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1 Introduction   

While manifold examples of the synthesis and characterization of ampholyte microgels can be 

found in literature, only little attention has been paid to the spatial distribution of ionizable 

groups within the three-dimensional polymer network of microgel particles and their 

influence on the particlesô properties. Often, microgels are praised as smart drug delivery 

systems. In this regard, the location of ionizable groups in the microgels is an essential 

parameter to control and predict effective release of drugs and proteins.  

T. Hoare and R. Pelton were the first to introduce the problem of different distributions of 

ionizable groups. They synthesized microgels based on poly-N-isopropylacrylamide 

(PNIPAm) with different acids as comonomers and showed that different microgel 

morphologies were obtained depending on the type of comonomers used due to different 

reactivity parameters of the monomers [1]. They summarized that a comonomer that reacts 

slower than NIPAm is more localized on or close to the microgel surface.  

A later work by the same authors analyzed the influence of the distribution of ionizable 

groups in PNIPAm-based microgels on the uptake and release of various drugs [2]. Here, the 

microgels were functionalized with different acids such as acrylic acid, methacrylic acid, 

vinylacetic acid, and fumaric acid. Again, the different reactivity ratios between the respective 

acid and NIPAm resulted in microgels with varying distribution of ionizable groups. 

Microgels containing vinylacetic acid led to particles with a high surface-functionalization, 

while methacrylic acid containing microgels led to particles with ionizable groups located in 

the core of the particle. Uptake and release experiments revealed that a higher amount of 

drugs could be loaded in the microgels when the charges were situated in the core. Charges on 

the surface of the particles lead to a so-called ñskin layerò on the surface of the particles that 

prevents further uptake of drugs.  

In 2006, T. Hoare and D. McLean attempted to develop a kinetic model in order to predict the 

distribution of ionizable groups in microgel particles [3]. They state that predictions can be 

made on copolymerization ratios, homo-polymerization constants, and initial monomer 

concentrations alone. A comparison between the radial density diagrams based on kinetic 

model predictions and TEM images (in which carboxylic groups are stained with U(Ac)3) 

show a good correlation with regard to the distribution of carboxylic groups. The model could 

also be used to predict the radial distribution of crosslinker density within the particle.  

The work by T. Hoare and R. Pelton show that the distribution of ionizable groups influences 

the swelling and electrophoretic properties of microgel particles and is crucial for many 

applications such as drug delivery or chemical sensing.   
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1.2 Literature  

[1] T. Hoare, R. Pelton, Langmuir 2004, 20, 2123ï33. 

[2] T. Hoare, R. Pelton, Langmuir 2008, 24, 1005ï12. 

[3] T. Hoare, D. McLean, J. Phys. Chem. B 2006, 110, 20327ï20336.  
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2 Thesis Outline 

 

The aim of this work is the understanding of how the distribution of functional groups (i.e. 

basic and acid moieties added through copolymerization) within the polymer network of 

environmentally responsive microgels influences the microgelsô properties. Applications of 

microgels are manifold and range from encapsulation/controlled release of drugs and genes 

[1][2] and chemical sensing and/or filtration in membranes [3][4] to coating for non-biofouling 

and protein-repellent surfaces [5][6] and magnetic resonance imaging [7][8]. With regard to each 

application, the microgel architecture plays a crucial role as discussed in the previous chapter. 

This work is therefore divided into three parts: 

(1) Synthesis and characterization of ampholyte microgel particles. 

Microgels are based on poly(N-vinylcaprolactam) (PVCL) and poly(N-

isopropylacrylamide) (PNIPAm) with various distributions of basic and acid moieties 

within the microgel particle. Here, zwitterionic as well as ampholyte microgels are 

synthesized and the functional groups are incorporated either statistically, as core-shell 

or Janus-like (see Figure 2.1). Depending on the amount of hydrophilic comonomers 

used, either surfactant-free free-radical precipitation polymerization in water or free-

radical inverse mini-emulsion in heptane/water are used as polymerization techniques. 

The synthesis of statistical microgels of both zwitterionic and ampholyte nature 

requires a one-step synthesis, while core-shell particles are prepared by a two-step 

synthesis. For the synthesis of Janus-like microgels, the particle formation in the 

beginning of the synthesis is closely studied to predict the right moment for mixing 

separate microgel dispersion at the right time so they form Janus-like particles. 

 

Figure 2.1 Various distributions of ionizable groups aimed at in this work.  

The influence of the distribution of ionizable groups as well as their amount in the 

microgel on the microgelsô properties such as particle size distribution, hydrodynamic 

radius, temperature- and pH-sensitivity, and softness is looked at. Another focus is on 

the special behavior and the degradation potential of non-covalently crosslinked 

zwitterionic microgels after the addition of salt.   
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(2) Interactions of ampholyte microgels with charged species. 

The second part looks closely at the influence of different microgel architecture on the 

uptake and release of charged species. Subsequently, the size of the charged species is 

increased from simple salts to proteins. The microgelsô properties such as 

hydrodynamic radius and swelling behavior are greatly influenced by the addition of 

charged species. In case of the protein, where cytochrome c is used as a model protein, 

not only the uptake is studied, but also the release using various triggers such as 

temperature, the addition of salt and a change in pH. Here, the focus is on how 

different distributions of ionizable groups lead to different uptake and release 

mechanisms.  

 

(3) Microgel-based materials.  

Hybrid materials of the above discussed microgels are studied in this part of the work. 

First, ionizable microgels are used as nano-containers for biomineralization of CaCO3 

and for bone substitution with ɓ-TCP. Furthermore, zwitterionic microgels are 

deposited on surfaces to study the influence of the betaine amount on the surfaceôs 

hydrophilicity, protein-repellency, and self-healing properties.  
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3 State of the Art  

3.1 Microgels 

Microgels are intermolecular crosslinked, three-dimensional colloidal polymer networks with 

a porous structure and a high capability to absorb water, hence the name ñgelò. The amount of 

water that can be absorbed ranges from 10 ï 90 wt-% and depends on the hydrophilicity, 

presence of charges, and the crosslinking density within the microgel particle [1]. Their sizes 

lie in the range of 50 nm to 5 µm [1][2]. Therefore, the term ñmicrogelò is misleading since the 

part ñmicroò is referring to the size of the particles. Though ñnanogelò would be the more 

appropriate term, in this work, the word ñmicrogelò is still used in the following. The color of 

microgel dispersions is highly dependent on the particlesô sizes as well as the degree of 

swelling: Dispersions with small or collapsed particles are milky white, while dispersions 

with larger or highly swollen particles are nearly transparent, since their refractive index is 

close to that of water [3]. Though the swelling of microgels in water is a result of their high 

hydrophilicity, they do not dissolve in water due to their internal crosslinking. This 

crosslinking can be of covalent nature, but also ï dependent on the kind of polymers used - 

originate from hydrogen bonding, electrostatic interactions or entanglement of polymer chains 

[4]. Microgels that are crosslinked covalently are also referred to as chemically crosslinked 

particles, while the others are physically crosslinked. The latter ones are only stable under 

certain conditions: changes in the environment such as salt or temperature will lead to the 

dissolution of microgels into loose polymer chains. Covalently crosslinked microgels can be 

obtained by either the copolymerization of a crosslinker such as N,Nô-

Methylenebis(acrylamide) (BIS) [5][6] or a chemical reaction between functional groups in the 

polymer chain [7][8]. The latter is often done in a post-polymerization and leads to microgels 

that are only crosslinked on the surface. 

Microgel particles obtain their colloidal stability by three means: steric hindrance, 

electrostatic repulsion or a combination of both [9]. Steric hindrance is caused by the loose 

ends of polymer chains on the particleôs surface or by post-modification, e.g. via grafting with 

PEGMA [10][11] or PEO [9][12]. Electrostatic repulsion is based on the repulsion forces between 

charges on the particle surface and is mostly gained by the use of a charged initiator during 

the synthesis, e.g. 2,2'Azobis (2-methylpropionamidine) dihydrochloride (AMPA) or the use 

of charged surfactants such as sodium dodecyl sulfate (SDS). The third method combines the 

preceding two methods. The good colloidal stability goes so far that microgels are able to re-

disperse in water after being freeze-dried or centrifuged [1].  
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Microgels can be divided into non-responsive and stimulus-responsive gels. This chapter will 

only focus on the latter. Stimulus-sensitive microgels undergo volumetric changes when 

responding to small variations in the environment. This fascinating behavior has been 

extensively studied experimentally and theoretically over the past decades. Most studies in 

literature concerning sensitive microgels focus on temperature-sensitive microgels, i.e. they 

swell or shrink in size dependent on the solution temperature. The temperature at which the 

chemical and physical characteristics change dramatically is called Volume Phase Transition 

Temperature (VPTT). Typical examples for temperature-sensitive polymers are poly-N-

isopropyl acrylamide (PNIPAm) and poly-N-vinylcaprolactam (PVCL)-based systems. Both 

have a VPTT of around 32 °C [13][14]. This closeness to body temperature makes these 

monomers therefore very attractive for biomedical applications.  

By the use of comonomers further sensitivities for example to pH, ionic strength, light, 

magnetic or electric field, can be incorporated. Because their behavior can be controlled and 

tuned externally, they are often called ñsmart materialsò [15][16]. In contrast to macroscopic 

gels, micro- and nanogels respond very fast to external stimuli, usually within few seconds 

[17][18] due to their high surface area-to-volume ratio [19]. The reaction of macroscopic gels 

usually is within several hours because their reaction is dependent on the diffusion speed into 

the network. Many authors have reported on the relationship between size and response time 

[20][21]. The responsiveness of microgels to external stimuli makes them attractive for a wide 

range of applications. They range from targeted drug delivery [22][23][24], catalysis [25][26], tissue 

engineering [27], to chemical separation processes [28] and color-tunable colloidal crystals [29]. 

Microgels have a bulk phase behavior very much different than that of hard microspheres 

such as polystyrene (PS) [30][31]. They are liquid at low volume fractions, and show crystal [32] 

and glassy phases at high volume fractions. With regard to their softness, they are located 

between molecular polymers and hard colloidal particles. As a result, they have a higher 

packing density that is beyond the random close packing fraction of hard spheres due to their 

ability to deform [33].  

The softness of microgels can be changed by variation of the amount of crosslinker as well as 

through its response to environmental changes like temperature, pH, and ionic strength. A 

different approach was used by Z. Zhou et al. who prepared microgels containing a PS core 

and a PNIPAm shell [33]. They could tune the softness of the particles by variation in 

temperature and shell thickness. The softness of particles greatly influences their 

deformability. Contrary to hard spheres, deformation and interpenetration of polymer chains 

can occur for microgels. The softness and deformability of particles are an important factor 
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for the stabilization of Pickering emulsions. Classically, Pickering emulsions are emulsions 

stabilized by solid particles. In the last years, thermosensitive microgels were used as 

stabilizers due to their high deformability in order to obtain responsive emulsions [34]. In 

contrast to hard spheres, microgels deform strongly at the oil-water interface and loose their 

spherical shape. The extent of deformation is greatly influenced by the degree of crosslinking. 

This effect was intensively studied by M. Destribats et al. [35]. They showed that a higher 

deformability leads to kinetically well stabilized emulsions, while a higher crosslinking or an 

increase in temperature (resulting in an increase in crosslinking density due to particle 

shrinkage) reduces the stability. The degree of deformability also becomes important with 

regard to substrate deposition. Deformable microgels can be deposited on surfaces that are not 

accessible for rigid particles such as PS or silica [19].  
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3.2 Poly-N-vinylcaprolactam and Poly-N-isopropylacrylamide 

N-Vinylcaprolactam (VCL) is a seven-membered vinylamide with a lactam ring that is 

soluble in both polar and non-polar solvents. It is a white, crystalline solid with a melting 

point of 35 - 38 °C [36]. It is amphiphilic due to its hydrophilic carboxylic and amide group 

and its hydrophobic vinyl group. N-isopropylacrylamide (NIPAm) is an acrylamide with a 

melting point of 60 ï 63 °C [37]. Both monomers are commercially available. The structures of 

both VCL and NIPAm can be seen in Figure 3.1.  

 

Figure 3.1 Chemical structures of (left) N-Vinylcaprolactam (VCL); (right) N-

isopropylacrylamide (NIPAm).  

In comparison to NIPAm, VCL is more biocompatible. When NIPAm hydrolyses, it produces 

toxic amines of low molecular weight [38][39]. Hydrolysis of VCL can occur under strong 

acidic conditions and results in the formation of caprolactam (see Figure 3.2) [40].  

Most articles in literature discuss the polymerization of VCL via radical polymerization 

[42][43][44]. M. Hurtgen et al. prepared thermo-responsive block copolymers of VCL and 

vinylacetate in a cobalt-mediated radical polymerization [45]. The reported polydispersity of 

Ð = 1.1 confirms the advantage of this method. M. Beija et al. report the polymerization of 

PVCL via Reversible Addition-Fragementation Chain Transfer Polymerization (RAFT) and 

Macromolecular Design via the Interchange of Xanthates (MADIX) [46]. They were able to 

synthesize polymers with Mn of 150,000 g/mol and dispersities below Ð < 1.2. A different 

approach was followed by S. C. Cheng et al. They prepared PVCL polymers via ɔ-radiation in 

high yields. They demonstrated how the molecular weight could be tuned with the radiation 

dose as well as the monomer concentration [47].  

Synthesis procedures to obtain un-crosslinked PNIPAm polymers are rare in literature since 

most authors focus on the polymerôs thermosensitivity for the preparation of PNIPAm gels. T. 

H. Ho et al. obtained PNIPAm polymer chains with low Ð  of 1.05 via RAFT polymerization 

[48]. There are, however, many reports about using PNIPAm homo- or copolymers as brushes 

or monolayer for the stabilization of nanoparticles. X. Jiang et al., for instance, prepared 

poly(acrylic acid)-g-poly(N-isopropylacrylamide)  graft copolymers to coat water-soluble iron 

oxide nanoparticles [49]. The polymer was obtained in three-step synthesis and served as a 
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template for the preparation of well-defined Fe3O4 nanoparticles. It was shown that the length 

of the graft polymer chain influenced the size of the nanoparticles. B.-Y. Zhang et al. prepared 

a copolymer of PNIPAM and poly(ethylene glycol) via ATRP [50]. In a subsequent step, this 

block copolymer was added to poly(N,N-dimethylamino-ethylmethacrylate) in a click 

reaction. The final terpolymer was both temperature- and pH-sensitive.  

 

Figure 3.2 Hydrolysis of N-vinylcaprolactam [41]. 

Both poly-N-vinylcaprolactam (PVCL) and poly-N-isopropylacrylamide (PNIPAm) are non-

ionic, water-soluble, and temperature-sensitive polymers with a lower critical solution 

temperature (LCST) at around 32 °C in water [13][51][52]. The temperature-sensitivity is based 

on the presence of both hydrophobic (alkyl chains or vinyl backbone) and hydrophilic groups 

(amide or carbonyl groups). Below the LCST, non-crosslinked PVCL polymer chains form 

random coils in water because its hydrophilic carbonyl group forms hydrogen bonds with the 

surrounding water molecules (polymer-solvent interactions) giving a favorable contribution to 

the free mixing energy (ȹHm < 0). Simultaneously, the hydrophobic alkyl ring forms 

polymer-polymer interactions. Since the hydrogen bonds are stronger than the hydrophobic 

interactions, PVCL is soluble in water. When the temperature reaches the LCST, PVCL 

undergoes dramatic changes in its interactions with the surrounding water molecules. The 
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polymer-solvent bonds are disrupted and the polymer-polymer interactions become stronger. 

PVCL turns from a random coil to a globular polymer that is insoluble in water. As formerly 

ordered water molecules are released by this process, an increase in entropy results. This 

process is similar for non-crosslinked PNIPAm polymer chains. The LCST can be tuned by 

the ratio between hydrophobic and hydrophilic groups in the polymer. The higher the number 

of hydrophobic segments, the lower the LCST becomes [21][53][54].  

Berghman et al. distinguish three different types of LCST: type I, type II, and type III [55][56]. 

PVCL shows a type I LCST transition behavior, i.e. the position of the critical point can be 

shifted towards lower concentrations by an increase in the polymer chain length [38].  

Since PVCL has a type I transition behavior, its LCST is dependent on the molecular weight 

of the polymer as well as the concentration. An increase in Mw and concentration leads to a 

decrease of the LCST of PVCL [56][46]. M. Beija et al. could show how the cloud point of 

PVCL microgels can easily be tuned [46]. By increasing the molecular weight from 18.000 to 

150.000 g/mol, the LCST was shifted from 33 to 46 °C. The incorporation of comonomers is 

another possibility to influence the LCST of polymers [14][57]. For instance, A. Kermagoret et 

al. synthesized copolymers of PVCL with N-vinylamide and vinylester and were able to shift 

the LCST from 32 °C to 81 °C and 19 °C for molar fractions of 0.57 % of N-vinylacetamide 

and 0.45 % of vinylacetate, respectively [52].  

PNIPAm exhibits an LCST in the same range as PVCL. In contrast to PVCL, PNIPAm is a 

type II polymer, i.e. its critical point is almost independent of the polymer chain length. 

Poly(vinyl methyl ether) (PVME) is a typical polymer having a type III transition behavior. 

Type III polymers have two critical points: one for low and one for high polymer 

concentrations, thus showing type I and type II behavior, i.e. the LCST of PVME is 

depending both on the polymer molar mass and the concentration [58][59]. 

Polymers having an LCST are of great interest as their behavior resembles the denaturation 

process of proteins and enzymes. As I. Bischotberger et al. explain, the globule-to-coil 

transition of a polymer is similar to the denaturation of proteins. Above the LCST, a polymer 

is in a compact, ñfoldedò state but it unfolds to an expanded coil below the LCST [60] .  

Polymers based on PVCL are used in a wide range of applications. The great potential of 

PVCL for the preparation of thermosensitive microgels is discussed in the next chapter. 

Copolymers of VCL and N-vinylpyrrolidone (VP) are sold by BASF under the trademark 

LUVITEC© and are used as hot-melt adhesives, glue sticks and hydrogel adhesives [61][62]. 

Copolymers of VCL and 1-vinylimidazole (Vim) were used to prepare protein-like 
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copolymers with hydrophobic units in the core and polar units in the shell of a globule [63]. 

VCL copolymers are also used in hairsprays and hair-fixation resins [64].  
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3.3  PVCL and PNIPAm microgels 

The first microgels were synthesized via dispersion polymerization by R. Pelton in 1986 [65]. 

They obtained PNIPAM microgels with sizes of about 1000 nm below the VPTT.  

Generally, PNIPAm and PVCL microgels are obtained in a free radical polymerization at 

synthesis temperatures above the LCST of the respective monomer, i.e. 60 ï 80 °C. The main 

requirement is that the polymer is insoluble at this temperature, otherwise a macrogel instead 

of a microgel will form. At this temperature, the water-soluble, free-radical initiator 

decomposes and starts the growth of a monomer radical to a polymer chain via radical 

propagation (see Figure 3.3). Through the use of an ionic initiator such as AMPA or 

potassium persulfate (KPS), the charge at the polymer chain end will contribute to the 

resulting microgelôs colloidal stability. In contrast to the synthesis of PNIPAm microgels, 

however, initiators such as KPS cannot be used to produce PVCL microgels due to the 

sensitivity of the VCL ring to oxidation (see Figure 3.2) [41][66]. Beyond a critical chain length 

of the collapsed polymers, phase separation occurs due to the polymerôs insolubility in water 

and the aggregates form precursor particles that grow in size by further aggregation, by the 

addition of monomer molecules or by the addition of growing oligo-radicals. The reaction 

stops when the amount of monomers is exhausted. During the cooling down of the solution at 

the end of the polymerization to T < LCST, the microgel network swells in water [1] [67] [26] 

[68]. After synthesis, the microgel dispersion needs to be purified due to the presence of 

unreacted monomers, surfactants and/or linear or slightly branched polymer chains. Common 

techniques are centrifugation, filtration, decantation, and dialysis.  

 

Figure 3.3 Microgel formation during free radical precipitation polymerization.  

The synthesis with free radical polymerization technique is advantageous since it produces 

monodisperse particles and particle properties such as particle size and charge are easily 

controlled [68]. Still there are some limitations that make other polymerization techniques more 

attractive. First, the incorporation of comonomers is very much dependent on their 

hydrophilicity [67]. Very hydrophilic monomers may not precipitate at the critical chain length 

to form precursor particles. Differences in polymerization parameters between different 
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comonomers as well as between monomer and crosslinker lead to the formation of 

inhomogeneous particles. Usually, microgels have a higher crosslinking density in the core 

than in the outer shell of the particles [69]. Furthermore, J. Gao and B. J. Frisken have shown 

that monomers are able to self-crosslink [70]. They could prepare PNIPAM microgels without 

the use of the crosslinker BIS and obtained particles with a narrow particle size distribution. 

The authors explained this result by chain transfer reactions preferably at the hydrogen atom 

on the tert-C of the main chain backbone. This leads to problems regarding the possible 

application as a drug delivery system for microgels containing cleavable crosslinkers (with 

regard to biocompatibility and removal of particles from the body) where a self-crosslinking 

of monomers results only in partial degradation. Another drawback is the encapsulation of 

temperature-sensitive drugs during the synthesis due to the high temperatures used during 

precipitation polymerization (usually 60 °C [71] - 70 °C [72][73][74]). X. Hu et al. proposed a 

different mechanism to obtain microgels via precipitation polymerization at low temperatures 

[68]. They assumed that because the LCST of PNIPAm is at 32 °C, nucleation of particles 

should be possible at temperatures far below 60 °C, but above 32 °C. Classical precipitation 

polymerization is carried out at high temperatures since the number of radicals decreases with 

decreasing temperature. X. Hu bypassed this using two different approaches: (a) the use of the 

redox initiator system ammonium persulfate (APS)/ N,N,Nô,Nô-tetramethylethylenediamine 

(TEMED) which allows initiation below the thermal decomposition of APS. As already 

shown by X. D. Feng, the mechanism is based on a contact charge transfer complex and a 

cyclic transition state between APS und TEMED [75]; (b) the decomposition of the initiator 

2,2ô-azobis isobutyronitrile (AIBN) was realized by UV radiation. Both variations allowed the 

preparation of spherical PNIPAM microgels with a narrow particle size distribution. 

The size of the particles can be controlled by various means. An increase in the synthesis 

temperature leads to the formation of smaller particles [76][77]. Smaller particles can also be 

obtained by the addition of an ionic surfactant [5]. D. Dupin et al. describe how the surfactant 

absorb onto the PNIPAm surface and thus lead to stabilization at an early stage of particle 

formation [78]. A higher concentration of surfactants leads to even smaller particles. Nonionic 

surfactants are usually used for steric stabilization [79]. A. Lee et al. used poly(vinyl alcohol) 

of various molecular weight and showed that PNIPAm microgels could be stabilized over a 

wide ionic strength. If, in contrast, the size of particles is to be increased, electrolytes can be 

added during the synthesis procedure. H. Shimizu et al. added sodium chloride to the 

monomer solution to obtain particles with sizes between 0.55 and 1.60 µm [80]. An increase in 

size, however, is accompanied with an increase in polydispersity. The particle size of 
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PNIPAM microgels prepared by T. Still et al. in a semi-batch emulsion polymerization could 

be tuned between 0.8 ï 4 µm depending on the charge concentration [5]. Since the particle size 

increases linearly with time, the reaction can be stopped at specific times in order to obtain the 

desired particle size.  

Micro- or hydrogels based on polymers possessing a LCST such as NIPAm and VCL show a 

volume phase transition temperature (VPTT) themselves. That means that particles are 

swollen and hydrophilic below the VPTT, above the VPTT they collapse and expel water 

from the polymer network (see Figure 3.4). Similar to their polymers, the VPTT of microgels 

can be tuned by varying the ratio between hydrophobic and hydrophilic comonomers. 

 

Figure 3.4 Hydrodynamic radius RH of PVCL microgels as a function of temperature.  

This phenomena for non-ionic microgels was first shown for PNIPAm microgels by 

Hirokawa et al. [81]. PNIPAm-based microgels exhibit a VPTT of 32-34 °C [14][81][82]. Below 

the VPTT, the behavior of crosslinked PNIPAm is similar to that of non-crosslinked PNIPAm 

as described above. Crosslinked microgels are surrounded by structured water molecules and 

thus swollen. I. Bischotberger et al. have discussed the increased solubility of the hydrophobic 

parts of PNIPAm at low temperatures resulting from the formation of a hydration shell around 

the hydrophobic groups that involves stronger hydrogen bonds between the water molecules 

than in the bulk [60]. With an increase in temperature, however, contact between the 

hydrophobic groups becomes thermodynamically more favorable than contact between the 

hydrophobic groups and water [83]. Subsequently, the polymer network undergoes a 

conformation change so that hydrophobic groups are surrounded by more hydrophilic groups. 

In contrast to non-crosslinked polymers, however, crosslinked polymer networks cannot 

dissolve in water above the VPTT due to the crosslinks.  

When NIPAm is modified with an additional hydrophobic methyl group, it shows a much 

higher phase transition temperature. N-isopropylmethacrylamide (NIPMAm) has an LCST of 
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38 - 45 °C which is attributed to the steric hindrance of the methyl group that hinders 

favorable association due to restraints of the chain conformational change [84][85].  

