in Figure 87, the 

desired product can be obtained in good yield by a one-step reaction of methacryloyl chloride 

(MA-Cl) with 4,5-dimethoxy-2-nitrophenyl alcohol (DMNPA). 

 

Figure 87: Synthesis of DMNP-MA. Reagents and conditions: (a) triethylamine, DCM, 0 °C, 1 h then 

25 °C, 16 h, 87%. 

 

Regarding the light-induced cleavage of the photo-labile o-nitrobenzyl ester bond, 

irradiation conditions represent a crucial parameter. As mentioned in previous chapters, to 

avoid unwanted Norrish-type side reactions, the wavelength absorbance of the photo-

cleavable moiety must be higher than 315 nm.
230-231 

Thus, the presence of methoxy groups in 

the aromatic core of the o-nitrobenzyl chromophore was necessary to shift the absorption to 

higher values.
254

 The synthesized DMNB-MA monomer indeed showed an absorption band at 

 = 350 nm thus enabling photolysis under mild conditions in a controlled way. 

Nanoparticle preparation by miniemulsion polymerization. Due to the melting point 

of DMNB-MA above room temperature, suitable methods for nanoparticle formation are 

generally limited. Compared to emulsion polymerizations based on diffusion of liquid 

monomers, the miniemulsion process represents a big advantage as it can be used to prepare 

nanoparticles by polymerizing solid monomers in droplets of their respective solutions. In 

miniemulsions, suppression of diffusion between droplets characterizes each droplet as a 

nanoreactor. As a result, the incorporation of additional hydrophobic substances - e.g. nile red 
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as functional dye – is easily achieved.
63-64

 Since the composition of the final latex particles 

resembles the composition of the monomer phase, all functionalities incorporated are equally 

distributed in each particle. 

The choice of solvent for the photo-labile monomer is limited to a non-water miscible 

liquid in order to form stable droplets in the miniemulsion. Furthermore, the solvent should 

enable a good solubility of both the monomer and the resulting polymer. If this would not be 

the case, phase separation during miniemulsion polymerization could lead to either capsular 

or non-spherical particle morphologies. Chloroform fulfills all the aforementioned criteria and 

bears the additional advantage of its ability to act as a chain transfer agent in radical 

polymerizations generating polymers of decreased molecular weights – compared to 

polymerizations without chain transfer – and thus increasing the polymer solubility. Since 

particle degradation is based on simply dissolving the deprotected PMAA polymer in water, a 

low molecular weight of the polymer is favorable.  

Based on these considerations, two different photo-resist nanoparticles (PR-NP) were 

synthesized using chloroform as solvent for the dispersed phase following a previously 

reported method.
295

 PR-NP1 particles consist of pure poly(DMNB-MA) while PR-NP2 

additionally contains nile red incorporated into the polymeric matrix. Furthermore, 

polystyrene reference particles without (PS-NP1) and with nile red (PS-NP2) were prepared 

under analogous reaction conditions. Nominal feed compositions of the dispersed phases are 

depicted in Table 10. 

 

Table 10: Synthetic parameters for the preparation of PR-NP and PS-NP nanoparticles by miniemulsion 

polymerization. 

sample 

synthetic parameters 

monomer dye 

type type m / mg 

PR-NP1 DMNB-MA --- --- 

PR-NP2 DMNB-MA nile red 0.500 

PS-NP1 styrene --- --- 

PS-NP2 styrene nile red 0.085 

 

After purification, the latexes were characterized with regard to the particles sizes and 

size distributions by DLS, the molecular weight of the polymer by GPC and the encapsulation 

efficiency (EE) of nile red by fluorescence spectroscopy; results are shown in Table 11. The 
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particle morphology was investigated by SEM and Figure 88 exemplarily shows 

representative images for PR-NP1, PR-NP2, and PS-NP2. The insets depict the corresponding 

number weighted size distributions obtained from DLS measurements. 

Table 11: Characterization of particles obtained from miniemulsion polymerization: Results of DLS 

measurements, the determination of encapsulation efficiencies and GPC measurements of the produced 

polymers. 

sample 

results 

diameter1) encapsulation of nile red Mw(polym.)2) PDI2)  

dh / nm EE / % of theory mol / mg (particles) g / mol  

PR-NP1 80 ± 14 --- --- 3,954 1.89 

PR-NP2 79 ± 15 3.52 2.17·10-10 3,706 1.77 

PS-NP1 77 ± 13 --- --- 10,319 2.62 

PS-NP2 56 ± 11 6.23 1.67·10-10 10,777 2.21 

1)
 determined by DLS mesurements; 

2)
 determined by GPC in THF, standard polystyrene. 

 

 

Figure 88: Characterization of particles obtained from miniemulsion polymerization: a) exemplary 

representative SEM images of PR-NP1, PR-NP2 and PS-NP2 particles and b) number weighted size 

distributions obtained from DLS measurements. 

 

As can be seen from DLS data and SEM images, miniemulsion polymerizations yielded 

in all cases well defined spherical particles in the nanometer size range. As expected the 

polymerizations yielded polymers of relatively low molecular weights and polydispersities 

(see Figure 88a). 

As mentioned previously, nile red was incorporated in PR-NP2 and PS-NP2 particles in 

order to monitor particle degradation and investigate the potential of the concept for release 
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applications. Encapsulation efficiencies were determined by fluorescence spectroscopy. To 

this end, the fluorescence intensity of dissolved particles in DMSO for PR-NP2 and in 

1,4-dioxane for PS-NP2 were compared to beforehand plotted calibration curves. Since 

fluorescence intensity of nile red is known to be highly sensitive to the environment,
306-307

 

dissolved plain particles (PR-NP1 or PS-NP1) in the same concentration as for the dye 

containing samples were added to every dye calibration solution in order to take the potential 

influence of the dissolved polymeric matrix into account. Results showed that the 

encapsulation efficiency of nile red strongly depends on the kind of polymer of the respective 

particles. While the theoretical incorporation of fed 0.5 mg of dye into poly(DMNB-MA) 

particles resulted in an actual EE of 3.52%, an actual value of EE = 20.23% was determined 

for polystyrene particles (PS-NP0, data not shown) polymerized under the same conditions. 

The discrepancies in the encapsulation efficiencies were assigned to differences in the 

hydrophilicity of the respective polymers. Since polystyrene is comparably less polar, the 

incorporation of the hydrophobic dye is favored. To ensure comparability of the influence of 

light on the fluorescence spectra between the different samples of PR-NP and PS-NP, a new 

polystyrene reference latex (PS-NP2) was synthesized. Adjusting the feed concentration of 

dye resulted in amounts of incorporated nile red similar to PR-NP2. 

Photolytic degradation experiments. Since well defined nanoparticles consisting of a 

polymeric photo-resist material were successfully prepared and loaded with nile red, in the 

next step, the photolytic degradation behavior of these novel nanostructures was investigated. 

An aqueous dispersion of PR-NP2 (0.01% w/v; pH 7) was placed in a quartz cuvette and 

irradiated with UV-A light ( = 315 – 390 nm). Samples were taken at fixed time intervals 

and first investigated by UV spectroscopy. Figure 89 shows the obtained results. 

 

Figure 89: Characterization of PR-NP2 nanoparticles upon irradiation with UV-light: a) irradiation time 

dependent UV-vis spectra of the particle dispersion at pH 7; b) relative UV absorbance at max = 350 nm in 

dependency on the irradiation time. 
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As can be seen in Figure 89a of the observed changes in the UV spectra - the initial 

absorbance at = 350 nm decreases with increasing irradiation time. This strongly suggests a 

successful photolytic cleavage of o-nitrobenzyl ester groups. Additionally, the occurrence of 

two isosbestic points at 300 and 400 nm evidences a well defined photolytic reaction with no 

side products. Plotting the relative absorbance intensity at 350 nm against time, the resulting 

graph in Figure 89b follows an exponential decay down to a constant level, thus suggesting 

the expected first order kinetics regarding the chromophore concentration. Furthermore, the 

observed plateau shows that no further photo-cleavage occurs even for longer irradiation 

times. 

Irradiation of the PR-NP2 was found to successfully trigger the photolytic detachment of 

the hydrophobic chromophore from the polymer backbone. The resulting light-induced 

transformation of the original hydrophobic p(DMNB-MA) polymer to the hydrophilic PMAA 

causes particle dissolution in water, which is assumed to follow a complex mechanism. In the 

early stages of irradiation, photolysis of the labile protecting groups renders the polymer 

hydrophilic, thus inducing swelling of the particles and formation of gel-like structures with 

increased diameters. Since PR-NP2 particles are not covalently crosslinked, the spherical 

structures can only be retained to a certain degree by physical crosslinks due to entanglement 

of polymer chains and/or hydrophobic interactions between not yet de-protected DMNB-MA 

moieties. Further irradiation leads to the diffusion of hydrophilic chains out of the particles 

and the complete spherical morphology disappears. 

Turbidity measurements can take both phenomena into account. An increase of the 

particle diameter due to a swollen gel-like structure results in a reduced scattering intensity 

caused by a reduced contrast between solvent and particle.
267-268

 In addition, the diffusion of 

free hydrophilic chains out of the particles represents particle degradation, yielding fragments 

with decreased sizes. As smaller fragments are characterized by a decreased scattering 

intensity, turbidity measurements are in this context highly advantageous compared to DLS. 

Irradiation time-dependent turbidity measurements performed on PR-NP2 dispersed in water 

adjusted to different pH values are shown in Figure 90.  
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Figure 90: Characterization of PR-NP2 nanoparticles upon irradiation with UV light. Relative turbidity in 

dependency on the irradiation time and the pH of the dispersion. 

 

The decrease in turbidity upon irradiation time as shown in Figure 90c demonstrates 

successful particle degradation (including both: swelling and dissolution). However, for pH 7 

the observed values only drop to a constant level of around 40% indicating incomplete 

degradation. As the irradiation experiments were carried out in deionized water at neutral pH 

and the hydrophilicity of the generated PMAA is strongly dependent on the pH, the resulting 

samples were basified with diluted NaOH to pH 10 and turbidity was measured again. The 

resulting drop in the relative scattering intensity to a value of around 17% strongly suggests 

that both photo-cleavage and subsequent particle dissolution occurred favorably at basic pH 

values possibly due to deprotonation of the carboxylic acid groups of PMAA. Here, the 

electrostatic repulsion of the anionic groups generated under basic conditions, plus the 

enhanced solubility of the respective carboxylates in water, leads to complete dissolution. 

In a next attempt, irradiation experiments of PR-NP2 in aqueous medium at pH 10 were 

conducted and the resulting turbidity curve is shown in Figure 90. Compared to the irradiation 

carried out at pH 7, a direct decrease of the relative turbidity to 21% was observed. The value 

is similar to the one of 17% obtained for basification of the neutral dispersion after irradiation 

and corresponds as well to complete particle dissolution. As complete PR-NP2 particle 

dissolution was found to require basic conditions, it was demonstrated that this obligation 

could either be fulfilled by increasing the pH subsequent to irradiation at neutral pH or by 

directly irradiating particles dispersions at pH 10. 
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In order to visualize the particle degradation and investigate the proposed morphological 

changes in the PR-NP2 particles, SEM images were taken before and after 

110 min of irradiation at different pH values. Figure 91 shows the obtained micrographs. 

 

 

Figure 91: Characterization of PR-NP2 nanoparticles upon irradiation with UV-light. Representative 

SEM images of PR-NP2 photo resin nanoparticles: a) before and b) after irradiation in pH 7; c) after 

irradiation in pH 7 and titration to pH 10. 

 

SEM images shown in Figure 91 support the previous statement regarding the particle 

degradation. While pictures taken of the samples directly after irradiation in pH 7 

(Figure 91b) still show to some extent deformed particulate structures, micrographs of the 

same sample after adjusting the pH to pH 10 (Figure 91) only depict a polymeric film. 

Moreover, a similar polymeric film was observed for the direct irradiation of PR-NP2 

particles in pH 10 (data not shown). 

Monitoring particle degradation by fluorescence spectroscopy of incorporated nile 

red. It is well known that the fluorescence of nile red strongly depends on the polarity of the 

matrix in which it is contained.
306-307

 While in apolar hydrophobic surroundings the dye is 

highly fluorescent, a hydrophilic environment significantly reduces its fluorescence to almost 

negligible values in water. This specific characteristic of nile red permitted the indirect study 

of the particle degradation by fluorescence measurements. Figure 92 shows irradiation time 

dependent fluorescence spectra of PR-NP2 and PS-NP2 lattices in aqueous dispersion. 
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Figure 92: Fluorescence measurements of nile red containing particle dispersion upon irradiation with UV 

light: a) emission spectra (exc = 555 nm) of PR-NP2; b) emission spectra (exc = 530 nm) of a mixture of 

PS-NP2 reference particles and plain PR-NP1 lattices. 

 

From Figure 92a it can be seen that the fluorescence intensity (exc = 555 nm) of nile red 

in PR-NP2 decreases after only a few minutes of irradiation to an almost negligible value. 

Since photo-bleaching of the dye could occur due to the irradiation, photolytically stable 

polystyrene reference particles containing a similar amount of incorporated dye were 

irradiated in a control experiment. In this case the sample contained additional plain 

p(DMNB-MA) PR-NP1 particles in order to take the influence of the absorbance of the 

photo-cleavable chromophores into account. Comparing the resulting fluorescence spectra 

(exc = 530 nm) in Figure 92b to those of PR-NP2 in Figure 92a, a minor loss of fluorescence 

intensity of nile red in the PS-NP2 particles was observed. 

This comparison is further visualized by plotting the relative fluorescence intensities at 

the respective maxima (em = 628 nm for PR-NP2 and em = 584 nm for PS-NP2) with respect 

to the irradiation time (see Figure 93). 
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Figure 93: Fluorescence measurements of nile red containing particle dispersion upon irradiation with 

UV-light: irradiation time-dependent relative values of the fluorescence intensities at the respective 

maxima for PR-NP2 in comparison to PS-NP2. 

 

The comparably much less pronounced decrease in intensity observed for the dye 

incorporated in a polystyrene matrix was assumed to be caused by photo-bleaching, whereas 

the decrease in the photo-resist matrix results from successful particle degradation. Therefore, 

the observed decrease within the first 15 min of irradiation suggests a successful change in the 

hydrophilicity of the polymeric matrix. Even though no complete particle degradation was 

observed for this stage by turbidity measurements, photolytic deprotection of MAA groups 

rendered the particle-forming polymer chains more hydrophilic which may result in a porous-

like structure. This gel-like swollen state of the former hard spheres enables the penetration of 

water molecules into the matrix, thus quenching the fluorescence of the sensitive dye.  

It can be concluded that for potential release applications no complete particle 

degradation has to be achieved in order to enable the diffusion of compounds into or out from 

the particles. Nevertheless, appliance of longer irradiation times in combination with an 

increased pH can be used to completely degrade the particle structures due to photolytic 

inversion of the hydrophilicity of the particle forming polymer. 
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Conclusion 

Nanoparticles consisting of a polymeric photo-resist material were successfully prepared 

in a facile way by direct miniemulsion polymerization of a newly synthesized light-sensitive 

monomer. Particle degradation in aqueous dispersion was achieved by irradiation with UV 

light and is based on the inversion of the hydrophilicity of the initial hydrophobic polymer. 

The successful incorporation of nile red as a hydrophobic dye served as a probe to confirm 

particle degradation. Irradiation induced quenching of the fluorescence points towards the 

enabled diffusion of either water into- or nile red out from the former hard sphere structures, 

therefore rendering the described nanoparticles very attractive for potential release 

applications of hydrophobic compounds in aqueous media. This concept - in combination 

with the previously described photo-degradable microgel approaches -dramatically widens the 

range of applications for photo-sensitive nanoscale materials. Moreover, the confinement of a 

photo-resist material to nanoscaled structures gives rise to potential new ways of surface 

patterning by e.g. colloidal lithography. 
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5.5 Towards stimuli-responsive core/shell nanoparticles 

containing a microgel core 

As described previously, the utilization of stimuli-responsive microgels for delivery 

applications is crucially governed by an efficient loading of the network with the functional 

compound to be released. Especially for small molecules the respective loading efficiency is 

strongly limited by the leakage of the active substances from the network.
88, 95

 Therefore, it is 

of high importance to ensure a successful retention of the functional molecule in the carrier 

system until the desired site or time point for its triggered release is reached. This can be 

achieved by several approaches including, among others, the embedding of hydrophobic 

drugs into either non-swollen hydrophobic polymeric nanoparticles and their stimuli-induced 

swelling
109, 304

 or into hydrophobic domains in hydrophilic microgels.
308

 The covalent 

attachment of a drug to a hydrophilic polymeric carrier system via a cleavable molecule and 

the triggered degradation of the linker is another promising method.
301-302

 Investigations on 

light-sensitive materials based on both of the described concepts are part of this thesis and 

were described in previous chapters (see chapter 5.3 and 5.4). 

An alternative concept to enhance the loading and release efficiency of stimuli-responsive 

microgels is based on the introduction of a degradable/swellable (polymeric) shell around the 

respective microgel core.
56, 309-310

 Hereby, the shell serves as a diffusion barrier to prevent 

leakage of embedded functional compounds.
168, 311

 Based on this consideration, the work 

described in this chapter deals with studies to investigate potential synthetic pathways for the 

formation of multiple stimuli-responsive core/shell nanoparticles containing a hydrogel core. 

