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Telling the truth has become a revolutionary act,
so let us salute those who disclose the necessary facts.

 
~Robert Foster
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AmP Ammonium persulfate, radical initator 
� Charge ratio. The number charges from surfactant/protein per 

charged polylectrolyte monomer in the network. 
C12E8 Octaethylene glycol monododecyl ether, nonionic surfactant 
CMC Critical micelle concentration 
CAC Critical association concentration  
DoTAB Dodecyl trimethyl ammonium bromide, cationic surfactant 
DoTAC Dodecyl trimethyl ammonium cloride, cationic surfactant 
DoTAOH Dodecyl trimethyl ammonium hydroxide, cationic surfactant 
FRAP Free radical polymerisation, synthesis method. 
CTAB Dodecyl trimethyl ammonium bromide, cationic surfactant 
HFDePB Heptadecafluorodecylpyridinium bromide fluorinated cationic 

surfactant  
HFDePC Heptadecafluorodecylpyridinium chloride fluorinated cationic 
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HPLC High performance liquid chromatography 
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TEMED N,N,N´,N´-tetramethyl-ethylenediamine 
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Introduction 

Background to the project 
From advances in biotechnology, and from an increasing demand for 
specialized drugs, the number of protein based drugs has increased over the 
last decade. Macromolecular drugs, such as proteins, polypeptides and 
polynucleotides present challenges in drug formulation and administration. 
For instance, protein drugs may be sensitive to enzymatic activity or to 
acidic environments, and may therefore require drug formulations that 
protect them from degradation[1-2]. A charged polymer network is a useful 
means for storage and encapsulation of protein drugs, and further 
encapsulation may be achieved with the use of aggregating compounds that 
forms dense shell-structures in the network. Examples of such aggregating 
compounds include micelle-forming surfactants and charged 
macromolecules, including proteins. For these reasons it is of fundamental 
importance to acquire insight in factors that determine how and why these 
types of compounds aggregate and distribute within in a charged polymer 
network. Insight in such processes may also prove to be of importance for 
understanding of the mechanisms behind biological processes that involve 
interactions between polyelectrolytes and proteins, such as protein-sorting 
prior to secretion from cells[3]. 

A gel network 
The word gel derives from gelatine. Gelatine, in turn, is a chemical 
derivative of the substance collagen, an elastic and stretchable protein 
abundant in biological organisms. It has proven difficult to find a definition 
that includes all materials that could, arguably, be classified as gels. 
Nevertheless, a gel is a system that comprises a liquid, but has mechanical 
rigidity. Viewed as an object, a gel is a piece of liquid solvent that is held in 
place by its solute. As such, all gels have certain properties in common[4]. 
Firstly, a gel should be capable of considerable volume change, since the 
major constituent, solvent, is not static but may be removed from or added to 
the gel network. Secondly, in order for a gel to hold together by itself, it 
must either have certain rheological properties, elastic properties or both. 
The gels considered in this thesis have networks of polymer chains linked 
together by chemical crosslinks. The crosslinks are permanent bonds that 
fixate the polymer chains into one continuous network[5]. For this reason 
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each gel will thus be given a specific geometry when synthesized, and the 
gels will try to keep this geometry both in a dried or swelled state[6]. Gels 
have properties of liquids as well as of solids. Like liquids they retain 
properties such as mobility of solvent molecules and thermal expansion 
coefficient. As solids they respond elastically to deformations.  
 
The elasticity of a gel network originates from the entropy loss from the 
chains when the network is deformed. The gels considered in this thesis may 
all be classified as weakly cross linked, in the sense that the polymer chains 
will have plenty of freedom to stretch out when the gel absorbs solvent and 
swells, and to relax, and coil up, when the gel releases solvent and 
shrinks[7]. Like vulcanised rubber, this type of cross-linked gel networks are 
also known an elastomer[8]. 

In a polyelectrolyte, the monomers are acidic, basic or neutral salts. In a 
polyelectrolyte, one ion (+ or -) is fixed to the polymer chain by covalent 
bonds and the other, the counter ion, may dissociate from the polymer chain. 
Examples of counter ions are H+ (H3O+), for a polyacid OH- for a polybase, 
or Na+  or chloride Cl- for a neutral polysalt. The counter-ion dissociation 
explains high water solubility for polyelectrolytes, and weakly cross linked 
polyelectrolyte gels can absorb a lot of water (figure 1). The capacity for 
gels to swell depends on the overall network structure, on the number and 
distribution of crosslinks within the network, and of properties of the 
polymer including charge density and flexibility. Typical values of water 
content for fully swelled gels used in this thesis are between 98 weight% 
(polystyrenessulfonate (PSS) gels) and 99 weight% (polyacrylicacid (PAA) 
gels), where the difference in percentage correspond to the difference in 
molecular weight of the monomer.  

 
Figure 1. Gel-spheres of polystyrenesulfonate, equilibrated at different NaCl 
solutions. The NaCl concentration is decreasing from left to right, causing a shift in 
osmotic pressure that causes volume change.  The gels are displayed next to a 
pencil. 
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Per se, charged polymer networks have many interesting properties. For 
example, their capacity to bind ions of opposite charge makes them useful as 
ion exchangers[9] in chromatography. Such networks are found in water-
based gels that are present in a broad range of industrial products. Such 
products include hygiene products, water retainers, eye lenses, and have 
important applications in drug delivery[10] and in tissue engineering[11]. 
Gels are also abundant in nature, including in the human body. For example, 
gels are found in the retina, and vitreous humour of the eye, and gel 
structures are found in connective tissue in the skin, supporting inner organs 
and cushioning bone joints throughout the body. Gels are also found as 
microscopic structures with various functions in the cells. One example of 
this is the secretary granules found in vesicles in certain protein secreting 
cells. The secretary granule is a polyelectrolyte microgel[12-13], with 
capacity to accumulate large quantities of proteins, and other 
macromolecules. Such gels structures have also served as inspiration for the 
design of drug delivery systems involving microgels[14-15]. The fact that a 
gel is a responsive system, that can be designed to swell and to release its 
content in response to specific types of outside stimuli, make them 
particularly interesting in this respect.  

The polymers in a gel network may be of any sort, though water solubility is 
usually a requirement for hydrogels. Because solubility is not a fixed 
property of any substance, gels will be sensitive to changes of properties 
such as temperature or solvent composition. If the solubility of the network 
decreases, the network will contract and release solvent, and vice versa. At 
some point the gel network will no longer be water soluble, and the network 
may undergo a phase transition from a swollen to a collapsed dehydrated 
state. A phase transition in a gel may be discontinuous[16]. For a gel this 
means that close to a critical condition, a small (infinitesimal) change in 
environmental conditions, can lead to large shifts in volume, sometimes 
several orders of magnitude [17]. 

For cleverly designed gels, consisting of polymer networks of synthetic or 
biological origin, discrere phase transitions have been demonstrated for a 
broad range of outside stimuli. Polyelectrolytes, for example, are generally 
responsive to changes in ionic strength in the solvent[18], in particular from 
multivalent ions of opposite charge to the network, but discontinuous phase 
transitions in gels have been demonstrated for a broad range of other 
influencing factors, including  pH [19], temperature[20], specific 
molecules[21], strain due to physical stress[22] and electric fields[13, 23]. 
Phase transitions can also be induced if proteins or surface active agents are 
added to the network. This thesis deals with charged gel networks, of both 
macroscopic and microscopic sizes, in aqueous solutions and in contact with 
surfactants/proteins of opposite electrostatic charge. The molecules are 
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known to spontaneously assemble and to accumulate with polyelectrolytes to 
form different types of aggregates and complex salts. The processes that are 
studied in this thesis relate to the binding and release of such molecules 
to/from gel networks, and to phase separation and spontaneous sorting of 
molecules within gel networks. 

The systems studied in this thesis are to be viewed as model systems in the 
sense that they are intended to be simple, and well defined enough to be 
useful for testing mathematical model-descriptions and, discriminating 
between general and specific phenomena observed in this type of systems. 