Microgels based on PVCL retain its monomersô reversible thermosensitivity and most authors 

agree that PVCL microgels have a VPTT at around 32 °C in water [9][12][41], tough their 

transition is not as sharp as the transition of PNIPAm microgels [86][87]. High-sensitivity 

differential scanning calorimetric studies by L.M. Mikheeva et al., however, show that PVCL 

microgels reveal two separate transition temperatures: at 31.5 °C and at 37.6 °C [83]. The 

authors assign the higher transition to the gel volume collapse, while the formation of 

hydrophobic domains within the microgel occurs at the lower temperature. These 

hydrophobic domains are a result of the amphiphilic character of the PVCL polymer chain. It 

consists of cyclic amide with a hydrophobic polymer backbone (see Figure 3.1). The 

formation of the hydrophobic domains is thermodynamically more favored than the complete 

collapse of the overall gel which occurs only at a higher temperature of 37.6 °C.  

The VPTT is influenced by changing the polymer-solvent interactions. This can be realized 

by a variation in crosslinking density [88], pH, solvent [89], the presence of salt [90] or 

surfactants [13], and the amount of ionic [91], hydrophobic [92] or hydrophilic groups [93][94] in 

the polymer. For instance, Mikheeva et al. studied the effect of NaCl and sodium dodecyl 

sulfate (SDS) on the transition temperature of PVCL microgels. They showed that the 

presence of NaCl results in increased hydrophobic interactions, hence both transition 

temperatures are shifted to lower temperatures, i.e. room temperature. Amphiphilic SDS on 

the other hand promotes the formation of hydrophobic domains, therefore pronouncing the 

difference between the two separate transition temperatures while at the same time shifting 

them to higher temperatures. At an SDS concentration of 5.2 mM, the transition temperatures 

shift to 67.6 °C and 78.8 °C, respectively. A. Pich et al. showed that the amount of ethanol in 

an aqueous PVCL microgel solution greatly influences the transition temperature [89]. 

Depending on the amount of ethanol, the VPTT decreases, increases or vanishes completely. 

All these examples, however, are not suitable if it comes to applications under physiological 

conditions. Variations in solvent or ionic strength, for instance, are hardly or not at all feasible 

within the body. Also the use of ionic surfactants is not without difficulty since they cause the 

denaturation of proteins [95]. Therefore, the most practicable approach is the incorporation of 

hydrophobic or hydrophilic comonomers. Hydrophilic units change the VPTT to higher 

temperatures, while hydrophobic comonomers shift it to lower temperatures. A. Pich et al., for 

instance, prepared VCL-co-AAEM-co-Vim microgels and showed that a higher amount of 

Vim leads to an increase in the VPTT. At pH = 4, the protonation of the Vim-segments leads 
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to a drastic shift of the VPTT to ~ 50 °C compared to ~ 28 °C for pure PVCL-co-AAEM 

microgels [93].   

While properties of PNIPAm microgels such as a VPTT close the human body temperature 

are important for applications in the biomedical field, the problem of colloidal stability under 

physiological conditions must be solved. H.-Y. Tsai report the aggregation of PNIPAm 

microgels in buffer solution when the temperature rises over the transition temperature [96]. 

Steric stabilization or the incorporation of acid or basic moieties improves the stability. 

Another drawback of PNIPAm microgels is the toxicity of the monomer NIPAm and its 

carcinogenetic properties [97]. PNIPAm microgels therefore are neither biocompatible nor 

biodegradable. VCL, on the other hand, is more suitable for bio-applications since it is stable 

against hydrolysis [40]. Its biocompatibility [47][51], non-toxicity [98][99], solubility in both water 

and organic solvents, inexpensiveness [46], and high absorption ability [100] makes its use 

attractive for many medical and biochemical applications. S. Peng and C. Wu showed that 

microgels of PVCL and sodium acrylate are able to build complexes with Hg2+, Cu2+, Ca2+, 

and Na+ making it suitable for water treatment [101]. Y. Wang et al. prepared nanogels based 

on PVCL with ketal linkages that are acid cleavable. They studied the drug release behavior 

using the drug doxorubicin (DOX) and demonstrated the fast and efficient release at low pH.   



17 

 

3.4 Literature  

[1] R. Pelton, T. Hoare, in Microgel Suspens. Fundam. Appl., 2011. 

[2] R. Pelton, Adv. Colloid Interface Sci. 2000, 85, 1ï33. 

[3] Y. Zhang, Y. Guan, S. Zhou, Biomacromolecules 2007, 8, 3842ï3847. 

[4] T. Hirotsu, Gels Handbook, 2001. 

[5] T. Still, K. Chen, A. M. Alsayed, K. B. Aptowicz, a. G. Yodh, J. Colloid Interface Sci. 

2013, 405, 96ï102. 

[6] S. Nayak, L. A. Lyon, Angew. Chemie 2005, 117, 7862ï7886. 

[7] C. J. Coester, K. Langer, H. van Briesen, J. Kreuter, J. Microencapsul. 2000, 17, 187ï

193. 

[8] S. Azarmi, Y. Huang, H. Chen, S. McQuarrie, D. Abrams, W. Roa, W. H. Finlay, G. G. 

Miller, R. Löbenberg, J. Pharm. Pharm. Sci. 2006, 9, 124ï132. 

[9] A. Laukkanen, S. K. Wiedmer, S. Varjo, M.-L. Riekkola, H. Tenhu, Colloid Polym. 

Sci. 2002, 280, 65ï70. 

[10] B. S. Ho, B. H. Tan, J. P. K. Tan, K. C. Tam, Langmuir 2008, 24, 7698ï703. 

[11] H. Ahmad, D. Dupin, S. P. Armes, A. L. Lewis, Langmuir 2009, 25, 11442ï9. 

[12] A. Laukkanen, S. Hietala, S. L. Maunu, H. Tenhu, Macromolecules 2000, 33, 8703ï

8708. 

[13] E. E. Makhaeva, H. Tenhu, A. R. Khokhlov, Macromolecules 1998, 31, 6112ï6118. 

[14] H. Feil, Y. H. Bae, J. Feijen, S. W. Kim, Macromolecules 1993, 26, 2496ï2500. 

[15] N. Welsch, A. L. Becker, J. Dzubiella, M. Ballauff, Soft Matter 2012, 8, 1428. 

[16] M. Muratalin, P. F. Luckham, J. Colloid Interface Sci. 2013, 396, 1ï8. 

[17] J. M. D. Heijl, F. E. Du Prez, Polymer (Guildf). 2004, 45, 6771ï6778. 

[18] L. Y. Chu, J. W. Kim, R. K. Shah, D. Weitz, Adv. Funct. Mater. 2007, 17, 3499ï3504. 

[19] H. Y. Tsai, K. Vats, M. Z. Yates, D. S. W. Benoit, Langmuir 2013, 29, 12183ï12193. 

[20] A. Bin Imran, T. Seki, Y. Takeoka, Polym. J. 2010, 42, 839ï851. 

[21] Y. Qiu, K. Park, Adv. Drug Deliv. Rev. 2001, 53, 321ï39. 

[22] H. Ichikawa, Y. Fukumori, J. Control. Release 2000, 63, 107ï119. 

[23] W. Leobandung, H. Ichikawa, Y. Fukumori, N. a. Peppas, J. Appl. Polym. Sci. 2002, 

87, 1678ï1684. 

[24] W. H. Blackburn, L. A. Lyon, Colloid Polym. Sci. 2008, 286, 563ï569. 

[25] D. E. Bergbreiter, B. L. Case, Y. Liu, J. W. Caraway, Macromolecules 1998, 9297, 

6053ï6062. 

[26] A. Pich, W. Richtering, Chemical Design of Responsive Microgels, Springer Berlin 

Heidelberg, Berlin, Heidelberg, 2011. 

[27] K. Y. Lee, D. J. Mooney, Chem. Rev. 2001, 101, 1869ï1880. 

[28] H. Kawaguchi, K. Fujimoto, Bioseparation 1999, 7, 253ï258. 

[29] C. D. Sorrell, M. C. D. Carter, M. J. Serpe, Adv. Funct. Mater. 2011, 21, 425ï433. 



18 

 

[30] D. Paloli, P. S. Mohanty, J. J. Crassous, E. Zaccarelli, P. Schurtenberger, Soft Matter 

2013, 9, 3000. 

[31]  A. S. J. Iyer, L. A. Lyon, Angew. Chemie - Int. Ed. 2009, 48, 4562ï4566. 

[32] P. S. Mohanty, W. Richtering, J. Phys. Chem. B 2008, 112, 14692ï14697. 

[33] Z. Zhou, J. V Hollingsworth, S. Hong, G. Wei, Y. Shi, X. Lu, H. Cheng, C. C. Han, 

Soft Matter 2014, 10, 6286ï6293. 

[34] M. Destribats, F. Pinaud, E. Sellier, U. De Bordeaux, A. P. Berland, P. Cedex, C. De 

Recherche, P. Pascal, A. A. Schweitzer, Langmuir 2013, 29, 12367ï12374. 

[35] M. Destribats, V. Lapeyre, M. Wolfs, E. Sellier, F. Leal-Calderon, V. Ravaine, V. 

Schmitt, Soft Matter 2011, 7, 7689. 

[36] Lookchem, ñhttp://www.lookchem.com/N-Vinylcaprolactam/,ò 29.06.2015 

[37] Sigma-Aldrich, 

ñhttp://www.sigmaaldrich.com/catalog/product/aldrich/415324?lang=de&region=DE,ò 

29.06.2015 

[38] S. Sun, P. Wu, J. Phys. Chem. B 2011, 115, 11609ï18. 

[39] L. Hou, P. Wu, RSC Adv. 2014, 4, 39231. 

[40] J. Ramos, A. Imaz, J. Forcada, Polym. Chem. 2012, 3, 852. 

[41] A. Imaz, J. I. Miranda, J. Ramos, J. Forcada, Eur. Polym. J. 2008, 44, 4002ï4011. 

[42] O. F. Solomon, D. S. Vasilescu, V. Tׅrׅrescu, J. Appl. Polym. Sci. 1969, 13, 1ï7. 

[43] S. F. Medeiros, J. C. S. Barboza, R. Giudici, A. M. Santos, J. Macromol. Sci. Part A 

2013, 50, 763ï773. 

[44] K. Nakabayashi, H. Mori, Eur. Polym. J. 2013, 49, 2808ï2838. 

[45] M. Hurtgen, J. Liu, A. Debuigne, C. Jerome, C. Detrembleur, J. Polym. Sci. Part A 

Polym. Chem. 2012, 50, 400ï408. 

[46] M. Beija, J.-D. Marty, M. Destarac, Chem. Commun. (Camb). 2011, 47, 2826ï8. 

[47] S. C. Cheng, W. Feng, I. I. Pashikin, L. H. Yuan, H. C. Deng, Y. Zhou, Radiat. Phys. 

Chem. 2002, 63, 517ï519. 

[48] T. H. Ho, M. Levere, J.-C. Soutif, V. Montembault, S. Pascual, L. Fontaine, Polym. 

Chem. 2011, 2, 1258. 

[49] X. Jiang, S. Zhai, X. Jiang, G. Lu, X. Huang, Polymer (Guildf). 2014, 55, 3703ï3712. 

[50] B. Y. Zhang, W. D. He, W. T. Li, L. Y. Li, K. R. Zhang, H. Zhang, Polymer (Guildf). 

2010, 51, 3039ï3046. 

[51] V. Boyko, A. Pich, Y. Lu, S. Richter, K.-F. Arndt, H.-J. P. Adler, Polymer (Guildf). 

2003, 44, 7821ï7827. 

[52] A. Kermagoret, C.-A. Fustin, M. Bourguignon, C. Detrembleur, C. Jérôme, A. 

Debuigne, Polym. Chem. 2013, 4, 2575. 

[53] M. A. Ward, T. K. Georgiou, Polymers (Basel). 2011, 3, 1215ï1242. 

[54] J. Yin, J. Hu, G. Zhang, S. Liu, Langmuir 2014, 30, 2551ï2558. 

[55] F. Afroze, E. Nies, H. Berghmans, J. Memb. Sci. 2000, 554, 55ï68. 



19 

 

[56] F. Meeussen, E. Nies, H. Berghmans, S. Verbrugghe, E. Goethals, F. Du Prez, Polymer 

(Guildf). 2000, 41, 8597ï8602. 

[57] L. D. Taylor, L. D. Cerankowski, J. Polym. Sci. 1975, 13, 2551ï2570. 

[58] V. Aseyev, S. Hietala, A. Laukkanen, M. Nuopponen, O. Confortini, F. E. Du Prez, H. 

Tenhu, Polymer (Guildf). 2005, 46, 7118ï7131. 

[59] V. Aseyev, H. Tenhu, F. M. Winnik, Adv Polym Sci 2011, 242, 29ï89. 

[60] I. Bischotberger, D. C. E. Calzolari, P. De Los Rios, I. Jelezarov, V. Trappe, Sci. Rep. 

2014, 4, 4377. 

[61] BASF, http://www.micronal.de/portal/streamer?fid=436077, 29.06.2015 

[62] BASF, http://www.dispersions-pigments.basf.com/portal/ba, 29.06.2015 

[63] V. I. Lozinsky, I. a Simenel, V. K. Kulakova, E. a Kurskaya, T. a Babushkina, T. P. 

Klimova, T. V Burova, A. S. Dubovik, I. Y. Galaev, B. Mattiasson, et al., 

Macromolecules 2003, 36, 7308ï7323. 

[64] E. D. Goddard, J. V. Gruber, Principles of Polymer Science and Technology in 

Cosmetics and Personal Care, 2000. 

[65] R. H. Pelton, P. Chibante, Colloids and Surfaces 1986, 20, 247ï256. 

[66] J. Ferguson, V. Sundar Rajan, Eur. Polym. J. 1979, 15, 627ï630. 

[67] D. Klinger, Light-Sensitive Polymeric Nanoparticles Based on Photo-Cleavable 

Chromophores, 2013. 

[68] X. Hu, Z. Tong, L. A. Lyon, Langmuir 2011, 27, 4142ï4148. 

[69] I. Varga, T. Gilányi, R. Mészáros, G. Filipcsei, M. Zrínyi, J. Phys. Chem. B 2001, 105, 

9071ï9076. 

[70] J. Gao, B. J. Frisken, Langmuir 2003, 19, 5212ï5216. 

[71] M. H. Kwok, Z. Li, T. Ngai, Langmuir 2013, 29, 9581ï9591. 

[72] S. Schachschal, A. Balaceanu, C. Melian, D. E. Demco, T. Eckert, W. Richtering, A. 

Pich, Macromolecules 2010, 43, 4331ï4339. 

[73] A. Balaceanu, Y. Verkh, D. E. Demco, M. Möller, A. Pich, Macromolecules 2013, 46, 

4882ï4891. 

[74] C. D. Jones, L. A. Lyon, Macromolecules 2003, 36, 1988ï1993. 

[75] K. Y. Q. X D Feng, X Q Guo, Die Makromol. Chemie 1988, 189, 77ï83. 

[76] J. W. Goodwin, J. Hearnb, C. C. Ho, R. H. Ottewill, Br. Polym. J. 1973, 5, 347ï362. 

[77] J. W. Goodwin, R. H. Ottewill, R. Pelton, G. Vianello, D. E. Yates, Br. Polym. J. 1978, 

10, 173ï180. 

[78] D. Dupin, S. Fujii, S. P. Armes, P. Reeve, S. M. Baxter, Langmuir 2006, 22, 3381ï

3387. 

[79] A. Lee, H. Y. Tsai, M. Z. Yates, Langmuir 2010, 26, 18055ï18060. 

[80] H. Shimizu, R. Wada, M. Okabe, Polym. J. 2009, 41, 771ï777. 

[81] Y. Hirokawa, T. Tanaka, J. Chem. Phys. 1984, 81, 6379. 

[82] B. Özkahraman, I. Acar, S. Emik, Polym. Bull. 2010, 66, 551ï570. 



20 

 

[83] L. M. Mikheeva, N. V Grinberg, A. Y. Mashkevich, V. Y. Grinberg, L. Thi, M. Thanh, 

E. E. Makhaeva, A. R. Khokhlov, Macromolecules 1997, 9297, 2693ï2699. 

[84] Y. Tang, Y. Ding, G. Zhang, J. Phys. Chem. B 2008, 112, 8447ï8451. 

[85] K. Von Nessen, M. Karg, T. Hellweg, Polym. (United Kingdom) 2013, 54, 5499ï5510. 

[86] S. Peng, C. Wu, J. Phys. Chem. B 2001, 105, 2331ï2335. 

[87] V. Boyko, S. Richter, A. Pich, K.-F. Arndt, Colloid Polym. Sci. 2003, 282, 127ï132. 

[88] W. Su, K. Zhao, J. Wei, T. Ngai, Soft Matter 2014, 10, 8711ï8723. 

[89] A. Pich, Y. Lu, V. Boyko, S. Richter, K. F. Arndt, H. J. P. Adler, Polymer (Guildf). 

2004, 45, 1079ï1087. 

[90] Z. H. Farooqi, H. U. Khan, S. M. Shah, M. Siddiq, Arab. J. Chem. 2013, DOI 

10.1016/j.arabjc.2013.07.031. 

[91] S. Hirotsu, Y. Hirokawa, T. Tanaka, J. Chem. Phys. 1987, 87, 1392. 

[92] J. D. Debord, L. A. Lyon, Langmuir 2003, 19, 7662ï7664. 

[93] A. Pich, A. Tessier, V. Boyko, Y. Lu, H. P. Adler, Macromolecules 2006, 7701ï7707. 

[94] T. Hoare, R. Pelton, Langmuir 2004, 20, 2123ï33. 

[95] A. Lee, S. K. Y. Tang, C. R. MacE, G. M. Whitesides, Langmuir 2011, 27, 11560ï

11574. 

[96] H.-Y. Tsai, A. Lee, W. Peng, M. Z. Yates, Colloids Surfaces B Biointerfaces 2014, 

114, 104ï110. 

[97] J. B. Thorne, G. J. Vine, M. J. Snowden, Colloid Polym. Sci. 2011, 289, 625ï646. 

[98] H. Vihola, A. Laukkanen, L. Valtola, H. Tenhu, J. Hirvonen, Biomaterials 2005, 26, 

3055ï3064. 

[99] L. K. Kostanski, R. Huang, R. Ghosh, C. D. M. Filipe, J. Biomater. Sci. Polym. Ed. 

2008, 19, 275ï290. 

[100] H. Vihola, A. Laukkanen, J. Hirvonen, H. Tenhu, Eur. J. Pharm. Sci. 2002, 16, 69ï74. 

[101] S. Peng, C. Wu, Polymer (Guildf). 2001, 42, 6871ï6876.  

 

 

  



21 

 

4 Experimental Part 

4.1. Chemicals 

N-vinylcaprolactam (VCL, 98 %, destilled before use), [2-(methacryloyloxy)ethyl]-dimethyl-

(3-sulfopropyl)-ammonium hydroxide (sulfobetaine, SB, 97 %), N,Nó-

methylene(bis)acrylamide (BIS, 99 %), itaconic acid (IA, Ó 99 %), 1-Vinylimidazole (Vim, Ó 

99 %), N-isoproylacrylamide (NIPAm, 97 %), Span®80 (sorbitan monooleate), Tween®80 

(polyethylene glycol sorbitan monooleate), 2,2ó-azobis(2-methylpropionamidine) 

dihydrochloride (AMPA, 97 %), ammonium carbonate (Ó 30 % NH3 basis), phosphate 

buffered saline (PBS, tablets), (3-aminopropyl)trimethoxysilane (APTMS, 97 %), 2-

(methacryloyloxy)ethyl acetoacetate (AAEM, 95 %), 2-(N,Nô-dimethylamino)ethyl 

methacrylate (DMAEM, 98 %), cytochrome c (from equine heart, Ó 95 %), and acetone (for 

HPLC, Ó 99.8 %) were purchased from Sigma Aldrich and were used without further 

purification. 2-(methacryloyloxy)ethyl 2-(trimethylammonio)ethyl phosphate (phospho-

betaine, PB, Ó 98 %) was purchased from Santa Cruz Biotechnology. ɓ-propiolactone (97 %) 

was obtained from Alfa Aesar. Albumin from borine serum tetramethylrhodamine conjugate 

(BSA) was purchased from Life technologiesTM. Toluene (min. 99.5 %) was obtained from 

VWR Chemicals. Calcium chloride (95 %, granulated) was purchased from Riedel-de-Haʸr. 

Potassium chloride (pro analysi) and sodium chloride (for analysis) were obtained from 

Merck Millipore. Water used in the experiments was purified using a Millipore water 

purification system with a minimum resistivity of 18 Mɋ*cm. For light scattering 

experiments, sterile water from Roth was used. 

 

4.2 Analytical Instrumentation  

Dynamic Light Scattering (DLS) The hydrodynamic radius RH of the microgel particles was 

measured using an ALV/CGS-3 goniometer with an ALV/LSE 7004 Tau Digital Correlator 

and a JDS Uniphase laser operating at 633 nm. The measurements were taken at 25 °C at an 

angle of 90 °C after equilibrating the samples for at least 10 min. Temperature trends were 

measured in a temperature range of 15 °C to 50 °C in 3 °C-steps with at least five 

measurements per temperature step. Before all measurements, the samples were filtered with 

a 1.2 µm PTFE filter. Water was filtered with 5 µm, 1.2 µm, and 0.45 µm filters prior to use. 

Another device for dynamic light scattering is the Zetasizer Nano ZS (Malvern Instruments, 

UK) equipped with a 532 nm laser. Measurements were performed at a scattering angle of 
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173 °. Measurement conditions (equilibration time, measurement time, number of 

measurements, temperature range) are identical to the measurements performed at the ALV.  

Static Light Scattering (SLS) The molecular weight of the microgel particles was measured 

with static light scattering using a Fica goniometer (SLS Systemtechnik, Germany) with a 

laser of 543 nm. The samples were measured in an angle range of 25 ° to 145 ° with 5 ° 

intervals. For each sample, five dilutions were prepared with concentration from 0.1 mg/mL 

to 2 mg/mL. Prior to SLS measurements, the change of the refractive index (dn/dc) was 

determined using a refractometer (SLS Systemtechnik, Germany). Both measurements were 

performed at 20 °C.  

Electrophoretic Mobility The electrophoretic mobility was measured at a Zetasizer NanoZS 

(Malvern Instruments, UK). Each sample contained 1 mM NaCl and was measured at 25 °C 

after an equilibration of at least 10 min. The size of microgels at different pH were measured 

using 0,1 M HCl and NaOH to adjust the pH. Measurements were taken between pH = 3 and 

10 in 0.5 steps at 25 °C. Before all measurements, the samples were filtered with a 1.2 µm 

PTFE filter.  

Nuclear Magnetic Resonance (NMR) To determine the comonomer content in microgels, 

1H-NMR spectra were taken with a Bruker DPC at a frequency of 300 MHz. 5 wt-% of 

freeze-dried microgels were dissolved in D2O and measured at room temperature.  

Fourier-transformed Infrared Spectroscopy (FTIR) FTIR measurements were performed on 

freeze-dried microgel samples at a Bruker, Alpha-P apparatus at room temperature. The 

samples were mixed with KBr powder and then pressed to form a transparent KBr pellet.  

UV-Vis Spectroscopy (UV-Vis) UV-Vis spectra were taken at a UV-visible 

spectrophotometer using a CARY 100 Bio (Agilent Technologies, USA). A given 

concentration of microgel solution in water was measured at room temperature in the range of 

900 ï 200 nm using 1 cm path length quartz cuvettes.  

For the determination of the UCST and LCST of a solution, the temperature was controlled 

using a heating circulator and a cooler. The temperature was increased from 5 °C to 70 °C 

with a heating rate of 0.4 K/min. The UCST or LCST was defined as the temperature at the 

maximal slope for the absorbance against the temperature.  

Field Emission Scanning Electron Microscopy (FE-SEM) FE-SEM images were taken at a 

S4800 (Hitachi) equipped with a field emission cathode. The electron high tension was set to 

1-2 keV. One drop of the microgel solution was put on aluminum foil and dried overnight to 

prepare samples for FE-SEM investigation. To improve the electric conductivity, a gold layer 

was sputtered for 100 s onto the samples prior to measurements.  
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Transmission Electron Microscopy (TEM) TEM images were taken using a Zeiss Libra 100 

(Zeiss, Germany). For the sample preparation one drop of the microgel solution was deposited 

at room temperature on a TEM copper grid (Formvar/ carbon film, 200 mesh, Plano GmbH, 

Germany) the day before and dried overnight. The TEM was operated at an acceleration 

voltage of 120 kV. The images were recorded using a CCD camera system (Ultra Scan 1000, 

Gatan, Germany). 

Atomic Force Microscopy (AFM) Atomic Force Microscopy images were taken at an 

Asylum Research MFP-3D (Santa Barbara, CA) in AC mode. Cantilevers of silicon nitride 

were purchased from NanoWorld (Neuchatel, Switzerland) with a force constant of 42 N/m. 

Images (10.0 x 10.0 µm²) were acquired using the tapping mode. Force mapping was done in 

contact mode. The root-mean-square (rms) roughness gives the height deviation from a mean 

line and was determined to quantitatively describe the roughness of the surface: 

╡▲  
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    (1) 

with L = length; Z(x) = profile height function. 

Thermogravimetric Analysis (TGA) Thermogravimetric analysis (TGA) measurements were 

performed using a Netzsch TG 209C unit (Netzsch Gerätebau GmbH, Germany) operating 

under nitrogen atmosphere with a flow rate of 10 mL/min. 20ï30 mg of samples were placed 

in standard Netzsch alumina 85 ɛL crucibles and heated at 20 K/min from 20 °C to 850 °C.  

Differential Scanning Calorimetry (DSC) Measurements were performed at a Netzsch DSC 

204 (Netzsch Gerätebau GmbH, Germany). Samples were solved in 1 ï 2 drops of D2O in 

aluminum crucibles and weighed. The crucibles were closed with an aluminum lid. As 

reference, pure D2O was used. The scanning was done from 5 ï 70 °C at a heating rate of 

2 K/min under nitrogen flow. An isotherm was recorded for 2 min before the sample was 

cooled down again to 5 °C at a heating rate of 2 K/min. The cycle was repeated once.  