A microgel core sensitive to a certain trigger B is designed to exhibit a specific stimuli-

dependent release profile of an embedded functional compound. The introduction of a 

polymeric shell around this microgel core should enable a high loading efficiency since non-

controlled diffusion from the network is hindered. By rendering the shell forming polymer 

sensitive to a second trigger A orthogonal to trigger B, a highly selective release profile can 

be realized. The overall release is then induced by first degrading/swelling the polymeric shell 

upon the appliance of trigger B, thus destructing the diffusion barrier. Secondly, the diffusion 

of the active compound from the microgel can subsequently be triggered by the trigger A. 

Figure 94 schematically illustrates the described concept. 
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Figure 94: Schematic illustration of the concept of stimuli-responsive core/shell microgels for release 

applications: shell degradation upon appliance of trigger A and subsequent core disintegration upon 

appliance of trigger B, orthogonal to trigger A. 

 

The aim of the work described in this chapter is to investigate different synthetic routes 

for the preparation of non-stimuli-responsive core/shell nanoparticles as model compounds. 

Results from these experiments are expected to be transferable in a modified way to their 

stimuli-responsive analogues. 

In general, different ways to core/shell nanoparticles are reported in the literature and can 

be divided into two different orthogonal pathways: (i) the shell formation around a preformed 

(microgel) core and (ii) the formation of the microgel core in a polymeric shell, i.e. in a 

nanocapsule. Route (i) can be realized by either seeded precipitation/dispersion 

polymerization of a second monomer in the presence of seed particles representing the 

core
54-55

 or nanoprecipitation of a preformed polymer around preformed nanoparticles or 

liquid droplets.
310, 312

 The orthogonal synthetic pathway (ii) can be realized by first forming 

nanocapsules through either polycondensation reactions
313

 or nanoprecipitations of preformed 

polymers
312

 on the surface of droplets containing monomers and crosslinkers polymerizable 

by a different mechanism. In a second step, microgel cores are then formed in the 

nanoreactors. Investigations on two of the mentioned orthogonal approaches based on 

polyacrylamide cores as non-stimuli-responsive model systems are subject of the following 

chapters. 
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5.5.1 PAAm/PMMA core/shell nanoparticles by seeded dispersion 

polymerization. 

Dispersion and precipitation polymerizations are typically based on initiating the 

polymerization of a solution of a monomer (and crosslinker) in a near  solvent for the 

respective polymeric analogue.
38-40

 While the polymerization proceeds, the monomer and 

formed oligomers are soluble until the growing chains reach a critical length. As a result of 

unfavorable polymer-solvent interactions, they phase-separate from the continuous medium 

by enthalpic precipitation, thus forming particle nuclei. In the case of crosslinkers present in 

the mixture, entropic precipitation occurs favorably. Here, crosslinking prevents the polymer 

and solvent from freely mixing even in good solvents for the polymer.
41

 The resulting nuclei 

aggregate into larger particles that continue to grow by capturing other particles, by newly 

formed polymer chains or by absorption and polymerization of monomer. In this context, 

dispersion polymerizations are characterized by the addition of a sterical stabilizer to control 

the size and narrow the distribution of the particles.
42

 

Based on this concept, the preparation of (crosslinked) core/shell nanoparticles can be 

achieved by a seeded dispersion polymerization which is based on a comparable mechanism. 

Here, the precipitation of formed oligomers of a critical chain length occurs preferentially on 

the surface of preformed seed particles present in the reaction mixture, thus forming core/shell 

particles.
46, 314-315

 An obligation for this concept, however, is the suppression of secondary 

nucleation, forming particles only consisting of the polymer proposed to form the shell. The 

formation of core/shell nanoparticles without secondary nucleation crucially depends on a 

high concentration of the seed particles.
316

 Since a larger number of seed particles in the 

system corresponds to a larger surface area available for precipitation, secondary nucleation is 

hindered. Moreover, successful precipitation also depends on the interaction parameters 

between the shell forming polymer and the core. Since precipitation around the core is an 

enthalpy driven process, a similar chemical nature/hydrophilicity of the two polymers is 

assumed to favor this mechanism. Regarding the preparation of core/shell nanoparticles from 

polymers exhibiting a very dissimilar interaction parameter with the solvent, incorporation of 

vinyl groups on the seed particle surface was shown to result in the formation of a shell due to 

capturing of formed oligomeric radicals.
314
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Since the aim of this work is to build a polymeric shell around microgel cores in order to 

serve as diffusion barrier for potential embedded compounds, a requirement of the shell 

forming polymer is either an increased hydrophobicity or orthogonal swellability compared to 

the hydrogel core. Investigations described in this chapter focus on the utilization of a 

preformed crosslinked polyacrylamide core as seed particle and the formation of a 

poly(methyl methacrylate) shell by seeded precipitation polymerization of MMA. The 

described materials were chosen for two reasons: a) the relatively hydrophobic nature of 

PMMA is assumed to give rise to a non-water-swellable shell, thus “sealing” the hydrogel 

core and b) the chemical structure of PMMA resembles the structure of PAAm in such an 

extend that the enthalpic precipitation around the core is assumed to be enabled. Figure 95 

schematically illustrates the proposed synthetic pathway. 

 

 

Figure 95: Simplified schematic illustration of a seeded precipitation polymerization process containing 

several steps: (a) initiation and propagation of the shell-forming monomer to soluble oligomers, (b) growth 

of oligoradicals until critical chain length for precipitation is reached and precipitation around the seed 

particles, (c) chain growth on particle surface, (d) final core/shell particle. Note: This model is simplified 

and does not depict potential secondary nucleation. 

 

Preparation of PAAm core nanoparticles (C-NP). PAAm microgels as core 

nanoparticles (C-NP) were prepared in analogy to a previously described method (see chapter 

5.2) by free radical copolymerization of AAm with DEGDMA (5 wt.-%) in inverse 

miniemulsion. After polymerization, the particles were washed repeatedly with cyclohexane 

in order to remove excess surfactant and characterized by means of the particle size and 

morphology by PCCS and SEM. Figure 96 shows representative SEM images of the particles 
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dropcast from either cyclohexane or MeOH/H2O (40/60) dispersions and the corresponding 

size distributions. 

 

 

Figure 96: Characterization of C-NP particles by SEM: a) drop cast from cyclohexane dispersion and 

b) drop cast from MeOH/H2O 40/60 dispersion. 

 

Investigations on the preparation of PAAm/PMMA core/shell nanoparticles 

(C/S-NP) by seeded precipitation polymerization. Successful preparation of core/shell 

nanoparticles by seeded precipitation polymerization crucially depends on various parameters 

such as: (i) the solvent, (ii) the seed particles concentration, (iii) the type and amount of 

initiator, (iv) the amount of monomer and (v) the amount and chemical nature of a potential 

surfactant. In order to get an insight into the formation possibilities of PAAm/PMMA 

core/shell nanoparticles, first experiments were conducted by keeping the parameters (i) – (iv) 

constant thus investigating the influence of an additional surfactant to the shell formation 

procedure. 

The so defined system took the following considerations into account. Regarding (i), the 

used solvent has to fulfill three important criteria: a) enabling a good colloidal stability of the 

microgel core particle, b) enabling a good solubility of the monomer used for the preparation 

of the polymeric shell, and c) enabling the precipitation of the shell forming polymer upon 

growing chain lengths. Keeping those requirements in mind, a solvent mixture of 

methanol/water (40/60 v/v) was found to be suitable. As mentioned above, another important 

principle to be considered is the suppression of secondary nucleation. This can be achieved by 

the utilization of a large number of seed particles. Based on investigations made by Jiang et 

al.,
316

 a seed particle concentration of 4.3·10
15

 NP/L was chosen for the conducted 

experiments. The next parameter (iii) defining the specific system is the type and amount of 

initiator. Here, KPS was chosen, since it showed a good solubility in the described solvent 

mixture. The concentration with respect to the MMA monomer was kept constant throughout 

all conducted experiments. As a last parameter (iv), in all seeded precipitation 
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polymerizations, an amount of 10 weight equivalents of MMA with respect to the seed 

particles was used. By this, a shell with a diameter comparably large to the core is assumed to 

be formed. This is proposed to enable the visualization of the successful formation of the 

polymeric shell by determining the increase in the overall particle diameters by SEM. 

Investigations on the influence of type and amount of surfactant. As mentioned above, 

having set all other parameters than the type and amount of surfactant to a constant value, this 

specific system allows to examine the uncoupled influence of the latter on the preparation 

method.  

In a first attempt, the seed particles were dispersed in MeOH/water (40/60) without an 

additional surfactant. After the addition of MMA to the mixture, the particles were found to 

macroscopically aggregate. This effect was assigned to a deswelling of the particles upon the 

addition of MMA as a non-solvent for the polyacrylamide chains. Since the microgel cores 

were sterically stabilized in the MeOH/water mixture by dangling chains of their outer 

swollen layer, a collapse of the particles upon changing the solvent polarity (by MMA 

addition) resulted in a lack of stabilization. As a result, it can be concluded that an additional 

surfactant/stabilizer is necessary in order to ensure colloidal stability of the seed particles. 

In order to prevent aggregation of the deswollen C-NP in the solvent/MMA mixture, 

polyvinylpyrrolidone (PVP) (20 wt.-% w.r.t. seed particles + MMA) with a molecular weight 

of either Mn = 10,000 g/mol or Mn= 30,000 g/mol as sterical stabilizer was added to the 

PAAm microgel dispersion prior to the addition of MMA. It is assumed that the stabilizer not 

only prevents the collapsed seed particles from aggregation but also ensures colloidal stability 

of the resulting core/shell particles. It was found that after the addition of MMA, no 

macroscopic aggregation occurred (visual inspection). Nevertheless, to further investigate the 

proposed colloidal stability of C-NP in MeOH/H2O/MMA, PCCS measurements were 

conducted. In comparison to DLS measurements conducted in previous chapters, this method 

allows one to examine the particles sizes in more concentrated dispersions; multiple scattering 

is not taken into account by the cross correlation method. As the investigated systems do not 

have to be diluted, these measurements allow to determine the particle sizes in the actual 

dispersion. It was found that even though the dispersions were stable after MAA addition, a 

bimodal distribution of increased particle diameters of 377 nm and 549 nm was detected by 

PCCS for the case of 10 k PVP. These increased diameters (in comparison to dh = 290 nm in 

MeOH/water) are assumed to rather be the result of smaller particle aggregates than highly 

swollen particles, since MMA was found to induce a deswelling of the C-NP. In the case of 
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30 k PVP a similar trend was observed, thus indicating insufficient stabilization for this type 

of stabilizer. 

In a next attempt, instead of a pure hydrophilic stabilizer such as PVP, the influence of 

amphiphilic surfactant molecules on the colloidal stability of C-NP was investigated. In 

contrast to anionic SDS which caused aggregation of the PAAm microgels, the addition of the 

non-ionic surfactant Lutensol AT-50 (2.8 wt.-% w.r.t. seed particles + MMA) was found to 

ensure good colloidal stability of the seed particles in the MeOH/water/MMA mixture. PCCS 

measurements exhibited a hydrodynamic diameter of 86 nm. This value is only slightly larger, 

than the average diameter of 70 nm obtained from SEM investigations of the dried particles, 

therefore indicating good stabilization of non-swollen C-NP particles. 

Since the addition of Lutensol AT-50 prevented the PAAm seed particles from 

aggregation, the preparation of core/shell particles by precipitation polymerizations was 

investigated. Nevertheless, not only the colloidal stability of the core microgels prior to, but 

also the stability of the resulting core/shell particles during and after the polymerization has to 

be accomplished. Therefore, the amount of Lutensol added to the C-NP dispersion was 

systematically increased starting from the critical value found for successful stabilization of 

PAAm core microgels. Polymerizations were carried out at 70 °C by initiating with KPS from 

the continuous phase. Table 12 lists the synthetic recipes for the conducted polymerization 

experiments. 

Table 12: Synthetic details for the preparation of PAAm/PMMA core/shell nanoparticles by seeded 

precipitation polymerization. 

sample 

 seed particles  monomer  surfactant 

 type cseed  type 
cMMA 
w.r.t.  
mseed 

 type 
csurf  
w.r.t.  
mseed 

csurf  
w.r.t.  

mseed+MMA 

  NP/L   eq-wt.   wt.-% wt.-% 

C/S-NP1  PAAm-HG 4.3·1015  MMA 10  Lutensol 16.7 2.8 

C/S-NP2  PAAm-HG 4.3·1015  MMA 10  Lutensol 33.3 5.6 

C/S-NP3  PAAm-HG 4.3·1015  MMA 10  Lutensol 16.7 11.1 

 

Figure 97 depicts representative SEM images of the resulting purified (dialysis) 

dispersions and the respective particle size distributions (in comparison to the non-swollen C-

NP particles from cyclohexane dispersion and the theoretical values) obtained from SEM 

analysis. 
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Figure 97: SEM investigations on PAAm/PMMA core/shell nanoparticles. Representative images and size 

distributions obtained thereof: a) C/S-NP1, b) C/S-NP2 and c) C/S-NP3.  

 

It was found that even though an additional amount of 2.8% Lutensol (w.r.t. seed 

particles+MMA) was sufficient to ensure the colloidal stability of the seed particles, it did not 

result in a stable dispersion of core/shell particles. In this case macroscopic aggregation 

occurred (Figure 97a). Upon increasing the amount of surfactant to 5.6 and 11.1% the 

dispersions showed good stability during and after the polymerization. Even though in those 

two cases (C/S-NP2 and C/S-NP3) the measured particle diameters were smaller than the 

theoretical values, the respective particle sizes increased, thus indicating the successful 

formation of PAAm/PMMA core/shell nanoparticles (see Figure 97a and b). Since the 

measured particle sizes of C/S-NP2 and C/S-NP3 did not vary significantly, it is assumed that 

the final particles size is not influenced by the amount of surfactant and that a Lutensol 

content of 5.6% is sufficient to ensure good colloidal stability of the core/shell nanoparticles. 

Regarding the core/shell particles sizes, the theoretical values were calculated by 

assuming full conversion of MMA. Therefore, the observed discrepancies between the 

measured particles sizes and the theoretical ones is assumed to stem from incomplete 

conversion of the monomer in combination with the formation of oligomers still soluble in the 

solvent mixture. Both – free monomers and oligomers – do not add up to the shell formation. 

Further investigations of the proposed core/shell structure by TEM were hindered by the low 

Tg of the PMMA shell. Altough sputtering of carbon films on either C/S-NP2 or C/S-NP3 
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particles enabled to visualize the particles (data not shown), a core/shell structure could not be 

detected.  

 

Conclusion  

In summary, model studies described in this chapter were intended to investigate the 

method of seeded precipitation polymerization as a potential pathway for stimuli-responsive 

core/shell nanoparticles containing a stimuli-responsive shell. For this purpose, PAAm 

microgel cores were synthesized and successfully dispersed in a mixture of 

MeOH/water/MMA by the utilization of Lutensol AT-50. Seeded precipitation 

polymerizations initiated by KPS from the continuous phase were found to yield stable 

dispersions for Lutensol contents higher than 5 wt.-% with respect to the mass of seed 

particles. The increase in particle sizes of the final dispersions (observed by SEM) is assumed 

to be assigned to the successful core/shell structure formation. In this case, the observed non-

swollen state of the seed particles in the MeOH/water/MAA mixture is further proposed to 

result in a defined boundary between the PMMA shell and the PAAm core. Nevertheless, 

successful preparation of core/shell nanoparticles crucially depends on various important 

parameters such as the polarity of: a) the solvent, b) the monomer and c) the respective shell 

forming polymer. Transferring this concept to stimuli-responsive analogues is assumed to 

require the specific adjustment of these parameters to the different materials. 
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5.5.2 PAAm/PU core/shell nanoparticles by free radical 

polymerization of AAm in preformed nanocapsules 

Polycondensation reactions on the interface of droplets in inverse miniemulsions 

represent a well established approach to the formation of polyurethane or polyurea 

nanocapsules.
313

 Hereby, the incorporation of water soluble compounds can easily be 

achieved by dissolving the desired substance in the dispersed phase prior to emulsification.
317

 

Based on this concept, the work described in this chapter deals with the formation of 

core/shell nanoparticles consisting of a polyurea shell and a crosslinked polyacrylamide 

hydrogel core. Investigations on the synthetic route to these materials serve as preliminary 

studies for transferring this method to the preparation of stimuli-responsive analogues. 