Aims 
An aim of this thesis was to identify key factors that determine the stability 
of complex salts formed between macroions and chemically crosslinked 
polymer networks of opposite electrostatic charge. The networks of interest 
are capable of significant volume change and possess elastic properties. 
Macroions will in the context of this thesis include both charged proteins 
and surfactant micelles.  

Related to this, the aim of the thesis was to identify intermediate structures 
and phases appearing in gels during binding/release of macroions, and to 
contribute to a better understanding of the mechanisms related to binding 
and unbinding of macroions to and from gel networks. These are 
mechanisms that are also related to gel volume transitions. More 
specifically, this aims were to: 
 

• Study the kinetics of surfactant and protein incorporation into gel 
networks, specifically for microspheres (~100 μm) of crosslinked 
sodium polystyrene sulfonate gels binding oppositely charged 
cationic surfactants/proteins. 

• Demonstrate the influence of hydrophobic interactions between the 
polyelectrolyte network and oppositely charged macroions, 
specifically regarding the kinetics and dynamics of surfactant 
incorporation into a charged gel network.  

• Investigate the relationship between net-charge of macroions and 
phase transition in oppositely charged gel networks. 

• Investigate the influence of network crosslinks on gel 
swelling/deswelling, and on phase transitions (e.g. core/shell 
formation), in a gel system interacting with oppositely charged 
proteins and micelles. 
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Central concepts in papers I-IV 

Phase transitions 
A phase is a part of a system that is at the same time both discrete and 
physically separable from the rest of the system. A phase at equilibrium is, in 
essence, homogenous both with regard to its physical state (e.g. solid, liquid 
or gas), as well as to the chemical composition [24]. The balance between 
existing phases in a system, and the influence that one phase have on 
another, are key concepts in the field of physical chemistry. For a three 
component system (e.g. containing a polymer, a surfactant and water), a 
triangular phase diagram can be constructed to describe the possible phases, 
and combinations of phases appearing in a system, at a fixed temperature 
and pressure[4]. Over the years, a considerable amount of research has been 
performed in order to experimentally map out and describe the phase 
behaviour in systems containing polyelectrolytes interacting with macroions, 
including surfactant-micelles and proteins. When aqueous systems are 
considered, there may be dilute phases, such as micellar phases in the case of 
surfactants, and various more concentrated semi-solid or ‘liquid crystalline’ 
phases [25]. Examples of a phase diagram polyelectrolyte-protein (PSS-
lysozyme) is found in reference[26]. If the components are polyelectrolytes, 
the removal of excess counterions greatly simplifies the construction of a 
phase diagram [27-29], and the interpretation of it. This important aspect has 
been taken into account in the experimental setup for paper IV, which 
involves systematic studies of the phase behaviour and of phase transitions 
in crosslinked polyelectrolyte gels of PA- and the cationic surfactant DoTA+. 

A phase diagram for non-crosslinked polyelectrolytes provides important 
information also when considering phase behaviour of weakly crosslinked 
gel systems. It is known that similar phases, including liquid crystalline 
phases, often reappear in weakly crosslinked gels, at similar concentrations 
and conditions [30-32]. However, there are also differences with respect to 
phase formation in systems of linear polyelectrolytes and systems of 
crosslinked gels. E.g. importantly, in a network there is an increased energy-
cost of  phase coexistence [33-34], due to elastic network effects.  
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The hydrophobic effect 
The term hydrophobic effect has had some different meaning in literature, 
but is most often used as a collective term for the mechanism(s) behind the 
spontaneous phase separation in a system containing hydrophobic and 
hydrophilic species, such as an oil-water system[4].  

The hydrophobic effect derives from that it is favourable, in terms of free 
energy, for water molecules to be situated close other water molecules, 
rather than near apolar molecules or anywhere near an apolar environment in 
general, such as air. Thus, it is the hydrophilic nature of water that is the 
inducement of the hydrophobic effect. The hydrophobic effect is of entropic 
origin and derives primarily from the strong (net-) attractive forces that exist 
between the water molecules, specifically from hydrogen bonds. In the bulk 
of an aqueous system the molecules have large freedom to form hydrogen 
bonds with other water molecules, but for a water molecule close to apolar 
molecules or an apolar surface the number of possible ways to form these 
bonds will decrease. This favours a minimization of the contact area between 
any hydrophobic species and water [35].  

The hydrophobic properties of a substance vary with the structure of the 
molecules, and with the net of attractive and repulsive forces that exist 
between individual molecules in the system. For example, compounds that 
contain dipolar segments, (e.g. such as ethylene oxide in the compound 
‘C12E8’, paper IV), will be more water-soluble than compounds that do not 
contain polar segments, such as simple hydrocarbon chain. 

Surfactants and micelles 
The name surfactant derives from surface active agent. A surfactant[36] is an 
amphiphile substance, where one part of the molecule is hydrophilic and the 
other is hydrophobic (figure 2). Surface tension is the free energy required to 
generate a contact area between two media (J/m2). When surfactants are 
added to water, the surface free energy will be reduced due to spontaneous 
enrichment of the surfactant molecules at the surface. [4, 36] 
 
A micelle is an aggregate cluster of surfactant molecules. When the 
surfactant concentration in a water solution exceeds the critical micelle 
concentration (CMC), micelles will start to form spontaneously. The size of 
a micelle correlates to the length of the hydrophobic tails of the surfactant 
and the number of surfactants in a micelle, aggregation number (N). In a 
water solution, surfactants in a micelle arrange themselves with the 
hydrophobic parts facing inwards, and hydrophilic parts facing outwards, as 
illustrated in figure 2. 
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Figure 2. Micelle (left), surfactant (right). Circles represent the hydrophilic ‘head’-
group. The ‘tails’ represent the hydrophobic part, i.e. the hydrocarbon chain. 

Different types of micelles may vary much in aggregation number as well as 
in their size and shape. The size may vary from small, roughly spherical 
clusters containing around 10-100 molecules, to stretched out rod-like 
micelles that contains several thousand surfactant molecules or more. 

DoTA+/CTA+. DoTAB/C short for dodecyl trimethyl ammonium 
Bromide/Chloride and CTAB/C short for cetyl trimethyl ammonium 
Bromide/Chloride are quaternary ammonium compounds, cationic 
surfactants used in this thesis (Paper I,II and IV). The prefixes refer to the 
length of the hydrophobic hydrocarbon tails, dodecyl a chain length of 12 
carbon atoms, cetyl 16. This difference in length has significant influence for 
micelle formation (CMC and micellar size) as well as for the diffusive 
transport in micellar solutions, both factors discussed in paper II. Quartenary 
ammonium compounds are not pH sensitive[36]. 

HFDePB/C short for N-(1,1,2,2-tetraydroperluoroecanyl)pyridinium 
bromide/chloride. This is a cationic surfactant, of the quaternary ammonium 
type used in paper II. The hydrophobic tail is a fluorocarbon derivate. 
Fluorocarbons are both hydrophobic and lipophobic. Specific attractive 
forces exist among fluorocarbons, but fluorocarbons do not form any 
hydrogen bonds with water. Thus, thus to account for the hydrophobic nature 
the fluorocarbons, the attractive water-water interaction must be added to 
attractive flourocaron-flourocarbon interactions. Fluorocarbons are 
significantly more hydrophobic than hydrocarbons. Of relevance to 
discussed in paper II, is that HFDePC lies between that of DoTAB and 
CTAB in terms of CMC [37-39]. 