Isothermal Titration Calorimetry (ITC) The measurements were performed at a TAM III 

from TA Instruments company, Germany. A given amount of microgel and protein were 

solved in PBS buffer, respectively. A solution of pure PBS buffer was used as a reference. All 

samples were degassed for 10 min at room temperature and 635 mmHg to remove CO2 from 

the solution. 500 µL of microgel solution were filled in the ampoule of stainless steel. The 

stirrer in the reaction ampoule was set to 200 rpm. 640 µL (i.e. 500 µL + half of volume of 

titrated volume) of the reference solution were filled in the reference ampoule. The ampoules 

are lowered stepwise into the calorimeter chamber. After being lowered completely, the 

system was allowed to equilibrate for at least 60 min. 280 µL of aqueous CaCl2 (c = 1 
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mg/mL) solution was filled into a glass syringe. It is important that no gas bubbles are inside 

the syringe. Measurements were performed at 25 °C and 37 °C. The temperature could be set 

with an accuracy of ± 0.0001 °C. 28 injections of 10 µL each were done, each injection lasted 

10 s. Between measurements, the signal was allowed to return to the baseline in 15 min. Each 

measurement was repeated with pure buffer solution in the syringe to determine dilution heat.  

Flow Field-Flow Fractionation (F-FFF)  Measurements were done using an AF 2000 MT 

separation system (Postnova Analytics, Germany). 20 mL of aqueous microgel solutions with 

a concentration of 1 mg/mL were filled into the channel that had a thickness of 294 µm and a 

length of 30 cm.  The eluent was filtered deionized water. Particles were collected using a 

regenerated cellulose membrane (30,000 MWCO). The eluting particles were detected online 

by static light scattering. 

Colloidal stability measurements The stability of the microgel particles was studied with a 

LUMiFuge 1112-33 (L.U.M. GmbH, Germany). The centrifuge measures sedimentation 

velocities of dispersions under centrifugal force. Microgel samples were measured in a 2 mm 

LUM, rectangular Polycarbonate cell. Centrifugation was done at acceleration velocity 

2000 rpm (corresponds to 800 g) at intervals of 10 s at T = 25 °C and 50 °C. The slope of 

sedimentation curves was used to calculate the sedimentation velocity and to gain information 

about colloidal stability of the samples. 

IGASorp Moisture sorption-desorption isotherms were measured using an IGAsorp moisture 

sorption analyzer (Hiden Isochema) at 37 °C. The sample was put in a ultra-sensitive balance 

and the relative humidity (RH) was increased from 2 % RH to 94 % RH in steps of 10 %. 

Plasma activation and spin-coating The substrates were cleaned prior to use with water and 

ethanol and dried with nitrogen to remove impurities. Then they were put in an air plasma 

oven (Plasma Activate Flecto 10 USB) and activated at 0.2 mbar for 60 s at room 

temperature. The substrates were coated with 30 µL of microgel sample via spin-coating with 

a rotational speed of 1000 rpm/s for 60 s at room temperature.  

Contact angle measurements Measurements were conducted at a Contact Angle Measuring 

System G2-Mk4 from Krüss GmbH, Germany. A water droplet of Millipore water of 5 µL 

was dropped on a coated Si-wafer. 10 images of the droplet on the surface were immediately 

taken and the contact angle was measured with the software. 

Protein adsorption tests To determine protein repellent properties of a modified surface, the 

wafers were incubated with 700 µL of a 5 µG/mL solution of BSA, BODIFY FL conjugate 

for 20 min. The protein solution was removed and substituted with 700 µL of PBS buffer for 

10 min. This step was repeated twice. At last, 700 µL of water were added for 10 min and 
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removed again. The measurements were conducted at a fluorescence microscope (Carl Zeiss 

Axioplan 2) with 10-fold magnification. A halogen lamp XBO 75 was used and the exposure 

time was set to 20 s. As a reference, uncoated wafers were used.  

Circular dichroism (CD) spectroscopy CD spectra were recorded on a JASCO J-1100 CD 

spectropolarimeter using a quartz cuvette with a 0.1 cm path-length at room temperature. 

Protein solutions of cytochrome c with a concentration of 0.0005 g/mL were used in 10 mM 

PBS buffer with pH = 3 and pH = 8, respectively. The reported CD profiles were recorded 

from 190 to 300 nm to measure secondary protein structure and are an average of three 

successive scans obtained at a 10 nm minī1 scan rate corrected by a baseline. The measured 

spectra are converted to mean residue ellipticity (MRE) as follows:  

Ᵽ  
Ᵽ
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      (2) 

with [ɗ] = mean residue ellipticity; ɗ = observed ellipticity (in mdeg); n = amino acid residue 

(104 for cytochrome c [1]); c = protein concentration (in mol); l = pathlength of cuvette.  

The content of Ŭ-helix, beta sheet, turn, and random coil conformations are determined via the 

Structural Estimation Application software using Yangôs reference.  

 

 

 

 

 

 

 

 

4.3 Microgel synthesis 

The syntheses of the microgel particles and their purification are described in the respective 

chapters. 

 

  



26 

 

5 Zwitterionic Microgels  

5.1. Introduction 

Zwitterionic microgels contain the same amount of cationic and anionic groups and are thus 

electrically neutral. In contrast to ampholyte microgels, both charges are located in the same 

monomer unit (see Figure 5.1). This ensures that always an equal amount of charges is present 

in the particle. In general, the cation does not have an associated hydrogen atom.  

A prominent group of zwitterions are betaines. Betaines consist of a quaternary ammonium or 

pyridinium group [1] and a negative pendant group. In most cases, the latter is either a sulfo-, 

carboxy- or phosphogroup. Hence, the correspondent betaines are called sulfobetaine (SB), 

carboxybetaine (CB), and phosphobetaine (PB) (see Figure 5.1).  

The main difference between zwitterionic and ampholyte microgels becomes apparent by 

looking at their behavior in aqueous solution. In water, ampholyte microgels are swollen 

through the electrostatic repulsion of the charged groups. The addition of salt or the change of 

pH leads to a collapse of the ampholyte microgel structure because the charges are screened. 

This phenomenon is called the polyelectrolyte effect. Zwitterionic microgels, on the other 

hand, behave differently. Their structure expands after the addition of salt or the change of pH 

which is called the anti-polyelectrolyte effect [2].  

SB is similar to taurine, an amino acid found in the human body [3]. It is an essential part of 

the muscles and the nervous system [4]. Contrary to other betaines, SB is electrically neutral 

over a wide range of pH due to its high acid dissociation constant. CB is similar to glycine 

betaine which is an essential part of the osmotic regulation in living organisms [3]. PB is 

similar to phosphorylcholine [3] which is an essential part of biological membranes [1]. Thus 

much effort has been done to study the behavior of phospholipid analogues. However, all 

phosphobetaines described in the literature are not analogues of the described sulfo- and 

carboxybetaines, i.e. while SB and CB have the anionic group at the tail of each monomer 

unit, PB has the positively charged ammonia group at the end. Even in publications 

comparing all three betaines, e.g. by N.Y. Kostina [5], no remark concerning the different 

structures is given. 

Betaines are well known for their ultra low-fouling properties [5][6][7]. These properties will be 

discussed in more detail in chapter 11. In addition to their possible functionalization and their 

anti-polyelectrolyte effect, polymers containing betaines are highly interesting for biomedical 

applications such as drug delivery [6] and tissue engineering [8].  
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Figure 5.1 Betaine structures: (a) sulfobetaine; (b) carboxybetaine; (c) phosphobetaine. 

General structure of (a) zwitterions; (b) ampholytes.  

Y. Chang et al. used SB and PNIPAm to obtain zwitterionic copolymers [9]. They stress the 

usefulness of the particles due to their biocompatibility and their temperature-sensitivity. The 

copolymer exhibits both UCST and LCST depending on the copolymer composition, solution 

concentration, solution polarity, and ionic strength. For instance, a copolymer composition of 

29.0 mol-% polySB and 71.0 mol-% PNIPAm exhibits an UCST of 15 °C and an LCST of 

41 °C in water at a polymer concentration of 5 wt-%. Furthermore, the authors could show 

that the same copolymer exhibits extremely low protein adsorption on surfaces. Y. Su et al. 

synthesized poly(acrylonitrile)-co-SB copolymers for the preparation of zwitterionic 

membranes [10]. The on-off behavior for transport of proteins such as lysozyme and BSA can 

be controlled by the electrolyte concentration. If no electrolytes are present, attractive 

interactions between the proteins and the sulfobetaine exists, while those interactions are 

screened at higher electrolyte concentrations.  

The synthesis of zwitterionic hydrogels has been reported by many authors [11][12][13]. In order 

to improve mechanical stability and incorporate further desired properties these hydrogels are 

often copolymerized. One drawback is the decreased non-fouling properties when other 

monomers are inserted. N.Y. Kostina et al. present brushes containing SB, CB or PB and 2-

hydroxyethyl methacrylate (HEMA) [5]. They showed that only CB-co-HEMA copolymers 

exhibited a sufficient fouling resistance and thus used them to obtain hydrogels. Hydrogels 

with a CB content of 10 mol-% retained the good mechanical stability characteristic for pure 

PHEMA hydrogels while at the same time possessing a four-fold amount of water promoting 

protein-repellent properties. 

a b c d e 
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M. Das et al. were the first to synthesize zwitterionic microgels based on PNIPAm using 

sulfobetaine as the zwitterionic comonomer [2]. They showed that only a limited amount of SB 

can be incorporated into the microgel network using free radical precipitation polymerization. 

With varying pH, no change in particle size could be observed due to the permanent negative 

charge of the sulfo group. Interestingly, the authors could detect no anti-polyelectrolyte 

behavior of the particles. Furthermore, the authors used the zwitterionic microgels for in-situ 

synthesis of gold and silver nanoparticles.  

The great potential of zwitterionic structures to synthesize, trap, encapsulate and/or release 

nanoparticles is also shown in other literature [14]. L. Zhang et al. used polyCB nanogels of 

~ 110 nm in size to encapsulate monodisperse Fe3O4 nanoparticles that can be used for 

enhancing Magnetic Resonance Imaging (MRI) performances [6]. They showed that only 3 % 

of the nanoparticles are released in PBS, but much faster (80 %) in the presence of the 

reducing agent dithiothreitol representing an intracellular environment. The release of 

nanoparticles occurred through the cleavage of the disulfide crosslinker. Furthermore, the 

nanogels are able to degrade into small polyCB polymers that can be removed from the body.  
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5.2. Synthesis Procedure 

Synthesis of Carboxybetaine Carboxybetaine was synthesized as described in my diploma 

thesis following the synthesis procedure by Z. Zhang [15].  

50 mL of dried acetone were ice-cooled in a flask. DMAEM (1.54 g, 9.9 mmol) and ɓ-

propiolactone (0.99 g, 13.7 mmol) were slowly added with a syringe pump and the mixture 

was allowed to stir for 5 h at 15 °C. The product was obtained as a white precipitate. The 

solvent was removed and the product was washed three times with anhydrous ether and 

acetone.  

1H-NMR (300 MHz): ŭ = 6.04 (s, 1H, H-2), 5.65 (s, 1H, H-1), 4.53 (t, 2H, H-4), 3.69 (t, 2H, 

H-7), 3.55 (t, 2H, H-5), 3.07 (s, 6H, H-6), 2.61 (t, 2H, H-8), 1.82 (s, 3H, H-3) ppm.  

  

Figure 5.2 1H-NMR spectrum of carboxybetaine. 

Synthesis of Phosphobetaine Commercially available phosphobetaine has its two ionizable 

groups in reverse order compared to the other betaines used in this work, i.e. the quaternary 

ammonium group is terminal. Therefore, phosphobetaine with a terminal phosphogroup was 

synthesized and friendly provided by Rüdiger Bormann (IOC, RWTH Aachen).  

 

Figure 5.3 Structure of phosphobetaine. (a) As commercially available. (b) As synthesized by 

R. Bormann; numbers refer to the NMR spectrum in Figure 5.4.  
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Figure 5.4 1H-NMR spectrum of phosphobetaine. Numbers above the spectrum refer to the 

peak position, numbers below the spectrum refer to the integral.  

 
1H-NMR (300 MHz): ŭ = 6.03 (s, 1H, H-1), 5.64 (s, 1H, H-2), 4.51 (s, 2H, H-4), 3.91 (m, 2H, 

H-8), 3.76 (m, 2H, H-7), 3.68 (m, 2H, H-5), 3.12 (s, 6H, H-6), 2.08 (t, 3H, H-3) ppm.  
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5.3. Precipitation Polymerization 

5.3.1. Introduction  

Precipitation polymerization is the main synthesis procedure for microgel synthesis. 

Zwitterionic microgels with sulfo-, carboxy-, and phosphobetaines as comonomers were 

already synthesized and characterized in my diploma thesis. In addition to crosslinked 

zwitterionic microgels, samples without crosslinker BIS were analyzed regarding their 

particle size. 

In this work, however, non-covalently crosslinked (hence called non-crosslinked) samples 

with varying betaine content were further studied with regard to their degradability upon salt 

addition and the particle formation process in comparison to conventionally BIS-crosslinked 

microgels.  

It is postulated that zwitterionic compounds form internal ionic bridges of two different types 

(see Figure 5.5)[16]: (a) The molecular structure is rigid and no internal bridges between the 

ionic groups can be formed. (b) Intermolecular bridges between two different zwitterionic 

groups are formed through antiparallel arrangement. (c) Intramolecular bridges between the 

charged groups of one zwitterionic unit are formed; this type is dependent on the length of the 

methylene units between the charged groups.  

 

Figure 5.5 Types of ion pairing within zwitterionic structures: (a) rigid structure; (b) 

intermolecular bridges; (c) intramolecular bridges.  

M. Szafran described the factors that lead to bridges of either type (b) or (c): (1) flexibility of 

the chain; (2) bulkiness and hydration of the charged groups; and (3) electrical properties of 

both the charged group and the solvent [17]. S. Chen et al. suggested that the charged groups 

arrange antiparallel as to minimize net dipole moments [18]. 

The formation of ionic bridges of type (b) lead to the suggestion that it is possible to 

synthesize microgels without the use of conventional crosslinker such as BIS because 

intermolecular bridges are expected to form sufficiently strong ion pairing. These bridges, 

however, should easily be dissolved by the addition of saline solution.  

In literature, degradation of microgels mostly occurs by the use of a degradable crosslinker 

that degrades by the use of UV light [19][20][21], pH [22][23], and enzymes [24][25][26]. V. Bulmus for 

ŀ ō Ŏ 
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instance synthesized microgels based on poly(hydroxyethyl methacrylate) (pHEMA) and used 

several diacrylate- and dimethylacrylate-functionalized crosslinkers to obtain acid-cleavable 

microgels [27]. They studied the hydrolysis time at two different pH values, neutral and acidic, 

and showed that particles are stable at neutral pH, while they degrade in acidic medium in less 

than 60 min. The authors explained this by the cleavage of the acetal crosslinks resulting in 

free linear crosslinker chains. In this procedure, the precursor polymers are recovered and the 

degradation of the microgel does not lead to toxic or harmful products which is an essential 

criterion for the use as bio- and cytocompatible materials. A. M. Hawkins et al. specifically 

focused on the toxicity of the degradation products of poly (ɓ-amino ester) hydrogels and 

analyzed the cellular response of mesenchymal cells [28]. M. Patenaude and T. Hoare show in 

their work the possible application of NIPAm hydrogels that can be injected over a syringe to 

act as a drug delivery system [29]. They point out two challenges: The microgels have to be 

robust enough to withstand the shear stress in a syringe. On the other hand, it must be ensured 

that the hydrogel degrades without the generation of toxic products and without accumulating 

in the body. They could show that their hydrogels degrade in acid and form the formerly used 

precursor copolymers. No considerable toxicity or only slight toxicity at high concentrations 

was observed in cell tests.  

There are only few examples in literature concerning the degradation of zwitterionic 

polymers. L. Zhang et al. synthesized carboxybetaine nanogels using a disulfide crosslinker 

that can be cleaved in the presence of dithiothreitol (DTT) [6]. Furthermore, they tested the 

stability of their particles in PBS buffer for a period of six month. They showed that the 

hydrodynamic radius of about 110 nm did not change during this time.  

So far, no examples for the synthesis of zwitterionic microgels without the use of crosslinker 

can be found in the literature. In contrast to L. Zhangôs work, these microgels are expected to 

decompose in saline solution because the crosslinking ionic groups of the zwitterions are 

screened and results in a disintegration of the microgel structure. The use of saline solution 

offers a simple, non-toxic, and low-cost method for degradation.  
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5.3.2. Synthesis Procedure 

Microgel Synthesis in Reactor VCL (1.877 g, 13.49 mmol), the respective betaine (see 

Table 5.1), and AMPA (0.06 g, 0.221 mmol) are added in 150 mL of water in a double-walled 

reactor. While stirring at 200 rpm, the mixture is purged with nitrogen at 70 °C. The reaction 

is started by adding the initiator AMPA. The reaction is allowed to stir at 70 °C for 5 h.  

Microgel solutions are cleaned via dialysis in a composite regenerated cellulose membrane 

from Millipore (NMWCO 30,000) for 3 d against water. 

Table 5.1 Amounts of betaines used for microgel synthesis. 

m (Betaine) / g wt-% *  n (SB) / mmol n (CB) / mmol n (PB) / mmol 

0.02 1 0.072 0.083 0.071 

0.04 2 0.143 0.165 0.142 

0.06 3 0.215 0.248 0.213 

0.08 4 0.286 0.330 0.285 

0.10 5 0.358 0.413 0.356 

* of betaines with respect to amount of VCL and BIS. 

 

Microgel Synthesis in Calorimeter For calorimetric studies, the same amounts of monomers 

were used. They were performed out in a reaction calorimeter RCle from Mettler Toledo with 

a 500 mL 3-wall AP01-0.5-RTCal reactor equipped with a Hastelloy® stirrer, a baffle and a 

TurbidoÊ turbidity probe from Solvias. The measurements were done in isothermal mode, in 

which the desired reaction temperature (Tr) is set at a constant value and the jacket 

temperature (Tj) changes automatically to maintain Tr at the desired value. Data were 

evaluated with the software iControl RC1eÊ 5.0. For the determination of the net reaction 

time the end of the reaction was defined to be when the heat flow was back to a value close to 

zero and constant.  

For in-situ DLS studies, the amounts of monomers were down-scaled to 100 mL H2O. 

Immediately after the addition of the initiator, the size of the particles was determined in 99 

steps with 42 s intervals (30 s measurement + 12 s processing time).  
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5.3.3. Results and Discussion 

PVCL-based microgels without crosslinker and varying betaines content (up to 5 wt-%) were 

successfully synthesized via precipitation polymerization. No aggregation occurred during the 

synthesis or after cooling down of the solution. FTIR measurements confirmed the successful 

incorporation of SB into the microgel polymer network (graph see appendix).  

In my diploma thesis, it was shown that the size of the particles changes in the same way as 

microgels containing the crosslinker BIS: While carboxybetaine microgels increase in size 

with increasing CB content, SB microgels do not change in size, and PB microgels decrease 

in size. This very same behavior is also observed for non-crosslinked particles (see Figure 

5.6).  

 

Figure 5.6 Change of particle size RH with increasing amount of betaine for non-crosslinked 

particles.  

Both crosslinked and non-crosslinked sulfobetaine microgels were further analyzed with SLS 

to obtain information about the radius of gyration (see Figure 5.7). Experiments were 

performed below the VPTT (i.e. 20 °C).  

 

Figure 5.7 SLS data for crosslinked and non-crosslinked zwitterionic microgels with 5 wt-% 

SB.  
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SLS measurements provide the radius of gyration RG. It is 118 nm and 102 nm for crosslinked 

and non-crosslinked samples, respectively. The ratio RG/RH gives information about the shape 

parameter. It is 0.775 for an ideal, hard sphere [30][31]. The ratio RG/RH is 0.55 and 0.46 for 

crosslinked and non-crosslinked microgels, respectively, and is thus much smaller than the 

ratio for a hard sphere. V. Boyko gives the range of 0.3 - 0.6 as a typical range for microgels 

[32]. He explained this behavior by the inhomogenous crosslinking density in a microgel 

particle: it has a dense inner core with a less dense outer shell of dangling polymer chains. 

Figure 5.7 shows that zwitterionic microgels crosslinked with BIS are closer to the value of a 

hard sphere due to the fact that they are both chemically and physically crosslinked. 

Zwitterionic microgels that were prepared without the use of the crosslinker BIS are only 

physically crosslinked over intermolecular ionic bridges are thus less compact and have more 

pending segments on the particle surface. M. Antonietti et al. already demonstrated that an 

increase in crosslinker results in an increase in the ratio RG/RH [33]. They state that a microgel 

with RG/RH < 0.6 is highly swollen both in the core and the shell.  

AFM measurements give the particle size in dried state. Both crosslinked and non-crosslinked 

samples with 1 and 5 wt-% SB were spin-coated on Si-wafer to see differences in the softness 

of the particles (see Figure 5.8). These measurements were done solely for SB microgels since 

a variation in betaine content does not lead to a change in the particle size (see Figure 5.6).  

The following trends can be drawn from the AFM images: (1) Overview images show that 

non-crosslinked microgels lead to a better and more even coating than crosslinked particles. 

This might be caused by the fact that non-crosslinked samples are softer and can thus adapt 

their structure to the surface in a better way than crosslinked particles. (2) The height profiles 

reveal that both for 1 and 5 wt-% SB microgels, crosslinked particles have a bigger height 

than non-crosslinked samples: 141 nm and 121 nm, respectively, for 1 wt-% SB, and 150 nm 

and 144 nm, respectively, for 5 wt-% SB. Furthermore, non-crosslinked samples spread more 

on the surface than crosslinked samples: 682 nm and 467 nm, respectively, for 1 wt-% SB, 

and 387 nm and 366 nm, respectively, for 5 wt-% SB. The hydrodynamic radius as obtained 

from DLS measurements for all samples is ~ 220 nm. This behavior arises from the fact that 

crosslinked particles are better able to retain their shape when in contact with a solid surface 

than non-crosslinked particles. The latter spread pancake-like and loose thus in height 

compared to their crosslinked analogues (see Figure 5.8d). Furthermore, it is obvious that 

non- crosslinked particles with a betaine content of 5 wt-% do not spread as pronounced as 

microgels with 1 wt-% SB. The higher betaine content and thus the higher amount of internal  
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Figure 5.8 AFM images of 1 and 5 wt-% SB microgels, crosslinked and non-crosslinked. 

From top to bottom: (a) Overview of Si-wafer (225 µm²); (b) Zoom-in with lines for height 

profiles (25 µm²); (c) Height profile of marked particles in (b) with average sizes; (d) 

Schematic draft of microgel shape on surface, in proportion to each other; (e) Zoom-in 

(1 µm²); (f) Phase image of (d).  

ionic bridges lead to a better stability and thus higher rigidity of the particles. (3) The phase 

images of the zoomed-in images reveal that crosslinked particles have a ñflatò surface, while 

non-crosslinked particles have a ñglobularò sub-structure. This argues for a homogenous 

distribution of the crosslinker BIS in the particles, while the sulfo groups lead to a 

deformation and distortion of the network.  
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As shown in the AFM images above, the use of BIS as a crosslinker leads to different 

properties of the microgels regarding their size and morphology. In the following, 

calorimetric and kinetic studies were performed to understand differences during the synthesis 

of crosslinked and non-crosslinked microgels. First, the synthesis was done in a calorimeter 

measuring the polymerization heat and the change of turbidity during the synthesis. Second, 

in-situ DLS measurements were performed to study the particle growth. Those experiments 

were done for PVCL-SB (5 wt-% SB) microgels with and without BIS. Reference 

measurements for several monomers and monomer combinations were done to study the 

influence and contribution of each monomer to the particle formation process.  

 

Figure 5.9 Heat profile qr (black), hydrodynamic radius RH (red), and turbidity (blue); (a) 

non-crosslinked 5 wt-% SB microgels; (b) crosslinked 5 wt-% SB microgels. Measurements 

were performed at 70 °C under nitrogen atmosphere. 

Figure 5.9 gives the change of the heat profile qr, the hydrodynamic radius RH, and the 

turbidity for the copolymerization of VCL/SB without the crosslinker BIS (a) and VCL/SB 

with BIS (b). For the heat profile (black curve), two peaks can be identified, belonging to two 

separate steps in the polymerization process: one flat peaks shortly after the start of the 

reaction (0 to ~5 min and 5 to ~10 min), and one sharp peak (10 to ~ 15 min). The first peak is 

not clearly distinguishable. Integration of the curve of the heat profile curves gives the 

polymerization heat: it is 0.844 kJ and 0.735 kJ for crosslinked and non-crosslinked 

microgels, respectively. Regarding the particle growth (red curve), three steps can be 

observed which occur simultaneously with the two peaks seen for the reaction heat: first, the 

particles grow for ~ 6 min (to 88 nm and 141 nm for non-crosslinked and crosslinked 

particles, respectively), then the particle size remains stable until ~ 12 min, followed by 

another growth in particle size (145 nm and 187 nm for non-crosslinked and crosslinked 

particles, respectively). The main difference between non-crosslinked and crosslinked 
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particles can be observed during the last part: crosslinked particles grow more rapidly in size 

than non-crosslinked particles. For non-crosslinked particles, the particle size remains stable 

after ~ 24 min, for crosslinked particles already after ~ 12 min. The turbidity only shows two 

separate phases: first a slow increase from ~ 10 % to 11 % after 10 min, then a faster increase 

to 14.5 and 16 % for non-crosslinked and crosslinked particles, respectively.  