In contrast to the approach described in the previous chapter which was based on building 

up a microgel core and the subsequent formation of a polymeric shell around it, the 

preparation method proposed here represents an orthogonal pathway. In the first step, 

nanocapsules are prepared by the polycondensation reaction of a bifunctional isocyanate with 

a diamine ethylenediamine on the interface of droplets in an inverse miniemulsion. Here, the 

dispersed phase consists of an aqueous solution containing the diamine as monomer for the 

polyurea (PU) creation together with a radically polymerizable hydrophilic monomer, a 

crosslinker and a water soluble azo initiator for the formation of a hydrogel network 

subsequent to capsule formation. The continuous phase consists of a solution of the non-ionic 

surfactant Lubrizol U in cyclohexane. After miniemulsification, the diisocyanate is added to 

the continuous phase at room temperature in order to build the polyurea shell upon reaction 

with the diamine on the droplets surface. Since the isocyanato groups are characterized by a 

much faster reaction with the amine groups of EDA than with water present in the droplets, 

polymeric shells can successfully be prepared. In a second step, the capsule dispersion is 

heated to initiate the free radical copolymerization of the vinyl monomer with the bifunctional 

crosslinker to build up a hydrogel (HG) network in the capsule, thus yielding HG/PU 

core/shell particles. Figure 98 schematically illustrates the proposed synthetic pathway. 
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Figure 98: Schematic representation of the described synthetic pathway to core/shell nanoparticles by: 

(a) - (b) shell formation around aqueous droplets (i), (ii) by interfacial polycondensation; (c) free radical 

polymerization of vinyl monomers in capsules (iii) containing a monomer and crosslinker solution; 

(iv) resulting hydrogel/polyurethane core/shell nanoparticles. 

 

Synthesis and characterization of PAAm/PU core/shell nanoparticles. Based on the 

synthetic concept described above, PAAm/PU core/shell nanoparticles were prepared as 

follows. In the first step, nanocapsules were formed by the interfacial polycondensation 

reaction of ethylenediamine (EDA) (present in the droplets) with 2,4-toluenediisocyanate 

(TDI) (added to the continuous phase). The molecular structure of the resulting shell-forming 

polymer is depicted in Figure 99. 

 

Figure 99: Molecular structure of the shell-forming polyurea. 

 

The prepared capsules contained a liquid core consisting of an aqueous solution of 

acrylamide (AAm) as hydrophilic monomer, methylene bisacrylamide (MBA) as crosslinker, 

VA-060 as thermal initiator and NaCl as osmotic pressure agent. The AAm-aq/PU 

nanocapsules were investigated with respect to their morphology by SEM and TEM. The 

results are shown in Figure 100a-b. 
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In the next step, the microgel core was formed by free radical copolymerization of AAm 

with MBA as crosslinker upon thermal initiation from the capsule interior. The synthesized 

PAAm-HG/PU core/shell particles were investigated by SEM and TEM in analogy to the 

AAm-aq/PU capsules containing the liquid core. The results are shown in Figure 100c-d. 

 

 

Figure 100: Electron microscopic investigations on the preparation of core/shell nanoparticles: a) SEM 

image of AAm-aq/PU; b) TEM image of AAm-aq/PU; c) SEM image of PAAm-HG/PU and d) TEM of 

PAAm-HG/PU. 

 

Comparing the SEM and TEM images of the AAm-aq/PU capsules and the  

PAAm-HG/PU core/shell particles it becomes obvious that the morphologies differ 

considerably. The nanocapsules containing the liquid core are characterized by a collapsed 

structure. This non-spherical shape is assumed to be a result of the drying process prior to the 

electron microscopic investigations. The diameter of the polyurea capsule shell is too small to 

stabilize the spherical shape upon drying. In contrast, the core/shell particles containing the 

hydrogel core exhibit a more pronounced spherical shape which is assumed to be a result of 

the stabilization of the structure by the polymeric network in the interior, thus preventing a 

collapse of the shell. Even though further characterization methods are assumed to give a 

more detailed insight in the actual structure of this material, these first results indicate a 

successful core/shell particles formation. 
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Conclusion 

In summary, the preliminary results obtained from the experiments described in this 

chapter strongly suggest the investigated synthetic approach to be a potential pathway to 

core/shell nanoparticles containing a hydrogel core. However, more detailed studies are 

necessary in order to prove the proposed core/shell structure. As an example, calorimetric 

studies on the free radical polymerization in the capsules are assumed to demonstrate the 

successful hydrogel core formation. The versatility in monomer choice for core preparation is 

limited to vinyl monomers without hydroxyl- or amine groups because of their side reactions 

with TDI. 

 

 

 

5.5.2.1 Preparation of a light-sensitive polyurethane as potential 

material for photo-cleavable nanocapsules 

In the previous chapter the successful formation of PAAm/PU core/shell particles was 

demonstrated by building up a hydrogel network in preformed polyurea nanocapsules. As 

mentioned before, transferring this general approach to the preparation of stimuli-responsive 

analogues is of high interest for release applications from the resulting materials. Here, the 

respective polymeric shell should serve as an initial diffusion barrier for compounds 

embedded in the hydrogel core. Appliance of a specific stimulus should render the former 

hard shell permeable for the substances to be released. Among other approaches, this can be 

achieved by a degradation of the shell-forming polymer. The work described in this chapter 

deals with the preparation of a photo-degradable polyurethane by a polycondensation 

reaction. As the polymer contains light-cleavable groups in the polymer backbone, irradiation 

results in its degradation to the respective monomeric/oligomeric units. The proposed new 

material is assumed to be transferable to the formation of core/shell particles containing a 

light-responsive shell in a fashion similar to plain PU shells described in chapter 5.5.2.  

Figure 101 schematically illustrates the described concept of the photo-sensitive polymer. 
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Figure 101: Schematic illustration of the concept of a photo-degradable polyurethane. 

 

Firstly, the formation of a new polyurethane containing light-cleavable o-nitrobenzyl 

groups in the polymeric backbone is investigated. Secondly, the polymer degradation upon 

irradiation in solution is examined. 

 

Synthesis and characterization of a photo-degradable polyurethane (PD-PU). The 

synthesis of the photo-degradable polyurethane exploits the polycondensation reaction of the 

previously synthesized dialcohol 2-NPDM molecule (see chapter 5.1.1.1) as chromophore 

with TDI. Figure 102 depicts the synthetic pathway. 

 

 

Figure 102: Synthetic pathway to PD-PU. 

 

The polymerization was performed under anhydrous conditions in DMF at 100 °C. 

Afterwards the polymer was precipitated twice from methanol, dried and characterized by 

NMR spectroscopy and GPC. Figure 103 depicts the 
1
H-NMR spectrum of the polymer in 

DMSO. 
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Figure 103: 
1
H-NMR spectrum of PD-PU in DMSO-d6. 

 

The 
1
H-NMR spectrum of the PD-PU polymer strongly indicates the successful 

polymerization since the peak integral ratio of the protons assigned to the 2-NPDM core and 

the TDI core is equal to one. This indicates the identical incorporation of these two moieties 

in the backbone. Furthermore, GPC measurements of the polymer in THF yielded a molecular 

weight of Mw = 5,200 g/mol with respect to a polystyrene standard. The relatively low 

molecular weight is assumed to be a result of the inherent sensitivity of the degree of 

polymerization of step-wise polymerizations to the stochiometry and the conversion of the 

reaction. It is assumed that the latter parameter can be increased by catalyzing the 

polycondensation reaction with dibutyltin dilaurate (DBTDL) in further experiments. 

Nevertheless, the determined molecular weight from this first experiment demonstrates a 

successful polymerization with a degree of polymerization of around 15.  

Photolytic degradation experiments of PD-PU. Having demonstrated the successful 

preparation of a photo-degradable polyurethane, the proposed photolytic degradation of the 

polymer backbone upon the irradiation with UV light was investigated next. For this purpose, 

a solution of the polymer in THF was irradiated for 3 h with UV light of the wavelengths of 

 = 315 – 390 nm. The resulting solution was investigated with regard to the molecular 

weight of the proposed fragments by GPC. Figure 104 depicts the elution curve of the 

irradiated sample in comparison to the non-irradiated polymer as well as the proposed light-

induced cleavage reaction. 
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Figure 104: Photolytic degradation of PD-PU: a) proposed photoreaction of PD-PU; b) GPC elution 

curves of the initial PD-PU polymer in comparison to the irradiated sample. 

 

By comparing the GPC elution curves of the initial polymer to the irradiated sample, it 

becomes obvious that the molecular weight decreased dramatically upon irradiation. The 

molecular weight of the irradiated sample was determined to Mw = 370 g/mol from the 

respective elution curve in comparison to a polystyrene standard. The observed value is 

remarkably close to the molecular weight of the depicted degradation product in Figure 104a 

(M = 313 g/mol). Since the discrepancy can be explained by the utilization of GPC as a 

relative measuring method, a successful degradation of the polymer into small “monomeric” 

fragments is assumed. 

 

Conclusion and outlook 

In summary, a new photo-degradable polyurethane PD-PU containing light-cleavable o-

nitrobenzyl groups in the backbone was successfully synthesized by polycondensation 

polymerization in solution. Irradiation experiments of the material with UV light resulted in 

the successful degradation of the polymeric backbone, yielding low molecular weight 

fragments. This behavior is assumed to be of high interest for the preparation of either light-

clevable polyurethane nanocapsules or the formation of core/shell nanoparticles which 

contain a photo-sensitive PD-PU shell. In order to realize these potential materials, the 

polycondensation reaction of the 2-NPDM chromophore with TDI on the surface of droplets 

in inverse miniemulsion has to be studied. To this extend, replacing the solvent for the 

dispersed phase by an organic solvent (e.g. DMSO) immiscible with the continuous phase 

(cyclohexane) is assumed to enable the described synthetic approach. 
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5.6 Surface functionalization of microgels with photo-

reactive chromophores 

As mentioned before, microgels represent a highly interesting class of materials since 

they combine the characteristics of macroscopic hydrogels (e.g. structural integrity in 

combination with fluid-like transport characteristics) with those of colloidal dispersions (e.g. 

colloidal stability, facile synthesis and control over particle size). Additional functionalities 

can be introduced to the microgels by modification of the particles surface with functional 

groups. As an example, the introduction of e.g. targeting vectors for drug delivery 

applications is an important field. Moreover, functionalization with reactive moieties to 

trigger the particles interaction with different compounds or with each other is another 

interesting research area. Here, the attachment of photo-reactive chromophores represents a 

versatile approach to realize this concept. Especially, the utilization of [2+2] and [4+4] 

forward and backward photo-cycloadditions is assumed to give rise to reversible particle-

particle or particle-compound interactions which can be controlled by light as external trigger. 

In order to realize the described concept by the modification of the surface of hydrogel 

nanoparticles, several limitations have to be taken into account: (a) The hydrogel material has 

to contain reactive groups which are present on the surface of the microgel and enable a 

functionalization reaction. In the case of hydrogels, especially hydroxyl-, carboxyl- or amine 

groups fulfill this criterion since they are hydrophilic which enables their facile incorporation 

in the microgels. In addition, these moieties enable the desired swelling of the network. 

(b) Modification reactions with the mentioned functional groups are mainly based on 

esterifications, amide-, urethane- or urea formations. (c) An efficient reaction based on these 

mechanisms is severely limited by side reactions in water as continuous phase. (d) Specific 

functionalization of the microgel’s surface in water is hindered by the swollen state of the gel 

networks since diffusion of reagents into the particles results in a modification of the interior 

as well. 

Based on these considerations, the work described in this chapter deals with the 

development of a synthetic protocol for the facile and effective surface modification of 

microgels with photo-reactive chromophores. To this extend, the functionalization of PHEMA 

and p(HEMA-co-MAA) microgels with cinnamoyl groups was examined. The respective 

materials were designed as nanometric building blocks for the preparation of self-healing 

hydrogel thin films. 
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5.6.1 Surface modification of PHEMA and p(HEMA-co-MAA) 

microgels with cinnamoyl groups. 

Concerning the introduction of photo-reactive moieties on microgel surfaces, the 

utilization of several functional groups is imaginable. In the context of reversible bond 

formation upon irradiation, the photo-dimerization reactions of anthracene and cinnamate 

derivatives are well established approaches.
195, 225, 318

 Incorporation of these into hydrophilic 

polymers or dendrimers was recently shown to enable the formation of hydrogels upon 

irradiation induced crosslinking.
319

 Such light-sensitive materials exhibit highly interesting 

self-healable properties.
196, 224, 319-320

 Transferring this concept to microgels containing 

cinnamoyl groups on the surface is assumed to give rise to the light-induced formation of 

macroscopic hydrogels by interparticular crosslinking upon photo-dimerization. Primarily, the 

successful functionalization of microgels with cinnamoyl groups has to be achieved. In 

previous chapters, PHEMA and p(HEMA-co-MAA) microgels were shown to exhibit good 

swelling properties in either organic or aqueous media, respectively. The observed good gel 

properties in combination with the high amount of hydroxyl groups available for modification 

reactions render them ideal candidates for the preparation of photo-reactive gel nanoparticles. 

As mentioned above, the efficient functionalization of hydrogel nanoparticles only at the 

surface is a rather complex task. In order to realize this, a synthetic protocol has to be 

developed which takes the described limitations into account. The approach described in this 

chapter is based on a modification of non-swollen microgel particles in an organic solvent. 

Preparation of PHEMA and p(HEMA-co-MAA) microgels with cinnamoyl groups 

on the surface. The synthetic pathway to PHEMA and p(HEMA-co-MAA) microgels 

containing cinnamoyl groups on the surface is schematically illustrated in Figure 105.  
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Figure 105: Schematic representation of the synthetic pathway followed to generate cinnamate-containing 

PHEMA and p(HEMA-co-MAA) nanoparticles by inverse miniemulsion copolymerization (1, 2) followed 

by surface functionalization with cinnamate groups (3) and their purification (4) and transfer into the 

respective good solvents (5). 

 

In a first step (Figure 105.1, 2), the unfunctionalized microgels were synthesized by free 

radical copolymerization of the respective monomers in inverse miniemulsions. PHEMA 

microgels (MG-A1) were obtained by copolymerization of HEMA with DEGDMA as 

crosslinker. MAA was used as a comonomer in a second set of polymerizations in order to 

enhance the microgels stability and swellability in water, thus allowing studies not only in 

organic solvents but also in aqueous systems. Thus, water swellable p(HEMA-co-MAA) 

microgels (MG-B1) were formed by crosslinking copolymerization of HEMA with MAA and 

DEGDMA.  

Since the dispersed phase of the miniemulsions consisted in every case of a mixture of 

the respective monomers without water as additional solvent, the resulting dispersions in 

cyclohexane contained microgel particles in their non-swollen state. This enabled to 

specifically functionalize the particles surface with hydrophobic compounds due to a hindered 

diffusion of the reagents into the particle interior. The modification can be achieved by 

reacting the hydroxyl groups of PHEMA and p(HEMA-co-MAA) with different functional 

groups. Esterification reactions are in this context a promising tool but their utilization is 

limited to certain synthetic routes. As an example, the DCC activated coupling of free 

carboxylic acid groups to the HEMA hydroxyl group is enabled by the utilization of 

cyclohexane as organic solvent for the continuous phase. Nevertheless, in the case of 

p(HEMA-co-MAA) microgels, this method is assumed to result in a intra- or inter-particular 

coupling of the MAA groups with the HEMA hydroxyl moieties. Therefore, nuclephilic 
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substitution of carboxyl chlorides by the HEMA hydroxyl groups represents a more promising 

approach. Even though, anhydride formation can occur as side reaction with MAA groups in 

MG-B1 microgels, these bonds are assumed to be cleaved by transferring the functionalized 

particles to the aqueous phase. 

Based on these considerations, MG-A1 and MG-B1 microgels were allowed to react with 

an excess amount of cinnamoyl chloride in cyclohexane (Figure 105.3) Non-reacted 

cinnamoyl chloride and excess of surfactant from the microgel synthesis were removed by 

repeated washing of the microgels with cyclohexane (Figure 105.4). The obtained dispersions 

of cinnamoyl functionalized PHEMA (CMG-A1) and p(HEMA-co-MAA) (CMG-B1) in 

cyclohexane were freeze dried and the obtained powders were easily redispersed in good 

solvents for the polymers (THF and water, respectively), thus forming microgels CMG-A2 

and CMG-B2 (Figure 105.5). In the swollen state, particle dispersions of cinnamoyl 

functionalized PHEMA microgels in THF (CMG-A2) and p(HEMA-co-MAA) in water 

(CMG-B2) were stable without any additional surfactant due to steric stabilization of the 

dangling chains at the particle surface. Figure 106 shows representative SEM images of the 

obtained systems and the hydrodynamic diameters of the synthesized microgels obtained from 

DLS measurements. It is worth noticing that CMG-B1 and CMG-B2 are chemically the same 

microgels, but CMG-B1 is dispersed in cyclohexane while CMG-B2 is in water. This 

microgel underwent a remarkable increment in its size when transferred from cyclohexane to 

water, reflected on their hydrodynamic diameters, from dh = 215 nm in cyclohexane to  

dh = 516 nm in water. As demonstrated in a previous chapter, the size change experienced by 

CMG-B1 when forming CMGB2 is caused by the deprotonation of the carboxylic acid groups 

belonging to the PHEMA-co-PMAA during its redispersion in water at pH 12. Thus, 

electrostatic repulsion of the anionic groups generated at basic pH plus the enhanced 

solubility in water of the respective carboxylates leads to a high swellability of the microgel 

increasing in consequence its hydrodynamic diameters. 
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Figure 106: Characterization of the synthesized microgels in different solvents. SEM images of dropcast 

samples and hydrodynamic diameters of the synthesized microgels obtained from DLS. 

 

As demonstrated, the surface-functionalized particles exhibited good colloidal stability in 

various solvents. In a last experiment, UV-vis measurements on microgel films dropcast from 

dispersions on quartz slides were conducted in order to demonstrated the successful 

attachment of the cinnamoyl groups to the particles surfaces. Figure 107 depicts the respective 

spectra measured by Dr. Pablo Froimowicz. 