The non-ionic surfactant used in this thesis is the molecule octa-
ethyleneglycol mono n-dodecyl ether, C12E8 (Paper IV). The hydrophobic 
part of the molecule is the hydrocarbon chain, the hydrophilic head is a 
dipolar ethylene oxide chain.  
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In paper IV the non-ionic surfactant C12E8 was used to form mixed micelles 
with DoTA+ in PA gels[40-42]. The surfactants are used as a simplified 
protein-model. The chosen pair of surfactants was known to form micellar 
aggregates that are roughly spherical and of roughly the same size as the 
model-proteins used in paper III, e.g. 3-4 nm in diameter. The surfactants 
were expected to distribute evenly among the existing micelles, and thus, by 
altering the composition C12E8:DoTA+ in the system, charged spheres with 
a variable charge density was obtained. The choice of surfactants allow for 
variation of charge from zero to 60-70 with only minor variations of the 
micelle size [43-45]. For studies of equilibrium properties, and hypothesis-
driven research on crosslinked gel networks, the use of surfactants has 
advantages compared to proteins. Processes that involve diffusion are 
generally faster, and for variation of net-charge (e.g. by pH variations or 
choice of protein) it is in general difficult to avoid co-variation of other 
properties of the protein.  

The hydrophobic core of the micelles can dissolve hydrophobic substances. 
This was used in paper II for the hydrophobic fluorescent probe pyrene, for 
determining micellar aggregation numbers in a system of cationic surfactants 
and linear PSS. This was done by a fluorescence-quenching method, 
described in detail elsewhere [38, 46]. In paper IV the hydrophobic red dye 
oil-orange ss was used to visualize micelles in gel networks.    

Ionic surfactants generally have high water solubility, and compared to non-
ionic surfactants a high CMC-value. In the case of ionic surfactants, the 
formation of micelles is favoured by the hydrophobic effect, but disfavoured 
by that the ionic parts of the surfactants have to assemble closely together in 
order for aggregates to form. This disfavours the formation of micelles in 
part because head groups of the same electrostatic sign (+ or -) repel each 
other at close range, and secondly, often more importantly, because the local 
concentration of counter ions near the micelle surface will increase.  
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Proteins 
Proteins are macromolecules of biological origin, consisting of a specific 
sequence of amino acids. In order to perform their biological activities, the 
polypeptide chains will fold into non random, three dimensional structures. 
The three dimensional structure of a protein is referred to as its tertiary 
structure and is maintained through chemical and physical bonds, such as 
sulphur bridges or weaker bonds e.g. hydrogen bonds and attractive ionic 
and hydrophobic forces between different parts of the protein[47]. The 
amino acid residues in a protein may be non-ionic, neutral salts or acids or 
bases of different strength. The overall properties of proteins, as for other 
polyamfolytes, will therefore change with the properties of the solution. 
Proteins may be classified as hard or soft, depending of the number and 
strength of the bonds that determines the tertiary structure. Two proteins, 
cytochrome c and lysozyme have been used in this thesis. In paper III, these 
proteins were studied with respect to binding and release from microspheres 
of crosslinked PSS. The proteins were chosen because they are similar in 
size and net-charge (lysozyme having a slightly higher positive net-charge), 
share a number of auspicious properties as model proteins, such as small 
size, structure stability, and high water solubility, yet are known to behave 
rather dissimilar in water solutions and when interacting with anionic 
polyelectrolytes.  
 
 Lysozyme is found for instance in eggwhite, and human tears and saliva, its 
primer function is as a part of the immune system, an enzyme that destroys 
the cell walls of certain bacteria. Lysozyme is a relatively small protein, 
highly water soluble, considered hard as its structure is maintained by four 
disulfide bridges, roughly spherical or ellipsoidal in shape with diameter of 
3-4 nm. Mw 14.5 kD Lysozyme have a iso-electric point at pH 11 net-charge 
of +9 at neutral pH and 7.8 at pH 8.0[48-50].  
 
Cytochrome c is another enzyme found in the human body, where it plays a 
part in the electron transport chain, and plays a role apoptosis of cells [51-
52]. Like lysozyme it is a well characterized protein, frequently encountered 
in the literature. Cytochrome c is a small roughly spherical protein, red in 
colour, with a diameter of around 3 nm [53], its iso-electric point is at pH 10. 
The net-charge of the protein is +7 at neutral pH +6 at pH 8 [54-55], the 
conditions under which the protein is studied in paper III. 
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Complex formation, PE-surfactant, PE-protein 
Mixtures of polyelectrolytes and oppositely charged macroions will 
spontaneously form aggregates and complex structures. For 
protein/polyelectrolytes the interest in the subject originally arose from the 
need to develop methods for protein purification. This can be achieved by 
precipitation of the components into fractions of different concentrations, and 
the outcome may be tuned by variation of factors such pH and ionic strength 
of the solution[56-58].  

Typically, for protein-polyelectrolyte interactions, in a first stage, protein-
polyelectrolyte complexes form, that may be water-soluble [59]. These may 
then aggregate into primary particles. The final stage is the aggregation of 
primary particles into flocs [60-62] or the formation of coacervates [63-64] 
or gel-like structures[65-66]. When the process of association and complex 
formation also is associated with the formation of ordered structures, the 
process is usually referred to as ‘self assembly’. Systems of polyelectrolytes 
and surfactants of opposite charge are examples of self assembling systems 
[28, 31, 36, 45, 67-72].  

In the case of ionic surfactants, the CMC decreases in the presence of 
oppositely charged polyelectrolytes. The process involves an association of 
polyelectrolytes to surfactants, and the lowered CMC-value is sometimes 
referred to as the critical association concentration (CAC) [68, 73]. When 
polyelectrolytes have the possibility to fold around the micelles[45, 70], each 
micelle can replace several counter ions with ionic charges that are 
covalently attached to the polyelectrolyte network. This allows the counter 
ions to be released from both the polyelectrolyte and from the micelle 
surface without violation of electro neutrality[71, 74-75]. For the 
counterions, the freedom to distribute in the system will be severely 
restricted if either associated to the micelle-surface or polyion, and the 
entropy increase from release of counterions overcompensate the entropy 
loss from associating polyelectrolyte and macroion/micelle[35]. The ion-
exchange mechanism is central also for complex formation in systems of 
polyelectrolytes and proteins[76], and for spontaneous accumulation of 
protein into gels[77-78]. 

The linear charge density of polyelectrolyte has a great influence on 
association and the aggregates formed, and the same is true for the net-
charge of the associating microions[25, 42, 68, 74-75, 79-80]. The influence 
of the latter is specifically addressed in paper IV, for the specific case of 
distribution within to highly charged PA-network. Of influence to the 
interaction is also the stoichiometrical proportions of components [81], the 
molecular weight [42, 63, 82] and rigidity[83-84] of the polyelectrolyte. The 
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interplay of such factors on the molecular level may be illustrated with 
computer simulations[84-85]. A hydrophobic attraction between micelles 
and the backbone of the polyelectrolyte chain have influence on the complex 
formation. This issue is addressed in paper I and II for spheres of crosslinked 
PSS and has also been studied by others[43, 68, 86].  
 
For proteins, as well as for micelles, a range of factors influence the strength 
of interaction with polyelectrolytes [64]. In particular, for proteins the 
secondary and tertiary structure give rise to non-random distribution of 
surface charge and hydrophobic moieties[64] that allow for polyelectrolytes 
to associate to patches[87] on the protein surface 

When the concentration of surfactant in a gel network reaches a certain 
point, the system will typically collapse and separate into one dilute phase 
and one concentrated phase[88]. The stability of such a collapsed phase 
depends also on attractive or repulsive forces between formed complexes 
within the network. E.g. a collapsed state can be stabilised by electrostatic 
attraction between the macromolecules/the resulting complexes formed. 
Complexes can be stabilised also by polyelectrolyte ‘bridging’[65, 82, 89] 
forces, and in addition counterions may rise to attractive correlation forces 
[89-91] that can overcome the repulsion between complexes in systems of 
linear polyelectrolytes and gels.  