In order to identify the two heat peaks, the monomers were synthesized separately with the 

initiator AMPA (see Figure 5.10a). Here, it can be seen that SB does not react when 

individually polymerized with AMPA. It is believed that AMPA is not the right initiator if SB 

is polymerized alone. Probably, a non-ionic initiator such as azobisisobutyronitrile (AIBN) 

would be better suited for this task. Contrary, VCL reacts immediately after the addition of 

the initiator resulting in a narrow and sharp peak. The reaction is complete after ~ 10 min. 

Integration of the peak gives a polymerization heat of 0.997 kJ. 

 

Figure 5.10 Heat profile qr as measured with calorimetry (a) of monomers SB and VCL with 

AMPA; (b) combinations of VCL with BIS and SB; (c) crosslinked and non-crosslinked 5 wt-

% SB microgels.  

Furthermore, VCL was copolymerized with BIS alone (see Figure 5.10b). It can be seen that 

the reaction is clearly delayed compared to the homopolymerization of VCL. Furthermore, the 

former sharp peak is broadened. Its form resembles the broad second peak in Figure 5.10c. 

The polymerization heat is 0.802 kJ. All polymerization heats are summarized in Table 5.2. 
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The following conclusions can be drawn from these observations for the identification of the 

three peaks as observed in the copolymerization of VCL-SB with and without BIS: The first 

peak is caused by SB. In a second step, VCL is incorporated into the microgel network. 

Therefore, it can be assumed that the resulting microgel has a diffuse core-shell structure with 

SB mostly located in the core of the particle, while VCL is located in the shell.  

Table 5.2 Polymerization heats of copolymerization of VCL with SB, and/or BIS.  

Monomers used for polymerization Polymerization heat / kJ 

VCL-SB-BIS 0.844 

VCL-SB 0.735 

        SB no reaction 

VCL 0.997 

VCL     -BIS 0.802 

As already explained above, the particles are crosslinked internally through ion pairing of the 

quaternary ammonium group and the sulfo group (see Figure 5.5). This is indirectly proven by 

the fact that DLS and AFM images show the formation of microgel particles that would be 

loose polymer chains instead if no internal crosslinking would have taken place. Another 

possibility to show the presence of those internal ion pairing is FTIR. Y. Su et al. showed for 

their poly(acrylonitrile)-based zwitterionic membranes that FTIR is able to detect differences 

between dissociated and undissociated sulfo groups [10]. Depending on the degree of 

dissociation, the characteristic peak at 1042 cm-1 belonging to the symmetric stretch vibration 

is split into two separate peaks.  

Therefore, a crosslinked sample with 5 wt-% SB was analyzed with FTIR in three different 

states: In dried state, in water, and in 1 M KCl solution that was stirred overnight. For this 

experiment, a crosslinked sample was analyzed to ensure that the addition of KCl does not 

lead to the degradation of the microgel particle which would influence not only the peaks of 

interest but the whole spectrum.  



40 

 

 

Figure 5.11 FTIR spectra of 5 wt-% SB microgel sample in (black) solid state; (blue) in pure 

water; (red) in 1 M KCl solution.  

The peak of the sulfo group at 1040 cm-1 is most prominent in solid state (see Figure 5.11, 

black curve). The spectra for the aqueous samples (blue curve) were subtracted with the 

spectrum of pure water. After subtraction, the peak of the sulfo group is very weak due to the 

small amount of sulfo groups in the sample. The positions of the peaks were identified by 

determining the first deflection. It is 1038 cm-1 in pure water and 1045 cm-1 in 1 M KCl 

solution. In agreement with the results shown by Y. Su et al., the peak at 1038 cm-1 is 

associated with the undissociated sulfo group with the charged groups being oriented in an 

anti-parallel way. The peak at 1045 cm-1 is induced by the dissociated sulfo groups, i.e. a 

sulfo group being surrounded by counterions, in this case potassium. In contrast to Y. Su et 

al., no splitting into two different peaks could be observed. This suggests that the dissociation 

in 1 M KCl is complete and no transition states exist.   

The uncrosslinked samples with the highest amount of betaine (i.e. 5 wt-%) were analyzed 

concerning their change in size with increasing KCl content. It is expected that the 

intramolecular ion bridges are dissolved by the addition of salt because attractive charge-

dipole and dipole-dipole interactions are screened leading to the degradation of the microgel 

particles. Freeze-dried microgel samples were dissolved in saline solution and stirred for 3 d 

to ensure complete disintegration of the polymer network. 

It can be seen in Figure 5.12 that the particle size of all betaine microgels are unaffected at 

low salt concentrations, i.e. up to an KCl concentration of 0.05 M KCl. Beginning at 0.1 M 

KCl for all samples, a second, smaller peak at around 20 nm can be observed. This indicates 

the disintegration of the microgel network to loose polymer chains.  
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Figure 5.12 Change of particle size distribution with varying salt concentration. (a) 

sulfobetaine; (b) carboxybetaine; (c) phosphobetaine.  

Images taken with FESEM support the data obtained with DLS. Figure 5.13 shows images of 

particles with 5 wt-% SB (a) before the addition of salt and (b) after the addition of salt. 

Figure 5.13a shows monodisperse particles with a diameter of 200 nm (the particles are in a 

dried state and thus slightly smaller then they appear with DLS), while the particles in Figure 

5.13b show aggregates and single particles of different sizes. Probably, the small particles of 

~ 20 nm form aggregates during the drying process and are thus not seen in the image.  

    

Figure 5.13 FE-SEM images of sulfobetaine microgels (5 wt-%) without crosslinker BIS. (a) 

before the addition of salt; (b) after the addition of salt.  

a b 

c 

198 nm 

a b 

2.00 µm 3.00 µm 
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This behavior can also be observed optically. Figure 5.14a shows non-crosslinked PVCL 

microgels at 70 °C and 25 °C. At 70 °C, the microgels are in a collapsed state thus appearing 

milky. At 25 °C, however, the swelling of the polymer network causes a rupture leading to 

single polymer chains. Non-crosslinked PVCL-co-SB microgels, in contrast, are stable at both 

70 °C and 25 °C supporting the assumption that zwitterionic bridges lead to an internal 

crosslinking of the particles (Figure 5.14b). These internal ionic bridges are destroyed at room 

temperature through the addition of salt indicated by the mostly colorless solution.  

 

Figure 5.14 (a) Non-crosslinked PVCL microgels at 70 °C (left) and 25 °C (right); (b) non-

crosslinked PVCL-co-SB microgels at 70 °C (left), 25 °C (middle), and 25 °C in the presence 

of salt (right).  

  
 

Figure 5.15 (a) Sedimentation velocities of crosslinked (X) and non-crosslinked (non-X) 

samples with 1 and 5 wt-% SB, respectively, with and without the addition of salt; (b) 

Sedimentation front for sample 1 wt-% SB, non-crosslinked, with salt; drawn in are the 

positions of air, water and dispersion for better clarification; (c) Sedimentation front for 

sample 1 wt-% SB, non-crosslinked, without salt. 

Since no apparent difference could be observed between SB, CB, and PB, the colloidal 

stability of the particles was quantified with LUMiSizer measurements only for samples 

containing 1 wt-% and 5 wt-% SB. Images of the samples after centrifugation show that there 
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is almost no difference between the crosslinked and the non-crosslinked samples if no salt is 

present. In the presence of salt, the non-crosslinked samples are considerably less colloidally 

stable than the respective crosslinked sample.  

This behavior is also mirrored in the sedimentation fronts given in Figure 5.15b+c. The 

sedimentation front is defined as the distance from the rotor center to the phase boundary 

between sediment and supernatant [34]. After transforming these curves into transmission-time 

curves (not shown), the sedimentation velocity can be calculated through the slope of the 

curves. Figure 5.15b shows the sedimentation front for the non-crosslinked sample 1 wt-% SB 

after the addition of salt. The sedimentation front moves from the left to the right side with 

time indicating a fast precipitation of the particles. The same sample without the presence of 

salt (Figure 5.15c) does not exhibit a moving sedimentation front thus showing a higher 

colloidal stability.  

The sedimentation velocities are summarized in Figure 5.15a. The following conclusions can 

be drawn: (1) Samples with salt are less colloidally stable, i.e. they have a higher 

sedimentation velocity, than samples that contain no added salt. For crosslinked samples, this 

can be explained by the fact that the particles increase in size after the addition of salt due to 

the antipolyelectrolyte effect [35][36][37]. The relation between particle size r and sedimentation 

velocity ɜ is as follows [38]:  

’  
ό Ў 

     (1) 

With ȹp = density difference between the particle and the medium; g = centrifugal force; ɖ = 

viscosity of the medium.  

Presuming that both the centrifugal force (for the sedimentation velocity of 2000 rpm and a 

cuvette radius of 2 mm) and the viscosity are constant, it follows that the sedimentation 

velocity is dependent on both the particle size and the density difference between the particle 

and the medium. Assuming further that the change of density of the particle is negligible, the 

sedimentation velocity is increasing with increasing particle size. (2) Non-crosslinked samples 

are considerably less stable in the presence of salt than crosslinked samples: for the sample 

1 wt-% SB, the sedimentation velocity is approximately 30 times higher than for the 

respective crosslinked sample (115.7 µm/s and 4.324 µm/s, respectively). This is due to the 

degradation of the microgel network. (3) The sample 1 wt-% SB is less stable in the presence 

of salt than the sample 5 wt-% SB (115.7 µm/s and 66.67 µm/s, respectively). This is because 

the sample with the higher amount of betaine is better able to preserve the internal ionic 

bridges than the sample with a lower amount of betaine.   



44 

 

5.3.4. Summary 

In this chapter, non-covalently crosslinked (i.e. without the use of the crosslinker BIS) 

zwitterionic microgels were studied. Zwitterionic microgels can be synthesized without the 

use of a crosslinker since the positively charged ammonium group and the negatively charged 

sulfo groups are expected to build internal ionic groups that are sufficiently strong enough to 

hold the microgel network together. The analysis focuses on two main aspects: first, the 

polymerization process itself and second, the degradability of the particles in saline solution.  

The polymerization process was studied with calorimetry and in-situ DLS. For both 

crosslinked and non-crosslinked particles, two steps could be identified: first, SB was 

polymerized, followed by VCL. This suggests that the resulting microgels have a diffuse core-

shell structure with SB located in the particle interior. Furthermore, it could be seen that the 

presence of the crosslinker BIS fastens the polymerization process.  

Differences in morphology and rigidity between crosslinked and non-crosslinked particles 

could be seen with AFM. Particles without the crosslinker spread in a higher extent on a solid 

surface than crosslinked particles. This is expected since crosslinked particles are more rigid 

than non-crosslinked particles. Furthermore, differences could be observed between particles 

with a different content of SB: particles with more SB are more rigid and do not spread in the 

same extent than particles with a lower amount of SB.  

Since the microgels are crosslinked via internal ionic bridges, the particles were expected to 

degrade after the addition of salt that is able to screen the charges. First, the existence of these 

internal bridges was verified with FTIR. It could be shown that the peak of the sulfo group at 

1038 cm-1 in water is shifted to 1045 cm-1 in 1 M KCl. The first peak indicates the presence of 

the undissocaiated sulfo groups with internal ionic bridges. The shift suggests the dissociation 

of the sulfo group that is surrounded by potassium ions.  

After the addition of KCl, DLS measurements showed the formation of smaller peaks of about 

20 nm at higher KCl concentrations indicating the presence of loose polymer chains. Since no 

apparent difference could be observed between SB, CB, and PB, colloidal stability 

measurements were done solely for SB microgels. Again, it could be seen that non-

crosslinked microgels are considerably less stable in KCl solution that crosslinked samples, 

the sedimentation velocity was up to 30 times higher. Eventually, FE-SEM images supported 

the assumption of the degradation of non-crosslinked microgel particles in saline solution.  
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5.4. Inverse Mini-Emulsion Polymerization 

5.4.1. Introduction  

An important factor in precipitation polymerization is the hydrophobicity of the formed 

polymers. It is difficult to incorporate larger amounts of hydrophilic comonomers in 

microgels by precipitation polymerization [39]. This behavior was shown in chapter 5.3 where 

microgels with up to only 5 wt-% of betaines could be synthesized via precipitation 

polymerization. To increase the amount of the zwitterionic comonomer in the microgels, a 

different technique, namely inverse mini-emulsion (or nano-emulsion) free radical 

polymerization, is used and discussed in this chapter. This polymerization technique allows 

the incorporation of betaine amounts of 30 mol-% and higher.  

Mini -emulsions are aqueous dispersions of oil droplets that are stabilized by a surfactant [40].  

They are formed mostly through shear forces implied by ultrasonication, microfluidizer or a 

homogenizer that break the monomer droplets which results in the formation of droplets in a 

size range of 20 ï 500 nm [41]. In this work, ultrasonication is used to create small droplets. 

With every wave, ultra sound produces a compression and rarefaction of molecules. During 

the rarefaction, small cavitation bubbles form and grow that implode again in one of the 

following compressions. The collapse of the cavitation bubbles forms powerful shock waves 

in the surrounding liquid. The resulting liquid jets of high speed are the reason for larger 

monomer droplets to disperse in the continuous phase. The longer the ultrasonication time and 

the higher the ultrasound power, the smaller the droplet size becomes [42][43]. 

The system usually consists of a dispersed phase, a continuous phase, one or more surfactants 

and a strong hydrophobe. The surfactant protects droplets from diffusional degradation 

through steric hindrance. Due to the small droplet size, the resulting large droplet surface area 

leads to the main amount of surfactant being absorbed on the droplet surface. Thus, only a 

small amount of surfactant is able to form micelles. The surfactant greatly influences the 

resulting particle size. The more surfactant is used, the more the particles are covered by the 

surfactant and subsequently the smaller the particles become. Generally, a smaller size will 

also lead to a broader particle size distribution [44]. Due to their size, dispersions appear 

transparent or translucent. Syntheses found in literature use anionic, cationic, non-ionic or a 

mixture of surfactants, though the first are the most common used. Sodium dodecyl sulfate 

(SDS) is often use for the preparation of mini-emulsions [43][45][46]. Non-ionic surfactants are 

rarely used in classical emulsions since they are often soluble in the monomer droplets. This 

is different for mini-emulsions: Here, the larger surface area leads to a larger fraction of non-
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ionic surfactant at the surface in a thermodynamic equilibrium. They are mostly used in 

controlled living polymerization with atom transfer radical polymerization (ATRP) where 

anionic surfactants cannot be used [47].  

 A co-stabilizer is mostly a low-molecular weight compound that is insoluble in water and 

prevents diffusional degradation [48]. The hydrophobe is the key agent in a mini-emulsion. It is 

monomer-soluble, but highly water-insoluble (less than 10-7 ml/mL [42]) and thus  does not 

diffuse between the different monomer droplets through the aqueous phase [44]. In a classical 

emulsion polymerization, the diffusion of monomers from small droplets to larger droplets 

(i.e. Ostwald ripening) reduces the total surface energy. In a mini-emulsion, however, the 

monomer diffusion will increase the concentration of the hydrophobe and thus result in an 

increase in free energy. An osmotic pressure is created inside the monomer droplet that 

counterveils the Laplace pressure that is induced by the interface energy (i.e. the pressure 

difference between inside and outside the droplet). This ideally stabilizes the monomer 

droplets completely against Ostwald ripening. In reality, however, the hydrophobe only 

retards the monomer diffusion, though the destabilization of droplets is in the range of months 

[49]. It was shown that in contrast to the surfactant, the hydrophobe does not influence the 

resulting droplet size [40][50]. Usually, high-molecular weight compounds such as long-chain 

alkanes and long-chain alcohols are used as hydrophobes [51]. In some papers, the hydrophobe 

is also called co-surfactant. This, however, is a misleading term, since the hydrophobe 

stabilizes the monomer droplet not on the surface but in the bulk [48]. Due to the lack of 

diffusion between droplets they act as ñnanoreactorsò [52]. As a result, the size as well as the 

composition of the latex particles is identical with the composition of the monomer phase. In 

contrast to a classical emulsion polymerization, the polymerized particles have the same size 

as the initial monomer droplets as demonstrated by K. Landfester et al. with surface tension 

measurements and conductometry (see Figure 5.16) [45].  

 

Figure 5.16 Schematic representation of polymerization processes for mini-emulsion.  

Water-in-oil mini-emulsions are called inverse mini-emulsions and are used for the formation 

of hydrophilic, water soluble polymers such as polyacrylamide, polyacrylic acid or 

polymethacrylic acid. Here, initiation can occur in the hydrophobic phase or within the water 
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droplet. Instead of a strong hydrophobe as required in direct mini-emulsions, a lipophobe such 

as water or salt is used. Because oil is used as the continuous phase, non-ionic surfactants 

with a low HLB (hydrophilic-lipophilic balance) are favorable [51].  

Inverse mini-emulsions were first introduced by K. Landfester et al. in 2000 [40]. They 

prepared hydroxyethyl methacrylate polymers in cyclohexane as the continuous phase. They 

showed that the minimal concentration for the surfactant was 1.6 wt-% with respect to the 

monomer. For the synthesis of polyacrylamide, an ionic salt was added as a lipophobe and 

greatly increased the stability of the emulsion droplets. 

Inverse mini-emulsions are used to synthesize a spectrum of polymers. Many examples in 

literature deal with the synthesis of acrylamides by inverse mini-emulsion. S. Wiechers and 

G. Schmidt-Naake, for instance, prepared pH-sensitive copolymers of 2-acrylamido-2-methyl-

1-propanesulfonic acid and 1-vinylimidazole with a particle size of 200 nm and demonstrated 

that the conversion is dependent on the type of surfactant used during the reaction [53]. D. 

Klinger et al. prepared enzymatically degradable microgels based on acrylamide and dextran 

methacrylate in water and cyclohexane [54]. The use of two different initiators allowed the 

synthesis at 70 °C and 37 °C to obtain monodisperse, spherical particles as confirmed with 

SEM. 

There are several examples for the preparation of microgels with various sensitivities via 

mini-emulsion. To obtain microgels, they have to be crosslinked before they are transferred to 

the continuous phase [55]. H. Dong, for instance, prepared magnetic microgels based on 

di(ethylene glycol) methyl ether methacrylate via nano-emulsion [56]. The authors used 

activators generated by electron transfer atom transfer radical polymerization (AGET ATRP) 

as a polymerization technique to obtain degradable, temperature-sensitive microgels that were 

used for the entrapment of iron oxide nanoparticles. D. Klinger and K. Landfester synthesized 

photo-cleavable PMMA-based microgels via mini-emulsion by free radical polymerization 

[52]. They obtained stable emulsion with particles with a size of 140 to 200 nm. Later, the 

same authors prepared microgels based on 2-hydroxyethyl methacrylate and methacrylic acid 

that were both sensitive to pH and UV light [39]. In contrast to the previous work, these 

particles were formed in an inverse mini-emulsion.   
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5.4.2. Synthesis Procedure 

VCL, the appropriate amount of sulfobetaine (Table 5.3), 3 wt-% BIS, and 5 wt-% NaCl as a 

lipophobe were dissolved in 3.8 mL H2O. In a second flask, 0.60 g (1.400 mmol) Span 80 and 

0.20 g (0.153 mmol) Tween 80 (ratio 3:1) were dissolved in 100 mL heptane and dispersed 

with ultrasonic. The aqueous solution was added dropwise to the oil phase while 

ultrasonicating for 5 min at level 4, 10 %, under ice cooling to obtain a stable emulsion. 

Afterwards, polymerization was carried out within 5 min. The emulsion was heated up to 

70 °C under nitrogen atmosphere and vigorous stirring. The initiator AMPA was solved in 

0.2 mL H2O and added to the emulsion. The reaction was carried out for 2 h.  

After cooling down, heptane was removed from the emulsion via centrifugation at 11,000 rpm 

at room temperature. The precipitate was washed and centrifuged alternately with water and 

heptane for three times each. Between centrifugation, the microgels were shaken in the 

respective solvent for 30 min. Afterwards, the samples were dialyzed against water for 7 d.  

Table 5.3 Amounts of betaines used for microgel synthesis. 

Ratio 

VCL:SB 

n(VCL)  

/ mmol 

m(VCL)  

/ g 

n(betaine)  

/ mmol 

m(betaine)  

/ g *2 

2:1 2.443 0.340 1.222 0.341 

1:1 2.443 0.340 2.443 0.682 

1:2*1 1.222 0.170 2.443 0.683 

*1 For this batch, half of the amount of solvents and monomers was used.  

*2 Before synthesis, it was ensured that SB is not soluble in heptane in the concentration 

     range used for the syntheses.  

Further experiments were conducted in the same way as described above except synthesis was 

performed in a smaller batch using 50 mL of heptane and 2 mL of water (a) varying the 

crosslinker amount (see Table 5.4) and (b) substituting VCL for N-vinylpyrrolidone (VPy) 

and N-vinylpiperidone (VPi) (see Table 5.5).  

Table 5.4 Variation in crosslinker concentration. Amounts of other monomers are identical to 

amounts given in Table 5.3. The ratio VCL:SB was 1:1.  

m (BIS) / g n (BIS) / mmol % BIS in microgel 

0.002 0.015 0.5 

0.005 0.031 1 

0.008 0.053 2 

0.013 0.083 3 
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Table 5.5 Amounts of N-vinylpyrrolidone (VPy) and N-vinylpiperidone (VPi). The ratio 

vinylamid:SB was 1:1 in all cases. 3 wt-% of crosslinker was used.  

n(VPi)  

/ mmol 

m(VPi)  

/ g 

n(VPy)  

/ mmol 

m(VPy)  

/ g 

n(betaine)  

/ mmol 

m(betaine)  

/ g *2 

1.173 0.147 - - 1.178 0.329 

- - 1.19 0.131 1.183 0.330 

Samples were purified in the same way as described above.   



50 

 

5.4.3. Results and Discussion 

Inverse mini-emulsion was performed using Span 80 and Tween 80 as surfactants. They are 

both non-ionic and biodegradable [57]. Tween 80 is more hydrophilic than Span 80 due to its 

high number of PEG groups. In combination with Tween 80, Span 80 acts as a co-emulsifier. 

Span 80 and Tween 80 have HLB (Hydrophile Lipophile Balance) values of 4.3 and 15.0, 

respectively. In a ratio of Tween80/Span80 = 1:3, an overall HLB of ~ 7 is achieved 

according to the following equation: 

         (2) 

with X = overall HLB. 

According to literature, the mixture of a non-ionic surfactant with a low HLB and a nonionic 

one with a high HLB improves the stability of inverse mini-emulsions [58]. The overall HLB 

should ideally be between 3 and 8 [59]. 

 

Figure 5.17 Schematic structure of surfactant orientation in water droplets.  

AMPA was chosen as the initiator because of its solubility in water. It therefore starts the 

reaction within the water droplets.  

Before the synthesis of microgels via inverse mini-emulsion, various reactions were carried 

out to analyze the stability of the emulsion droplets. Therefore, the oil and the water phase 

were ultrasonicated and the emulsion measured with DLS for 60 min. As expected, the 

stability of the droplet size could be influenced by the amount of surfactant used in the 

reaction (graph see appendix). 
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An emulsion with a ratio between Tween80/Span80 = 0.1/0.3 breaks immediately. A fourfold 

amount of surfactant, in contrast, is stable over the complete measurement time of 60 min. 

Since a high amount of surfactant requires a long time of cleaning via dialysis, a third sample 

was analyzed. Here, the amount of surfactant was 0.2/0.6. Measurements showed that the 

droplets are only stable up to 20 min. This time, however, is thought to be sufficient to initiate 

and formulate monodisperse microgel particles. Before breaking, the droplets have a 

hydrodynamic radius of 257 ± 25 nm. Breaking of the mini-emulsion can be attributed to two 

factors: (1) Droplets coalescence due to Brownian motion and van der Waals forces; (2) 

Droplet degradation through monomer diffusion [48]. Coalescence occurs when the adhesion 

energy between two droplets is equal or larger than the turbulent energy that keeps the 

droplets separated.  

The concentrations of surfactants used in the syntheses are above the cmc of both Span 80 and 

Tween 80 (1.8 * 10-5 mol/L and 1.2 * 10-5 mol/L, respectively). A test measurement using 

concentrations below the cmcôs of both surfactants showed that the monomer droplets are not 

stable and aggregate quickly with a PDI between 0.7 and 1.0 (graph shown in the appendix).  

Microgel samples were synthesized via inverse mini-emulsion polymerization. After 

synthesis, they were cleaned via repeated centrifugation and dialysis. 1H-NMR measurements 

(not shown) showed that removal of the surfactants took approximately 1 week. Re-dispersion 

in water after freeze-drying resulted in stable microgel dispersions. Colloidal stabilization was 

obtained through the use of the cationic initiator AMPA.  

First, the incorporation of betaine in the microgel was measured with FTIR (for spectrum see 

appendix). The peak of PVCL at 1672 cm-1 is set in proportion to the peak of SB at 1050 cm-1. 

By using a calibration line (see appendix), the actual ratio between VCL and SB can be 

determined. The data is in good agreement with the theoretical values (see Table 5.6).  

Table 5.6 Amount of incorporated SB as determined with FTIR spectroscopy.  

Sample name n(VCL theo) 

/ mol 

n(SBtheo) 

/ mol 

n (VCL FTIR ) 

/ mol 

n (SBFTIR ) 

/ mol 

1:2 1 2 2 3* 

1:1 1 1 1 1 

2:1 2 1 1.4 1 

* The correct ratio is 61/100 ~ 2/3.  