 

 

Figure 107: UV-vis spectroscopic investigations on films of C-MG-A2 and C-MG-B2 microgels dropcast 

on quartz slides from THF and water, respectively. Data obtained from P. Froimowicz. 

 

As can be seen from the UV-vis spectra in Figure 107, a well pronounced absorption 

band at max = 280 nm can be observed for both samples. The absorption band at this 

wavelength was assigned to the cinnamate moieties, thus demonstrating their successful 

attachment to the microgels. 
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Conclusion 

In summary, an efficient synthetic route to the specific surface modification of PHEMA 

and p(HEMA-co-MAA) (hydrogel) nanoparticles with cinnamoyl moieties was demonstrated. 

The method is based on the reaction of the HEMA hydroxyl groups with cinnamoyl chloride 

in cyclohexane dispersions of the non-swollen microgels. The observed good film formation 

of these materials from either THF (C-MG-A2) or water (C-MG-B2) is assumed to give rise 

to the preparation of stable macroscopic hydrogel films upon interparticulate crosslinking 

reactions by light-induced dimerization of the cinnamates. 

 

5.6.2 Self-healing hydrogel thin films from photo-reactive 

microgels 

The surface functionalized photo-reactive microgels described in the previous chapter 

were further investigated by Dr. Pablo Froimowicz with regard to their potential for the 

preparation of self-healing hydrogel thin films.  

Results from these investigations are published as “Photo-reactive nanoparticles as 

nanometric building blocks for the generation of self-healing hydrogel thin films” Pablo 

Froimowicz, Daniel Klinger, Katharina Landfester Chemistry – A European Journal 2011, 17 

(44), 12465 - 12475. 

In brief, polymeric materials with self-healing capabilities are increasingly attracting 

attention
321-322

 not only because of the variety of applications in which they may be applied, 

but also due to the challenging strategies that must be mastered during their design and 

generation. In this context, it is clear that a combination of concepts and tools from different 

disciplines would be particularly advantageous for successfully obtaining these polymeric 

self-healing materials. For example, in most of the polymeric self-healing materials reported 

in the past years, combinations of fundaments and techniques from organic chemistry, 

polymer and materials sciences and/or (nano-)technologies are found, such as: dimerization 

reactions,
323

 reversible chemical reactions,
324 

hydrogen bonding,
325

 supramolecular 

interactions,
326 

crosslinking polymerization,
319, 324

 (nano-)encapsulation of reactive 

monomers,
327

 and resolvation.
7
 These examples highlight how sophisticated molecular 

designed materials can be conceived as the result of the synergistic contribution between 

disciplines. However, most of the reported self-healing polymeric materials are robust 
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structures and only a few hydrogels were shown to be capable to selfrepair. In this context the 

use of reversible photo-crosslinkable nanoparticles as nano-building blocks for the 

formulation of nanostructured hydrogel thin films - bearing the capability to self-heal via 

swelling - represents a very attractive novel approach.  

The synthesis of this self-healable film was based on the combination of two desirable 

properties for such materials, namely: reversible crosslinkable building blocks and capability 

of rearrangement of polymeric structures by swelling. The previously described nanoparticles 

were used to form films by casting, followed by interparticel crosslinking polymerizations via 

the light-induced forward dimerization reaction of the cinnamate groups incorporated before. 

The reversibility of this macroscopic network formation was studied by photo-inducing the 

backward dimerization reaction and carrying out several cycles of light-triggered crosslinking 

and de-crosslinking. The swelling-induced self-healing ability of these films after being 

artificially being damaged was demonstrated and is shown in Figure 108. 

 

 

Figure 108: Comparison between an idealized cartoon and the described system showing the films before 

damage (a-c), after damage via scratching (d-f) and pressing (d’-f’), as well as after self-healing via 

reswelling (g-i and g’-i’) by SEM (a, d, d’, g and g’), digital picture of an optical microscope (b, e, e’, h and 

h’) and its respective roughness profile (c, f, f’, i and i’) from a profiler device. Data obtained from P. 

Froimowicz. 

 

Finally, the possibility to embed additivies into this self-healable macroscopic film with 

different chemical compounds before being photo-chemically crosslinked was evaluated. 
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6 Conclusion and Outlook 
The work presented in this thesis deals with the development of novel photo-sensitive 

microgels and nanoparticles as potential materials for the loading and light-triggered 

release/accessibility of functional compounds. The motivation and unifying basis for the 

different projects is to get a profound understanding of the stimuli-responsive behavior of 

these materials. This is achieved by combining the design, realization 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.  

In the following, a short summary of the reached achievements as well as outlooks of 

possible research directions based on the different approaches is given. 

 

Photo-sensitive microgels based on light-cleavable crosslinkers. 

Externally controlling the crosslinking density in microgels by light is one approach to 

photo-triggered release applications. Here the corresponding increase in mesh size results in 

increased rates of diffusion of functional substances in the network. In this thesis the 

successful development of two classes of photo-sensitive microgels was demonstrated: (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 synthesized light-cleavable crosslinkers containing o-nitrobenzyl derivatives as the 

photo-reactive chromophores.  

 

Photo-degradable microgels based on photo-cleavable monomeric crosslinkers: light-

induced swelling and degradation in organic solvents.  

Two classes of newly synthesized photo-cleavable crosslinking molecules were used to 

prepare photo-degradable PMMA microgels by copolymerization in direct miniemulsion. The 

crosslinkers were designed to exhibit significant differences in their photolysis rates 

depending on the irradiation conditions, therefore enabling the independent and successive 

degradation of the resulting microgels following 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 would give rise to new light-triggered catalytic materials. The high 
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versatility of the newly developed photo-cleavable crosslinkers was demonstrated by the 

utilization of a hydrophilic monomer (HEMA) as solvent for the crosslinkers and the 

preparation of hydroxyl functionalized photo-sensitive PHEMA microgels by an inverse 

miniemulsion process as well. By taking advantage of potential coupling reactions of 

functional compounds with the hydroxyl groups (e.g. esterifications, ether formations, etc.) a 

post polymerization functionalization of the network could be envisioned. 

 

Photo-degradable hydrogel nanoparticles based on photo-cleavable monomeric 

crosslinkers: light-induced swelling and degradation in aqueous media.  

The concept of light-degradable microgels was successfully transferred to water 

swellable gel nanoparticles. Here, copolymerization of the crosslinkers with HEMA and 

MAA in an inverse miniemulsion resulted in double stimuli-responsive p(HEMA-co-MAA) 

microgels which exhibited a pH-dependent swelling and light-induced degradation behavior. 

Preliminary investigations on non-photo-sensitive p(HEMA-co-MAA) microgels 

demonstrated the successful loading with myoglobin as a model protein and its subsequent 

release. It was found that a post-formation loading method by electrostatic interactions 

between protein and gel network in combination with a pH-induced entrapment was very 

efficient. Cell tests were performed on fluorescent microgels of the same composition and 

revealed good cellular uptake and negligible cytotoxicity of these materials. The photo-

sensitive analogues are assumed to behave similarly. Thus, they represent highly interesting 

potential carriers for delivery applications.  

 

Photo-degradable hydrogel nanoparticles based on photo-cleavable polymeric 

crosslinkers: light-induced swelling and degradation in aqueous media.  

In a first attempt, free radical copolymerizations of methacrylated dextrans with 

acrylamide in inverse miniemulsion were investigated and revealed the adaptability of the 

functionalized polysaccharides as crosslinkers for the preparation of enzymatically degradable 

microgels. This concept was further extended to double stimuli-responsive enzymatically- and 

light-degradable microgels by the utilization of acrylate functionalized dextrans containing a 

photo-labile linker between the polymerizable vinyl group and the polysaccharide backbone. 

It was shown that irradiation with UV light enabled either complete particle degradation or 

the adjustment of a desired specific degree of swelling by tuning the irradiation time 

accordingly. In addition, a two step degradation profile based on the subsequent appliance of 

the two orthogonal stimuli was realized. This behavior renders these materials promising 
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candidates for either triggered release or accessibility applications in aqueous media. 

Especially the water solubility of the light-cleavable 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  

 

Light-sensitive microgel-doxorubicin conjugates: labile drug attachment via 

a photo-cleavable linker 

A novel functional monomer consisting of a doxorubicin molecule bound to a radically 

polymerizable methacrylate group via a photo-labile linker was designed to enable the 

covalent attachment of the drug molecule to a polymeric network. In contrast to previously 

described approaches based on network degradation, it is assumed that an effective release 

only at the targeted site can be induced by the light-induced cleavage of the linker molecule 

while leaving the microgel structure intact. An efficient synthetic pathway to the described 

doxorubicin-photo-labile linker-methacrylate monomer was successfully developed. The 

molecular structure of the compound was designed to exhibit a minor extinction coefficient of 

the doxorubicin moiety at the wavelength targeted for cleavage. As demonstrated by 

irradiation time-dependent UV-vis measurements, this enabled the photolytically triggered 

drug detachment without light-induced changes in the pharmaceutically active molecule. 

Furthermore, a mild preparation method for p(HEMA-co-MAA) microgels was elaborated in 

order to ensure the potential incorporation of the Dox-PL-MA in situ during nanoparticles 

formation without damaging the drug molecule. 

In future, doxorubicin-microgel conjugates should be investigated with regard to the 

incorporation efficiency of doxorubicin, the light-triggered release profile of the drug from the 

network in PBS and its influence on cell viability. 

 

Photo-resist nanoparticles 

Hydrophobic nanoparticles consisting of a photo-resist polymer were prepared in a facile 

way by free radical polymerization of a photo-labile o-nitrobenzyl ester of methacrylic acid in 

miniemulsion. These lattices were designed to be degradable upon a light-induced change of 

the hydrophobicity of the respective material. De-protection of the methacrylic acid groups on 

the polymeric backbone was easily achieved by the photolytic cleavage of the  

o-nitrobenzyl esters. As a result, conversion of the initial hydrophobic polymer into 

hydrophilic PMAA induced in situ particle dissolution in water. With the aim to investigate 
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the potential of the described particles for release applications, nile red was encapsulated as a 

model compound and fluorescent probe. Thus, it enabled to study not only the particle 

degradation process (via solubilization of in situ generated PMAA during photo-cleavage of 

the photo-resist polymer), but also the possibility to perform controlled release experiments. 

In comparison to the potential release of hydrophilic compounds from photo-sensitive 

hydrogel nanoparticles, the liberation of hydrophobic substances in aqueous medium 

dramatically extents the field of potential applications for light-responsive carriers. Moreover, 

the confinement of a photo-resist material to nanoscale structures gives rise to potential new 

ways of surface patterning by e.g. colloidal lithography. 

 

Towards stimuli-responsive core/shell nanoparticles containing a  

hydrogel core. 

The loading and release efficiency of stimuli-responsive microgels can be enhanced by 

introducing a degradable/swellable (polymeric) shell around the respective microgel core. 

Since this shell serves as a diffusion barrier, leakage of embedded compounds can be 

prevented. In this thesis, two synthetic pathways for the preparation of non-stimuli-responsive 

core/shell nanoparticles as model compounds were investigated.  

First, the seeded precipitation polymerization of PMMA around preformed PAAm 

hydrogel nanoparticles was found to yield PAAm/PMMA core/shell nanoparticles. 

Examinations on the synthetic parameters revealed a dependency of the successful formation 

of these materials on the type and amount of surfactant necessary to stabilize both the seed 

microgels and the core/shell particles. Transferring this concept to stimuli-responsive 

analogues containing a sensitive shell and core is assumed to give rise to a highly interesting 

class of carrier systems for delivery applications. 

Second, PAAm/PU core/shell nanoparticles were prepared by the microgel formation in 

preformed PU nanocapsules. Here, the PU shell was formed by interfacial polycondensation 

on the surface of droplets containing monomers and crosslinkers for the subsequent microgel 

formation by free radical copolymerization. It is of special interest to render the shell 

permeable for potentially embedded functional substances upon the appliance of a specific 

stimulus. Therefore, a photo-degradable polyurethane as potential material for a light-

responsive shell was prepared and cleavage of the polymer main chain was successfully 

demonstrated upon irradiation in solution. Thus, the formation of core/shell particles 
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containing a light-responsive shell in a fashion similar to plain PU shells represents an 

attractive field for further examinations. 

 

Surface modification of microgels with photo-reactive chromophores. 

A synthetic protocol for the facile and effective surface functionalization of PHEMA and 

p(HEMA-co-MAA) microgels with cinnamoyl groups was developed. The attachment of 

photo-reactive moieties on the microgels surfaces gives rise to trigger the (reversible) 

particles interaction with different compounds or with each other by light-induced [2+2] 

cycloaddition reactions. The adaptability of this concept was demonstrated by using the 

respective materials as nanometric building blocks for the formation of self-healing hydrogel 

thin films by Dr. P. Froimowicz. 

 

As a concluding remark it can be stated, that the photo-responsive microgels and 

nanoparticles developed in this thesis exhibit great potential for loading and release 

applications. Especially the detailed investigations on controlling the stimuli-responsive 

behavior on a molecular level are of high importance to be able to adjust the properties of 

these materials for specific applications. The acquired insights in the underlying mechanisms 

of response represent a profound basis for further research in this area. In future, it is of 

interest to investigate the loading efficiency of these carrier systems with functional 

compounds such as enzymes or catalytically active metal nanoparticles and examine their 

triggered release or catalytic activity. 
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7 Experimental Part 

7.1 Materials 

All chemicals were commercially available, purchased from sigma Aldrich and used 

without further purification unless otherwise stated. Methyl methacrylate (MMA), 

2-hydroxyethyl methacrylate (HEMA) diethylenegylcol dimethacrylate (DEGDMA) and 

divinyl benzene (DVB) were purified over basic aluminium oxide to remove contained 

inhibitor. Methacrylic acid (MAA), triethylamine and 2,4-toluenediisocyanate (TDI) were 

distilled under reduced pressure prior to use. Acrylamide was obtained from Fluka Chemicals. 

Doxorubicin Hydrochloride was obtained from AppliChem. Initiators (2,2’-azobis(2-methyl-

butyronitrile) (V-59); 2,2’-azobis(4-methoxy-2,4-dimethylvaleronitrile) (V-70); 2,2’-

azobis(N,N’-dimethyleneiso-butyramidine) dihydro-chloride (VA-044)) were obtained from 

Wako Chemicals. Lubrizol U (poly(isobutylene-succinimde pentamine)) was kindly provided 

by Lubrizol, France. Poly(ethylene-co-butylene)-block-poly(ethyleneglycol) [P(E/B)-b-PEO, 

KLE] [Mn(P(E/B) = 5,800 g/mol; Mn(PEO) = 6,200 g/mol] was prepared by anionic 

polymerization by Melanie Droege. Lutensol AT-50 was kindly provided by BASF. 

7.2 Instrumentation 

1
H- (300 MHz) and 

13
C-NMR (75 MHz) spectra were measured using a Bruker 

spectrometer. UV-vis measurements were performed using a Perkin Elmer Lambda 25 

UV/VIS spectrometer. A NICOMP zetasizer measuring at a fixed scattering angle of 90° was 

used to determine particle size distributions by dynamic light scattering (DLS). The 

measurements were carried out at 25 °C on diluted dispersions in the respective solvents. 

Irradiations were either carried out by using a 365 nm emitting UV-LED with a maximum 

power of 150 W or an OSRAM HBO 100 W/2 mercury short arc lamp, either combined with 

a UG-11 and a W-320 filter resulting in an output of wavelengths of  = 315 - 390 nm or used 

without any filters resulting in a broadband spectrum of emitted light. HPLC measurements 

were conducted using an Agilent quarternary gradient pump (series 1100) combined with an 

Agilent photodiode array detector (DAD series 1200). A Gemini 1530 (Carl Zeiss AG, 

Oberkochem, Germany) with an InLens detector was used to take scanning electron 

micrographs (SEM). The samples were prepared by drop-casting of diluted dispersions on a 

silicon wafer. Fluorescence spectroscopy was performed on a Tecan plate reader using a 

Hellman 96 well quartz plate. Each measurement was performed in triplicate. 
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7.3 Synthesis of light-cleavable monomeric crosslinkers 

(2-Nitro-1,4-phenylene)dimethanol (2NPDM). The procedure of Piggott and Karuso
248

 

was followed. Briefly, 5 equivalents of a 1 M borane-THF complex solution in THF were 

added under nitrogen to a stirred ice-cooled solution of 1 equivalent of 

2-nitroterephtalic acid in anhydrous THF. After complete addition, the reaction mixture was 

allowed to warm to room temperature for 1 h and then stirred over night at 40 °C. Destruction 

of the excess borane by dropwise addition of water was followed by removal of the organic 

solvent under reduced pressure. The resulting aqueous phase was extracted three times with 

ethyl acetate, the organic layers were combined, dried with anhydrous magnesium sulfate and 

the solvent was removed under reduced pressure. Recrystallization of the obtained yellow 

solid from chloroform yielded (2-nitro-1,4-phenylene)dimethanol as yellowish needles. Yield 

90%. 

mp 91-93 °C. Elemental analysis calc. for C8H9NO4: C, 52.46; H, 4.95; N, 7.65; found: C, 

52.40; H, 5.09; N, 7.69. 
1
H NMR (DMSO-d6):  = 8.05 (s, 1H), 7.81 (d, 1H, J = 8.0 Hz), 7.68 

(d, 1H, J = 8.0 Hz), 4.93 (s, 2H), 4.69 (s, 1H). 
13

C NMR (DMSO-d6): = 146.70, 142.86, 

136.41, 131.35, 128.24, 121.66, 61.52, 59.77. MS (FD) m/z 183.7 (M
+
)  

 

2,2'-(2-nitro-1,4-phenylene)bis(methylene)bis(oxy)bis(oxomethylene)bis(oxy)bis-

(ethane-2,1-diyl)bis(2-methylacrylate) (CL-1A). A solution of 2-hydroxyethyl methacrylate 

(HEMA) (1.86 g, 14.3 mmol) in anhydrous THF (5 mL) was added dropwise to a solution of 

carbonyldiimidazol (CDI) (2.39 g, 14.3 mmol) in anhydrous THF (20 mL). After stirring the 

reaction mixture over night at room temperature, a solution of 2NPDM (1.31 g, 7.15 mmol) in 

anhydrous THF (20 mL) together with a 1.75 mol/L sodium ethanolate suspension (0.2 mL, 

0.35 mmol) was added to the activated HEMA (2). Additional stirring for 5 d at room 

temperature was followed by filtration and reduction of the filtrate to dryness under reduced 

pressure. The residue was purified by column chromatography over silica using 

CHCl3/MeOH (20:1) as eluent and yielded CL-1A (1.84 g, 3.72 mmol) as a slightly yellow 

colored oil. Yield 52%.  