The system studied in paper III consist of PSS gel-spheres in contact with 
lysozyme, and cytochrome c. The microstructure and stability of aggregates 
in mixtures of non-crosslinked PSS and lysozyme, has been described in 
detail, for a broad range of experimental conditions by the group of Boué, 
Cousin, Gummel et al [26, 65, 76, 81, 92-94]. Methods used involve contrast 
matched small angle neutron scattering (SANS), and other techniques such 
as freeze fracture microscopy. Detailed information on inner composition 
and water content of the primary complexes was obtained. Notably, 
lysozyme within the primary complexes was very stable, appearing to be in 
an almost ‘frozen’ state. The structure of the primary complexes was shown 
to be remarkably resistant to change in environmental conditions (e.g. also 
by addition of large quantities of salt) but could be made to grow in size by 
the addition of salt. Aggregates of primary complexes could take the form of 
either discrete globules, or gels when the length of polyelectrolyte chains 
were increased. The transition from discrete globules to gels was shown to 
be tuneable by alterations of salinity of buffer and polyelectrolyte chain 
concentration. 
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Volume transitions in gels 
A gel will swell or shrink as the result of change in osmotic pressure[5, 95]. 
The molecules that diffuse in or out of a hydrogel network, and that causes 
gel swelling/deswelling are thus primarily water molecules. Other 
molecules, such as surfactants and proteins may influence the process. In 
fact, the interaction of e.g. proteins with the gel network can decrease the 
osmotic pressure in the gel (increase the chemical potential of water) and 
force the water to leave the gel through osmosis. Thus, gels can swell and 
shrink even at constant osmotic pressure in the surrounding solution. 
Molecular interactions of various sorts, phase coexistence, and coupled 
elastic network deformations are all aspects central for the type of systems 
considered in this thesis. 

Osmotic pressure (�) is the force per area (N/m2) that is required to prevent 
the spontaneous transport (of water) from one part of a system into another. 
Osmotic pressure is directly related to the chemical potential of water, which 
in turn is determined by both pressure and concentration of the dissolved 
components, and the interactions take place between components and with 
the water. Osmotic pressure is often of an entropic origin. This means that, 
for uncomplicated cases, it is a property that can be calculated by statistical 
considerations of the entropy of mixing and the configuration of 
components[96]. In the Flory-Huggins theory [5] the entropic contribution to 
the free energy of mixing is calculated directly from statistical 
considerations (‘lattice statistics’), and is a function of the volume fraction 
and the number and length of the polymer chains. The entropy obtained from 
such calculations will thus vary, but the entropy of mixing will always 
favour gel swelling. Contributions to the free energy of mixing also come 
from molecular interactions between components (e.g. only polymer and 
solvent in F.H. case), and these are treated separately in the F.H. theory. The 
enthalpy of mixing depends on the volume fractions polymer/solvent, and on 
an interaction parameter (�) that describes the solvent quality for a particular 
polymer, ranging from poor to good. In a poor solvent, the enthalpy of 
mixing favours segregation between gel network and solvent, and thus a 
volume decrease of a gel (and vice versa in a good solvent).  

The swelling of a water-soluble network will be limited by the cross links in 
the gel network, and of the elastic properties of the polymer chains. In order 
for the gel to increase in volume, the polymer chains have to stretch out. 
When the polymer chains are strained or compressed, relative a relaxed state, 
the free energy will increase. In a gel this contribution to the free energy may 
also be accessible from theoretical considerations of ‘rubber elasticity’ 
(entropy elasticity) of the polymer chains. According to the Flory-Renner 
theory, and other theories similar to it [95], the free energy required to 
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stretch out chains can be accessed from the configuration entropy of the 
polymer chains. In order to make such calculations, one considers that the 
most relaxed polymer chain has the highest number of accessible states, and 
thus generates the most likely (average) end-to-end distance of polymer coils 
randomly distributed in the solvent. As the coil is strained (a relative 
distance in one direction), a relatively lower number of possible 
configurations will be accessible for the chain. The entropy deceases when 
the chain has less freedom to distribute freely in the solvent, and the stress 
(N/m2) required to induce the strain will increase[7]. Volume change of a gel 
can be approximated (to a varying degree of success, depending on the 
system) by adding together contributions to the osmotic pressure that are 
volume dependant. When the gel has swelled to an equilibrium state, the net 
osmotic pressure should equal zero. We may thus write: 
 
 
�entropy mix + �enthalpy mix + �elastic (+ �other ) = 0  (1)
   

Where �entropy mix, �enthalpy mix and �elastic could, for example, be obtained from 
the Flory-theories referred to above. When the volume of the gel is large, a 
term originating from elastic stretching of the network will have great 
influence on the free energy. At smaller volumes, crowding effects will have 
an increasing influence. In principle, more terms may be added to equation 
(1) for a more detailed description (e.g. a term �ion to account for osmotic 
pressure from counterions), and account for various sorts of molecular 
interactions, though for a realistic representation the system such are those in 
papers I-IV, considerably more detailed descriptions may be required. 

In polyelectrolyte gel counter ions will give rise to swelling pressure that 
depends on the volume on the gel [77, 97]. In the case when the 
polyelectrolyte is a weak polyacid, such as acrylic acid, gel swelling pressure 
will be pH dependant. If simple salt is added to the water solution, it follows 
that the swelling pressure will decrease, and this will cause the gel to reduce 
in volume. Multivalent ions (e.g. of opposite charge to the network), have 
larger effects than a monovalent salt in this respect, as commented on in the 
previous section. Multivalent ions to accumulate in oppositely charged 
networks, give rise to specific attraction between polyelectrolytes and 
associate more strongly to polyelectrolytes, and because osmotic pressure is 
a colligative properly that derives from the (number-)concentration of 
molecules. 

 
‘Core/shell’ formation[98] is the expected outcome from macroion-induced 
phase separation in oppositely charged gel-spheres, and a large body of 
literature can be found on the subject. The phenomenon has, for example, 
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been studied for synthetic polyions [99], proteins [100-102], polypeptides 
[79, 103-104], as well as micelle-forming surfactants[45, 105]. Theory 
predicts that, if phase-transitions in a gel involve large volume changes, the 
new phase cannot nucleate in the bulk of the network. This is prevented by a 
deformation-energy barrier[106]. Thus, for discrete volume transitions in a 
gel-sphere, the formation of a shell is easier than homogenous 
collapse/swelling. In the case of temperature sensitive gels, this elastic 
coupling between core and shell structure has also been shown to give rise to 
transition temperature hysteresis[98]. This has been explained by that in a 
continuous network will render an elastic energy-cost of phase-coexistence 
that is proportional to the volume of the network. [33-34, 107]  Notably the 
phase-transition temperature was shown to shift toward higher temperatures 
upon de-swelling than re-swelling of a thermo sensitive gel-sphere (i.e. an 
increased temperature was required to induce deswelling). The introduction 
of ionic charges (and thus swelling capacity of the network) was shown to 
enhance this observed hysteresis effect. As described in reference [98] the 
hysteresis relates to the spatial positioning of the collapsed parts of the gel 
relative to the swollen parts in the network.  

The discussion in paper IV also refer specifically to a newly devised, 
thermodynamic mean-field theory derived by Hansson [31] [32]. The model 
is specifically developed to describe concentrated polyelectrolyte-micell 
systems in which electrostatic interactions dominate. For this purpose, the 
model is detailed in its description, and takes into account both attractive and 
repulsive double layer forces between micelles, hydrophobic interactions 
between micelle core and water, excluded volume interactions of the 
micelles to the detail of different types of close-packing arrangements of 
micelles (disordered/cubic), as well as elastic network forces. For systems of 
non-crosslinked polyelectrolyte in surfactant/water solutions, it has 
successfully been used to describe complex multi-component phase 
diagrams[32]. The model also accounts for aspects related to phase 
coexistence and notably, as discussed in paper IV, also predict hysteresis 
upon phase transition as observed in the systems studied. A limitation of this 
particular model[31] is that it does not take into account gradual propagation 
of strain and stress trough different parts of the gel network; E.g. theory 
predicts that, in a two-phase (spherical) core/shell system at equilibrium, the 
distribution of strain in the inner domain will be homogenous. In the outer 
domain however, network strain is allowed to gradually propagate (increase 
or decrease) with the radial distance from the gel core[108]. In paper IV, the 
influence of this gradual propagation of strain is demonstrated on a real 
system consisting of a polyelectrolyte gel-sphere, oppositely charged 
micelles, a hydrophobic tracer (a red dye) and water. In order to theoretically 
account for such effects, a sophisticated mathematical framework is required 
[109-110].  
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Experimental section 

Gel synthesis and sample preparation 
Two types of gel networks have been used in papers I-IV. These are 
polyacrylic acid gels and polystyrene sulfonate gels. Both networks have 
been synthesized from their monomers; acrylic acid and styrene sulphonic 
acid respectively, using the free radical polymerisation (FRAP) method [5]. 
Conceptual insight to the synthesis method has been provided by computer 
simulations, e.g as presented by Ghiass et. al 2001 [111]. N,N’-
methylenebisacrylamide was used as crosslinker. Ammonium persulphate, 
and TEMED were used as radical initiator and propagator, respectively. 