The size of the particles was then determined with DLS (Table 5.7). Particles become slightly 

smaller with increasing content of SB, while the PDI remains constant at ~ 0.04. According to 
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K. Landfester, the narrow particle size distribution is attributed to the fact that all droplets 

nucleate nearly at the same time [44]. The microgel size obtained for the sample VCL:SB = 

1:1, i.e. 227 nm, correlates closely with the size of the water droplets before the 

polymerization.  

Table 5.7 Hydrodynamic radius RH and polydispersity index (PDI) for samples of different 

composition.  

VCL:SB Size (TEM)  

/ nm 

R,dried (TEM)  

/ nm  

RH (DLS) / 

nm 

PDI 

(DLS) 

RH (DLS) / 

nm (after 3 

months) 

PDI (DLS) 

(after 3 

months) 

2:1 - - 242 ± 16 0.043 243 ± 7 0.052 

1:1 with BIS 459 ± 18  230 ± 9 227 ± 19 0.044 221 ± 8 0.048 

1:2  - - 216 ± 8 0.047 211 ± 11 0.041 

The particle size was measured a second time after a time period of 3 months. The sizes of all 

particles as well as their PDI remained stable.  

In order to obtain an optical confirmation of this result, TEM images were taken of the sample 

with a ratio VCL:SB = 1:1. Figure 5.18 shows that the particles have a spherical shape and are 

monodisperse. In dried state, they have a radius of 230 ± 9 nm. This is very close to the result 

obtained via DLS. One might expect the size in dried state is smaller than the hydrodynamic 

radius in aqueous solution, but particles presumably spread pancake-like on the surface, thus 

appearing bigger in size.  

Next, the influence of varying temperature on the particlesô properties was investigated. Pure 

PVCL microgels have a broad transition with a VPTT of 30.7 °C (Figure 5.18a). This 

temperature is well reported in literature [60][61]. The VPTT is shifted towards higher 

temperatures for a ratio of VCL:SB = 2:1 to 37.7 °C. Interestingly, a second VPTT appears at 

low temperatures if the content of SB is further increasing. For a ratio of VCL:SB = 1:1, 

transition temperatures can be seen at 9.7 °C and 42.9 °C. Both are shifted further to higher 

temperatures for a ratio of VCL:SB = 1:2, 18.7 °C and 48.5 °C. Below the first VPTT and 

above the second VPTT, particles are in a collapsed state, while they are swollen in the 

temperature range in between. This behavior for linear VCL-co-SB copolymers was already 

described by B. Yang et al [12]. While the transition temperatures are similar, a major 

difference between linear copolymers and microgels is visible: While the microgel particles 

described here are stable within the whole temperature range, linear copolymers aggregate 
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above and below the LCST and UCST, respectively. The latterôs hydrodynamic diameter 

increases rapidly from ~ 40 nm to above 2 µm.  

An increase of both VPTTs can be explained by the weakening of the hydrophobic effects of 

VCL induced by the caprolactam ring with an increasing amount of zwitterionic, hydrophilic 

SB in the polymer network. This effect is not yet seen for a VCL:SB ratio of VCL:SB = 2:1 

indicating that a specific amount of SB is needed for the formation of a doubly 

thermosensitive microgel.  

  

Figure 5.18 Hydrodynamic radius RH of PVCL-co-SB microgels as a function of temperature 

measured with DLS. (a) Pure PVCL microgel; (b) VCL:SB = 2:1; (c) VCL:SB = 1:1; (d) 

VCL:SB = 1:2. The TEM image belongs to the sample VCL:SB = 1:1.  

B. Yang et al. describe the arrangement of different polymer chain segment depending on the 

temperature: Between the UCST and LCST, both VCL and SB are hydrophilic, so that long 

linear chains can be observed [12]. If the temperature falls below the UCST, SB becomes 

hydrophobic due to intra- and intermolecular bridges between the zwitterionic groups and 

subsequently, aggregates with an SB core and a VCL shell are formed. Analogously, at 

temperatures above the LCST, VCL becomes hydrophobic whereby hydrogen bonds between 

VCL and water break and subsequently, aggregates with a VCL core and an SB shell are 

formed.  

This behavior can only partly be transferred to VCL-co-SB microgels. Since the polymer 

network is chemically crosslinked a complete ñinversionò of an SB/VCL core/shell is not 
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possible. Still, due to the change in particle size, a ñshiftingò of polymer segments to more 

favorable positions in a less pronounced way as for linear polymer chains is expected.  

 
Figure 5.19 Absorbance of VCL-co-SB microgels as a function of temperature. (a) VCL:SB 

= 2:1; (b) VCL:SB = 1:1; (c) VCL:SB = 1:2.  

The position of a phase transition of the microgels can also be observed in UV-Vis 

measurements as a change of absorbance (Figure 5.19). At the transition point where microgel 

particles go from a swollen to a collapsed state, the turbidity of the microgel dispersion 

increases, thus leading to an increase in absorbance.   

Similar to DLS measurements, two transition temperatures can be seen for the samples 

VCL:SB = 1:1 and 1:2. These measurements confirm the results obtained with DLS.  

 

Figure 5.20 Hydrodynamic radius RH (right axis, upper curves) and electrophoretic mobility 

EM (left axis, lower curves) as a function of pH.  
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The sulfo group of sulfobetaine has a low pKa value of -3 whereby the it remains 

deprotonated over the whole pH range [62]. Therefore, the electrophoretic mobility is negative 

for all samples within the pH 3 to 10 and hardly pH-dependent (see Figure 5.20). The same 

can be said about the particle size. Due to the formation of an internal salt within the microgel 

network, the particles do not swell with varying pH.  

The colloidal stability of the microgel solutions was examined measuring their sedimentation 

velocities below and above the VPTT (i.e. T = 25 °C and 50 °C). The samples were 

centrifuged while a laser detects the de-mixing of the samples over time. The higher the 

sedimentation speed is, the lower is the colloidal stability of the solution.  

  

Figure 5.21 (a) Sedimentation velocities indicating colloidal stability for mini -emulsion 

samples with different monomer ratios. Measurements were conducted at T = 25 °C (black 

bars) and 50 °C (red bars) and pH = 7. (b) Sedimentation diagram for VCL:SB = 1:1.  

Figure 5.21a shows that all crosslinked samples have approximately the same sedimentation 

velocities. Below the VPTT, the sedimentation velocities are ~ 20 µm/s. They increase by ca. 

50 % at T = 50 °C.  This is caused by a loss of steric repulsion and an increase of Van-der-

Waals attractions. Because swollen microgels have a Hamaker constant close to that of water 

at room temperature, attractive Van-der-Waals attractions can be neglected [63]. Attractive 

forces increase with increasing temperature, therefore leading to a decrease in colloidal 

stability above the VPTT. A complete aggregation is, however, prevented by an increase in 

electrostatic repulsion between charges on the surface originating from the initiator.  

The polydispersity of non-crosslinked samples can also be seen in the sedimentation curves. 

Vertical lines that move to the right side of the diagram as seen in Figure 5.21b are caused by 

a slow sedimentation of monodisperse particles.  

The swelling behavior of the particles can be tuned by varying the crosslinking content. 

Samples discussed above contained 3 wt-% of BIS. The amount was decreased to 2 wt-%, 

a 

b 
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1 wt-% and 0.5 wt-%. L. A. Shah et al. claim that a small increase in crosslinker content does 

not influence the position of the VPTT [64]. Beginning from 10 wt-% of crosslinker content, 

the transition temperature is increased due to the solubility of BIS in the polymer network. A 

change in the crosslinker content, however, changes the extent of swelling of particles. A 

higher crosslinker content leads to a higher particle stiffness and thus a suppressed swelling 

ability [65][66]. Figure 5.22 shows that the position of both transition temperatures is hardly 

effected by a variation in crosslinker content. While all microgel dispersions have roughly the 

same size of ~ 205 nm at 5 °C, their degree of swelling is considerably different in the range 

of 14 °C to 35 °C. The higher the crosslinking content, the smaller are the particle size in this 

range due to an increase in polymer network stiffness.  

 

Figure 5.22 Thermosensitive behavior of VCL-co-SB microgels (VCL:SB = 1:1) with 

varying crosslinker content. (a) Hydrodynamic radius RH (measured with DLS). (b) 

Absorbance (measured with UV-Vis). Microgels containing only PVCL are given as a 

reference. 

AFM images (see Figure 5.23) confirm the variation in microgel stiffness. Height profiles 

show that the particles spread more the lower the content of crosslinker is, thus appearing 

smaller on the Si-wafer surface. While particles have an average inter-particle distance of ~ 

90 nm for crosslinker contents of 2 and 3 wt-%, there are no gaps between particles with the 

lowest crosslinker content of 0.5 wt-%.  

 

 

 

 

 

 

 

a b 
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Figure 5.23 Height profiles and AFM images of VCL:SB = 1:1 microgels with various 

crosslinker content.  

Both PVCL and PNIPAm polymers exhibit an LCST of ~ 31 - 37 °C [67]. For some 

applications, a shift of this narrow temperature range to different temperatures is necessary. It 

is well known in literature that the copolymerization with a hydrophobic comonomer lowers 

the transition temperature, while the incorporation of hydrophilic comonomers shifts the 

transition to higher temperatures. In the following, a different approach will be followed 

where PVCL is substituted for its five- and six-ring homologues (see Figure 5.24). 

 
Figure 5.24 Structures of N-vinylpyrrolidone (VPy), N-vinylpiperidone (VPi), and N-

vinylcaprolactam (VCL).  

N-vinylpyrrolidone (VPy) contains a five carbon ring. Its polymer, poly-N-vinylpyrrolidone 

(PVPy) is water-soluble, hydrophilic, non-ionic and exhibits good biocompatibility and low 

cytotoxicity [68][69]. Its transition temperature in aqueous solution is above 100 °C. Adding salt 

to the dispersion decreases the transition temperature considerably [70].  

5 µm 

5 µm 

5 µm 

5 µm 
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Compared to PVCL and PVPy, few reports have been published about the                           

(co-)polymerization of N-vinylpiperidone (VPi) and the properties of its polymer, poly(N-

vinylpiperidone) (PVPi). In 2010, V. N. Kizhnyaev et al. were the first to polymerize VCL 

with VPi [71]. Ieong et al. described the synthesis of homo- and copolymers via RAFT 

polymerization [72]. The homopolymer exhibits a sharp LCST between 87 ï 68 °C depending 

on the molecular weight.  

 

Figure 5.25 1H-NMR spectra of monomers N-vinylpyrrolidone, N-vinylpiperidone, N-

vinylcaprolactam, and sulfobetaine. Graphs in inset are close-ups of the respective microgel 

spectra (vinylamide:SB = 1:1) that show peaks of the respective vinylamide and sulfobetaine 

that were used to calculate the ratio between the two monomers.  

1H-NMR spectra confirm the successful copolymerization of the respective vinylamide and 

SB. For the calculation of the ratio between the two monomers, the peaks of the vinylamide 

and SB at 2.99 and 3.25 ppm, respectively, were used (see Figure 5.25). The calculated ratios 

are in accordance with the feed ratios (see Table 5.8).  

Table 5.8 Feed and calculated ratios between monomers as obtained from 1H-NMR. 

Sample Vinylamidefeed VinylamideNMR SBfeed SBNMR 

VCL:SB 1 1 1 0.94 

VPi:SB 1 1 1 1.07 

VPy:SB 1 1 1 1.18 
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In the following, the influence of the lactam-ring size on the temperature behavior is 

examined. Microgels containing homologues of VCL with five- and six-ring are prepared in 

the same way via inverse mini-emulsion. A ratio of vinylamide:SB of 1:1 with 3 wt-% BIS is 

used. 

First, the temperature sensitivity is studied with DLS and UV-Vis. DLS measurements reveal 

that the LCST of the vinylamide is shifted to higher temperatures with decreasing ring size. 

PVCL and PVPi have a sharp LCST of 42.9 °C and 73.0 °C, respectively, while no LCST can 

be observed for PVPy. The UCST of SB remains constant at around 10 °C. It is noticeable 

that additionally, the UCST becomes broader with decreasing ring size. UV-Vis 

measurements confirm the results obtained via DLS (see Figure 5.26).  

 

Figure 5.26 Thermosensitive behavior of vinylamide-co-SB microgels (vinylamide:SB = 1:1) 

with varying ring-size content. (a) Hydrodynamic radius RH (measured with DLS). (b) 

Absorbance (measured with UV-Vis).  
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5.4.4. Summary 

In this chapter, zwitterionic microgels that were synthesized via inverse mini-emulsion 

polymerization were discussed. It was shown that it is possible to incorporate a higher amount 

of sulfobetaine (SB) than is possible with precipitation polymerization. Here, even ratios of 

VCL:SB = 1:2 were accomplishable. The successful incorporation of high amounts of SB was 

verified with FTIR. Samples with a ratio of VCL:SB = 1:1 and 1:2 do not show only an LCST 

at 42.9 °C and 48.5 °C, respectively, as is typical for VCL-based microgels, but also an UCST 

at 9.7 °C and 18.7 °C, respectively. Both UCST and LCST increase with increasing amount of 

SB. This behavior was also confirmed by UV-Vis measurements since absorbance increases 

for particles in a collapsed state. As expected for SB microgels, the particle size and their 

electrophoretic mobility are not dependent on pH due to the low pKa value of the sulfo group.  

Samples synthesized with varying amount of crosslinker were analyzed with DLS and AFM. 

DLS measurements confirm that the degree of swelling is dependent on the amount of 

crosslinker in the microgel particles. An increase in crosslinker leads to a suppressed swelling 

while the positions of the phase transition temperatures remain constant. The decreasing 

stiffness with decreasing content of crosslinker was also observed with AFM. Particles with 

the lowest amount of crosslinker spread flat on the surface of a Si-wafer, while stiffer 

particles were better able to retain their spherical shape.  

Furthermore, the influence of the caprolactam-ring size on the temperature-sensitive behavior 

was studied. Therefore, the VCL homologues N-vinylpyrrolidone (VPy) and N-

vinylpiperidone (VPi) were used as copolymers for the preparation of vinylamide-co-SB 

microgels. 1H-NMR measurements confirmed the successful incorporation of both monomers 

in ratios in accordance with the feed ratios. It was shown that the position of the UCST 

originating from the SB moieties remains constant for all samples, while the LCST 

originating from the vinylamide moieties are strongly dependent on the ring size. VCL- and 

VPi-based samples have LCSTs of 42.9 °C and 73.0 °C, respectively, while VPy-based 

microgels have no LCST below 92 °C.  
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6 Microgels with Statistically Distribution of Ionizable Groups 

6.1. Introduction  

Microgels that contain both acidic and basic functional groups are ampholytes [1]. They 

exhibit different behavior than nonionic, anionic, cationic or zwitterionic microgels. 

Polyelectrolyte microgels having only basic or acidic groups swell with a change to acidic or 

basic pH, respectively, due to the ionization of the respective groups resulting in a repulsion 

of like charges. Upon the addition of salt, they collapse due to the screening of electrostatic 

repulsion forces leading to aggregation [1]. The particle size of ampholyte microgels with 

anionic and cationic groups based on strong bases and acids, in contrast, is independent on the 

pH [2]. The particles do not swell or de-swell with a change in pH. More common, however, 

are ampholyte microgels with anionic and cationic groups based on weak bases and acids: 

they swell at both high and low pH. In between, both charges are present creating a 

zwitterionic microgel that results in a de-swelling of the particle due to attractive interactions 

between positive and negative charges [3]. The presence of an isoelectric point (IEP) is a 

characteristic feature of ampholyte microgels. The position of the IEP can be shifted by 

varying the composition of the microgel [2]. Ampholyte microgels de-swell in a smaller extent 

or even swell if salt is added because intramolecular ionic crosslinks that are present in the 

absence of salt or at low salt concentrations are broken. This behavior is called ñanti-

polyelectrolyteò effect.  

Many reports can be found in literature on the synthesis of ampholyte microgels, they have, 

however, mostly a core-shell structure [4][5][6]. If no core-shell structure is prepared, the 

distribution of acidic and basic groups is hardly investigated or mentioned [7][8][9]. K. 

Christodoulakis et al. prepared 2-(diethylamino)ethyl methacrylate-co-methacrylic acid 

microgels (DEA-co-MAA) with DEA and MAA either located in a core-shell structure or 

randomly distributed [4]. The latter structure was prepared by the simultaneous addition of 

both monomers during the reaction. The ratio MAA:DEA was 56:44. SEM images reveal the 

spherical shape of the monodisperse particles that have a size of ~ 350 nm. The particles were 

stained with potassium hexachloroplatinate or cadmium nitrate. PtCl6
2- and Cd2+ selectively 

stain the positively charged DEA and the negatively charged MAA groups, respectively. TEM 

images show uniformly stained particles, however, a close look-up at a single particle for 

better visualization is lacking.  

In this chapter, ampholyte microgels with statistically, i.e. homogenously, distributed 

ionizable groups are synthesized and characterized. N-Vinylcaprolactam (VCL) was used as a 

main monomer to obtain temperature-sensitive microgels. N-isopropylacrylamide (NIPAm) 
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microgels were prepared for comparison. The particles are moreover sensitive to changes in 

pH and ionic strength [3][7][4][10] influencing their properties such as particle size and 

electrophoretic mobility. To obtain ampholyte microgels, itaconic acid (IA) and 1-

vinylimidazole (Vim) (see Figure 6.1) were used as comonomers. In this work, Vim and IA 

were used because of their favorable pKa values. Itaconic acid has a pKa of 3.84 and 5.55 

[11][12], 1-vinylimidazole has a pKa of 6.0 [13]. This means that microgel particles containing 

both monomers are expected to be positively charged below pH 6.0 and negatively charged 

above pH 5.5. The isoelectric point (IEP) is expected to be between pH 5.5 and 6.0, 

depending on the amount of IA and Vim incorporated in the microgel particles.  

 

Figure 6.1 Temperature, pH, and salt sensitivity of ampholyte microgels.  

C. Erbil et al. have shown for copolymers of NIPAm and IA that copolymers with a statistical 

distribution of the monomers in the copolymer are obtained [14]. A. Pich have demonstrated 

for NIPAm and Vim that the latter is homogenously distributed in particles [15]. For VCL and 

Vim, on the contrast, Vim is thought to be in the loosely crosslinked shell. The authors 

explain this by the presence of AAEM. A. Pich and his group have shown that VCL and 

AAEM form microgels with core-shell structure with AAEM in the center and VCL in the 

shell due to different reactivity ratios [15][16][17]. This ñtemplateò forces Vim to accumulate in 

the shell and not homogenously throughout the whole particle. Therefore, AAEM was not 

used a comonomer because this structure is thought to hinder the formation of microgels 

where IA and Vim are homogenously distributed in the particle.  

Itaconic acid can easily be used as a comonomer [11] and increases the hydrophilicity of the 

microgel due to the presence of two carboxylic groups in the side chain (see Figure 6.2) [18]. 1-

vinylimidazole is a weak base having a nitrogen atom that is protonated at low pH. In 

literature, it is often used as comonomer to NIPAm-based microgels due to its metal-binding 

properties [19][20]. 
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Figure 6.2 Chemical structure of itaconic acid and 1-vinylimidazole. 

While the synthesis and characterization of microgels based on NIPAm with either IA [21] or 

even more so with Vim [15][22][23][24] have been studied in literature, only S. Schachschal et al. 

have ï to our knowledge ï prepared microgels containing both IA and Vim [5]. They prepared 

core-shell microgels based on VCL with IA in the core and Vim in the shell and studied the 

effect of pH and temperature change on the swelling behavior. The properties of and 

preparation techniques for core-shell microgels is more closely looked at in chapter 7.  

 

Experimental data described in this chapter were published in Macromolecules, 2015 (DOI: 

10.1021/acs.macromol.5b01305).  
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6.2. Synthesis Procedure 

Microgels were synthesized via precipitation polymerization in water. Experiments showed 

that for microgels with a higher amount of IA, the synthesis performed at pH 10, and for 

microgels with a higher amount of Vim or equal amounts of IA and Vim, the synthesis done 

at pH 3 lead to colloidal stable particles. Appropriate amounts (see Table 6.1 and 6.2) of 

NIPAm/VCL, IA, Vim, and BIS were dissolved in 80 mL water and heated up to 70 °C while 

purging with N2. After 1 h, the initiator AMPA was added and the reaction carried out for 5 h 

under constant stirring. After synthesis, microgel solutions were cleaned via dialysis using a 

composite regenerated cellulose membrane from Millipore (NMWCO 30,000) for 3 d against 

water and subsequently lyophilized.        

Table 6.1 Amounts of monomers used for PVCL microgel synthesis.  

Molar ratio  

Vim:IA  

VCL / g BIS / g IA / g Vim / g AMPA / g 

0:20 0.8 0.040 0.187 0 0.03 

5:15 0.8 0.040 0.140 0.034 0.03 

10:10 0.8 0.040 0.093 0.068 0.03 

15:5 0.8 0.040 0.047 0.101 0.03 

20:0 0.8 0.040 0 0.135 0.03 

5:5 0.8 0.030 0.042 0.030 0.03 

15:15 0.8 0.038 0.160 0.116 0.04 

20:20 0.8 0.044 0.249 0.180 0.04 

25:25 0.8 0.053 0.374 0.270 0.04 

 

Table 6.2 Amounts of monomers used for PNIPAm microgel synthesis.  

Molar 

ratio  

Vim:IA  

NIPAm / g BIS / g IA / g Vim / g AMPA / g 

0:20 0.8 0.041 0.230 0 0.03 

5:15 0.8 0.042 0.173 0.042 0.03 

10:10 0.8 0.041 0.115 0.083 0.03 

15:5 0.8 0.041 0.058 0.125 0.03 

20:0 0.8 0.041 0 0.166 0.03 
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6.3. Results and Discussion 

In this part, ampholyte microgels based on either PVCL or PNIPAm were synthesized. In 

both cases, the ratio between IA and Vim was varied (see Table 6.1 and Table 6.2). 

Furthermore, for PVCL microgels, particles with equal amount of ionizable groups were 

synthesized. Here, the molar amount of IA and Vim was increased from 5 to 25 mol-%.  

PVCL and PNIPAm microgels with unequal amount of ionizable groups 

The molar ratio between the two ionizable groups is thought to influence the properties of the 

microgel particles. Therefore, FTIR measurements were done to ensure that the actual ratio is 

in agreement with the theoretical value. The FTIR spectra of the monomers VCL, NIPAm, IA 

and Vim are shown in Figure 6.3.  

N-Vinylcaprolactam shows peaks at 2934 cm-1 (C-H stretching band), 1654 cm-1 (C=O 

stretching), 1620 cm-1 (amide I band), and 1481 cm-1 (C-N stretching). The following bands 

derive from the deformation of ïCH2: 1433 cm-1, 1391 cm-1, 1320 cm-1, 1256 cm-1, 1183 cm-1, 

967 cm-1, and 874 cm-1. These results are in good agreement with literature [25][26][27]. 

N-isopropylacrylamide has peaks at 2962 cm-1 (C-H stretching band), 1657 cm-1 (amide I), 

1623 cm-1 (C=O stretching), 1548 cm-1 (amide II), and 1241 cm-1 (amide III). These results 

are in accordance with literature [28]. 

Itaconic acid shows peaks at 3070 cm-1 (CH2 vibration), 1675 cm-1 (C=O stretching), 1372 

cm-1 (C-O-H in-plane bending), 1212 cm-1 (C-O stretching), 1066 cm-1 (O-H out-of-plane 

bending). These results can found in literature [29] [30] [31]. 

1-vinylimidazole shows peaks at 3112 cm-1 (N=CH, C=CH stretching), 3005 cm-1 (CH2 

asymmetric stretching), 1649 cm-1 (vinyl off-ring), 1511 cm-1 (C=N, C=C stretching), 1496 

cm-1 (CH2 bending and CH2 stretching), 1420 cm-1 (CH2 bending and ring stretching), 1372 

cm-1 (CH2 und CH wagging), 1326 cm-1 (CH2 and CH wagging), 1281 cm-1 (ring vibration), 

1228 cm-1 (ring vibration), 1106 cm-1 (CH in-plane bending), 1081 cm-1 (CH in-plane 

bending), 960 cm-1 (CH out-of-plane bending), 820 cm-1 (CH out-of-plane bending), 735 cm-1 

(CH2 rocking), 655 cm-1 (ring torsion), and 597 cm-1 (N=CH and C=CH wagging). These 

results are in good agreement with spectra found in literature [32]. 

Peaks at ca. 3400 cm-1 in all spectra derive from OH from water.  

Table 6.3 and 6.4 give the amounts of IA and Vim incorporated into the microgel particle as 

obtained from FTIR measurements. The amount of VCL and PNIPAm is set to 80 mol%, 

respectively. For PVCL and PNIPAm, the peaks of the carbonyl group at 1654 and 1657 cm-1, 
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Figure 6.3 FTIR spectra of (a) monomers VCL, NIPAm, IA, and Vim; (b) VCL:Vim:IA = 

80:10:10 microgel as a representative sample. Measurements were conducted at 25 °C. 

respectively, were used as references. In all cases, the amounts of IA and Vim as obtained 

from FTIR are close to the theoretical values verifying that the incorporation of IA and Vim 

in the desired amounts was successful.  

Table 6.3 Amounts of ionizable groups in PVCL microgels as obtained with FTIR.  

Ratio 

VCL:Vim:IA 

VCL % 

(1654 cm
-1
) 

Vim % 

theor. 

Vim % FTIR 

(1228 cm
-1
) 

IA % theor. IA % FTIR 

(1675 cm
-1
) 

80:0:20 80 0 0 20 16 

80:5:15 80 5 4 15 14 

80:10:10 80 10 10 10 11 

80:15:5 80 15 13 5 6 

80:20:0 80 20 18 0 0 

 

Table 6.4 Amounts of ionizable groups in PNIPAm microgels as obtained with FTIR. 