Elemental analysis calc. for C22H25NO12: C, 53.33; H, 5.09; N, 2.83; found: C, 53.53; H, 5.07; 

N, 2.81. 
1
H NMR (CDCl3):  = 8.17 (s, 1H), 7.68 (s, 1H), 7.67 (s, 1H), 6.12 (d, 1H, J = 5.2 

Hz), 5.59 (m, 4H), 5.23 (s, 2H), 4.41 (m, 8H) ppm 1.93 (d, 6H, J = 3.6 Hz).
13

C NMR 
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(CDCl3):  = 167.05, 154.60, 147.19, 136.79, 135.79, 133.27, 131.96, 128.99, 126.27, 124.60, 

67.77, 66.12, 65.82, 62.17, 18.24. MS (FD) m/z 493.9 (M
+
)  

2,2'-(2-nitro-1,4-phenylene)bis(methylene)bis(oxy)bis(oxomethylene)bis(azane-diyl)-

bis(ethane-2,1-diyl) bis(2-methylacrylate) (CL-2A). 2NPDM (1.00 g, 5.5 mmol) was 

dissolved in anhydrous THF (10 mL) and added dropwise to a solution of 2-isocyanatoethyl 

methacrylate (1.71 g, 11.0 mmol) in anhydrous THF (15 mL) under nitrogen. The reaction 

mixture was heated to 65 °C and stirred for 24 h at this temperature. FT-IR measurements 

showed complete disappearance of the corresponding isocyanato absorption band at  

2260 cm
-1

, thus indicating complete conversion of the latter. The solvent was evaporated and 

the residue was purified by column chromatography over silica using CHCl3/MeOH (10:1) as 

eluent yielding 72% of CL-2A (1.95 g, 4.0 mmol) as a slightly yellow colored oil which 

slowly solidified at 5 °C.  

Elemental analysis calc. for C22H27N3O10: C, 53.55; H, 5.51; N, 8.52; found: C, 53.75; H, 

5.77; N, 8.47. 
1
H NMR (CDCl3):  = 8.06 (s, 1H), 7.58 (s, 1H), 7.56 (s, 1H), 6.11 (m, 2H), 

5.58 (m, 2H), 5.49 (s, 2H), 5.18 (m, 4H), 4.24 (t, 4H, J = 5.4 Hz), 3.51 (q, 4H, J = 5.5 Hz), 

1.93 (s, 6H). 
13

C NMR (CDCl3):  = 167.30, 155.80, 147.47, 137.94, 135.91, 132.83, 132.67, 

129.16, 126.16, 124.14, 65.00, 63.55, 63.28, 40.44, 18.29. MS (FD) m/z 494.6 (M
+
)  

 

Bis(2-(methacryloyloxy)ethyl) '-(2-nitro-1,4-phenylene)bis(methylene) disuccinate 

(CL-3A). Mono-2-(methacryloyloxy)ethyl succinate (2.53 g, 11.0 mmol) was dissolved in 

anhydrous benzene and oxalylchloride (2.79 g, 2 mmol) was added under nitrogen at room 

temperature. The reaction mixture was slowly heated to 85 °C and refluxed for 3 h. After 

cooling to room temperature, benzene and excess oxalylchloride were removed under reduced 

pressure. The obtained acyl chloride (3) was dissolved in anhydrous THF (35 mL) and a 

solution of 2NPDM (1.00 g, 5.5 mmol) and triethylamine (1.21 g, 12.0 mmol) in THF 

(15 mL) was added dropwise. After stirring the mixture over night at room temperature, 

precipitated solids were removed by filtration and the solution was reduced to dryness. The 

residue was dissolved in DCM (100 mL), washed three times with water, dried with MgSO4 

and evaporated. The resulting red oil was purified by column chromatography over silica 

using CHCl3/MeOH (40:1) as eluent and afforded 40% of pure CL-3A (1.34 g, 2.2 mmol).  

Elemental analysis calc. for C28H33NO14: C, 55.35; H, 5.47; N, 2.31; found: C, 55.24; H, 5.54; 

N, 2.38. 
1
H NMR (CDCl3):  = 8.02 (s, 1H), 7.56 (s, 1H), 7.55 (s, 1H), 6.05 (m, 2H), 5.52 (m, 
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2H), 5.46 (s, 2H), 5.13 (s, 2H), 4.28 (m, 8H), 2.65 (m, 8H), 1.87 (s, 1H). 
13

C NMR (CDCl3): 

 = 171.80, 167.06, 147.49, 137.34, 135.89, 132.94, 131.84, 129.32, 126.07, 124.31, 64.67, 

63.02, 62.49, 62.26, 28.85, 18.23. MS (FD) m/z 606.8 (M
+
) 

4-(4-(1-Hydroxyethyl)-2-methoxy-5-nitrophenoxy)butanol (HEMNPB). The product 

was prepared based on the synthetic protocols by Holmes. 
242-243

 

Methyl 4-(4-Acetyl-2-methoxyphenoxy)butanoate (5). Acetovanillone (4) (41.00 g, 

246.7 mmol) was suspended together with 1.1 equivalents of methyl 4-bromobutyrate (49.63 

g, 274.1 mmol) and 1.5 equivalents of potassium carbonate (51.1 g, 370.0 mmol) in 

anhydrous dimethyl formamide (200 mL) and stirred under argon for 16 h. Afterwards, the 

reaction mixture was diluted with an excess amount of water to dissolve all inorganic salts 

and then extracted with ethyl actetate. Removal of the organic solvent after drying with 

MgSO4 yielded the keto-ester product (5) in quantitative crude yield (99%, 65.25 g, 245.0 

mmol).  

Elemental analysis calc. for C14H18O5: C, 63.15; H, 6.81; found: C, 62.89; H, 6.43. 
1
H NMR 

(CDCl3):  = 7.53 (m, 2H), 6.88 (d, 1H, J = 8.2 Hz), 4.13 (t, 2H, J = 6.3 Hz), 3.90 (s, 2H), 

3.68 (s, 2H), 2.53 (t, 2H, J = 7.3 Hz), 2.18 (m, 2H). 
13

C NMR (CDCl3):  = 196.90, 173.56, 

152.74, 149.42, 130.67, 123.30, 111.43, 110.64, 67.88, 56.11, 51.77, 30.44, 26.30, 24.41. MS 

(FD) m/z 265.9 (M
+
) 

 

Methyl 4-(4-Acetyl-2-methoxy-5-nitrophenoxy)butanoate (6). Subsequent nitration was 

achieved by drop wise adding a solution of the keto-ester (5) (10.0 g, 37.6 mmol) in acetic 

anhydride (30 mL) to a mixture of acetic anhydride (40 mL) and nitric acid (70 %, 200 mL) at 

0 °C. After stirring for 3 h, the mixture was precipitated in 500 mL of ice water and kept in 

the refrigerator for 2 d. The precipitated product was filtered, repeatedly washed with ice 

water and the obtained solid recrystallized from MeOH/H2O yielding 53% (6.20 g, 19.9 

mmol) of the nitrated product.  

Elemental analysis calc. for C14H17NO7: C, 54.02; H, 5.50; N, 4.50; found: C, 53.89; H, 5.70; 

N, 4.41. 
1
H NMR (CDCl3):  = 7.60 (s, 1H), 6.74 (s, 1H), 4.15 (t, 2H, J = 6.2 Hz), 3.95 (s, 

1H), 3.70 (s, 1H), 2.56 (t, 2H, J = 7.2 Hz), 2.53 (s, 3H), 2.26 – 2.13 (m, 2H). 
13

C NMR (CDCl3): 

 = 200.15, 173.36, 154.46, 149.01, 138.54, 133.02, 108.95, 108.21, 68.59, 56.73, 51.88, 

30.50, 30.40, 24.32. MS (FD) m/z 311.0 (M
+
) 
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4-(4-(1-Hydroxyethyl)-2-methoxy-5-nitrophenoxy)butanoic acid (8). In the next step, the 

reduction of the keto group was conducted by dissolving 6 (6.5 g, 20.9 mmol) in 100 mL 

MeOH/THF (1/2 v/v) and adding sodium borohydride (948 mg, 25.1 mmol). After stirring for 

1 h at room temperature, sodium borohydride (237 mg, 6.3 mmol) was added and the reaction 

mixture was stirred over night at room temperature. This procedure was directly followed by 

inducing the ester cleavage by addition of 50 mL of NaOH (1N) in 25 mL of water and 

stirring the mixture at room temperature for 7 h. The organic solvents were removed under 

reduced pressure and the resulting water phase was slowly acidified with diluted hydrochloric 

acid. The crude product was obtained by extracting the water phase with ethyl acetate and 

evaporation of the dried organic layers. Recrystallization from ethyl acetate/hexane afforded 

the photo-labile molecule (8) in 86% yield as a pale yellow solid.  

Elemental analysis calc. for C13H17NO7: C, 52.17; H, 5.73; N, 4.68; found: C, 52.10; H, 5.88; 

N, 4.69. 
1
H NMR (CDCl3):  = 7.41 (s, 1H), 7.24(s, 1H), 5.37 (q, 1H, J = 6.2 Hz), 3.97 (t, 2H, 

J = 6.4 Hz), 3.82 (s, 3H), 2.37 (t, 2H, J = 7.2 Hz), 2.00 (m, 2H,), 1.35 (d, 3H, J = 6.2 Hz). 

13
C NMR (CDCl3):  = 174.64, 153.77, 146.29, 138.85, 138.06, 108.70, 108.620, 67.98, 

64.68, 55.96, 29.92, 24.58, 23.92. MS (FD) m/z 299.2 (M
+
) 

 

4-[4-(1-Hydroxyethyl)-2-methoxy-5-nitrophenoxy]butanol (HEMNPB) (9). 1.5 g of 8 

(5.0 mmol) were dissolved in 25 mL of anhydrous THF and 1M borane-THF complex 

solution in THF (12.5 mL, 12.5 mmol) were added dropwise at 0 °C. The reaction mixture 

was allowed to warm to room temperature while stirring for 1 h and was then stirred at 40 °C 

over night. Afterwards, the solution was cooled to 0 °C and 40 mL of ice water were added to 

destroy excess borane. The organic solvent was removed under reduced pressure and 

remaining aqueous phase was extracted with ethyl acetate. The combined organic layers were 

dried over MgSO4, filtered and the solvent was removed under reduced pressure. The 

obtained crude product was recrystallized from chloroform affording pure 9 in 79% yield 

(1.127 g, 3.95 mmol).  

mp 165-169 °C. Elemental analysis calc. for C13H19NO6: C, 54.73; H, 6.71; N, 4.91; found: 

C, 54.73; H, 7.01; N, 4.79. 
1
H NMR (CDCl3):  = 7.55 (s, 1H), 7.29 (s, 1H), 5.55 (q, 1H, 

J = 6.3 Hz), 4.10 (t, 2H, J = 6.1 Hz), 3.97 (s, 3H), 3.73 (t, 2H, J=6.2 Hz), 1.98 (m, 2H), 1.77 

(m, 2H), 1.55 (d, 3H, J = 6.3 Hz). 
13

C NMR (CDCl3):  = 153.67, 146.38, 138.87, 137.94, 

108.62, 108.30, 68.91, 64.65, 61.40, 55.96, 28.89, 25.23, 24.60. MS (FD) m/z 285.0 (M
+
) 
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2-((1-(4-(4-(2-(methacryloyloxy)ethylcarbamoyloxy)butoxy)-5-methoxy-2-nitro-phen-

yl)ethoxy)carbonylamino)ethyl methacrylate (CL-4B). 2-Isocyanatoethyl methacrylate 

(1.14 g, 7.4 mmol) was dissolved in anhydrous THF (5 mL) and added to a solution of 

HEMNPB (9) (1.00 g, 3.5 mmol) and dibutyltin dilaurate (0.11g, 0.18 mmol) in anhydrous 

THF (25 mL) under nitrogen. After the mixture was heated to 65 °C and stirred for 48 h at 

this temperature, FT-IR measurements showed complete disappearance of the corresponding 

isocyanato absorption band at 2260 cm
-1

. This being an indicator for complete conversion of 

the isocyanate, the solvent was then removed under reduced pressure and the residue was 

purified by column chromatography over silica using CHCl3/MeOH (10:1) as eluent. The 

obtained slightly yellow colored oil slowly solidified in the refrigerator and was found to 

consist of pure CL-4B (1.32 g, 2.2 mmol, 63%). 

Elemental analysis: calc. for C27H37N3O12: C, 54.45; H, 6.26; N,7.06, found C, 54.73; H, 6.59; 

N, 6.70. 
1
H NMR (CDCl3):  = 7.56 (s, 1H), 6.98 (s, 1H), 6.37 (q, 1H, J = 6.3 Hz), 6.10 (d, 

2H, J = 7.7 Hz), 5.59 (m, 2H), 5.06 (s, 1H), 4.96 (t, 1H), 4.13 (m, 8H), 3.93 (s, 1H), 3.48 (m, 

4H), 1.93 (d, 6H, J=4.6 Hz), 1.81 (m, 4H), 1.81 (m, 1H),1.59 (d, 3H, J = 6.3 Hz). 

13
C NMR (CDCl3):  = 167.29, 156.47, 155.20, 153.97, 147.20, 139.69, 135.96, 133.81, 

126.05, 108.92, 69.10, 68.85, 64.48, 63.70, 63.65, 56.30, 40.18, 25.62, 25.46, 22.17, 18.27. 

MS (FD) m/z 595.5 (M
+
) 

 

4-(4-(1-(Methacryloyloxy)ethyl)-2-methoxy-5-nitrophenoxy)butanoic acid (10). To an 

ice-cooled suspension of 8 (1.750 g, 5.85 mmol) and triethylamine (1.775 g, 17.54 mmol) in 

70 mL of anhydrous DCM, methacryloyl chloride (1.746 g, 14.62 mmol) was added dropwise 

at 0 °C under argon atmosphere. The reaction mixture was allowed to warm to room 

temperature while stirring over night and the resulting solution was washed with Na2CO3 

(5%), HCl (1%), and water. The organic solvent was evaporated, the residue was dissolved in 

acetone/water and stirred over night, insoluble components were removed by filtration and the 

mixture was extracted with DCM. After washing the resulting solution with HCl (1%) and 

water, the organic phase was dried over MgSO4 and the solvent was removed. Purification by 

column chromatography over silica using MeOH/CHCl3 (1:5 v/v) as eluent yielded pure 10 in 

43% yield.  

Elemental analysis: calc. for C17H21NO8: C, 55.58; H, 5.76; N, 3.81, found C, 55.41; H, 5.84; 

N, 3.96. 
1
H NMR (CDCl3):  = 7.59 (s, 1H), 7.02 (s, 1H), 6.52 (q, 1H), 6.17 (s, 1H), 5.61 (s, 

1H), 4.12 (t, 2H), 3.92 (s, 3H), 2.61 (t, 2H), 2.19 (qnt, 2H), 1.95 (s, 3H), 1.66 (d, 3H). 
13

C 
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NMR (CDCl3):  = 178.21, 166.08, 154.01, 147.12, 139.76, 136.35, 133.58, 125.73, 109.10, 

108.11, 68.76, 68.04, 56.20, 30.21, 23.99, 22.04, 18.32. MS (FD) m/z 367.1 (M
+
) 

1,1'-(4,4'-(4,4'-(Ethane-1,2-diylbis(azanediyl))bis(4-oxobutane-4,1-diyl))bis(oxy)bis 

(5-methoxy-2-nitro-4,1-phenylene))bis(ethane-1,1-diyl)bis(2-methylacrylate) (CL-5B). A 

solution of 10 (0.847 g, 2.30 mmol), DMAP (0.054 g, 0.44mmol) and ethylene diamine 

(0.065 g, 1.10 mmol) in 40 mL of anhydrous DCM was cooled to 0 °C and stirred at this 

temperature for 30 min. DCC (0.520 g, 2.52 mmol) was dissolved in 10 mL of anhydrous 

DCM and added to the reaction mixture which was allowed to warm to room temperature 

while stirring over night. Filtration to remove the produced urea was followed by washing the 

organic solution with saturated NH4Cl, saturated Na2CO3, and brine. The organic phase was 

dried over MgSO4 and the solvent was evaporated under reduced pressure. The resulting 

residue was purified by column chromatography using silica and MeOH/CHCl3 as eluent 

yielding pure CL-5B as a pale yellow solid (0.422 g, 0.56 mmol) (51%). 