For the reaction solution, monomers and crosslinker monomers are dissolved 
in water. In the FRAP reaction each vinyl monomer can bind to two other 
monomers of any kind, and each crosslinker may bind to up to four other 
monomers of any kind. With the addition of ammonium persulphate and 
TEMED, a chain reaction will take place. The ammonium persulphate 
provides the initial free reactive radicals, and TEMED plays a role in 
keeping the chemical reaction ‘alive’, and propagating the chain reaction that 
links the monomer together. Because each crosslinking molecule can bind to 
up to four molecules, they may potentially bind up to four polymer chains 
together and thus serve as crosslinking points in the gel network. 
 

 
Figure 3. The monomers sodium polyacrylate, sodium polystyrene sulfonate and the 
crosslinker used for synthetic polyelectrolytes, N,N´-methylene-bis-acrylamide. 
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Figure 4. Synthesis of gel (a) microspheres, (b) macrospheres. 

Figure 4 illustrates the different methods that were used to synthesize gels by 
FRAP through the principle of an ‘inverse suspension’ gelation[112]. For 
microgels (figure 4a) the reaction solution (monomer, crosslinker, water, 
AMP and TEMED), is added to a vessel containing paraffin oil that is 
vigorously stirred. The reaction solution will form small droplets. Synthesis 
will then take place in each gel droplet individually. This method has been 
used to produce gel-spheres of a wide size distribution, from gels spheres 
several millimetres in size (paper I) down to about ten micrometers. 

Figure 4 b illustrated the principle for FRAP synthesized gel-spheres of 
macroscopic sizes. Density gradients were prepared in a large number of 
Eppendorph tubes prior to synthesis in order to produce the gel-spheres. For 
these gels, reaction solution (200 or 150μL) were added into a mixture of 
silicone oils. The oils were chosen by their density 1.09-1.06 g/mL, to match 
the density of the reaction solution.  

Temperature control may be required to provide reproducibility in a FRAP 
synthesis, as is the relative proportion ammonium persulphate: TEMED 
which should typically be in ~1:1 mol proportion in order to produce good 
results (e.g. as observed for macroscopic systems). Due to the random nature 
of the process of ‘living radical’ polymerisation, to predict the outcome 
FRAP synthesis should, for the general case, be considered difficult. 
Solubility of all components, as well as temperature gradients may 
significantly influence the end result for particles, and such aspects will be 
influenced by the chemical composition of the continuous medium [111]. 
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Preparation of DoTAOH 
For the study in paper IV, the cationic surfactant DoTAB was converted to 
DoTAOH. The exchange of counter ion, from bromide to hydroxide, was 
made using columns packed with anion-exchange resins[29]. The product 
from this process was then concentrated into a damp paste, a requirement for 
the experimental setup in paper IV. Water was removed by evaporation in 
room temperature. Evaporation took place under N2 atmosphere, required to 
avoid any CO2, contamination of the product. The concentration process took 
place at 22 oC and was aborted before the product was dried out completely, 
in order to avoid Hofmann degradation of the product[113]. Water content of 
the paste was thereafter determined by titrating with HCl, after first 
dissolving a sample of the paste in salt solution (500 mM NaCl), assuming 
complete OH-conversion of the original DoTAB salt. The paste was stored 
in a sealed container at -18o C. 

Gel sample preparation (Paper IV) 
Dried macroscopic AAc gels were added to concentrated water solutions 
containing DoTAOH, NaOH. For a number of gels, a varying fraction of 
C12E8 was added to the surfactant solution, and for other gels the fraction 
cationic surfactant was systematically altered. In addition, a small amount of 
the hydrophobic dye oil orange SS was dissolved in each solution, in order 
to visualize the spatial distribution of micelles and to simplify interpretation 
of results. A requisite amount of NaOH solution was also added to all gels in 
order to, as precisely as possible, neutralise the excess of acidic groups in 
each gel, e.g. eliminate all excess simple salt. Gels were then allowed to 
equilibrate for several months, and thereafter sliced apart (with a razor) and 
examined (figure 5).  

Protein incorporation in macrogels (Paper III) 
Protein incorporation, core/shell formation, charge ratio between the protein 
and network (�), and network concentration in core and shell were 
studied/obtained for macroscopic sized gel-spheres as well as for their 
microscopic counterparts. Macroscopic gel-spheres were placed in protein 
solutions 1000 - 500 g/L in tris buffer (pH 8.0) and low salinity, in a sealed 
container time for several months (22 oC). Concentrations in the solution 
were measured spectrophotometrically. Equipment was sterilized and 
solutions were filtered (0.22μm) prior to the study, to avoid bacterial/fungal 
growth. The concept is illustrated by figure 5. 
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Figure 5. Concept-illustration of the macrosphere studies used in papers III and IV. 
From left: dry gels, swelled gel, sliced gel. The illustration is a composite of 
different systems studied during experimental planning: (dry) acylic acid gels, 
(swelled) cytochrome c incorporated in a PSS gel (sliced) a PSS-DoTAB-
cytochrome c system. 

 
 
 
Micromanipulator-assisted microscopy 
For responsive networks, the gel volume is sensitive to the binding of 
charged proteins or surfactants. In papers II and III a micromanipulator-
aided microscopy method was used to determine changes in gel volume. Our 
set-up allowed us to control the liquid flow rate around an individual gel 
bead, 10 – 200 �m, making accurate kinetic studies possible. It is also 
possible to alter the environment around the gel, and perform different types 
of characterisations, e.g. how it responds to changes in e.g. salt concentration 
and pH. From the liquid flow rate, it is possible to calculate the mass transfer 
to/from a sphere. The method takes into account dimensionless numbers 
encountered in chemical engineering. This microscopy method had 
previously been used to successfully model kinetics of volume decrease of 
microgels, taking into account stagnant layer diffusion of surfactant and 
(ion-exchanged controlled) volume decrease from surfactant uptake.  The 
principles for this was described in detail by Nilsson and Hansson 2005[97].  

The experimental setup for the micromanipulator aided [114], microgel 
studies is schematically illustrated below in figure 6. The microgel test 
particles are immersed in the glass vessel containing a water solution 
(buffer). The micromanipulator may be controlled with aid of a joystick. A 
microgel is selected, and picked up with the micro-capillary attached to the 
micromanipulator. Microgels are held in place with aid of suction, provided 
by a syringe. 
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Figure 6. A schematic illustration of the equipment used for the microgel 
studies.  

For certain experimental setups it is useful to place the test particle inside a 
glass pipe in which the environment of the particle can be readily altered, 
e.g. the glass tube may function as a siphon.  

Figure 7 shows the experimental setup as used for paper III. The pump and 
the vessel called “the open water reservoir” are useful when controlled rate 
of the movement of the fluid that surrounds the particle is required. The 
function of the reservoir add-on is that it enables reliable stirring for long 
timescales without any form of interruption. Different types of pumps have 
been used in this thesis, in paper II a HPLC pump was used in order to 
produce steady continuous flow of fluid. In combination with the “open 
water reservoir” most pumps suffices, such as the peristaltic pumps as used 
in paper III.  