Sample NIPAm % 

(1657 cm
-1
) 

Vim % 

theor. 

Vim % FTIR 

(1228 cm
-1
) 

IA % theor. IA % FTIR 

(1675 cm
-1
) 

80:0:20 80 0 0 20 16 

80:5:15 80 5 5 15 13 

80:10:10 80 10 6 10 7 

80:15:5 80 15 17 5 6 

80:20:0 80 20 21 0 0 

a b 
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Microgel particles with different amounts of Vim and IA are expected to behave differently 

with varying pH with regard to their electrophoretic mobility and their size. Therefore, those 

measurements were conducted between pH  3 and 10.  

Figure 6.4 shows the dependence of the electrophoretic mobility on the variation of pH. The 

black and red curves belong to the mono-ionic microgels with only IA and Vim, respectively. 

Microgels with solely IA as comonomer (black curve) are negatively charged throughout the 

whole pH range. No differences can be detected between PVCL and PNIPAm microgels. 

Microgels with solely Vim (red curve) as comonomer are positively charged with varied pH.  

Microgel particles with both IA and Vim are positively charged at low pH and negatively 

charged at high pH, thus exhibiting an isoelectric point (IEP). The position of the IEP is 

dependent on the amount of IA and Vim present. The more IA is incorporated the lower the 

IEP. Thus, PVCL microgels with 5 mol% IA have an IEP of 6.5, 10 mol% of 6.2, and 

15 mol% of 5.0. As for PNIPAm microgels, the respective IEPs are at 5.9, 4.8, and 3.9 and 

thus slightly lower.  

 

Figure 6.4 Electrophoretic mobility of PVCL (left side) and PNIPAm (right side) particles 

with varying pH. The horizontal line at 0 µmcm/Vs is a visual help to better identify the 

isoelectric point (IEP). Error bars are not included in order not to overload the graphic, but are 

in average ± 0.04 µmcm/Vs.  

The shifts as well as the height of the measured electrophoretic mobilities further support that 

varying amount of ionizable groups were incorporated for different samples.  

The presence of charges influences the size of the particles. Ampholyte microgels swell in 

acidic and basic regions due to electrostatic repulsion. On the other hand, the particles 

collapse at or close to the IEP.  
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Figure 6.5 shows the change in size with varying pH. To better foreground the dependence 

between electrophoretic mobility and particle size, the electrophoretic mobility is shown for 

each sample again.  

 

Figure 6.5 Change of particle size (RH, black curve) and electrophoretic mobility (EM, red 

curve) with varying pH. Left side: PVCL microgels. Right side: PNIPAm microgels. The 

content of itaconic acid is decreasing from top (20 mol%) to bottom (0 mol%).  

For samples containing both acidic and basic groups, a minimum in size (black curve) can be 

observed that overlaps with the IEP (red curve). At the IEP, no charges are present in the 

microgel leading to a collapse in the internal structure. PVCL microgels with a Vim:IA ratio 

of 10:10 have an IEP of 6.2 and a hydrodynamic radius of 94 nm.  

At pH 3 and pH 10, particles are swollen due to electrostatic repulsion between charged 

groups. Vim is positively charged at low pH, while IA is negatively charged at high pH. For 

samples with a Vim:IA ratio of 10:10, the change in size from pH 3 to pH 6.2 and from pH 

6.2 to pH 10 should be equal if the acidic and basic moieties are distributed equally. An 

unequal change in size would indicate a core-shell structure where the charged monomer that 

leads to a more prominent change in size if situated in the shell. Figure 6.5 shows an equal 

change in size for both PVCL and PNIPAm microgels indicating a homogenous distribution 

of ionizable groups. From their minimum at the IEP, PVCL microgels swell 77 % at pH 3 and 

90 % at pH 10. For PNIPAm, the swelling degree is 71 % at pH 3 and 79 % at pH 10.  

VCL:Vim:IA =  
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In all cases, the change in size with varying pH is very broad. Particles do not change their 

size abruptly but gradually over the whole pH range. This indicates a homogeneous 

distribution of ionizable groups. Because of their distribution all over the particle, ionizable 

groups do not interact with the environment simultaneously, but gradually.  

These results show that it is possible to synthesize particles that are highly pH-sensitive and 

that their response to changes in pH can be tuned and controlled by the amount of 

incorporated ionizable groups.  

Furthermore, it is tested whether the presence of charges has an influence on the temperature 

sensitivity of the particles. These trends are measured at pH 3 because the particles are more 

stable due to the presence of positive charges. Measurements at the IEP of each sample were 

not possible because the particles aggregated when the temperature was increased. 

Measurements at pH 10 are expected to mirror the results obtained at pH 3 and were thus not 

performed.  

As shown in various works by A. Pich [5][33], pure PVCL microgels have a Volume Phase 

Transition Temperature (VPTT) of 28-35 °C at neutral pH. S. Schachschal [5] et al. have 

shown that the incorporation of Vim lead to a shift of the VPTT at pH 4 to over 35 °C. A 

charged microgel is more hydrophilic and thus better able to contain the surrounding water 

molecules and shift the collapse to higher temperatures.  

   

Figure 6.6 Change of RH with varying temperature at pH 3. (a) PVCL microgels; (b) 

PNIPAm microgels.  

Figure 6.6 shows that all samples exhibit broad temperature transitions between 30 and 35 °C 

with no distinguishable trend. It was expected that the VPTT would differ dramatically 

between samples that are fully charged (80:20:0) and samples that have no charges (80:0:20) 

at pH 3. The sample containing only Vim was expected to have a significantly higher VPTT 

because the protonated Vim groups show a better solvation in water and thus a higher 

temperature is needed to disrupt hydrogen bridges.   

a b 
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While the VPTT does not change significantly, the extent of de-swelling differs from pure 

PVCL microgels containing no ionizable groups. As shown in previous works by A. Pich, 

PVCL microgels are twice as big in the swollen as in the de-swollen state [34] (i.e. the ratio 

between the size at 20 °C and 40 °C, R40°C/R20°C, is approximately 2.0). Similar behavior can 

be observed for the samples 80:0:20, i.e. with IA as the only comonomer. At pH 3, no charges 

are present and the microgel particle is thus neutral. As a consequence, it behaves like pure 

PVCL microgels with R50°C/R20°C = 2.12 for PVCL and 2.05 for PNIPAm. The opposite can 

be seen for the samples 80:20:0 where Vim as the only comonomer is positively charged. For 

PVCL and PNIPAm, R50°C/R20°C is 1.54 and 1.57, respectively. The positive charges prevent a 

complete collapse of the network. The same is true for the ampholyte microgels with both 

Vim and IA. Here, the ratio R50°C/R20°C is between 1.56 and 1.70.  

 

  

   

Figure 6.7 AFM in-situ images of microgels with a ratio of VCL:Vim:IA = 80:5:15. First 

row: zoom-in images of particles; second row: force constants of particles shown in the first 

row; third row: cross sections (see red line in first row). Force constant images are slightly 

shifted due to adjustments between measurement modes. (a) pH 3; (b) pH ~ 6.5; (c) pH 10. 

All measurements were conducted in water at 20 °C.  

AFM in-situ measurements were conducted in water at pH 3, 6.5, and 10. Images in 

Figure 6.7 confirm that the particles are spherical and monodisperse and swollen in water at 

pH 3 and pH 10, while they are in collapsed state at pH close to the IEP. This agrees with the 

data obtained via DLS. Additionally, the force constants were measured to evaluate 

a b c 

276 ± 50 nm 156 ± 9 nm 291 ± 36 nm 
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mechanical properties of the particles (see second row in Figure 6.7). Hereby, the darker a 

spot in the image, the softer the spot is. Purely white spots are generated by the glass 

substrate. All particles have two areas: a lightly colored, soft shell and a darker, stiffer core. 

This does not display a ñrealò core-shell structure, but is caused by different thicknesses of 

those two areas due to the spreading of the soft microgel particles: the cantilever ñsensesò the 

thick core and the thinner shell by indentation. Determination of the force constants gives the 

Youngôs Modulus of the particle at each spot. The data is given in Figure 6.8. Since ñcoreò 

and ñshell of the polymer particle differ considerably, they are analyzed separately.  

  

Figure 6.8 (a) Youngôs Modulus for the sample VCL:Vim:IA = 80:5:15. Error bars were 

determined by evaluating a representable number of data points in Figure 6.7. (b) AFM 

cantilever approaching the surface. The Youngôs Modulus E is defined as E = F/z with F = 

force and z = distance.  

Figure 6.8a shows the Youngôs moduli (YM) for VCL:Vim:IA = 80:5:15 microgels at various 

pH. A low YM is attributed to a high stiffness indicating that particles are in a collapsed state. 

While the YM for the shell does not change significantly, the YM of the core is strongly 

dependent on the pH of the dispersion. At low and high pH, particles have a high YM above 

1000 kPa. At pH = IEP, the stiffness increases due to attractive forces between opposite 

charges that induces the collapse of the particle network.  A decrease in stiffness correlates 

with a swelling of the particles at low and high pH and confirm the previous DLS 

measurements (see Figure 6.5). It can also be seen that particles have a higher YM at pH 10 

than at pH 3. At pH 10, particles are swollen due to the deprotonation of the carboxylic 

groups. The asymmetric ratio of Vim:IA = 5:15 leads to a higher swelling at pH 10 and thus a 

lower YM.  

 

 

 

 

 

a b 



75 

 

PVCL microgels with equal amount of ionizable groups 

It was shown that microgel particles with a changing ratio between Vim and IA express 

different behavior regarding their location of the IEP and their swelling behavior with varying 

temperature and pH. Particles with an equal ratio between Vim and IA, but an increasing 

amount of ionizable groups should show similar behavior regarding the location of the IEP, 

but different extends in swelling behavior. In the following, samples with Vim:IA ratios of 

5:5, 10:10, 15:15, 20:20, and 25:25 are discussed. Since no significant differences were 

detected between PVCL and PNIPAm microgels for a Vim:IA ratio of 10:10 in the chapter 

above, these particles were only prepared with VCL.  

To ensure that the desired amount of ionizable groups is incorporated in the particles, FTIR 

measurements were performed.  

Table 6.5 Amounts of ionizable groups in PVCL microgels as obtained with FTIR. 

Sample 
VCL % 

(1619 cm-1) 

Vim % 

theor. 

Vim % FTIR 

(665 cm
-1
) 

IA % theor. 
IA % FTIR 

(1454 cm
-1
) 

90:5:5 90 5 6 5 4 

80:10:10 80 10 10 10 11 

70:15:15 70 15 14 15 15 

60:20:20 60 20 16 20 16 

50:25:25 50 25 21 25 22 

As seen in Table 6.5, FTIR data confirm that the desired amounts of IA and Vim are in 

agreement with the actual amounts.  

TEM images support the data obtained with FTIR. The sample based on PVCL with a Vim:IA 

ratio of 20:20 is taken as an example to visualize the distribution of ionizable groups. The 

sample is stained with uranyl acetate that binds to the negatively charged carboxylic groups. 

The heavy metal ion U3+ enhances the contrast by increasing the electron density [35] and 

black dots visualize its location and distribution in the microgel particle. This method is used 

by many groups such as Jones and Lyon [36] and Xing [37]. 

Figure 6.9 shows the distribution of ionizable groups for the sample with a Vim:IA ratio of 

20:20. The image shows slightly deformed spherical particles due to the removal of water 

while drying. The images support the thesis of a random distribution of itaconic acid in the 

microgel particle. Particles also appear to be rather polydisperse. According to Lyon [36], this 

is an illusion caused by an differing spreading of the particles on the TEM grid. Information 

about the polydispersity of a sample is better analyzed with DLS.  
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Figure 6.9 Transmission electron image of PVCL microgel particles with a ratio of 

VCL:Vim:IA = 60:20:20. The image on the right side is a zoom-in.  

 

Figure 6.10 Change of (a) electrophoretic mobility EM and (b) hydrodynamic radius RH of 

PVCL microgels with equal amount of Vim:IA.  

In the previous section, the behavior of PVCL microgels with a Vim:IA ratio of 10:10 was 

discussed. Samples with an equal but increasing ratio should show very similar behavior 

when the pH of the solution is changed. Figure 6.10 shows the change of the electrophoretic 

mobility EM and the hydrodynamic radius RH as a function of pH. The graphs indicate that 

the degree of swelling becomes more pronounced with a higher concentration of ionizable 

groups. This shows that the electrostatic repulsion becomes stronger when more charges are 

incorporated. Furthermore, it can be seen the size of particles in collapsed state decreases with 

increasing amount of ionizable groups. Particles with a ratio of Vim:IA = 5:5 have a 

hydrodynamic radius of ~ 100 nm at pH 6.2, while particles with a ratio of 25:25 have a 

hydrodynamic radius of ~ 55 nm.   

a b 
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6.4. Summary 

This chapter showed that it is possible to synthesize ampholyte microgels with balanced as 

well as unbalanced amounts of acidic and basic moieties with statistical distribution of 

ionizable groups. Both PVCL and PNIPAm microgels were prepared with itaconic acid (IA) 

and 1-vinylimidazol (Vim) as comonomers. The successful incorporation of both 

comonomers in desired amounts was verified with FTIR spectroscopy. Also TEM images of 

stained samples indicated the random distribution of ionizable groups. It was further shown 

that the size of the particles can be tuned with the pH of the solution. For all ampholyte 

microgels, a V-shaped curve could be obtained, this means that particles were swollen at high 

and low pH and collapsed at the isoelectric point (IEP). These data correlated very well with 

measurements for the determination of the electrophoretic mobility. The position of the IEP 

and thus the minimum of the size curve could be shifted to higher or lower pH depending on 

the amount of IA and Vim. Samples containing only Vim or IA as a comonomer were only 

swollen in one pH regime. Microgels with a balanced ratio between IA and Vim, but different 

amounts all showed the typical V-shaped curve for their sizes with varying pH with an IEP at 

~ 6.2. It could be seen, however, that particles with the highest amount of comonomers 

(VCL:Vim:IA = 50:25:25) were smallest in the collapsed state compared to samples with a 

lower amount of ionizable groups (VCL:Vim:IA = 90:5:5). Furthermore, the degree of 

swelling at pH 3 and pH 8, respectively, compared to pH = IEP was higher for samples with a 

higher amount of ionizable groups. This was explained thereby that a higher amount of 

charges leads to more electrostatic repulsion between the charged groups thus extending the 

microgel network.  

AFM images in buffer were taken of samples with an unbalanced amount of ionizable groups 

and verified the production of spherical, monodisperse microgel particles. Force maps of the 

same particles revealed that particles are stiffer, that means they have a higher Youngôs 

modulus, at pH = IEP than at pH 3 and pH 8. These results correlate with the results obtained 

with DLS. At pH = IEP, the particles are in a collapsed state and are therefore stiffer than in 

the swollen state.  
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7 Microgels with Core-Shell Structure 

7.1. Introduction  

Due to the broad application range for microgels, microgel architectures tend to become more 

and more complex in order to meet multiple requirements in one multifunctional microgel 

polymer network. The next step from microgels with a statistical distribution of ionizable 

groups that were discussed in the last chapter, with regard to advanced architecture are 

microgels with a core-shell structure with ionizable groups spatially separated. These are the 

subject of this chapter.  

Core-shell microgels consist of two chemically crosslinked networks [1]. Particles can be 

prepared either in a one-step synthesis using monomers of different reactivity ratios or in a 

two-step synthesis by adding the monomers for the shell after the reaction of the core is 

complete. Both steps are carried out at T > LCST. The latter method ensures a strict spatial 

separation of core and shell and a well-defined surface between them [2]. A two-step synthesis 

is possible because the particles of the first step act as seeds for the second polymerization 

step where oligomers precipitating from the aqueous phase are connecting preferably to the 

existing particle cores by chain transfer due to their relatively higher hydrophobicity [3][4]. The 

total particle number remains constant during the addition of the shell [3].  

Due to the soft nature of microgels, core and shell influence each other greatly [1]. Swelling or 

collapsing of one network either causes or hinders the swelling or collapsing of the other. I. 

Berndt et al. prepared core-shell microgels with PNIPAm in the core and poly(N-

isopropylmethacrylamide) (PNIPMAm) in the shell [5]. PNIPAm and PNIPMAm exhibit 

LCSTs of 34 °C and 44 °C, respectively. The core thus collapses at 34 °C, while the shell 

remains hydrophilic until a temperature of 44 °C is reached. In between, core and shell 

counteract each other creating a field of stress within the particle. SANS measurements 

revealed that the shell pulls the core outwards which is intensified with increasing shell 

thickness.  

Not only the synthetic protocol is important for the successful preparation of core-shell 

particles, another important factor is the compatibility of the two monomers as well as the 

interfacial tension between the two polymers [6].   

In literature, a wide range of analysis techniques are used to gain information about the 

internal structure of core-shell microgels. TEM and cryo-TEM measurements give an optical 

conformation of the core-shell nature of particles and their morphology [4]. Staining with 

phosphate tungsten acid [7], cadmium nitrate, potassium hexachloroplatinate [8] or uranyl 

acetate [9] greatly enhances the contrast between core and shell. If nanoparticles are already 
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embedded in the microgel network, no further staining is necessary [10]. Cryo-TEM images 

presented by M. Ballauff and L. Yu of poly(styrene) core and PNIPAm shell microgels 

clearly distinguish between core and shell and show that the shell is slightly deformed due to 

density fluctuations of the shell [4]. Their data confirm results for the same microgel system 

that were obtained earlier in the same group by small angle X-ray scattering (SAXS) [11] and 

that were predicted in theory by M. Shibayama [12]. These inhomogeneities are explained by 

thermal fluctuations of the polymer chains that become stiff when crosslinked. Furthermore, it 

was shown that the shell of those particles that were prepared in a two-step synthesis is not 

continuously attached to the core and detaches slightly when the particles swell below the 

VPTT [2].  

Further methods for the characterization of core-shell microgels are SANS [13], NMR [14], 

AFM [15][16] or titration [17][18].  

Multi-responsive microgels react to more than one external stimulus, mostly pH and 

temperature. T. Hu et al. synthesized core-shell particles with a PNIPAm-co-acrylic acid 2-

hydroxyethyl ester (HEA) core and a PNIPAm shell via free-radical RAFT living 

polymerization [19]. They could show that core and shell exhibited different transition 

temperatures. DLS measurements revealed that the copolymer core collapsed between 28 ï 

32 °C, while the collapse of PNIPAM shell is shifted to 32 ï 25 °C. A dual temperature-

sensitive core-shell microgel was also prepared by A. Balaceanu et al [20]. They prepared 

poly(vinylcaprolactam) (PVCL) core and poly(N-isopropylmethacrylamide) (PNIPMAm) 

shell and reverse microgels. PVCL and PNIPMAm have volume transition temperatures at 

32 °C and 45 °C, respectively. In PNIPMAm core/PVCL shell microgels, DLS measurements 

giving the ratio of the core Rcore to the hydrodynamic radius RH indicate that the PVCL shell 

collapses first upon an increase in temperature as can be seen from an increase in the ratio 

Rcore/RH. A further increase in temperature leads to a collapse of the PNIPMAm core, 

decreasing the Rcore/RH ratio.  

So, far only few examples for ampholyte core-shell microgels can be found in literature. K. E. 

Christodoulakis and M. Vamvakaki prepared 2-(diethyl-amino)ethyl methacrylate (DEA) or 

tert-butyl methacrylate (t-BuMA) core and t-BuMA or DEA shell, respectively, in a two-step 

emulsion polymerization [17]. Both core and shell could be protonated and deprotonated 

separately. They compared the swelling/ de-swelling results to a microgel of the same 

composition where t-BuMA and DEA are randomly distributed and found that in the latter the 

basic and acid moieties are protonated/ deprotanated simultaneously. S. Schachschal et al. 

synthesized ampholyte microgels with anionic core and a cationic shell based on VCL in a 
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one-step synthesis [14]. The core-shell structure arises from different reactivities and water 

solubilities of the comonomers itaconic acid dimethyl ester (IADME) and vinylimidazole 

(Vim). The ampholyte character of the particles was obtained after hydrolyzation of IADME 

to itaconic acid (IA). Using proton high-resolution transverse magnetization relaxation under 

magic angle sample spinning (MAS), the authors could show that IA is mostly located in the 

core of the microgels. Both the VPTT and the IEP of the particles can be tuned by variation of 

the IA and Vim content.  

Based on the last work, core-shell microgels with NIPAm or VCL as main monomers in the 

core or shell and IA and Vim as comonomers in the core or shell were prepared. Figure 7.1 

shows the structure of the particles and the sample names used in this chapter. 

In contrast to the work done by S. Schachschal, the core-shell microgels are prepared in a 

two-step synthesis to ensure a strict spatial separation between core and shell. Particles with 

basic moieties in the core and acid moieties in the shell as well as their reverse counterparts 

were prepared to study the influence of distribution of ionizable groups on swelling 

properties. The location of ionizable groups will further be important for uptake and release 

studies in later chapters. Moreover, the location of VCL and NIPAM was varied. VCL is less 

cytotoxic than NIPAm [21][22], its location in the shell might therefore enhance 

biocompatibility of the whole core-shell particle. NIPAm-based microgels, however, have a 

lower polydispersity and a sharper VPTT than PVCL-based microgels [22]. The 

copolymerization of two temperature-sensitive monomers is a facile method for the 

preparation of new smart materials.  

 

Figure 7.1 Structure of core-shell microgels and the sample names used in this chapter 

(c = core, s = shell).  
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7.2. Synthesis Procedure 

Microgels were synthesized in a two-step precipitation polymerization in water. For the 

synthesis of the core, appropriate amounts (see Table 7.1) of NIPAm/VCL, IA/Vim, and BIS 

were dissolved in 150 mL water and heated up to 70 °C while purging with N2. After 1 h, the 

initiator AMPA was added and the reaction carried out for 3 h under constant stirring. The 

core-microgels were left in the reactor without cooling down or purification. For the addition 

of the shell, the appropriate amounts (see Table 7.2) of VCL/NIPAm, Vim/IA, BIS and 

AMPA were added to the aqueous solution without addition of further water. The reaction 

was carried out for further 3 h under N2. After synthesis, microgel solutions were cleaned via 

dialysis using a composite regenerated cellulose membrane from Millipore (NMWCO 30,000) 

for 3 d against water and subsequently lyophilized for 3 d.   

Table 7.1 Amounts of monomers used for synthesis of the core.  

Monomer 

in core 

VCL/NIPAm / g  IA / g Vim / g BIS / g AMPA / g 

VCL 1.897  - 0.169 0.062 0.053 

1.876 0.175 - 0.065 0.053 

NIPAm 1.568  - 0.156  0.062 0.049 

1.501 0.179 - 0.063 0.050 

 

Table 7.2 Amounts of monomers used for synthesis of the shell (added to the core 

dispersion). 

Monomer 

in shell 

VCL/NIPAm / g  IA / g Vim / g BIS / g AMPA / g Sample name 

NIPAm 1.532 0.182 - 0.062 0.058 cVCL+/sNIPAm- 

1.572 - 0.126 0.062 0.056 cVCL-/sNIPAm+ 

VCL 1.891 0.181 - 0.061 0.051 cNIPAm+/sVCL- 

1.871 - 0.104 0.062 0.050 cNIPAm-/sVCL+ 

 

Further, core-shell microgels cVCL-/sNIPAm+ were prepared with an increasing shell 

thickness. Core particles as prepared according to Table 7.1 were synthesized. The amounts of 

the shell can be seen in Table 7.3. For the samples with a core:shell ratio of 1:2.5 and 1:5, the 

monomers for the shell were dissolved in 190 mL and 375 mL of water (pre-heated to 70 °C), 

respectively, and instantaneously added to the core dispersion.  
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Table 7.3 Amounts of monomers used for synthesis of the shell with increasing shell 

thickness (added to the core dispersion). 

Ratio 

core:shell 

NIPAm / g Vim / 

g 

BIS / g AMPA / g Sample name 

1:1 1.532 0.104 0.062 0.050 cVCL-/sNIPAm+ (1:1) 

1:2.5 3.802 0.250 0.149 0.132 cVCL-/sNIPAm+ (1:2.5) 

1:5 7.581 0.526 0.312 0.260 cVCL-/sNIPAm+ (1:5) 
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7.3. Results and Discussion 

The synthesis of core-shell microgels led to colloidally stable dispersions. Measurements of 

the colloidal stability (see appendix) reveal that all particles have the same colloidal stability 

regardless of the distribution of monomer and ionizable groups.   

To ensure that the desired amounts of monomers are incorporated in the microgels, samples 

were analyzed with FTIR (see Figure 7.2). The discussion of the monomer spectra and the 

respective peak assignment can be found in chapter 6.  

 

Figure 7.2 FTIR spectra for core-shell PVCL-co-Vim-co-IA microgels.  

Table 7.4 Amounts of ionizable groups in core-shell microgels as obtained with FTIR. 

Sample name VCL % 

(1654 cm
-1
) 

Vim % 

theor. 

Vim % FTIR 

(1284 cm
-1
) 

IA % theor. IA % FTIR 

(1153 cm
-1
) 

cVCL+/sNIPAm- 80 10 10 10 8 

cVCL-/sNIPAm+ 80 10 9 10 9 

cNIPAm+/sVCL- 80 10 11 10 10 

cNIPAm-/sVCL+ 80 10 9 10 11 

 

In all cases, the amounts of IA and Vim as obtained from FTIR are close to the theoretical 

values indicating that the incorporation of IA and Vim in the desired amounts was successful. 