Elemental analysis: calc. for C36H46N4O14: C, 56.99; H, 6.11; N, 7.38; found C, 57.13; 

H, 6.02; N, 7.49. 
1
H NMR (CDCl3):  = 7.58 (s, 2H), 7.01 (s, 2H), 6.50 (q, 2H), 6.46 (s, 2H), 

6.17 (s, 2H), 5.61 (s, 2H), 4.09 (t, 4H), 3.92 (s, 6H), 3.38 (dd, 4H), 2.40 (t, 4H), 2.16 (qnt, 

4H), 1.95 (s, 6H), 1.65 (d, 6H). 
13

C NMR (CDCl3):  = 173.44, 166.23, 154.02, 147.23, 

139.96, 136.46, 133.68, 125.89, 109.21, 108.24, 68.87, 68.70, 56.39, 40.38, 32.90, 24.88, 

22.14, 18.43. MS (FD) m/z 759.6 (M+1
+
), 1518.1 (2M

+
) 

 

7.4 Synthesis of enzymatically degradable macromolecular 

cross-linkers 

Synthesis of dextran methacrylates. All Experiments were conducted by Eugen 

Aschenbrenner following the procedure described below. Dextran was functionalized using a 

modification of the protocol presented by Kim et al.
297

 In brief, the polysaccharide was 

dissolved in a 10 wt% LiCl solution of DMF at 90 °C. After cooling the reaction mixture to 

60 °C, an equimolar amount of triethylamine (with respect to the anhydride) was added, 

followed by dropwise addition of a defined amount of methacrylic anhydride. The reaction 

was allowed to proceed for 2 h and the stopped by cooling to room temperature and 

precipitating in 2-propanol. The precipitate was separated by centrifugation (Sigma 3K30, 

5min @ 10,000 min
-1

), dissolved in water, precipitated in 2-propanol and centrifuged again. 
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Residual water soluble reactants were removed by dialysis (regenerated cellulose MWCO 

3.5k) against water 2 d. Subsequently, the product was dried in vacuum and analyzed by 

1
H-NMR spectroscopy in D2O. Exact amounts of chemicals are listed in Table 13. 

Table 13: Synthetic details and results for the preparation of Dex-MA crosslinkers with various degrees of 

substitution. 

sample dextran MA/Dex-OH1) DS yield 

 MW / g/mol   % 

Dex-MA1 40,000 0.05 0.12 90 

Dex-MA2 40,000 0.10 0.17 82 

Dex-MA3 40,000 0.15 0.33 89 

Dex-MA4 6,000 0.05 0.09 45 

Dex-MA5 6,000 0.10 0.19 39 

Dex-MA6 6,000 0.15 0.29 31 

Dex-MA7 40,000 0.03 0.05 78 
1)

molar ratio of methacrylic anhydride/hydroxyl groups of dextran 

 

The DS was evaluated from 
1
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 below. 

 
 ppmHanomericA

ppmHolefinicA
MADexDS

9.4@

2.6@
)(






 

 

7.5 Synthesis of enzymatically and light-degradable 

macromolecular crosslinkers 

4-(4-(1-(acryloyloxy)ethyl)-2-methoxy-5-nitrophenoxy)butanoic acid (AEMNPBA) 

(11). 4-(4-(1-Hydroxyethyl)-2-methoxy-5-nitrophenoxy)butanoic acid (8) (1.000 g, 3.34 

mmol) was dissolved under argon in anhydrous dichloromethane (40 mL). Triethylamine 

(1.014 g, 10.00 mmol) was added and the solution was cooled to 0°C. Acryloyl chloride 

(0.756 g, 8.35 mmol) was dissolved in 10 mL of anhydrous dichloromethane and added 

dropwise to the reaction vessel. The mixture was stirred over night and allowed to warm up to 

room temperature. Afterwards, the solution was washed in every case three times with sodium 

carbonate solution, diluted hydrochloric acid and deionized water. The organic solvent was 

evaporated under reduced pressure and the resulting solid was stirred in aceton/water over 
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night. Unsoluble contents were removed by filtration and the remaining phase was extracted 

three times with dichloromethane. The combined organic layers were washed with diluted 

hydrochloric acid and deionized water, dried over MgSO4 and the solvent was removed. The 

remaining yellow solid was purified by column chromatography over silica using 

CHCl3/MeOH 10:1 v/v as eluent and pure AEMNPBA (11) (0.771 g, 2.18 mmol) was 

obtained in 65% yield as yellow solid. 

Elemental analysis: calc. for C16H19NO8: C, 54.39; H, 5.42; N, 3.96; found C, 54.27; H, 5.46; 

N, 3.84. 
1
H NMR (CDCl3):  = 7.59 (s, 1H), 7.00 (s, 1H), 6.53 (q, 1H, J = 6.4 Hz), 6.43 (dd, 

1H, J = 1.5 Hz, J = 17.3 Hz), 6.15 (dd, 1H, J = 10.4 Hz, J = 17.3 Hz), 5.87 (dd, 1H, J = 1.5 

Hz, J = 10.4 Hz), 4.12 (t, 2H, J = 6.2 Hz), 3.92 (s, 3H), 2.61 (t, 2H, J = 7.1 Hz), 2.18 (m, 2H), 

1.65 (d, 1H, J = 6.4Hz). 
13

C NMR (CDCl3):  = 178.44, 164.93, 154.04, 147.15, 139.79, 

133.34, 131.39, 128.23, 109.10, 108.14, 68.63, 68.04, 56.28, 30.22, 23.97, 22.01. 

MS (FD) m/z 353.2 (M
+
) 

 

Dextran-Photo-Labile Linker-Acrylate (Dex-PL-A). In the first step, oxalyl chloride 

(0.333 g, 2.62 mmol) in 5 mL of anhydrous dichloromethane was added dropwise to an ice 

cooled solution of AEMNPBA (0.771 g, 2.18 mmol) in 30 mL of anhydrous dichloromethane 

under argon. Few drops of DMF were added and the mixture was stirred at room temperature 

for 2.5 h. The solvent was removed under reduced pressure and the flask was vented with 

argon. The resulting oil of 12 was dissolved in 5 mL of anhydrous DMF and added dropwise 

to a solution of dextran (6,000 g/mol, 1.596 g, 0.226 mmol, 9.044 mmol glucopyranosyl 

groups), LiCl (4.0 g) and NEt3 (0.572 g, 3.39 mmol) in 50 mL of anhydrous DMF. The 

reaction mixture was stirred at room temperature over night and then heated to 60°C for 1 h. 

After cooling the solution to room temperature, the modified dextran was obtained by 

precipitation in isopropanol. The crude product was dissolved in water, precipitated again in 

isopropanol. This purification procedure was repeated for a total of 

2 times and the functionalized dextran was obtained in 58 % yield as slightly yellow colored 

powder from freeze drying of the aqueous solution. The degree of substitution (DS) was 

obtained from 
1
H NMR spectroscopy by calculating the peak area ratio of the 6 (olefinic, 

aromatic and tertiary benzylic) protons assigned to the multiplets from 7.70 – 5.60 ppm 

relative to the anomeric protons of dextran assigned to the multiplet at 5.25 - 4.75 ppm by 

using the formula below. 
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 
 ppmanomericHA

ppmAPLHA
APLDexDS

75.425.5@)(1

6/60.570.7@)(6
)(






 

 

A DS of 0.17 was determined meaning that in a dextran chain of 34 glucopyranosyl 

groups every 6
th

 group is functionalized with the photo-labile linker acrylate.  

7.6 Synthesis of doxorubicin-methacrylate containing a 

photo-labile linker 

Synthesis of doxorubicin-photo-labile-linker-methacrylate (Dox-PL-MA). This 

chapter only contains the synthetic details for the successful synthetic route B as described in 

the results and discussion section. 

4-(4-Acetyl-2-methoxy-5-nitrophenoxy)butanoic acid (13). Methyl 4-(4-acetyl-2-

methoxy-5-nitrophenoxy)butanoate (6) (5.0 g, 16.0 mmol) was dissolved in a mixture of THF 

(80 mL) and MeOH (40 mL). 40 mL of 1N NaOH and 20 mL of water were added and the 

reaction mixture was stirred at room temperature for 16 h. The organic solvents were removed 

under reduced pressure and the residue was carefully acidified with diluted hydrochloric acid 

(6N). The obtained yellow colored suspension was extracted 4 times with ethyl acetate, the 

organic layers were combined, dried with MgSO4 and the solvent was evaporated. The 

remaining solid was recrystallized from ethyl actetate/hexane affording pure 13 (3.591 g, 

12.1 mmol) in 76% yield. 

Elemental analysis: calc. for C13H15NO7: C, 52.53; H, 5.09; N, 4.71; found C, 52.51; H, 5.24; 

N, 4.83. 
1
H NMR (CDCl3):  = 7.57 (s, 1H), 6.69 (s, 1H), 4.11 (t, 2H, J = 6.4 Hz), 3.89 (s, 

3H), 2.46 (t, 2H, J = 7.1 Hz), 2.42 (s, 4H), 2.11 (m, 2H). 
13

C NMR (CDCl3):  = 200.01, 

174.88, 154.25, 148.87, 138.26, 132.60, 108.67, 108.02, 68.45, 56.55, 30.30, 30.03, 24.03. 

MS (FD) m/z 297.2 (M
+
) 

 

tert-Butyl(2-(4-(4-acetyl-2-methoxy-5-nitrophenoxy)butanamido)ethyl)carbamate 

(14). 4-(4-Acetyl-2-methoxy-5-nitrophenoxy)butanoic acid (13) (2.380 g, 8.01 mmol) were 

dissolved in a mixture of DCM (100 mL) and DMF (10 mL) under anhydrous conditions. 

DMAP (0.196 g, 1.60 mmol) were dissolved in 5 mL of DMF and added to the formerly 

prepared solution. The mixture was cooled to 0 °C and a solution of N-BOC-EDA (1.283 g, 

8.01 mmol) in 5 mL of DMF was added. After stirring the reaction mixture for 30 min, DCC 
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(1.982 g, 9.61 mmol) was dissolved in 5 mL of DCM and added to the reaction vessel. The 

mixture was allowed to warm to room temperature while stirring over night. After additional 

stirring for 24 h, the mixture was filtered and the organic solvents were evaporated. The 

residue was dissolved in ethyl acetate (150 mL) and washed with saturated NH4Cl, saturated 

Na2CO3 and brine. The combined organic layers were dried with MgSO4 and the solvent was 

removed under reduced pressure. Purification was achieved by column chromatography over 

silica using chloroform/methanol (7.5/1) as eluent and afforded pure 14 (2.961 g, 6.74 mmol). 

Yield: 84%. 

Elemental analysis: calc. for C20H29N3O8: C, 54.66; H, 6.65; N, 9.56; found C, 54.39; H, 6.58; 

N, 9.67. 
1
H NMR (CDCl3):  = 7.61 (s, 1H), 6.74 (s, 1H), 6.34 (s, 1H), 4.91 (s, 1H), 4.15 (t, 

2H, J = 6.2 Hz), 3.95 (s, 3H), 3.32 (m, 4H), 2.49 (s, 3H), 2.41 (t, 2H, J = 7.2 Hz), 2.20 (m, 

2H), 1.42 (s, 9H). 
13

C NMR (CDCl3):  = 200.20, 172.63, 157.14, 154.36, 149.01, 138.57, 

132.93, 108.92, 108.24, 79.89, 68.89, 56.73, 41.00, 34.07, 32.61, 30.50, 28.45, 24.79. 

MS (FD) m/z 439.5 (M
+
) 

 

tert-Butyl(2-(4-(4-(1-hydroxyethyl)-2-methoxy-5-nitrophenoxy)butanamido)-ethyl)-

carbamate (15). To a solution of 14 (1.407 g, 3.22 mmol) in a mixture of THF (7 mL) and 

methanol (43 mL) was added sodium borohydride (61 mg, 1.61 mmol) in small portions. 

After stirring the reaction mixture over night at room temperature, 5 mL of water were added 

to destroy excess NaBH4. The solvents were removed under reduced pressure and the residue 

was purified by column chromatography using chloroform/methanol (7.5/1) as eluent. Pure 15 

(1.162 g, 2.63 mmol) was obtained as slightly yellow colored solid in 82 % yield. 

Elemental analysis: calc. for C20H31N3O8: C, 54.41; H, 7.08; N, 9.52; found C, 54.31; H, 7.01; 

N, 9.37. 
1
H NMR (CDCl3):  = 7.54 (s, 1H), 7.31 (s, 1H), 6.39 (s, 1H), 5.53 (qd, 1H, J = 6.2, 

3.6 Hz), 4.96 (s, 1H), 4.08 (t, 2H, J = 6.1 Hz), 3.27 (m, 4H), 2.80 (s, 1H), 2.40 (t, 2H, J = 7.1 

Hz), 2.16 (m, 2H), 1.81 (s, 1H), 1.53 (d, 3H, J = 6.2 Hz), 1.41 (s, 9H). 
13

C NMR (CDCl3): 

 = 172.90, 157.04, 156.17, 154.16, 147.01, 139.72, 137.40, 109.32, 108.98, 79.91, 68.70, 

65.79, 56.50, 40.75, 40.34, 32.84, 28.46, 24.94, 24.46. MS (FD) m/z 442.8 (M+1
+
) 

 

 

2-(((2-(4-(4-(1-Hydroxyethyl)-2-methoxy-5-nitrophenoxy)butanamido)ethyl)-carb-

amoyl)oxy)ethyl methacrylate (20). Synthesis of 20 was performed in three steps as 

described below. 
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Deprotection of the N-BOC protected amino group of 15 to form 19. To a solution of 15 

(750 mg, 1.70 mmol) in 35 mL of CHCl3 was added TFA (17 mL) and the solution was stirred 

for 10 min. The solevent and excess TFA were removed under reduced pressure and 

quantitative formation of 19 was demonstrated by TLC. 

Activation of HEMA with p-nitrophenyl chloroformate. HEMA (1.290 g, 9.9 mmol) and 

triethylamine (1.200 g, 11.9 mmol) were dissolved in 20 mL of anhydrous THF and cooled to 

0 °C. p-Nitrophenyl chloroformate (2.000 g, 9.9 mmol) was dissolved in 5 mL of THF and 

added to the reaction mixture. The resulting solution was stirred for 5 h at 0 °C and was 

subsequently allowed to warm to room temperature while stirring for 16 h. The mixture was 

filtrated in order to remove the precipitated triethylamine hydrochloride and the solvent was 

removed under reduced pressure. Pure 2-(((4-nitrophenoxy)carbonyl)oxy)ethyl methacrylate 

was obtained by precipitation from cold methanol (-20 °C) as white solid. 

1
H NMR (CDCl3):  = 8.29 (d, 2H, J = 9.2 Hz), 7.39 (d, 2H, J = 9.2 Hz), 6.17 (s, 1H), 5.63 (s, 

1H), 4.51 (m, 4H), 1.97 (s, 3H). 
13

C NMR (CDCl3):  = 167.17, 155.55, 152.56, 145.65, 

135.88, 126.58, 125.49, 121.91, 67.03, 62.01, 18.40. 

 

Synthesis of photo-labile-linker-methacrylate (20). The deprotected amine of 19 (579 mg, 

1.70 mmol) and triethylamine (710 mg, 7.0 mmol) were dissolved in anhydrous DMF and the 

activated p-nitrophenyl carbonate of HEMA (500 mg, 1.70 mmol) was added as solid under 

argon atmosphere. The resulting solution was stirred for 48 h at room temperature. 

Afterwards, the solvent and excess Net3 were removed under reduced pressure and the residue 

was dissolved in ethyl acetate and washed extensively with saturated NaHCO3. The organic 

layer was dried with MgSO4 and the solvent was evaporated. The obtained solid was purified 

by column chromatography using chloroform/methanol (7.5/1) as eluent. The photo-labile-

linker methacrylate (20) was obtained as slightly yellow colored solid in 78 % yield (0.660 g, 

1.33 mmol). 

Elemental analysis: calc. for C22H31N3O10: C, 53.11; H, 6.28; N, 8.45; found C, 53.18; H, 

6.19; N, 8.42. 
1
H NMR (CDCl3):  = 7.55 (s, 1H), 7.31 (s, 1H), 6.35 (s, 1H), 6.11 (s, 1H), 

5.58 (s, 1H), 5.54 (m, 1H), 5.18 (s, 1H), 4.28 (m, 4H), 4.10 (t, 2H, J = 6.1 Hz), 3.97 (s, 3H), 

3.33 (m, 4H), 2.42 (t, 2H, J = 7.1 Hz), 2.18 (m, 2H), 1.93 (s, 3H), 1.54 (d, 3H, J = 6.3 Hz). 