Before leading the test solution to the glass pipe containing the test particle, 
the solution is initially pumped to the reservoir. The height difference (h) 
between the water surface in the reservoir and the surface of the glass vessel 
determines the velocity of the fluid that pass the particle. The water surface 
in the glass vessel is kept on a constant level with aid of the outlet pump. 
The height difference between the surfaces may be fine-tuned with aid of an 
elevator, to match the volume flow provided by the pump. The system will 
self-adjust to match the volume flow (mL/min) provided by the pump. 
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Figure 7. A schematic illustration of the principle of the experimental setup 
in paper III. 

For the kinetic studies, a number gels were placed in an observation vessel 
containing an aqueous salt solution with fixed ionic strength (10 mM). Test 
particles were singled out on the criteria of size (~100 μm in diameter), and, 
in paper III selectively chosen by criteria of variation in particle ‘softness’. 
Particles were singled out by touch from the micro capillary. Volume-
response to a change in NaCl-solution was thereafter tested by systematic 
variations of the surrounding solution. For the volume response of pure gel 
networks, the NaCl solution was interchangeable with the buffer used in the 
studies of protein studies. 

Confocal Raman spectroscopy 
Raman spectroscopy, named after its discoverer, C. V. Raman (1888-1970), 
is a form of vibration-spectroscopy that relies on scattered radiation. 

A substance will absorb electromagnetic radiation at different frequencies, in 
a way that is characteristic to the molecular structure. If the absorption is 
measured over a range of frequencies, an absorption spectrum for the 
substance is obtained.  For frequencies in the infrared spectrum, energy 
absorption is in large part attributed to vibration motion of molecules. If a 
sample is exposed to light from a monochromatic laser (for Raman typically 
in the visual or in the near infrared spectrum), a portion of the light will be 
scattered. While most scattered radiation has the same energy/frequency as 
the incoming radiation, a portion of the scattered radiation will have lost 
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some of its energy to the sample. A smaller portion (the ‘anti-Stokes’ shift) 
will have gained energy. The obtained spectrum lies in the same area of 
wavelength as the laser but the Raman-peaks will be slightly shifted, at 
distances corresponding to the vibration energies.  By observing the 
magnitude of the lost energies, a Raman spectrum can be constructed in the 
infrared range. The amount of energy, if any, that each photon will lose to 
the sample, then corresponds to a specific vibration of the sample molecule. 
The spectrum that is obtained thus contains information of the different types 
of vibrations that exist within the sample molecule, and may be used to 
identify molecules in a sample. 

Confocal Raman spectroscopy combines Raman spectroscopy, and confocal 
microscopy. Confocal microscopy is a microscopy technique where scattered 
light from a sample is mirrored, and directed through a narrow ‘pinhole’ 
before it reaches the detector. The purpose of this is to provide an image 
where all light that is not directly in focus is eliminated. In other words, an 
image obtained from confocal microscope will represent a very thin slice of 
an object in focus. As Raman spectroscopy also relies on scattered light, the 
same principle applies. A Raman spectra may therefore be obtained, either at 
a point at a surface of a sample, and for some samples also inside at a certain 
depth in a sample. The technique has been used in paper I and IV, to trace 
components in gel networks [115-117]. 

Small angle x-ray scattering (SAXS) 
Small angle x-ray scattering is a useful technique that can provide 
information of the microstructure in colloidal systems [87] with dispersed 
particles/or repeating structures on the size in the range of ~1-100 nm. In a 
SAXS experiment, a monochromatic beam of x-rays is directed through a 
sample. The intensities scattered at different angles correlate to the 
distribution of electron densities in the sample. A sample may contain 
ordered structures, such as the repeating structure of crystals, or the liquid 
crystalline structures frequently encountered in the case of systems 
containing polyelectrolytes and oppositely charged surfactants. In such a 
sample constructive or destructive interference of the scattered x-rays 
(electromagnetic waves) will generate a spectra with several peaks (Bragg 
peaks) varying in intensity, positioned at distances that corresponds to 
different scattering angles, and the relative position of the peaks provide 
information of the structure. SAXS also provides information about the 
microstructure in disordered samples, as the scattered intensity at different 
angles can be derived mathematically from the electron density function of 
the sample �(r). The intensities at different q-ranges can be analysed to 
provide information of electron distribution at different size-ranges in the 
particle. E.g. the ‘form factor’ provide information on size and shape of 
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particles in dilute samples, or the ‘structure factor’ that describe the relative 
positioning of particles in concentrated systems. SAXS is used in paper III to 
investigate the microstructure in the surface phase (concentrated phase) in a 
PSS-lysozyme gel system, and in paper IV in a PA-mixed micelle system. 
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Results and discussion 

Summary of papers I-IV 
Paper I 
A solution containing sodium polyacrylate, in contact with the cationic 
surfactant DoTAB will usually phase-separate into a dilute phase and a more 
concentrated phase. This will occur also for relatively dilute 
concentrations[74], and already at low surfactant-to-polymer ratios. In a 
crosslinked gel, this is known to manifest itself as a core/shell structure[45]. 
In contrast, solutions of PSS and DoTAB does not phase-separate in water 
solution, as long as the PSS is present in some excess[69]. The underlying 
question for paper I was: How will the PSS-DoTAB interaction manifest 
itself in weakly crosslinked gels networks? The project involved developing 
synthesis methods of gels and finding methods to interpret/visualize results. 
 

 
Figure 8. The process of incorporation of cationic surfactant (3mM)  DoTAB into a 
gel network of PSS, (cm-mm size)  as discussed in papers I and II. Pictures taken 
after 15 min, 2 h, 24 h,(top, left to right)  3 days, 4 days, 10 days, and 30 days 
(bottom, left to right) 

Crosslinked PSS gel-spheres were prepared and allowed to equilibrate in 
DoTAB solutions, and confocal Raman spectroscopy was used trace 
components in different segments in visibly inhomogeneous spherical gel 
matrixes. Studies were made on PSS-gel-spheres (mm sized), and the results 
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were displayed in comparison with data obtained from an acrylic acid-
DoTAB system. The PA-DoTAB was shown to form a core shell structure, 
but in the PSS-DoTAB system, the surfactant distribute homogenously 
within the network, up to close to 1:1 stoichiometry.  Beyond this point a 
clear homogenous collapsed phase will eventually appear at the surface of 
the gel-sphere (figure 8). The single most important result in paper I, was 
that confocal Raman spectroscopy was tired out and presented as novel and 
useful method to investigate gels; specifically the interior of inhomogeneous 
(phase-separated) macroscopic gel-spheres. 

Paper II 
In paper II the aim was to further investigate influence of hydrophobic PSS-
micelle interactions. This time gel microspheres (~50-100 μm) was studied 
by a micromanipulator assisted light/fluorescent light microscopy method.  
The idea was to study kinetics of volume decrease for microspheres, and to 
compare the results obtained from DoTAB, with that of a fluorinated 
(lipophobic) surfactant HFDePB. Expectantly, this should provide insight to 
the influence of hydrophobic interactions between microgel and surfactant, 
and on the dynamics of volume change in microspheres. 

It was demonstrated that the binding of two cationic surfactants, DoTAB and 
the fluorinated surfactant HFDePB, to crosslinked PSS microgels would 
render qualitatively different results. It was shown that, when HFDePB was 
used, a core/shell structure formed, resembling the surface phase previously 
observed in a PA-DoTAB system[97]. The surface phase was absent when 
DoTAB was used and, again, the surfactant was shown to distribute 
homogenously throughout the network. The effect was observed both during 
shrinking and at equilibrium. 