TEM images confirm the formation of core-shell microgels (see Figure 7.3). The particles 

were stained with uranyl acetate, U(Ac)3, which binds to the carboxylic groups. Therefore, 

regions with IA appear darker than regions with Vim. Figure 7.3a shows that IA is mostly 

located in the core of the particles. A thin shell can be seen surrounding the particles. Figure 

7.3c shows particles which are completely stained. IA is located in the shell and thus masks 

the inner core.  
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Figure 7.3 TEM images of core-shell particles stained with U(Ac)3. (a) cVCL-/sNIPAm+ (b) 

cVCL-/sNIPAm+, closer look; (c) cVCL+/sNIPAm-; (d) cVCL+/sNIPAm-, closer look.  

    

Figure 7.4 (a) Hydrodynamic radius RH and (b) electrophoretic mobility EM of core 

microgels at 20 °C with varying pH. The horizontal line at 0 µmcm/Vs is a visual help to 

better identify the isoelectric point.  

Particles were analyzed regarding their pH-sensitivity. First, the pure core particles were 

examined (see Figure 7.4). Particles with basic moieties swell at low pH and collapse at high 

pH from ~ 270 nm to ~ 100 nm (i.e. - 63 %). Particles with acid moieties swell at high pH due 

to the deprotonation of the carboxylic groups and collapse at low pH from ~ 230 nm to ~ 

125 nm (i.e. - 46 %). The electrophoretic mobility reflects this behavior. While the EM of the 

cores containing Vim decreases from 2.1 µmcm/Vs to 0 µmcm/Vs from pH 3 to pH 10, it 

decreases less significantly for cores containing IA: from 0 µmcm/Vs at pH 3 to -

0.5 µmcm/Vs at pH 10. This asymmetric behavior is reflected in the FTIR data. Slightly less 

IA i s incorporated into the core polymer network than Vim. The swelling of both particle 

a c 

b d 

a b 

shell 

core 



87 

 

types is very broad and constant indicating a homogenous distribution of the acidic and basic 

moieties in the particles.   

Pure IA and Vim have pKa and pKb values of 3.84/5.55 and 6.0, respectively. In the core 

microgels, the swelling already starts at pH ~8 for Vim-core particles and at pH ~ 6 for IA-

core particles. The ñprematureò swelling between pH 6 and pH 8 for Vim-core microgels is 

caused by the greater hydrophilicity of VCL compared to Vim due to the carbonyl group of 

VCL. Hydrophilic VCL-co-Vim microgels will more readily swell in water than pure Vim. IA 

on the other hand is already more hydrophilic than VCL due to its two carboxylic groups, 

therefore, no ñprematureò swelling can be observed. This behavior is in accordance with 

results obtained by M. Bradley et al [23]. 

Figure 7.4 also shows that there are no differences between PVCL- and PNIPAm-based core 

microgels regarding their EM with varying pH. Looking at their RH, PNIPAm microgels are 

slightly bigger in size than the respective PVCL microgel in the swollen state, while both 

have the same size in collapsed state. Since FTIR data confirm that both samples have the 

same amount of basic or acid moieties incorporated, the difference in swelling might be 

attributed to different crosslinker densities. A higher crosslinker density in the core for VCL-

based microgels would suppress the swelling behavior.  

Figure 7.5 shows the pH-responsive behavior of the respective core-shell particles that were 

discussed in Figure 7.4. Figure 7.5b shows that core-shell particles show very different 

behavior depending on the location of ionizable groups. For particles with Vim located in the 

core with IA in the shell (black and blue curves), the particle size constantly decreases from 

pH 3 to pH 10. For this system, the core is positively charged at low pH, while the shell is 

negatively charged at high pH. Therefore, a V-shaped curve as observed for microgels with 

statistical distribution of ionizable groups (see chapter 6) was expected. The collapse of the 

shell at low pH exerts an inward pressure on the swollen core, still a strong increase in 

particle size (compared to neutral state at pH ~ 6.2) can be observed indicating that the 

collapse of the shell has only a small effect. The fact that particles constantly de-swell with 

increasing pH indicates that at high pH, the negatively charged shell is not ñstrongò enough to 

counteract the collapse of the neutral core. While the IA-shell supposably increases in size 

due to swelling, the overall particle size decreases because the Vim-core pulls the shell 

inwards (see Figure 7.6). Though the particle size decreases from low to high pH, two distinct 

areas can be differentiated. A rapid decrease occurs from pH 3 to pH 6 and a slower decrease 

from pH 6 to pH 10. This indicates that the swelling/ de-swelling transitions of the core and 

the shell are independent from each other.  
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Figure 7.5 (a) Hydrodynamic radius RH and (b) electrophoretic mobility EM at 20 °C with 

varying pH of core-shell microgels. The horizontal line at 0 µmcm/Vs is a visual help to 

better identify the isoelectric point. 

 

Figure 7.6 Schematic illustration of pH-dependent behavior of core-shell particles. (a) core: 

Vim, shell: IA; (b) core: IA, shell: Vim. Arrows indicate direction of swelling (green) and de-

swelling (red). X and y denote the particle size at low (x) and high (y) pH.  

A different situation arises if IA is located in the core and Vim in the shell (red and magenta 

curves). Additionally, a difference can be seen between NIPAm and VCL. The system 

cNIPAm-/sVCL+ shows a slight V-shaped curve indicating that particles swell at high and 

low pH. The system cVCL-/sNIPAm+, in contrast, reaches a plateau in size at pH > 6.5. For 

both systems, results indicate that the positively charged shell at low pH is able to 

ñcounteractò the collapse of the neutral core by exerting a strong outward pressure on the 

latter. This is in contrast to the ñweakò IA-shell discussed above. The reason for this is likely 

to be the nature of the core. The Vim-cores discussed above de-swells highly at high pH and 

subsequently pulls the shell inwards. The IA-core, on the other hand, does not de-swell in the 

same extent as the Vim-core when neutralized due to its higher hydrophilicity. This could 

already be seen in Figure 7.4. Neutral IA-cores (i.e. at pH 3) have an RH of 125 nm, while 

neutral Vim-cores (i.e. at pH 10) have a lower RH of 102 nm.  

The swelling degrees q can be seen in Table 7.5. They are calculated as follows: 

a b 
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The results show that particles with PNIPAm in the shell swell in a higher extent than 

particles with PVCL in the shell. This is in accordance with the results obtained for the core-

particles where NIPAm-based particles swelled more than VCL-based microgels (see Figure 

7.4). This is attributed to the different reaction parameters between BIS with VCL and 

NIPAm, respectively, leading to different incorporation of the crosslinker in the polymer 

network and thus a different swelling behavior. The table also emphasizes the difference 

between particles having Vim or IA in the shell. Particles with IA in the shell have a ratio 

below 0 indicating that the particles become smaller in volume.  

Particles with Vim in the core and IA in the shell have an IEP of pH ~ 5.5, while particles 

with a reverse distribution of ionizable groups have an IEP of pH 6.5. This discrepancy can be 

explained by the fact that electrophoresis measures the amount of charges on the particle 

surface. Particles with IA in the shell have therefore an IEP hat is closer to the pKa of IA than 

to the pKa of Vim. Accordingly, particles with Vim in the shell have a pKa closer that to of 

Vim than to the one of IA. For all samples, regardless of the charge location, the absolute 

value for the electrophoretic mobility is below 2 µmcm/Vs. M. Semmler et al. state that the 

typical value for hard spheres is ~ 4 µmcm/Vs [24]. This indicates that the particles are swollen 

therefore showing no distinct, but a diffuse surface typical for microgels.  

Table 7.5 Swelling ratio q of core-shell microgels at pH 3 and 10, respectively, compared to 

the minimum in size at pH 6.2 (~ IEP). Swelling ratios were calculated as follows: 

q1 = RH(pH3)³/RH(pH6.2)³ and q2 = RH(pH10)³/RH(pH6.2)³. The table also shows the swelling ratios for 

selected microgels with statistical distribution of ionizable groups. 

Sample qacidic qbasic 

cNIPAm-/sVCL+ 3.70 1.57 

cNIPAm+/sVCL- 3.99 0.44 

cVCL-/sNIPAm+ 4.05 1.06 

cVCL+/sNIPAm- 4.68 -0.40 

 

VCL:Vim:IA = 80:10:10 statistical 5.50 6.91 

VCL:Vim:IA = 80:0:20, statistical - 1.75 
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Comparing the swelling degrees at low and high pH of core-shell particles with particles with 

a statistical distribution of ionizable groups (see Chapter 6 and Table 7.5), it can be observed 

that microgels with a core-shell distribution swell less at pH 3 and considerably less at pH 10 

than microgels with a statistical distribution of ionizable groups. According to T. Hoare and 

R. Pelton, microgels with a homogeneous distribution throughout the particle swell in a less 

extent [25]. The polyion concentration is lower due to a greater volume that is available. In 

core-shell microgels, in contrast, charges are localized in a smaller volume thus repelling each 

other in a higher degree resulting in a more pronounced swelling.  

This, however, is not observed for the above discussed system. Assuming that the core has a 

higher influence on the swelling/ de-swelling behavior, the swelling degrees of microgels with 

a statistical distribution of ionizable groups is best compared to core-shell particles with a 

swollen core and a neutral shell. For particles with Vim in the core, q is approximately in the 

same range as for particles with statistical distribution of ionizable groups. The smaller value 

can be explained by the stiff shell of neutral IA suppressing further swelling. For particles 

with IA in the core, however, q is considerably lower. A comparison with the sample 

VCL:Vim:IA = 80:0:20 with statistical distribution of ionizable groups (it should be noted, 

however, that this sample has a twofold amount of IA incorporated), shows that this value is 

comparable with the value for core-shell particles containing IA in the core.   

 
Figure 7.7 Hydrodynamic radius RH as a function of temperature for (a) cVCL+/sNIPAm- 

and the respective core, measured at pH 3; (b) cVCL-/sNIPAm+ and the respective core, 

measured at pH 10. Pure PVCL microgels are given as a reference.  

In the following, the hydrodynamic radius of the core-shell microgels is compared to the 

respective core-microgels. Measurements were only conducted for particles with PVCL in the 
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core and PNIPAm in the shell and at a pH where the core is charged, i.e. at pH 3 for cores 

containing Vim and at pH 10 for cores containing IA. Measurements at the isoelectric point 

Table 7.6 Volume phase transition temperatures for core and core-shell microgels.  

Sample Measured at pH VPTT Core / °C VPTT Core-Shell / °C 

cVCL+/sNIPAm- 3 31.8 33.8 

cVCL-/sNIPAm+ 10 31.8 33.0 

cNIPAm+/sVCL- 3 31.8 34.4 

cNIPAm-/sVCL+ 10 31.7 33.5 

 

led to aggregation at higher temperatures due to the lack of charges. All samples show a broad 

transition temperature compared to pure PVCL microgels (see Figure 7.7). Pure PVCL 

microgels have a transition temperature of 31 °C. The incorporation of basic or acid moieties 

into the core particles does not change the transition temperature significantly (see Table 7.6). 

Also, at all pH, core and core-shell microgels are larger in size than pure PVCL microgels due 

to charged moieties repelling each other.  

In the following, the thickness of the shell in the system cVCL-/cNIPAm+ was increased to 

study its effect on the particleôs properties. As shown in Figure 7.4, the size of this sample 

decreases until a pH of 6.5, above this pH, the particle size remains constant. To study 

whether the swelling behavior at high pH can be influenced, the same particles with an 

increasing shell thickness were prepared. The ratio core:shell was increased from 1:1 (as 

discussed above) to 1:2.5 and 1:5.  

First, an increasing amount of 1-vinylimidazole was confirmed with FTIR (see appendix). It 

can be seen that the peak corresponding to Vim at 1284 cm-1 increases with an increasing 

shell thickness.  

    

Figure 7.8 TEM images of core-shell microgels (cVCL-/sNIPAm+) with increasing shell 

thickness. (a) Ratio core:shell = 1:1, (b) 1:2.5; (c) 1:5. Images with single particles are shown 

to better visualize the increase in shell thickness.  

TEM images confirm that the particles increase in size (see Figure 7.8). Dark spots in the 

corona come from ñentangledò U3+ aggregates in the shell polymer network. The thickness of 

the shell increases from 24 nm to 50 nm and 71 nm.  

c a b 
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Figure 7.9 RH and EM at 20 °C with varying pH of core-shell microgels with increasing shell 

thickness. 

Figure 7.9 gives the hydrodynamic radius and the electrophoretic mobility for samples with 

increasing shell thickness as a function of pH. RH remains constant for a pH > 6.5 for samples 

with a ratio core:shell = 1:1 as already discussed above. For a ratio core:shell = 1:2.5, the 

particle size slightly increases for pH > 7.5. For a ratio core:shell = 1:5, the particle size 

increases in a more pronounced way for a pH > 7. This shows that the inward force exerted by 

the collapse of the neutral core on the negatively charged, swollen shell is diminished by an 

increase in shell thickness. Still, the degree of swelling at high pH is considerably lower than 

for samples with a statistical distribution of ionizable groups. The electrophoretic mobility is 

shifted to higher pH for an increasing ratio core:shell while the absolute value increases at low 

pH. This can be explained by the higher number of positively charged groups in the particle 

shell.  

The size of the particles was also measured varying the solution temperature. As for the core-

shell microgels discussed above, no significant changes in the VPTT can be detected. The 

graphs are shown in the appendix.  
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7.4. Summary 

This chapter discussed the preparation and analysis of ampholyte core-shell microgels. N-

vinylcaprolactam (VCL) and N-ispropylacrylamide (NIPAm) were used as main monomers in 

either the core or the shell. Itaconic acid (IA) and 1-vinylimidazole (Vim) were used as 

comonomers. Particles were prepared in a two-step synthesis to ensure a strict spatial 

separation between the core and the shell. The core-shell structure was visualized with TEM 

after selectively staining of the carboxylic groups with U(Ac)3. The successful incorporation 

of desired amounts of IA and Vim were confirmed with FTIR spectroscopy. The pH-

sensitivity of the cores was analyzed with regard to the particlesô size and their electrophoretic 

mobility. Particles containing IA swell at high pH due to repulsion of negatively charged 

groups. Particles containing Vim, in contrast, swell at low pH due to the repulsion of 

positively charged groups. Core-shell particles, on the other hand, do not show a V-shaped 

curve for the particle size as expected for ampholyte microgels. It was shown that particles 

swell greatly at low pH, while the particle size either decreases continuously with increasing 

pH (for particles containing IA in the shell) or is constant in size above a pH ~ 7. Also the 

degree of swelling greatly differs from particles containing a statistical distribution of 

ionizable groups. It could be observed that a neutral shell hinders the complete swelling of the 

core. Temperature-dependent size measurements showed that particles have a broadened 

transition while particles are larger in size compared to neutral PVCL microgels due to the 

repulsion of like charges. An increase of the shell thickness led to an improved degree of 

swelling at high pH. Finally, the thermal decomposition of core-shell particles was studied 

with TGA. A two-step decomposition was detected caused by different decomposition 

temperatures of PVCL and PNIPAm.  
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8 Janus-like Microgels 

8.1. Introduction  

Janus is the name of the old Roman god of end and beginning, of entrance and exit, of old and 

new. Not only is the month ñJanuaryò named after him (January being the month linking the 

old and the new year), but due to his two faces (that he used to look in both directions 

simultaneously) his name is used in modern-day science to term things or phenomena that 

have two ñfacesò or two aspects. The term is mostly used in chemistry. Here, Janus particles 

are colloids with clearly distinguished hemispheres with different chemical or physical 

properties such as form [1], material, chemical functionalization, or polarity [2]. 

Janus particles exhibit many different shapes and forms (see Figure 8.1).  

 

Figure 8.1 Different forms of Janus particles: a Bicompartmental; b Dumbbell; c Half-

raspberry; d Acorn; e Snowman.  

In nature, dissymmetry in a molecule offers specific properties. The best examples are 

proteins that have an asymmetric distribution of ionizable groups and thus a large dipole 

moment. For Janus particles, the dissymmetry offers an additional level of freedom: the 

particles can distinguish between left and right, between up and down [1]. This behavior can be 

utilized for arranging particles or for the self-assembly of complex structures. Tuning the 

physical or chemical properties of each hemisphere, new materials with dual characteristics 

are possible. Simulations predict that these highly complex structures are different from 

traditional materials [3]. While in ñoldò materials, atoms and molecules are the building 

blocks, anisotropic particles open the pathway to novel supermolecules with exactly the 

desired features.   

Different synthesis routes have developed addressing the desired properties of the respective 

particles. The most common three approaches are discussed in the following. 

Immobilization on a substrate. In this process, the particles are deposited on a surface and are 

immobilized. Then, ñfunctionalizationò is induced from one side leading to an altered upper 

hemisphere of the particles. The release of the particles from the surface results in Janus 

particles. M. Bradley and J. Rowe used a similar technique to prepare Janus microgels [4]. 

Instead of a flat surface, they used negatively charged poly(2-vinylpyridine-co-styrene) latex 

particles as a surface to mask one side of the positively charged poly(2-vinylpyridine) 

microgels that aggregated onto the much larger latex particles. The exposed side of the 
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microgels was functionalized with PNIPAm. They obtained pH- and temperature-sensitive 

microgel particles after the dissolution of the latex particles by a reduction of the pH.  

Modification of colloids at liquid-liquid interfaces. The functionalization of the particles takes 

place at the liquid-liquid interface.  H. Kawaguchi et al. who were the first to prepare Janus-

like microgels. PNIPAm microgels were copolymerized with acrylic acid (AAc) and amino 

groups were introduced via a carbodiimide coupling reaction on the side of the particles in 

contact with water.[5]. To prevent the microgels from ñwobblingò at the interface, Y. Umeda 

et al. stabilized their PNIPAm-co-AAc microgels at the interface by cooling down the 

emulsion to 4 °C [6].  

 

Figure 8.2 Different swelling behavior of a microgel particle in different solvents. 

However, the synthesis of Janus microgels via emulsion polymerization entails certain 

problems, the main one being that microgels swell differently in different solvents, thus 

leading to an inhomogeneous surface functionalization (see Figure 8.2).  

Microfluidics The relatively new method of microfluidics mixes two non-miscible phases 

with a photoinitiator to form droplets due to surface tension effects in a co-flowing aqueous 

phase at the Y-junction of a microchannel. A UV source ensures the polymerization of the 

desired particle morphology. Shape, size, and functionality are determined by microfluidic 

set-up, i.e. the geometry and the flowing rate of the media. This approach, however, has two 

main drawbacks: firstly, it only allows producing a restricted amount of particles at a time, 

secondly, usually only spherical shapes or deformed spheres can be realized [7]. Microgels in 

micrometer size using microfluidics were prepared by S. Seiffert et al [8]. They mixed pre-

modified and unmodified precursor PNIPAm polymers and crosslinked them via exposure to 

UV light. Functionalization with red and green fluorescence labels enabled the verification of 

the Janus-like structure with confocal scanning laser fluorescence microscopy.  

Further, less frequent used techniques are self-assembly [9][10], phase separation [11][12], and 

controlled surface modification [13][14].  

Janus particles find applications in microfluidics, stabilization of emulsions, drug delivery, 

electronics, and catalysis [2].  

In this chapter, ampholyte Janus particles based on N-isopropylacrylamide (NIPAm) were 

synthesized using a novel technique. Based on phase separation of the monomers in the first 

moments after initiation, the precursor particles or microgel nuclei are mixed at the moment 
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when two different kinds of precursor particles are not able to completely mix with each other 

(see Figure 8.3).  

 

Figure 8.3 Synthesis procedure for Janus particles. In Reaction 1 microgel A reacts with 

functional group Aô, in reaction 2 microgel B reacts with functional group Bô. tmix is the time 

at which the mixing of dispersions lead to the formation of Janus particles (b). (a) The 

dispersion are mixed before tmix leading to one particle with homogenous functional group 

distribution. (c) The dispersions are mixed after tmix leading to separate particles A and B 

bearing separate functional groups Aô and Bô.  

a b c 
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8.2. Synthesis Procedure 

Calorimetric measurements were performed in a reaction calorimeter RCle from Mettler 

Toledo with a 500 mL 3-wall AP01-0.5-RTCal reactor equipped with Hastelloy® stirrer, a 

baffle, and a TurbidoTM turbidity probe from Solvias. The measurements were done in 

isothermal mode, in which the desired reaction temperature (Tr) is set at a constant value and 

the jacket temperature (Tj) changes automatically to maintain Tr at the desired value. The 

amounts of monomer used can be seen in Table 8.1. 300 mL of water was heated up to 70 °C 

under nitrogen atmosphere and constant stirring at 200 rpm. After 30 min, the respective 

amounts of monomers were added. Simultaneously, a probe recorded the heat generated. If a 

stable base line in the produced heat was reached (minimum waiting time was 30 min), the 

initiator AMPA was added. The production of heat and the turbidity were recorded in-situ 

during the reaction using the iControl RCLeTM 5.0 software. The reaction was allowed to 

continue for 3 h and subsequently cooled down to room temperature. For the determination of 

the net reaction time the end of the reaction was defined to be when the heat flow was back to 

a value close to zero and constant. The fractional conversion can be obtained integrating the 

reaction heat curve. 

Size kinetics were measured in a 100 mL reactor equipped with a Nano-Flex probe (Particle 

Matrix company, Germany) measuring in-situ dynamic light scattering. The aqueous 

monomer solution was heated up to 70 °C and degassed under vigorous stirring to avoid 

bubbles on the probe surface. After equilibrating under nitrogen atmosphere at 200 rpm for 

30 min, the initiator was added. The stirring was stopped after 5 s to ensure accurate DLS 

measurements in 33 s intervals. The reaction was allowed to continue for 99 measurements. 

The data was analyzed using the Microtrac Felx (v. 11.0.0.4) software providing the 

hydrodynamic radius and the polydispersity index.  

For the synthesis of Janus particles, two separate reactions were carried out in two different 

reactors (see Table 8.1).  

Synthesis 1. NIPAm, Vim, and BIS were added in 100 mL H2O. After heating up to 70 °C, the 

solution was stirred at 200 rpm under nitrogen atmosphere for 1 h.  

Synthesis 2. NIPAm, IA, and BIS were added in 100 mL H2O. After heating up to 70 °C, the 

solution was stirred at 200 rpm under nitrogen atmosphere for 1 h.  
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Table 8.1 Amounts of monomers used for the reaction. 

Chemical Synthesis 1 Synthesis 2 

Amount / g 

NIPAm 1.003 1.004 

Vim 0.158 - 

IA  - 0.293 

BIS 0.049 0.049 

AMPA 0.038 0.037 

In both reactors, the initiator AMPA was added simultaneously. 0.9 mL of solution was 

removed from each solution after 1 min, 2 min, 3 min, 4 min, 5 min, 6 min, 8 min, 10 min, 

12 min, 14 min, 16 min, and 18 min. The two solutions were immediately combined in one 

flask and allowed to stir for 3 h at 70 °C at 200 rpm.  

To visualize the success of the reaction, transmission electron microscopy (TEM) was 

performed at a Zeiss Libra TM 120 (Carl Zeiss, Oberkochen, Germany). 20 µL of each 

sample was stained with 5 µL of uranyl acetate U(Ac)3 and one drop was put on a carbon 

coated copper grid. Samples were then dried overnight.   
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8.3. Results and Discussion 

Janus-like particles based on PNIPAm with itaconic acid (IA) and 1-vinylimidazole (Vim) as 

comonomers are discussed in this chapter. An anisotropic distribution of acidic and basic 

moieties is aimed at. In contrast to core-shell particles, where one kind of ionizable group is 

located in the core and the other in the center of the microgel, Janus-like particles have their 

ionizable groups on opposite ñsitesò. 

The synthesis of Janus-like microgels is based on phase separation phase separation of the 

precursor particles. The approach via substrate immobilization and emulsion polymerization 

lead to particles with only surface-modified functionalization. The aim in this work, however, 

is the synthesis of ampholyte microgels with ionizable groups located throughout the whole 

microgel. 

First preliminary experiments with either VCL or NIPAm as main monomer and the 

subsequent analysis with TEM showed that the synthesis process works better for NIPAm 

microgels (TEM images for NIPAm will be discussed later in this chapter). Therefore, the 

following experiments were solely performed for NIPAm microgels.  

Before the synthesis of the actual Janus-like particles, experiments to understand the 

polymerization kinetics and particle formation were performed. Therefore, separate reactions 

for NIPAM-IA and NIPAm-Vim as well as pure NIPAm microgels were carried out in a 

calorimeter and the change of heat flow and particle size were measured starting with the 

addition of the initiator (start of the reaction). Syntheses were performed at different pH 

according to the type of comonomer (pH 3 for Vim and pH 8 for IA).  

First, the change in reaction heat was measured. It was shown that it was not possible to 

copolymerize NIPAm with IA in the calorimeter, contrary to the reactions that were 

successfully carried out in the double-walled glass reactors. Instead of a stable microgel 

dispersion, a sticky hydrogel-like material was obtained. The reason for this is unknown, 

though a reaction between itaconic acid and the metal probes is likely. Both the curves for 

pure PNIPAm and PNIPAm-co-Vim microgel look similar, though the reaction time is 

slightly longer for PNIPAm-co-Vim microgels. Both reactions are finished after ~ 30 min.  

It was, however, possible to measure in-situ time-dependent DLS for all three samples. Figure 

8.4 shows that the reaction for pure PNIPAm microgels is the fastest and that particles have 

reached a hydrodynamic radius of ~ 140 nm after already 4 min. PNIPAm-co-Vim microgels 

need a slightly longer reaction time of ~ 8 min at which point they have obtained a 

hydrodynamic radius of ~ 250 nm. At first glance, these results are contrary to the results  



101 

 

  
Figure 8.4 (a) Calorimetric measurements for pure PNIPAm microgels (black) and PNIPAm-

co-Vim microgels (red). The numbers give the reaction heat that was created. (b) In-situ time-

dependent DLS measurements for pure PNIPAm (black), PNIPAm-co-IA (blue), and 

PNIPAm-co-Vim (red) microgels.  

obtained with calorimetry which showed that both reactions continue until ~ 30 min. This 

shows, however, that the particles obtain their final size after a very short time and that further 

addition of monomers (generating more heat) does not contribute to an increase in particle 

size. Microgels containing PNIPAm and IA need about 40 min to reach a hydrodynamic 

radius of ~ 500 nm.  