13
C NMR (CDCl3):  = 173.04, 167.44, 156.93, 154.15, 147.02, 139.80, 137.38, 136.09, 
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126.26, 109.38, 109.01, 68.75, 65.82, 63.05, 62.88, 56.52, 41.15, 40.09, 32.86, 24.91, 24.44, 

18.40. MS (FD) m/z 496.9 (M
+
). 

 

Activation of 20 as p-nitrophenyl carbonate (21). A solution of 20 (0.150 g, 

301.5 µmol) and triethylamine (50.2 µL, 361.8 µmol) in 10 mL of anhydrous THF (10 mL) 

was cooled to 0 °C. p-Nitrophenyl chloroformate was dissolved in 10 mL of THf and added to 

the reaction mixture. The solution was allowed to warm to room temperature while stirring 

over night. Afterwards, the mixture was stirred for additional 2 h at 40 °C and then cooled to 

0 °C. The precipitated ethylamine hydrochloride was removed by filtration and the solvent 

was removed under reduced pressure. Column chromatography over silica using ethyl actetate 

as eluent afforded pure 21 in 55% yield (110 mg, 166.0 µmol). 

Elemental analysis: calc. for C29H34N4O14: C, 52.57; H, 5.17; N, 8.46; found C, 52.67; H, 

5.32; N, 8.66. 
1
H NMR (CDCl3):  = 8.25 (d, 2H, J = 9.2 Hz), 7.61 (s, 1H), 7.34 (d, 2H, 

J = 9.2 Hz), 7.11 (s, 1H), 6.53 (q, 1H, J = 6.4 Hz), 6.30 (s, 1H), 6.12 (s, 1H), 5.59 (s, 1H), 

5.13 (s, 1H), 4.31 (m, 4H), 4.13 (t, 2H, J = 6.1 Hz), 4.00 (s, 3H), 3.36 (m, 4H), 2.42 (t, 2H, 

J = 7.1 Hz), 2.20 (m, 2H), 1.93 (s, 3H), 1.77 (d, 3H, J = 6.4 Hz). 
13

C NMR (CDCl3): 

 = 172.83, 167.40, 155.47, 154.28, 151.55, 147.88, 145.61, 140.12, 136.13, 131.49, 126.21, 

125.46, 121.79, 109.26, 108.19, 73.91, 68.80, 63.13, 62.87, 56.68, 41.18, 40.25, 32.76, 24.85, 

22.16, 18.43. MS (FD) m/z 662.0 (M
+
) 

 

Doxorubicin-photo-labile-linker-methacrylate (Dox-PL-MA). Doxorubicin hydro-

chloride (50.0 mg, 86.2 µmol) was dissolved in anhydrous DMF and triethylamin (36 µL, 

258.6 µmol) was added to the solution. The activated photo-labile-linker-methacrylate (21) 

was added as solid and the reaction mixture was stirred at room temperature for 36 h. The 

solvent was removed under reduced pressure and the remaining brick red solid was purified 

by repeated column chromatography over silica using chloroform/methanol mixtures of 

various compositions (7.5/1 – 22.5/1) as eluent. The pure Dox-PL-MA (41 mg, 49.1 µmol) 

was obtained as red solid in 57% yield. 

1
H NMR (CDCl3/MeOD 3/1):  = 7.95 (d, 1H, J = 7.7 Hz), 7.72 (t, 1H, J = 8 Hz), 7.44 (m, 

1H), 7.35 (d, 1H, J = 8.4 Hz), 6.92 (m, 1H), 6.25 (m, 1H), 6.04 (s, 1H), 5.52 (s, 1H), 5.23 (s, 

1H), 4.77 – 4.63 (m, 3H), 4.35 - 4.15 (m, 5H), 4.00 (m, 5H), 3.90 – 3.80 (m, 4H), 3.50- 3.40 

(m, 1H), 3.33 – 2.91 (m, 7H), 2.34 – 2.29 (m, 3H), 2.08 – 2.01 (m, 3H), 1.86 (s, 3H), 1.76 -

1.58 (m, 1H), 1.52 – 1.49 (m, 3H), 1.21 – 1.10 (m, 3H). 
13

C NMR (CDCl3/MeOD 3/1) 
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 = 214.27, 187.17, 186.70, 173.67, 167.47, 160.99, 157.09, 155.47, 155.41, 154.84, 153.89, 

146.94, 139.51, 135.86, 135.56, 135.42, 134.06, 133.16, 126.14, 120.71, 119.75, 118.52, 

111.57, 111.19, 108.94, 108.21, 100.51, 97.88, 76.55, 71.58, 68.79, 68.45, 67.34, 65.91, 

65.10, 62.80, 62.72, 61.37, 56.56, 56.21, 46.84, 40.39, 39.42, 35.82, 33.41, 32.50, 24.84, 

22.04, 18.04, 16.49. MS (ESI) m/z 1,089.37 (M+Na
+
) 68.8%BPI 

 

7.7 Synthesis of a light-sensitive monomer for the 

preparation of polymeric photo-resist nanoparticles 

4,5-Dimethoxy-2-nitrobenzyl methacrylate (DMNB-MA). A solution of 

4,5-dimethoxy-2-nitrobenzylalcohol (5.000 g, 23.45 mmol) and triethylamin (2.610 g, 

25.80 mmol) in 60 mL of anhydrous dichloromethane (DCM) was cooled down to 0 °C under 

argon. Methacryloyl chloride (2.697 g, 25.80 mmol) was dissolved in 15 mL of anhydrous 

DCM and added dropwise under stirring. The reaction mixture was allowed to warm to room 

temperature over night and was then washed 3 times each with aqueous Na2CO3 (5% w/v) and 

deionized water. The organic phase was dried over MgSO4 and the solvent was removed 

under reduced pressure. The resulting solid was recrystallized from ethanol yielding pure 

DMNB-MA as yellow colored solid in 86% yield. 

Elemental analysis: calc. for C13H15NO6: C, 55.51; H, 5.38; N, 4.98; found C, 55.37; H, 5.29; 

N, 5.16. 
1
H NMR (CDCl3): δ = 7.72 (s, 1H), 7.03 (s, 1H), 6.20 (s, 1H), 5.65 (m, 1H), 5.59 (s, 

2H), 3.96 (d, 6H), 2.00 (s, 3H). 
13

C NMR (CDCl3): δ = 166.76, 153.63, 148.35, 140.12, 

136.14, 127.46, 126.35, 110.32, 108.41, 63.50, 56.56, 56.44, 18.48. MS (FD) m/z 281.0 (M
+
) 

 

7.8 Synthesis of a photo-degradable polyurethane by 

polycondensation 

Photo-degradable polyurethane (PD-PU). To a solution of 2NPDM (300 mg, 

16.38 mmol) in 10 mL of anhydrous DMF was added a solution of freshly distilled 

2,4-toluenediisocynate (TDI) (285.26 mg, 16.38 mmol) under argon atmosphere. The reaction 

vessel was sealed and the solution was stirred at 100 °C for 20 h. Afterwards, the reaction was 

quenched by the addition of 2 mL of water and the mixture was cooled to room temperature. 

The photo-degradable polymer was obtained by precipitation from ice cold methanol. 
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Purification was achieved by centrifugation, dissolving the polymer in THF and repeated 

precipitation from methanol. After this procedure was conducted in total 3 times, drying of 

the solid in vacuum afforded PD-PU (368 mg) in 63% yield. 

1
H NMR (DMSO-d6): δ = 8.18 (s, 1H), 7.80 (m, 2H), 7.54 (s, 1H), 7.13 (m, 2H), 5.47 (s, 2H), 

5.24 (s, 2H), 2.13 (s, 3H). GPC (THF, polystyrene standard): Mw = 5,200 g/mol; PDI = 2.01. 

 

7.9 Photo-degradation studies of light-cleavable molecules in 

solution 

7.9.1 Photo-degradation studies in solution via 1H NMR and mass 

spectroscopy.  

The respective compounds were dissolved in THF with a concentration of 

3.0·10
-3

 mol/L. Irradiations were performed in a quartz cuvette for 10 h using a mercury short 

arc lamp combined with the described filters and an intensity of I = 17 mW/cm
2
 for the 

wavelengths of = 315 – 390 nm. The reaction mixture was divided into two fractions and 

both were evaporated to dryness under reduced pressure. One fraction was investigated by 

1
H-NMR spectroscopy, the other fraction was investigated by field desorption mass 

spectrometry. 

 

7.9.2 Photo-degradation studies by UV-vis measurements.  

A quartz cuvette containing a solution (c = 4.5·10
-4

 mol/L) of the respective compound in 

THF was placed under a UV lamp (= 315-390 nm, I = 17 mW/cm
2
) and the samples were 

irradiated for fixed time intervals. UV-vis measurements were performed subsequently. 

 

7.9.3 Kinetic HPLC measurements.  

Solutions in THF were prepared and irradiated analogously to those used for the 

1
H-NMR spectroscopic measurements. Samples were taken at fixed time intervals and 

directly measured by HPLC using a solvent gradient of THF/water from 40/60 to 30/70. 

Photolytic conversion was determined by the decrease of the peak area of the starting 

compound.  
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7.10 Synthesis of microgels and polymeric nanoparticles 

7.10.1 General synthetic protocol for the formation of 

microgels and non-crosslinked polymeric nanoparticles by 

free radical (co)polymerization in (inverse) miniemulsion 

Crosslinked microgels and non-crosslinked polymeric nanoparticles were synthesized by 

free radical polymerization in (inverse) miniemulsion. The dispersed phase was prepared by 

mixing the respective monomers, the osmotic pressure agent, the respective crosslinker and a 

potential solvent. For initiations from the dispersed phase, the initiator was added to the 

solution. Afterwards, the mixture was added to the continuous phase consisting of a solution 

of the respective surfactant in the specific solvent. The (inverse) miniemulsion was formed by 

first stirring the mixture at 1,750 rpm for 1.5 h and then homogenizing the obtained 

preemulsion by ultrasonication for 2 min at 90% intensity (Branson sonifier W450 Digital, 

0.5” tip) at 0 °C. For initiation from the continuous phase the respective initiator was added 

then to the (inverse) miniemulsion. Polymerizations were carried out over night in an oil bath 

set at the specific polymerization temperature. Deviations from this general procedure are 

listed in the following chapters. 

 

7.10.2 Micro-/Nanogels 

7.10.2.1 General purification procedure 

After the polymerization, any coagulates were removed by filtration and the resulting 

dispersions were centrifuged to collect the particles. The supernatant was removed and 

replaced by the solvent forming the continuous phase. Redispersion was carried out using a 

vortex. In order to remove excess surfactant, the dispersions were further washed three times 

following the procedure described above. Finally, the dispersions of the particles in the 

specific solvent were examined with regard to the particle size distributions by means of 

dynamic light scattering (DLS) and scanning electron microscopy (SEM). Freeze drying of 

the purified dispersions removed unreacted monomer and yielded the (crosslinked) particles 

as powders.  
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7.10.2.2 General swelling procedure: purification, determination of 

the sol/gel content and the degree of swelling 

For swelling experiments of the microgels, the freeze dried particles were swollen in a 

good solvent for the network-forming polymer at room temperature. Three additional washing 

steps by centrifugation and redispersion in the respective solvent were performed to remove 

the sol content which consists of all the non-reacted monomers, the soluble oligomers, 

polymers and non-crosslinked particles. For every type of microgel the supernatants of the 

washing steps were combined and evaporated yielding the sol content. The particle 

dispersions were also evaporated and represented the gel content. By gravimetrical analysis, 

the sol/gel content was determined and gives a description of the crosslinking efficiency.  

Finally, the dried particles were redispersed in a good solvent for the network-forming 

polymer over night at room temperature. Particle size distributions were determined by DLS 

and the degree of swelling was determined as the volume ratio between the particles in their 

non-swollen state (purified dispersion after synthesis) and the swollen microgels (transferred 

to a good solvent for the network-forming polymer). 

 

7.10.2.3 PMMA microgels 

This chapter contains the synthetic details for the preparation of PMMA microgels by 

miniemulsion polymerization as described in chapter 5.1.1.1. The dispersed phase was 

prepared by mixing MMA (1.00 g, 10.00 mmol), hexadecane (41 mg, 0.18 mmol), 

2,2’-azobis(2-methyl-butyronitrile) (V-59) (20 mg, 0.10 mmol) and 2.5 mol-% of the 

respective crosslinker. The continuous phase consisted of a solution of the nonionic surfactant 

Lutensol AT-50 (66 mg) in 10 mL of water. Synthetic details are listed in Table 2 in chapter 

5.1.1.1. Polymerizations were carried out at 70 °C. Purification was achieved by washing the 

dispersions three times with demineralized water (centrifugation at 14,000 rpm for 25 min; 

redispersion by vortex). Finally, the dispersions were centrifuged at 5,000 rpm for 5 min and 

the supernatant was collected and centrifuged again for 5 min at the same speed. The 

supernatant of this procedure represents the final dispersion of the MGs in water. Freeze 

drying of the so purified dispersions yielded the crosslinked PMMA gel particles as white 

powders. The freeze dried particles were swollen for 3 d at 0.5% (w/v) in THF at room 

temperature. Three additional washing steps were performed to remove the sol content 

(centrifugation at 14,000 rpm for 60 min; redispersion in THF). Finally, the dried particles 
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were redispersed either in THF or chloroform by swelling at a concentration of 0.5% (w/v) 

over night at room temperature. 

 

7.10.2.4 PHEMA microgels 

PHEMA microgels were prepared by free radical copolymerization of HEMA and 

various crosslinkers in inverse miniemulsion. The dispersed phase was prepared by mixing 

HEMA (1.5 g, 11.5 mmol), water (70 mg, 3.9 mmol) and 2.5 mol-% of the respective 

crosslinker. The continuous phase consisted of a solution of the amphiphilic block copolymer 

P(E/B)-b-PEG (75 mg) as nonionic surfactant in 12.5 g of cyclohexane. Sample nomenclature 

in dependency on the used crosslinkers is listed in Figure 33 in chapter 5.1.1.2. Initiation was 

carried out from the continuous phase by adding V-59 (50 mg, 0.3 mmol) as thermal initiator 

to the formed inverse miniemulsion and polymerizations were carried out at 70 °C. 

Purification was achieved by washing the dispersions three times with cylcohexane 

(centrifugation at 10,000 rpm for 30 min; redispersion by vortex). Freeze-drying of the so 

purified dispersions removed unreacted monomer and yielded the crosslinked PHEMA gel 

particles as white powders. The freeze-dried particles were swollen over night at 5% (w/v) in 

chloroform/methanol (1/1 v/v) at room temperature.  

 

7.10.2.5 p(HEMA-co-MAA) microgels 

Crosslinked p(HEMA-co-MAA) microgels and non-crosslinked reference particles were 

synthesized by free radical copolymerization in inverse miniemulsion. Different microgels 

with various compositions of the dispersed phase were synthesized. Table 14 lists the 

synthetic details. In all cases, the continuous phase consisted of a solution of the amphiphilic 

block copolymer P(E/B)-b-PEG (75 mg) as nonionic surfactant in 12.5 g of cyclohexane. 

After miniemulsification, V-59 (50 mg, 0.3 mmol) as thermal initiator was added and 

polymerizations were then carried out over night in an oil bath set at 70 °C.  

After the polymerization, purification was carried out by washing the particles four times 

with cyclohexane (centrifugation at 10,000 rpm for 30 min; redispersion by vortex). Freeze-

drying removed unreacted monomer and yielded the crosslinked p(HEMA-co-MAA) gel 

particles as white to slightly yellow colored powders. The freeze-dried particles were swollen 

over night at 5% (w/v) in water adjusted to pH 12 at room temperature. Three additional 
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washing steps by centrifugation at 17,500 rpm for 90 min at 15 °C and redispersion in 

deionized water were performed to remove the sol content. The purified particles were freeze-

dried and redispersed in the respective aqueous media by simple swelling at room temperature 

for 6 h at the desired concentration.  

 
Table 14: Nominal compositions of the dispersed phase of different p(HEMA-co-MAA) microgels. 

sample monomer crosslinker solvent / osmotic pressure agent 

 type m/g type m/mg type m/g 

MG-A + HEMA 1.500 
DEGDMA 70.0 H2O 70.0 

(MG-A1) --- --- 

MG-B HEMA 1.425 
DEGDMA 70.0 H2O 70.0 

 MAA 0.0075 

MG-C HEMA 1.350 
DEGDMA 70.0 H2O 70.0 

 MAA 0.150 

MG-D + HEMA 1.275 
DEGDMA 70.0 H2O 70.0 

(MG-B1) MAA 0.225 

FL-MG HEMA 0.6375 

DEGDMA 37.5 H2O 70.0  MAA 0.1614 

 Bodipy-1 0.0070 

HG-MG-0-I HEMA 1.275 
--- ---- H2O 70.0 

 MAA 0.225 

HG-MG-4B-I HEMA 1.275 
CL-4B 185.0 H2O 70.0 

 MAA 0.225 

HG-MG-0-II HEMA 1.275 
--- --- 

H2O 70.0 

 MAA 0.225 DMSO 375.0 

HG-MG-4B-II HEMA 1.275 
CL-4B 185.0 

H2O 70.0 

 MAA 0.225 DMSO 375.0 

HG-MG-5B-II HEMA 1.275 
CL-5B 235.0 

H2O 70.0 

 MAA 0.225 DMSO 375.0 

M-MG-0 HEMA 0.6375 
DEGDMA 37.5 

H2O 150 

 K-MA 0.1614 PBS 150 
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7.10.2.5.1 pH-Dependent swelling experiments of p(HEMA-co-MAA) 

microgels 

The pH values of microgel dispersions in water (0.05% w/v) were varied from pH 4 to 

pH 12 by adding aqueous NaOH solution (0.05 N), and hydrodynamic diameters of the 

particles were measured by DLS for every pH value. 