In summary, it was demonstrated that changing the hydrophobic surfactant 
tail from the standard hydrocarbon to a fluorocarbon-tail will influence the 
gel in much the same way as to remove hydrophobic parts of the 
polyelectrolyte altogether. This was essentially what was done when PSS 
was exchanged to PA. The difference observed was thus shown to be a 
hydrophobic interaction between PSS and the DoTAB micelles, absent in the 
case of HFDePB. [68-69] 

Furthermore, studies performed on non-crosslinked PSS revealed 
relationships between the collapse of gels and the phase equilibrium. It was 
shown that the hydrophobic attraction favors the formation of smaller 
micelle-polyelectrolyte complexes, and that the size of micelles was function 
of the polyelectrolyte-to-surfactant charge ratio (�). As long as there was a 
net surplus of anionic charges in the solution, the complexes formed repelled 
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each other, which prevents phase separation. Complexes that repel each 
other distribute homogenously in the network. In paper II it was shown that, 
because of this, the resulting PSS-gels remain a large water-swelled and 
elastic also relatively high beta.    

Thus, the choice of components provided the opportunity to test how 
attractive and repulsive micelle-micelle interactions influence the 
distribution of surfactant in gels, including the phenomenon of phase co-
existence, and the degree of swelling of the collapsed phases appearing 
[118]. In literature, different models exist that describe volume decrease of 
gels. For example, volume decrease may be described as an elastic 
contraction of the network in response to the reduction of swelling pressure, 
when simple counterions are exchanged for micelles[88]. In this model 
description, volume-decrease is totally due to network contraction, and the 
network thus acts as a force to stabilize the collapsed state. This corresponds 
to the PSS-DoTAB case. A different view is that the collapsed phase is 
stabilized by associative phase separation, i.e. independent of crosslinks, 
which corresponds to the PSS-HFDePB case. 
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Figure 9. Volume decrease versus time for PSS microspheres due to surfactant self-
assembly. The figure show three different data-sets of time-resolved volume 
decrease obtained from a single microsphere (~40-100μm) network. 

Small variations in network structure may have large influence on both the 
rate and the magnitude of volume transitions the case of phase separating 
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gels systems. The presence of a surface shell/skin would influence the 
process of volume decrease, sometimes in an apparently unpredictable 
manner (e.g. see ref [119] and [98]). For investigations of gel networks at, or 
near, conditions for such ‘unstable’ behaviour, the precision of the method 
needed to be established. In particular if investigations concerning the origin 
of such observed effects, presumably of fundamental influence on gels 
systems, were to be carried out later on. In order to do this it was 
demonstrated that it is practically possible to remove surfactant micelles 
(DoTAB) from a PSS- microgel network, both completely and without harm 
to the network. At the same time it was demonstrated that measurements of 
time resolved volume collapse of microgels are highly precise when repeated 
on the exact same network. Requirements for this include that measurements 
should be performed at conditions of controlled liquid flow rate. Figure 9 
show an example of the kinetic studies as discussed in paper II. The figure 
describes the kinetics of volume decrease due to incorporation of the 
different surfactants on the same network. The overlapping data points in 
figure 9, and other the data in paper II, emphasise that if network variations 
are somehow fully accounted for, random variations in time resolved volume 
change is likely to be negligible size for most practical purposes. The 
observation is of significance for the results also in paper III. 

Paper III 
Paper III concerns PSS gel-spheres and the proteins lysozyme and 
cytochrome c. The interactions between these two proteins, with weakly 
crosslinked microspheres of PA, were recently studied by Johansson et al 
[100-101, 120-121]. It was demonstrated that the two proteins display 
qualitative differences with respect to absorption, and diffusion, and 
complex formation. The difference arise from (well known) differences 
between these two proteins, where a net attraction exist among lysozyme 
molecules[122] that is absent for cytochrome c. It was demonstrated that 
lysozyme, within a range of experimental conditions, form core/shell 
structures in microsphere networks of sodium PA. The protein-complexes 
formed were very stable. If added to an existing core/shell structure, the 
protein would typically diffuse through existing shell structures, and leave 
the shell essentially intact[100]. The presence of the shell would then limit 
volume decrease. I.e. when the protein reached the centre of the gel, the 
system reached an arrested, semi-swollen, core/shell structure. The structure 
contained a relatively thin, but densely packed, shell region, and a dilute and 
homogenous network in the core. The observation can be seen in contrast to 
the ‘relay-race’-principle of protein incorporation, observed by others [77] 
on macroscopic gels. In this case the absorbed molecules replaced the 
position of existing molecules, and forced proteins toward the centre of the 
gel.  
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The purpose of the study in paper III was, firstly, to examine how lysozyme 
incorporation would manifest itself in a system of crosslinked PSS gel-
spheres, compared to the observed behaviour for PA-microspheres. For 
example, could hydrophobic interactions between protein and network have 
influence on the process? Secondly, the aim was to examine the influence of 
crosslinks and network structure in this process. 

 
It was shown that the qualitative differences observed for the proteins 
lysozyme and cytochrome c reoccurred also in the PSS gels (figure 10). 
Generally, cytochrome c formed more water-swelled complexes. The 
diffusion of cytochrome c in the network was also shown to be one order of 
magnitude faster than for lysozyme, and, in contrast to lysozyme, involved a 
diffuse diffusion front. Release of protein was also studied. The results 
showed that cytochrome c, but not lysozyme, may be removed from the 
network by the addition of simple salt such as NaCl. For lysozyme, the 
addition of NaCl (200 mM) would instead cause the system to contract, 
apparently irreversibly, but it was also shown that lysozyme could rapidly be 
removed from the network with aid of 20 mM of the anionic surfactant SDS 
[123-124]. 
 
Macroscopic gel-spheres were used to interpret the results obtained for 
microspheres. Both microscopic and macroscopic systems show extremely 
slow rate of diffusion, slow rate of volume-change, and display the same 
general appearance (density/viscosity) of the surface phase. Apart from these 
observed similarities between microscopic and macroscopic systems, the 
premise was added that for gels to be comparable, the (clean) networks 
should also display similar volume response to changed NaCl-concentration 
in the liquid. It was shown that the lysozyme-rich surface phase was clear, 
viscous and contained ~66 w% water at the experimental conditions for the 
study, lysozyme concentration 500-1000 mg/L, pH 8, I = 10mM.  It was 
observed that diffusion rate, as well as rate of volume change in the PSS-
lysozyme system was remarkably slow; about 50 times slower at pH 8 than 
for the surfactants studied in paper II. The slow diffusion of lysozyme into 
the gel was expected to be related to the structure of the surface phase, which 
was examined by SAXS. The complexes formed in mixtures of lysozyme 
and non-crosslinked PSS are known to contain a large number of protein 
molecules closely packed together in an almost static structure [26, 65, 81, 
92-94].  
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Figure 10. Diffusion of lysozyme (top) and cytochrome c (bottom), into 
macrospheres (cm sized) of poly styrene sulfonate. Right, approximately 1 mm thick 
centrepiece slices. A diffuse diffusion front is observable for cytochrome c. 

 
Figure 11. A study of lysozyme incorporation in a PSS microsphere. Left, images of 
the clean network, obtained during characterisation of response to change in 
osmotic pressure (NaCl) The photo marked ‘�=0.55’, is a centrepiece slice of a 
macroscopic gel, at a lysozyme to PSS charge ratio �= 0.55. 
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The process of incorporation of proteins into crosslinked PSS microspheres 
was studied with micromanipulator aided light microscopy. It was observed 
that the protein would typically continue to diffuse into the gel, until the 
entire gel had been converted into a polyelectrolyte-protein complex salt.  
 
Figure 11 illustrates that the diffusion front inside the gel-sphere can be 
traced with sufficient accuracy by this method. Also included in figure 11 is 
a centrepiece slice of a macroscopic gel-sphere. The total charge ratio (+/-), 
in the macroscopic gel at this point was �=0.55. (In terms of crosslinking 
this macroscopic gel is more similar to the two gels marked ‘E’ and ‘F’ in 
paper III than the one in figure 11). 
 