The synthesis of Janus particles was realized by mixing PNIPAm-co-IA and PNIPAm-co-Vim 

microgel dispersions after a certain amount of time. The results in Figure 8.4 suggest that the 

point of mixing time is a crucial factor that influences the form and properties of the resulting 

microgel particles. Both reactions (1. NIPAm + IA; 2. NIPAm + Vim) were done 

simultaneously in two different reactors. After the addition of the initiator, samples were 

taken from both reactions and mixed immediately at various reaction times. The reactions 

were allowed to continue for 4 h in a shaker at 200 rpm and 70 °C. Depending on the time of 

mixture, colorless (early mixing time) or milky (late mixing time) dispersions were obtained.  

Afterwards, samples were stained with U(Ac)3 and analyzed with transmission electron 

microscopy (TEM) to confirm the success of the formation of Janus particles. U(Ac)3 binds to 

the carboxylic groups of the itaconic acid and gives a clear distinction between parts with 

itaconic acid and parts with 1-vinylimidazole.  

The reaction times before mixing were changed:  

a. NIPAm-co-IA and NIPAm-co-Vim were initiated simultaneously. 1 mL of 

each sample was taken after 1, 2, 3, 4, and 5 min from each reactor and mixed 

immediately.  

a b 
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b. NIPAm-co-Vim was initiated 2.5 min after the initiation of NIPAm-co-IA. 

1 mL of each sample was taken after 0.5, 1, 2, 3, and 4 after the initiation of 

NIPAm-co-Vim min from each reactor and mixed immediately. 

c. NIPAm-co-Vim was initiated 5 min after the initiation of NIPAm-co-IA. 1 mL 

of each sample was taken after 0.5, 1, 2, 3, and 4 min after the initiation of 

NIPAm-co-Vim from each reactor and mixed immediately. 

Figure 8.5 shows TEM images for a batch of samples that were started simultaneously 

through the addition of the initiator AMPA (case a). PNIPAm-co-Vim and PNIPAm-co-IA 

solution were mixed after 1, 2, 3, 4, and 5 min. TEM images reveal that different mixing 

times lead to the formation of microgels with different architectures. When mixed after 1 min, 

particles with a homogenous distribution of both IA and Vim are obtained. Mixing after 2 min 

leads to particles with one side clearly darker than the other. This suggests that the stained 

carboxylic group of IA is located only on one side of the microgel leading to the formation of 

Janus-like particles. Later mixing times lead to the formation of two separate particles that 

exist side by side. Large aggregates are visible for PNIPAm-IA microgels (see Figure 8.5f).  

   

   

Figure 8.5 TEM images of PNIPAm-co-IA-co-Vim microgels obtained following route a. 

PNIPAm-co-IA and PNIPAm-co-Vim solutions were mixed after (a) 1 min; (b) 2 min; (c) 2 

min ï zoom-in; (d) 3 min; (e) 4 min; (f) 5 min.  

The synthesis was repeated with different initiation times of the two reactions. As shown in 

Figure 8.4b, the reaction NIPAm-co-IA is slower than the reaction NIPAm-co-Vim. 

Therefore, the reaction NIPAm-co-Vim was started 2.5 min after the initiation of NIPAm-co-

IA (case b). Samples were mixed after 0.5, 1, 2, 3, and 4 min of the initiation of NIPAm-co-

Vim.  

a b 

d e f 

c 
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Figure 8.6 (a+b) TEM images of PNIPAm-co-IA-co-Vim microgels obtained following route 

b. Mixing time was 0.5 min. (c) NIPAm-co-Vim microgels; (d) NIPAm-co-IA microgels as 

reference.  

TEM images reveal that only the mixture of 0.5 min produced Janus-like particles (see Figure 

8.6). TEM images for different mixing times are not shown as they resemble images shown in 

Figure 8.5 and are of no further interest. 

The synthesis following route c (NIPAm-co-Vim initiated 5 min after initiation of NIPAm-co-

IA) did not result in the formation of Janus-like particles independent of the mixing time.  

(It was also tried to vary the amount of volume of NIPAm-co-Vim and NIPAm-co-IA, 

respectively. Therefore, separate solutions were mixed after simultaneous initiation, but 

mixed in different ratios, i.e. NIPAm-co-IA:NIPAm-co-Vim = 2:1 and 1:2. However, in 

neither case TEM images revealed the formation of Janus-like particles.) 

Particles obtained via the synthesis route b were further characterized with temperature-

dependent DLS to obtain the particleôs hydrodynamic radius (see Figure 8.7a). It can be seen 

that the VPTT is ~ 29 °C. In comparison to ampholyte microgels with statistical or core-shell 

distribution of ionizable groups, the VPTT is only slightly lower. 

Furthermore, the particlesô pH sensitivity was examined. Figure 8.7b shows that particles are 

swollen at high (~ 550 nm) and low (~ 650 nm) pH, while being in a collapsed state at pH 5 

(430 nm). This and the fact that the absolute value of the electrophoretic mobility is higher at 

pH 3 than at pH 10, indicates that slightly more Vim is incorporated than IA.  

a b 

c d 
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Figure 8.7 (a) RH with varying temperature at pH 6; (b) Electrophoretic mobility EM and RH 

with varying pH at 25 °C. Janus-like particles were obtained via synthesis route b.  

In the following, the pH-sensitivity of the Janus-like microgels is compared to the pH-

sensitivity of particles with statistical and core-shell distribution of ionizable groups (see 

chapters 6 and 7). Figure 8.8 therefore shows the electrophoretic mobility and the 

hydrodynamic radius as a function of pH for microgels with various distributions of ionizable 

groups.  

 

Figure 8.8 RH and EM as a function of pH for microgels with various distribution if ionizable 

groups: Janus-like (black), core-shell (red), and statistical (blue). All samples have a monomer 

ratio of VCL:Vim: IA = 80:10:10. Measurements were conducted at T = 25 °C. The 

horizontal line (EM = 0 µmcm/Vs) helps to identify the isoelectric point.  

All samples have a similar isoelectric point (IEP) of pH ~ 5 - 6. At lower pH, the microgels 

are positively charged, while they are negatively charged at higher pH. A difference can be 

seen between Janus-like and statistical on the one side and core-shell particles on the other 

side. The latter has a more negative EM than the other two because here itaconic acid is 

exclusively located in the shell.  

a b 
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Furthermore, the hydrodynamic radius RH is within the same size range, i.e. between 100 and 

300 nm. Differences can be seen in the swelling behavior. Samples with a statistical 

distribution of ionizable groups show a V-shaped behavior, i.e. they are swollen at low and 

high pH, while the particles collapse at the IEP. Since the sample has a symmetric ratio 

between Vim and IA, the particles swell in the same extent at low and high pH. Core-shell 

microgels, on the other hand, swell only at low pH, while a constant decrease in size can be 

observed with increasing pH. The reasons are explained in chapter 7. The pH-dependency of 

Janus-like microgels is V-shaped for a pH range of 3 ï 6.5, while RH remains constant at pH > 

6.5. This comparison shows that the distribution of ionizable groups within the microgel 

particles is of great importance and highly influences the pH behavior.  

Similarly, the colloidal stability of all three samples was studied and compared. 

Measurements were conducted at pH 8 because the greatest differences between the above 

discussed samples is expected to be seen at high pH for the following reason: All samples are 

negatively charged at high pH. The core-shell sample has itaconic acid groups located 

exclusively in the shell, Janus-like particles exclusively on one ñsideò, while particles with a 

statistical distribution have itaconic acid located throughout the polymer network. Colloidal 

stability obtained via electrostatic interactions is therefore likely to differ considerably. These 

assumptions are confirmed in Figure 8.9. Core-shell microgels have the lowest sedimentation 

velocity, i.e. they have the highest colloidal stability, while microgels with a statistical 

distribution of ionizable groups have the highest sedimentation velocity. Note, however, that 

overall, the sedimentation velocities are relatively low for all samples regardless of their 

architecture indicating their good colloidal stability.  

 

Figure 8.9 Sedimentation velocities for microgels with various distribution of ionizable 

groups. Samples have a monomer ratio of VCL:Vim: IA = 80:10:10.   
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8.4. Summary 

This chapter showed that it is possible to synthesize Janus-like particles by mixing two 

separate microgels solutions shortly after initiation of each solution. For this, PNIPAm-co-IA 

and PNIPAm-co-Vim microgels were synthesized in different reactors, initiated by the 

addition of AMPA and subsequently mixed at a certain mixing time. TEM images confirmed 

that Janus-like particles were formed at the right mixing time. The formation was possible if 

both reactions were initiated simultaneously or shortly after each other. For simultaneous 

initiation, Janus-like particles were obtained after 2 min after the addition of AMPA. In a 

second experiment, PNIPAm-co-IA was initiated 2.5 min before PNIPAm-co-IA. Mixing 

after 3 min after the initiation of PNIPAm-co-IA also led to the formation of Janus-particles. 

Since it was shown that this synthesis procedure leads to a spatial separation of acidic and 

basic moieties, further studies are needed so that various mixing times lead to variable ratios 

between both functional groups resulting in structures such as bicompartmental, dumbbell or 

snowman.  
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9 Interactions with Proteins 

9.1 Introduction 

The low solubility of many drugs in water is a major problem modern, intelligent polymer 

systems should address when utilized as drug carriers. Microgels can be employed due to the 

great potential of precisely designing their properties. Functionalization allows tuning the 

interactions between microgel and drug that determines the uptake and release of the latter. 

Microgels can be tailored to possess crucial characteristics an intelligent drug carriers must 

fulfill: hydrophilicity/ hydrophobicity, sensitivity to environmental changes, biocompatibility, 

degradability, and specific size. Using microgels not only offers the possibility of using a 

smart polymer network for controlled delivery, they also protect proteins against 

environmental hazards such as drastic pH or changes in redox potential by providing a 

hydrophilic environment that preserves the proteinôs activity [1][2]. Additionally, microgels are 

capable to store large amounts of proteins in a relatively small volume [3].  

The interactions between microgels and proteins are complex. Proteins can undergo 

conformational changes, while microgels can swell or collapse upon the sorption of proteins.  

The uptake/ release of proteins can be controlled by the following: (a) diffusion; (b) osmotic 

pressure; (c) degradability of the polymer; (d) responsiveness of the polymer to environmental 

changes such as pH or enzymes [1]. Covalent binding between microgel and protein is avoided 

because covalent attachment may change the drugôs properties such as activity. 

Diffusion The driving force behind diffusion of protein molecules into oppositely charged 

microgels is the gain in free energy. Initially, after mixing of protein and microgel, the strong 

binding causes a strong increase in protein concentration at the interface between microgel 

and surrounding solution. After time, with proceeding diffusion of protein into the microgel, 

the concentration becomes more homogenous throughout the particle.  

Swelling/ Osmotic pressure The uptake of protein by a charged microgel causes a release of 

counterions. This lowers the osmotic swelling of the microgelôs osmotic swelling pressure. A 

collapse of the charged microgel network can induce an increase in charge density, thus 

promoting further protein uptake. 

Degradability of microgel The use of a cleavable crosslinker enables the degradation of the 

microgel with the help of e.g. enzymes or acids [4]. Ideally, the particle consists of a shell that 

is impermeable to the protein. Degradation of the microgel particle leads to the release of the 

protein.  
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Responsiveness of microgel pH-sensitive microgels can bind proteins electrostatically. The 

increase of ionic strength leads to a screening of the electrostatic attractions between protein 

and the oppositely charged groups in the microgel, resulting in a release of the protein from 

the polymer network. Temperature-sensitive microgels can either release proteins upon 

heating by ñsqueezingò them out or contrary retain the protein through entrapment or 

increased charge density [5]. 

Usually, a combination of all factors affects the degree of uptake and release of proteins to 

and from microgels.  

V. A Kabanov et al. prepared poly(acrylic acid) (pAA) and N,N-dimethyl-N-ethylaminoethyl 

methacrylate bromide) hydrogels and studied the uptake of different proteins [6]. They 

described that the uptake of protein takes place primarily in the microgel shell. This leads to a 

collapse of the shell while the particle core is still highly swollen. Eventually, the protein-

microgel complex propagates inward leading to further de-swelling of the microgel interior 

until the complete polymer networks collapses. This was confirmed by C. Johansson et al. 

who further investigated the diffusion of lysozyme into pAA microgels [3]. Microgels were 50 

ï 150 µm in size which enables visualization with confocal microscopy. They could see that a 

shell of lysozyme initially forms rapidly preventing additional uptake of lysozyme. After ~ 

180 s, however, lysozyme diffuses deeper into the microgel core while no further de-swelling 

of the polymer network can be observed. They state that lysozyme molecules diffusing to the 

core do not originate from the lysozyme adsorbed in the shell, but from ñnewò lysozyme 

molecules that diffuse through the already existing shell.  

H. Bysell and M. Malmsten looked closer at the interaction between lysine and pAA 

microgels as a function of ionic strength, pH, and protein concentration [7]. They state that the 

de-swelling of the microgel network as described by V. A. Kabanov is greatly depending on 

the mesh size of the polymer network and the protein size. A protein that is larger than the 

mesh size is exclusively located in the microgel shell, while smaller proteins can penetrate 

into the microgel core.  They confirm that the formation of a protein-microgel complex in the 

shell lead to the collapse of the shell. This happens faster than the protein diffusion, thereby 

preventing further uptake into the microgel core. The mesh size in turn is dependent on the 

crosslinking density within a microgel particle. The relation between crosslinking density and 

protein uptake was investigated by G. E. Eichenbaum et al [8]. They determined the pore size 

of the poly(methacrylic acid-co-acrylic acid) microgel via protein size exclusion. They found 

out that the loading of proteins is highly dependent on the crosslinking density. 
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A both pH- and temperature-dependent uptake of proteins to microgels was studied by C. S. 

O. Silva et al [9]. They used human immunoglobin G (IgG) and cationic PNIPAm microgels 

that were functionalized with amine groups. They found out that the high degree of swelling 

of the microgel network at low temperatures reduced the uptake of IgG, while ~ 90 % of the 

initial IgG concentration could be adsorbed at temperatures above the VPTT. The authors 

explained this by the higher charge density in the microgel at higher temperatures inducing 

favorable electrostatic interactions.  

The first step in testing a polymerôs ability as drug carrier is performing studies using a model 

drug that is well described in literature. Many authors use cytochrome c (cyt-c) as a model 

protein to study the interactions between proteins and microgels. Cyt-c is found e.g. in the 

human body. It is for instance the main initiator of programmed cell death [10]. It has 104 

amino acids and a heme group with the Fe(III) being six-coordinated (see Figure 9.1). It is 

surrounded by four alpha helices and is covalently bound by two cysteine side chains [11]. The 

properties of cyt-c are given in Table 9.1. It is expected that microgels and proteins interact 

over electrostatic interactions between the negatively charged carboxylic groups in the 

microgel network and the positively charged groups on the outside surface of cyt-c.  

   

Figure 9.1 (a) Structure of cytochrome c; (b) Electrostatic surface properties of cytochrome c, 

color-coded by electrostatic potential, blue: positive, red: negative. Images were generated 

using the program Discoverstudio.  

Table 9.1 Properties of cytochrome c [11][12][13].  

Molecular weight 12.3 kDa 

Isoelectric point  pH 10.2 

Radius of gyration  12.8 nm (native state) 

Overall net charge at neutral pH +6.9 (at pH 10.2) 

  

a b 
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9.2 Experimental Part  

Specifications regarding DLS, SLS, and UV-Vis measurements can be found in chapter 4 

(experimental part).  

UV-Vis measurements were conducted in order to analyze the uptake and release kinetics of 

cytochrome c. 0.005 g of microgel were dissolved in 3 mL of water at three different pH 

values: 3, IEP (i.e. ~ 6), and 8. For each sample, the theoretical amount of carboxylic groups 

was calculated and cytochrome c in a ratio of 1:1 was added assuming that each carboxylic 

group is able to bind one protein molecule. For instance, for the microgel with statistical 

distribution of ionizable groups and a monomer ratio VCL:Vim:IA = 60:20:20, 0.005 g 

contain 7.26 * 10-6 mM of carboxylic groups. Therefore, 7.26 * 10-6 mM (0.089 g) of 

cytochrome c was added.  

For kinetic release studies, the respective amounts of microgel and protein in water at three 

different pH values were allowed to stir overnight to reach equilibrium. After several hours of 

stirring, UV-Vis measurements at 25 °C from 400 to 900 nm were carried out.  

Afterwards, the samples were dialyzed in a composite regenerated cellulose membrane from 

Millipore (NMWCO 30,000) in water with the respective pH. UV-Vis measurements were 

repeated after specific times and the dialysis resumed (note: the dialysis water was not 

changed during the dialysis process). UV-Vis measurements of the dialysis water were also 

conducted under the same conditions to analyze the amount of cytochrome c released from 

the microgel. 

For controlled release studies, microgel samples and cytochrome c were dissolved in water of 

pH = 8 with the same amounts explained above. After stirring overnight, UV-Vis 

measurements was carried out. For dialysis, several parameters were changed: 

(1) The pH of the dialysis water was changed from pH 8 to pH 3. 

(2) The temperature was changed from T = 25 °C to T = 37 °C (i.e. above VPTT). 

(3) NaCl was added.  

Again, the samples were measured with UV-Vis after specific times.  

To study the effect of ionic salt on the particle size and molecular weight, DLS and SLS 

measurements were performed. Microgel and protein were mixed in buffer with pH 8 of the 

according NaCl concentration (0, 30, 50, 75, 100, and 125 mM). The solution was stirred for 

2 d to allow the sample to reach equilibrium. The samples were centrifuged to remove 

unbound protein from the solution. For SLS measurements, the samples were lyophilized to 

determine the exact concentration and re-dispersed in buffer with the according salt 

concentration. SLS measurements were performed at 25 °C.  
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9.3 Results and Discussion 

In this chapter, the interactions between microgels with statistical distribution of ionizable 

groups as well as core-shell structure and the protein cytochrome c (cyt-c) are looked at.  

Cyt-c is used for this study because it is positively charged over a broad pH range (see Figure 

9.3). The microgels that are used, however, are positively charged at pH 3, neutral at pH ~ 6, 

and negatively charged at pH = 8. Thus, interactions between microgels and protein can be 

studied at these three different pH values. Furthermore, the red color of cyt-c makes it suitable 

for UV-Vis measurements to analyze the binding kinetics between protein and microgels.  

First, however, the conformational structure of cytochrome c at pH 3 and pH 8 is measured 

via circular dichroism (CD) spectroscopy (see Figure 9.2).  

  

 Amount of conformation / % 

pH 3 pH 8 

Ŭ-helix 41.3 48.5 

ɓ-sheet 13.6 4.6 

turn 20.1 26.3 

random 25.1 20.6 

 

Figure 9.2 CD spectra of cytochrome c in PBS buffer with different pH and structural 

analysis using Yangôs reference. 

Both spectra have two negative minima at around 222 and 208 nm and a positive maximum at 

around 194 nm. The double minimum is typical for a helical structure [14][15].  A small 

shoulder at around 217 nm can be attributed to pleated ɓ-sheet conformation. The structures 

were analyzed using Yangôs reference structural analysis (see Figure 9.2). 

Yangôs reference predicts that the globular domain can support a mixture of all conformations 

at both pH, though Ŭ-helix and random coil conformation are dominant. The amount of ɓ-

sheets is decreased slightly at pH 8 compared to pH 3. The positions of the peaks do not vary 

when the pH of the solution is changed indicating that cyt-c does not change its conformation 

dramatically. 

Figure 9.3 shows that cytochrome c is positively charged over a broad pH range. Its 

isoelectric point (IEP) is above pH 8. Figure 9.3 gives also the electrophoretic mobility of the 

ampholyte PVCL-co-Vim-co-IA microgel with a statistical distribution of ionizable groups 
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and a monomer ratio of 60:20:20. It is positively charged at low pH, while being negatively 

charged at high pH. The IEP is at ~ 6.2. 

 

Figure 9.3 Electrophoretic mobility of cytochrome c (black curve) and microgel with 

statistical distribution of ionizable groups as an example (monomer ratio VCL:Vim:IA = 

60:20:20, red curve). The measurements were conducted at T = 25 °C.  

Next, UV-Vis spectra of pure cyt-c were measured at pH 3, 6, and 8 (spectrum shown in the 

appendix). Cyt-c exhibits two prominent peaks at 402 and 416 nm (ɔ-band). These peaks are, 

however, prone to change from one to two peaks depending on the oxidation state of iron: the 

peak at 402 nm belongs to Fe(III), while the peak at 416 nm can be assigned to Fe(II) [16]. 

Therefore, the smaller peak at 530 nm (Ŭ-band) was used as reference peak. Pure microgel 

samples show no peaks in this range (for spectrum see appendix).  

Microgel samples with statistical distribution of ionizable groups and a monomer ratio of 

VCL:Vim:IA = 60:20:20 were mixed with cyt-c in buffer of pH 3, 6 or 8 at room temperature. 

After incubating for 24 h, the samples were dialyzed against buffer of the respective pH. 

Depending on the pH, the protein was either bound by the microgel and could thus not be 

washed out the dialysis bag or not bound by the microgel and could thus be washed out the 

dialysis bag. The release of cyt-c was studied with UV-Vis spectroscopy after various time 

intervals. Samples were taken both inside and outside the dialysis bag.  

Figure 9.4 shows the change of the UV-Vis spectra over time. The absorbance of the peak at 

530 nm before the dialysis is the same for all samples indicating that the concentration in all 

samples is the same. Already after 30 min of dialysis, the absorbance for pH 3 is decreased 

clearly, while at the same time, the same peak increases in the dialysis water. This indicates 

that cytochrome c is not bound within the microgel particle and is able to penetrate through 

the dialysis membrane. After 360 min of dialysis, no cyt-c is left in both the samples at pH 3 

and pH 6.2. This is also confirmed optically: only the solution at pH 8 maintains its red color.  
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Figure 9.4 UV-Vis measurements of microgel sample with statistical distribution of ionizable 

groups and monomer ratio VCL:Vim:IA = 60:20:20. Black curve: pH 3; red curve: pH 6.2; 

blue curve: pH 8. (a) Before the start of dialysis; (b) After 30 min of dialysis; (c) After 180 

min of dialysis; (d) After 360 min of dialysis. Inset graphs show UV-Vis measurements of 

dialysis water. Inset images give optical confirmation of protein release.  

The decrease of the peak at 530 nm is analyzed over time and shown in Figure 9.5 for the 

sample with statistical distribution of ionizable groups. The graphs show the kinetics of the 

dialysis process. An absorbance of 1 means that all carboxylic groups within the microgel 

particle bind cyt-c (i.e. 100 %). The measurements were repeated for microgels with a 

different monomer ratio as well as a core-shell structure (graphs see appendix). The amount of 

cyt-c remaining in the microgel after 24 h of dialysis is analyzed with regard to microgels 

with varying distributions of ionizable groups and various amounts of incorporated basic and 

acidic moieties at different pH values (see Table 9.2). No binding (i.e. absorbance = 0) can be 

seen at pH 3 and pH 6.2 for microgels with statistical distribution of ionizable groups as well 

as for the core-shell particles with itaconic acid in the shell. The situation, however, is 

different at pH 8 where all of them bind ~ 50 % of the theoretical amount of cyt-c. This 

surprisingly low amount can be explained as follows: The first cyt-c molecules that bind to a 

microgel particle will bind to the first carboxylic group it ñmeetsò, i.e. on the particle surface. 

c d 

a b 
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Figure 9.5 Change of absorbance with dialysis time for ampholyte microgel with statistical 

distribution of ionizable groups (VCL:Vim:I A = 60:20:20). Black curve: pH 3; red curve: pH 

6.2; blue curve: pH 8. 

As more and more protein is bound, they will eventually block the polymer network for 

further cyt-c to enter. So, though more protein could be bound theoretically, the microgel 

interior is probably relatively protein-free. This behavior was already seen by T. Hoare and R. 

Pelton [17]. They analyzed the uptake of a cationic drug to PNIPAM microgels containing 

carboxylic groups. The authors observed a local collapse of the polymer network in response 

to the binding of the protein to the anionic groups. The decreased charge density reduces 

repulsion forces between like charges and leads to a phase transition within the microgel. 

Further diffusional uptake of protein into the microgel network is hindered or limited.  

Table 9.2 Amount of cyt-c (in %) remaining after end of dialysis for microgel samples with 

different distributions of ionizable groups. Measurements were conducted at T = 25 °C.  

 Statistical Core-Shell (IA:Vim = 10:10) 

 80:10:10 60:20:20 Core + 

Shell - 

Core - 

Shell + (1:1) 

Core -  

Shell + (1:5) 

pH 3 0 0 0 12 14 

pH 6.2 0 0 0 28 40 

pH 8 46 53 41 52 71 

Core-shell particles with itaconic acid in the core, however, show a different behavior. Even 

at pH 3, with the shell being positively charged and the core being neutral, ~ 13 % cyt-c is 

bound by the microgel. At pH 6, both core and shell are neutral.  28 % and 40 % of cyt-c are 

bound by core-shell particles with a ratio between core and shell of 1:1 and 1:5, respectively. 

At pH 8, the sample with the thicker shell (1:5) is able to bind ~ 70 % of cyt-c, though the 

neutral shell is not expected to bind cyt-c over electrostatic interactions. These latter results 

show that cyt-c is bound by the microgels even in the absence of electrostatic 