 

7.10.2.5.2 Determination of the incorporation efficiency of light-cleavable 

crosslinkers 

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 (0.2% w/v) were compared to calibration curves of solutions of 

the respective crosslinkers in dispersions of non-photo-degradable p(HEMA-co-MAA) 

microgels (0.2% w/v). The relative quantity of incorporated crosslinker was determined with 

respect to HEMA and MAA amounts before polymerization as mol-% of theory. 

 

7.10.2.5.3 Determination of the amount of ionizable MAA groups 

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. 

Subsequently the pH was measured. 

 

7.10.2.6 Microgels based on polyacrylamide crosslinked with 

functionalized dextrans 

Dispersed phases were prepared by dissolving acrylamide (AAm) and either dextran 

methacrylate (Dex-MA) or dextran-photo-labile-linker-acrylate (Dex-PL-A) in an aqueous 

0.5 M NaCl solution. While the total ratio of (AAm+funct.Dex)/solvent was kept constant 

with 1/1 w/v, the ratio of functionalized dextran to acrylamide was varied. For initiation from 

the aqueous phase, the respective iniators (VA-044, KPS) were added to the dispersed phase. 
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The solution was added under stirring to the continuous phase consisting of a solution of the 

non-ionic surfactant Lubrizol U (100 mg) in 10 g of cyclohexane. For initiation with oil 

soluble initiators from the continous phase, either V-59 or V-70 was added to the inverse 

miniemulsion after homogenizing. The polymerizations were carried out over night in an oil 

bath set at a fixed temperature. For initiation with KPS, TEMED was added to the 

homogenized miniemulsion and the polymerization was carried out at room temperature over 

night. For compositions of the dispersed phases and polymerization temperatures see chapter 

5.2.1 for p(AAm-co-Dex-MA) and chapter 5.2.2 for p(AAm-co-Dex-PL-A) microgels. 

After the polymerizations, filtered dispersions were washed 5 times with cyclohexane 

(centrifuged at 5,000 rpm for 30 min and redispersed by vortex. Freeze drying yielded the 

crosslinked gel particles as white powders. Transfer of the nanogels to the aqueous phase was 

achieved by simply swelling the dried powders over night in water at 0.5% (w/v) at room 

temperature. Two additional washing steps by centrifugation at 14,000 rpm for 90 min and 

redispersion in deionized water were performed. The purified particles were again freeze 

dried and redispersed in the respective medium by swelling at room temperature for 6 h at the 

desired concentration. 

 

7.10.2.7 PAAm microgels as seed particles 

PAAm C-NP were prepared and purified analogously to p(AAm-co-Dex-MA) microgels 

but varied in the composition of the dispersed phase. The latter consisted of acrylamide  

(1.000 g, 14.0 mmol) and methylene bisacrylamide (MBA) (50 mg, 0.32 mmol) dissolved in 

1 mL of an aqueous NaCl solution (0.5 N). 

 

7.10.3 Photo-resist nanoparticles and polystyrene reference 

nanoparticles 

Light degradable PDMNB-MA photo resin nanoparticles (PR-NP) as well as polystyrene 

reference lattices (PS-NP) were prepared by free radical miniemulsion polymerization. The 

dispersed phase was prepared by dissolving the monomer (0.100 g), hexadecane (0.040 g) and 

2,2'-Azobis(2-methylbutyronitrile) (V-59) as initiator (0.010 g) in CHCl3 (0.900 mL). For nile 

red containing particles the respective amount of dye was first dissolved in chloroform and 

the resulting solution was used to form the dispersed phase. The mixture was then added to 



Experimental Part 

 

235 

the continous phase consisting in every case of a solution of the anionic surfactant sodium 

dodecylsulfate (SDS) (0.012 g, 0.3% w/v) in 4 mL of water. The miniemulsion was formed by 

first stirring the mixture at 1,750 rpm for 1 h at room temperature and then homogenizing the 

obtained preemulsion by pulsed ultrasonication (15 s pulse, 30 s pause, in total 10 min) at 

70% intensity (Branson sonifier W450 Digital, 0.125” tip) at 0 °C. Polymerizations were 

carried out over night at 70 °C. The used amounts of dye for the different reactions are shown 

in chapter 5.4. After polymerization, the dispersions were stirred in an open reaction vessel at 

70°C for additional 8 h to remove chloroform. The total volume was kept constant by adding 

deionized water. Coagulates were removed by filtration and the resulting dispersions were 

extensively dialyzed against deionized water for 10 days. Solid contents were determined by 

gravimetrical analysis. 

 

7.10.3.1 Determination of the encapsulation efficiency of nile red 

Dialyzed dye-containing particles were freeze dried and subsequently dissolved in a good 

solvent for both the dye and the respective polymers (0.016% w/v), namely: DMSO for 

PR-NP and 1,4-dioxane for PS-NP. Encapsulation efficiency (EE) was determined by 

fluorescence using calibration curves of nile red in the respective solvents containing equal 

solid contents of dissolved plain particles. 

 

7.11 Loading of p(HEMA-co-MAA) microgels with myoglobin 

and subsequent release experiments 

To 18 mL of a stock solution of myoglobin (c =1 mg/mL) in water with a pH adjusted to 

pH 6.75 were added 2 mL of a dispersion of MG-D p(HEMA-co-MAA) microgels in water 

(c =1 mg/mL). The pH of the mixture was adjusted to pH 6.75 by the addition of diluted 

NaOH and HCl. After equilibration at room temperature over night, the pH was adjusted to 

pH 4.5 by the addition of diluted HCl and the particles were collected by centrifugation 

(10,000 rpm; 30 min). The supernatant (20 mL) was examined by UV-vis spectroscopy. The 

pellet of the centrifugation was redispersed in 20 mL of water adjusted to pH 4.5 using a 

vortex. The loaded microgels were washed two more times following the described procedure 

and the supernatants of every washing step were investigated by UV-vis spectroscopy. 

Subsequently to the last centrifugation step, the microgels were redispersed in PBS with 
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pH 7.4 (20 mL). A sample (200 µL) was taken and investigated by UV-vis spectroscopy. The 

dispersion of the loaded microgels in PBS was shaken at 37 °C and samples were taken after 

predetermined time intervals. The release of myoglobin into the surrounding medium was 

investigated by removing the microgels from each sample by centrifugation and comparing 

the UV-vis spectra of the supernatants to a calibration curve of myoglobin in PBS. 

  

7.12 Degradation experiments of microgels 

7.12.1 Photo-degradation 

Samples of 0.125% (w/v) in the respective organic solvent, phosphate buffer solution 

(PBS) or water adjusted to the desired pH were placed in a quartz cuvette and irradiated with 

the respective UV light source. At predetermined times, samples were collected and turbidity 

measurements were conducted by using a NICOMP Zetasizer. The volume of the irradiated 

sample was retained by returning the withdrawn samples to the cuvette after every 

measurement. The turbidity was obtained by calculating the ratio of the scattering intensity at 

90° of the irradiated samples relative to the one of the non-irradiated samples. For irradiation 

experiments of p(AAm-co-Dex-PL-A) microgels, turbidity was measured in transmission by 

using a He-Ne Laser emitting at  = 633 nm. Irradiation was carried out on a 90° angle 

relative to the Laser beam by using a UV-LED emitting at  = 365 nm with an intensity of 

I = 30 mW/cm
2
. Transmitted light intensity of the Laser was measured by a photo diode 

combined with a GG-385 edge filter to block scattered UV light. 

 

7.12.2 Enzymatic degradation 

Dispersions of purified nanogels in water (0.0625 % w/v) were placed in a quartz cuvette 

and the sample temperature was adjusted to 37°C using a brass heating mantle combined with 

a cryostat. Enzymatic degradation of either p(AAm-co-Dex-MA) or p(AAm-co-Dex-PL-A) 

microgels was examined by adding 10 µL of dextranase solution (47 wt.-%) to 3 mL of a 

dispersion of the respective purified gel particles in water. Particle degradation was monitored 

by turbidity measurements in transmission as described above.  
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7.13 Degradation experiments of photo-resist particles 

Dispersions of nanoparticles with 0.01% (w/v) in deionized water adjusted to the desired 

pH were placed in a quartz cuvette and irradiated under stirring with UV light at room 

temperature. Samples were taken at distinct irradiation times and analyzed by turbidity 

measurements, UV-vis and fluorescence spectroscopy as well as SEM. 

 

7.14 Synthesis of core/shell nanoparticles 

7.14.1 Seeded precipitation polymerization 

7.14.1.1 PAAm/PMMA core/shell nanoparticles 

An aqueous dispersion (1.5 mL) of C-NP PAAm seed particles (2.0 % w/v) was diluted 

with 16.5 mL of demineralized water and 12 mL of methanol. To the resulting dispersion with 

a microgel concentration of 4.3·10
15

 NP/L in 30 mL of MeOH/water (40/60 v/v) was added 

Lutensol AT-50 in various amounts. MMA (150 mg, 10 eqv.-wt. with respect to C-NP) was 

added and the dispersion was stirred at room temperature for 30 min while purging with 

argon. The seeded precipitation polymerization was initiated by adding KPS (15 mg) to the 

reaction mixture and heating to 70 °C. After stirring for 20 h at 70 °C the resulting dispersion 

was cooled to room temperature and extensively dialyzed against demineralized water for 

10 d. Exact amounts of Lutensol AT-50 are listed in Table 12 in chapter 5.5.1. 

 

7.14.2 Free radical polymerization in polyurea nanocapsules 

7.14.2.1 PAAm/PU core/shell nanoparticles 

PAAm/PU core/shell nanoparticles were prepared by free radical copolymerization of 

acrylamide with MBA in polyurea nanocapsules formed previously by interfacial 

polycondensation in inverse miniemulsion. The dispersed phase of the inverse miniemulsion 

consisted of a solution of acrylamide (712.5 mg, 10.0 mmol), MBA (37.5 g, 0.243 mmol), 

VA-060 (15.0 mg, 0.036 mmol) and ethylene diamine (39.0 mg, 0.651 mmol) in an aqueous 

NaCl solution (750 µL, 0.5 M). The mixture was then added under vigorous stirring to the 

continuous phase consisting of a solution of the non-ionic surfactant Lubrizol U (50 mg) in 

cyclohexane (10 g). Miniemulsification was achieved by homogenizing the preemulsion by 
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ultrasonication for 2 min at 90 % intensity (Branson sonifier W450 Digital, 0.5” tip) at 0 °C. 

Shell formation was achieved by the drop wise addition of TDI (170.0 mg, 0.976 mmol) 

dissolved in cyclohexane (4 g) to the inverse miniemulsion under stirring. After 6 h, a sample 

of 2 mL was collected containing the AAm-aq./PU nanocapsules with a liquid core. The 

remaining dispersion was heated to 70 °C and stirred for additional 12 h to achieve the free 

radical copolymerization of acrylamide with MBA in the capsule core. After polymerization, 

the dispersion was filtered and washed three times with cyclohexane (centrifugation: 

6,000 rpm, 20 min; redispersion: vortex). The purified dispersion (12 mL) was added to 12 

mL of a solution of SDS (72 mg, 0.25 mmol) in water and ultrasonicated for 20 s. The 

dispersion was stirred in an open reaction vessel for 5 d in order to evaporate the cyclohexane. 

This procedure afforded PAAm-HG/PU core/shell nanoparticles dispersed in water. 

 

7.15 Surface functionalization of microgels 

In order to functionalize the microgels with cinnamoyl moieties, 5 mL of the PHEMA 

MG-A1 and p(HEMA-co-MAA) MG-B1 dispersions in cyclohexane were stirred at room 

temperature and a solution of excess cinnamoyl chloride (143 mg, 0.86 mmol) in 2.5 mL 

cyclohexane was added. After stirring the dispersions over night, unreacted cinnamoyl 

chloride was removed by collecting the particles by centrifugation (6,000 rpm; 45 min) and 

redispersion in cyclohexane. Two additional washing steps following the procedure described 

above, were carried out for further purification. Finally, the obtained dispersions of the 

cinnamoyl functionalized PHEMA particles C-MG-A1 and the cinnamoyl functionalized 

p(HEMA-co-MAA) microgels C-MG-B1 were transferred to a good solvent for the network-

forming polymer by swelling the freeze dried PHEMA particles for 1 d with 0.5 % (w/v) in 

THF at room temperature and the p(HEMA-co-MAA) hydrogel particles for 1 d with 

0.5 % (w/v) in water with 0.1 N sodium hydroxide set to pH 12. In this case, the pH was 

adjusted afterwards to neutral (pH 7) by titration of the dispersion with 0.01 N hydrochloric 

acid. Two additional washing steps by centrifugation at 6,000 rpm for 25 min and 

redispersion in Milli-Q water were performed to remove the sol content.  
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8 List of Abbreviations 
AA   - acrylic acid 

ATRP   - atom transfer radical polymerization 

BOC   - tert-butyloxycarbonyl 

CDI   - carbonyldiimidazole 

CL   - crosslinker 

d   - doublet 

DBTDL  - dibutyltin dilaurate 

DCC   - N,N’-dicyclohexylcarbodiimide 

DCM   - dichloromethane 

dd   - doublet of doublet 

DEGDMA  - diethylene glycole dimethacrylate 

EGDMA  - ethylene glycole dimethacrylate 

Dex   - dextran 

Dex-MA  - dextran methacrylate 

Dex-PL-MA  - dextran-photo-labile linker-methacrylate 

DGS   - degree of swelling 

DLS   - dynamic light scattering 

DMAP   - 4-dimethylaminopyridine 

DMF   - dimethylformamide 

DMNB-MA  - 4,5-dimethoxy-2-nitrobenzyl methacrylate 

DMNPA  - 4,5-dimethoxy-2-nitrobenzylalcohol 

DMSO   - dimethyl sulfoxide 

DNQ   - diazonaphtoquinone 

DOX   - doxorubicin 

Dox-PL-MA  - doxorubicin-photo-labile linker-methacrylate 

DS   - degree of substitution 

DVB   - divinylbenzene 

EDA   - ethylene diamine 

ESI   - electrospray ionization 

GPC   - gel permeation chromatography 

HEMA   - 2-hydroxyethyl methacrylate 

HG   - hydrogel 

HPLC   - high-performance liquid chromatography 

I   - intensity 

IONP   - iron oxide anoparticles 

J   - coupling constant 

KLE   - P(E/B)-b-PEG poly(ethylene-co-butylene)-block-poly(ethyleneglycol) 

K-MAA  - potassium methacrylate 

KPS   - potassium persulfate 

LCST   - lower critical solution temperature 

m   - multiplet 

MAA   - methacrylic acid 

MA-Cl   - methacryloyl chloride 

MBA   - N,N’-methylenebisacrylamide 

MHz   - megahertz 

MMA   - methyl methacrylate 

Mn   - number average molecular weight 
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MS (FD)  - mass spectroscopy (field desorption) 

Mw   - weight average molecular weight 

NIPAAm  - N-isopropylacrylamide 

NIR   - near infrared 

NMR   - nuclear magnetic resonance 

NP   - nanoparticles 

NP   - number of particles 

NPDM   - 2-nitrophenyldimethanol 

O/W   - oil-in-water 

PAA   - poly(acrylic acid) 

PAAm   - polyacrylamide 

PAG   - photoacid generator 

PAMAM  - polyamidoamine 

PBS   - phosphate buffered saline 

PBT   - polybutylene terephtalate 

PCCS   - photon cross correlation spectroscopy 

PDI   - polydispersity index 

PEG   - polyethylene glycol 

PEI   - polyethylenimine 

PEO   - polyethylene oxide 

PHEMA  - poly(2-hydroxyethyl methacrylate) 

PMAA   - poly(methacrylic acid) 

PMMA  - poly(methyl methacrylate) 

PNIPAAm  - poly(N-isopropylacrylamide) 

PS   - polystyrene 

PU   - polyurethane 

PVCL   - polyvinylcaprolactam 

PVP   - polyvinylpyrrolidone 

q   - quartet 

s   - singlet 

SEM   - scanning electron microscopy 

t   - triplet 

TDI   - 2,4-toluenediisocyanate 

TEM   - transmission electron microscopy 

TEMED  - tetramethylethylenediamine 

THF   - tetrahydrofurane 

UCST   - upper critical solution temperature 

UV   - ultraviolet 

V-59   - 2,2’-azobis(2-methyl-butyronitrile) 

V-70   - 2,2’-azobis(4-methoxy-2,4-dimethylvaleronitrile) 

VA-044  - 2,2’-azobis(N,N’-dimethyleneisobutyramidine)dihydrochloride 

VA-060 - 2,2’-azobis{2-[1-(2-hydroxyethyl)-2-imidazolin-2-yl]propane}- 

   dihydrochloride 

VCL   - N-vinylcaprolactam 

vis   - visible part of the optical spectrum 

VP    - 2-vinylpyridine 

VPTT   - volume phase transition temperature 

W/O   - water-in-oil 

   - wavelength 

   - turbidity 
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