Figure 12 show the time resolved volume decrease for three PSS-
microspheres during the process of lysozyme incorporation. The volume, 
relative to the reference state in 10 mM NaCl, (V/V10) is displayed on the y-
axis. Filled symbols represent gel volumes, and open symbols are the 
volume of the protein free core. The three gels, display large differences in 
the rate at which the diffusion front propagates, but not the rate of change in 
gel volume.  

A discrete diffusion front would typically continue to move all the way into 
the centre of the gel. It was concluded, however, that the density of the 
surface phase would not be homogenous throughout this whole process. 
Initially a dense, essentially homogenous, surface phase would form, which 
would grow in thickness as the particles deswelled. At some point, the 
surface phase would be sufficiently rigid, so that the presence of the shell 
would limit the process of volume decrease of the gel. Gel-lysozyme 
complexes formed further in, at later stages of shell-growth, would then be 
less compact. By the time the protein had reached the gel core, the system 
would have reached a kinetically arrested state, where the inner parts of the 
gel was substantially more water-swelled that the outer parts. 
 
For weakly crosslinked gels, the difference in density between the inner and 
outer part of the gel would be large, and a core/shell system would form. For 
such gels, a sharp boundary separated the dense complexes in the shell from 
the more dilute complexes in a core. For more crosslinked gels, the 
difference in density between in the inner and outer parts of the gel 
decreased, and the transition between core and shell was more diffuse. 
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Figure 12. Kinetics of volume decrease for PSS microspheres during lysozyme 
incorporation. Volume change relative to the reference state (V/V10) (y-axis) is 
displayed relative to time in minutes (x-axis). Filled symbols= gel volume, open 
symbols= core volume, symbols (arbitrarily placed) at 300 min = imagined 
‘collapse volume’ of each gel, described in the text. 

To demonstrate these observed effects, a relationship was obtained for the 
relative volume response to NaCl for gels, with the PSS concentration in gels 
at 10 mM NaCl. This enabled the concentration in individual microspheres 
to be determined with and estimated accuracy of +/- 10 %.  From the 
obtained value of the total amount PSS in each gel, and the density of the 
most collapsed surface regions of gels, the  ‘collapse volumes’ were 
estimated for each microsphere. The assumptions for this were: (i) The 
sphere would (eventually) reach a state with the same density and 
composition as the dense shell, and (ii) the density of the most collapsed part 
of the shell will not differ greatly between samples. These ‘collapse 
volumes’ were inserted in figure 12, alongside kinetic curves of volume 
decrease, and rate of movement of the lysozyme front (i.e. core-volume 
decrease). Figure 12 now demonstrate that the more weakly crosslinked gels, 
in this case, will become arrested at larger volume, relative to the collapsed 
state. 

 
In summary, the rate of movement of the diffusion front was observed inside 
the gel-sphere, and the distribution of lysozyme as well as the decrease in 
particle volume was shown to relate to the polyelectrolyte concentration as 
well as the effective cross linking and the elastic properties of the gels. It 
was shown that, in this case, as for the PA-lysozyme structures in previous 
studies [100], the structures were kinetically stabilised,  and the differences 
observed between PA-system and a PSS-system may reflect both differences 

0

0,2

0,4

0,6

0,8

1

1,2

0 50 100 150 200 250 300

V/
V

10

t (min)



 39

in protein/polyelectrolyte interactions, as well as network structure. The rate 
of protein incorporation previously studied for PA-lysozyme microspheres 
[100], was an order of magnitude more rapid than in the PSS-lysozyme case 
(i.e. suggesting a significant difference may arise from the choice of 
polyelectrolyte). In that case however, the core/shell structures of PA-
lysozyme resembled the behaviour of PSS-lysozyme microspheres at the 
limit of weakly crosslinked gels. The results in paper III suggest that the 
influence of the degree of crosslinking, and properties related to this (such as 
elastic network effects), may be as great as or greater than differences arising 
from specific PE-protein interactions.  

Paper IV 
Lysozyme tend to self-aggregate in aqueous solutions, and this is attributed 
to short-range attractions between the molecules [122]. Cytochrome c, on the 
other hand, has little or no tendency to aggregate. The difference can be 
attributed to, among other things, charge distribution and the distribution of 
hydrophobic moieties on the proteins, which give rise to the different 
binding patterns for lysozyme and cytochrome c observed in the PA and PSS 
gels. Another contributing factor is the net-charge of the protein, which is 
somewhat higher for lysozyme than for cytochrome c. Net-charge [100, 
120], is a property that influences the distribution of protein inside a gel. For 
macroions in general, the net-charge is expected to be of major importance, 
as evident from a comparison between cytochrome c and DoTA+ micelles 
and their interactions with PA gels. Both are believed to interact with the 
network mainly by electrostatic forces, but the former distributes uniformly 
and the latter non-uniformly (core/shell) in the gels. In paper IV the aspect of 
macroion net-charge is addressed specifically. The question was what net-
charge is required for a macroion the size of lysozyme and cytochrome c to 
induce phase separation in gel networks? Another issue was the spatial 
distribution of the phases in phase-separated gels. To what extent is this 
influenced by network elasticity and sample history? These questions were 
addressed with studies on PAA-gel-spheres and mixed micelles of DoTA+, 
C12E8.  
 
In paper IV surfactants were fed in high concentrations to initially dry 
networks, in a manner that eliminated excess counterions[29]. The gels were 
swelled with addition of more water. At sufficiently high surfactant 
concentrations, phase separation would be suppressed, but addition of water 
would at some point induced phase separation[82] (see figure 13, 15 and 16). 
Care was taken during sample preparation, to account for the rate of addition 
of components, since hysteresis effects were expected to have influence on 
the results. In order to test the influence of charge density of macroions 
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(micelles), the composition of the ionic and the non-ionic surfactants in the 
micelles was systematically altered.  
 
Figure 13 is a graphic representation that summarises the results for gels 
studied in paper IV. As can be seen in the figure, apart from systematic 
variation of the micelle net-charge (rows at �=0.35 and �=0.5), the surfactant 
to polyelectrolyte charge ratio (�), the water content were also systematically 
varied. Ten of the gels in the column in figure 13 were prepared by adding 
dry gels to a constant volume (400 μl) of solvent of varying concentration of 
surfactant (column). The gels with �=0.33 and lower, thereafter required 
some additional water before their full volume was reached. The rows 
�=0.35 and 0.5 (see also figure 16) including the gels at the intersections, 
were prepared in a slightly different manner. Initially homogenous gel-
surfactant complexes were swelled by gradual addition of water. It was 
demonstrated (using gels with �=0.5) that the rate of adding water, near the 
critical conditions for phase separation, would determine which part of the 
gel would swell. When small amounts added (at a time) near the critical 
conditions for phase transition, the core would swell (figures 13 and 16). If 
water was added more rapidly, the surface phase would swell. 
 

 
Figure 13. A visual summary of the results from paper IV. The illustration 
represents phase-behaviour in gel networks containing PA--network, DoTA+, C12E8 , 
Na+ and H2O. 

Figure 15 show the result of adding dry gels into a small liquid volume 
(400μL) of different surfactant concentrations (i.e the column in figure 13). 
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In figure 15, � increases left to right from 0 to 0.98. Mono, bi and triphasic 
gels were observed at various �. In this experiment the most concentrated 
phase did not appear at the surface of the gel, but at an intermediate radius 
from the centre. The states were all long lived. For the asymmetrical shapes 
encountered at �=0.42 and �= 0.45, the photos were taken after 10 months of 
equilibration. When part of the water was removed by evaporation, (i.e. from 
the gel slice) only a few days were needed for the system to rearrange from a 
three-phase to a two-phases, which included one surfactant free phase and 
one dense clear surfactant rich phase positioned in the bulk of the gel. This 
shows that individual surfactant molecules have high mobility within the 
network, and that the molecules in different domains/phases are in dynamic 
equilibrium.  
  
The influence of propagation of strain and stress through a gel network, was 
unmistakably demonstrated for the gel at �=0.42 in figure 15. Confocal 
Raman spectroscopy was used to confirm that surfactant was present also in 
the visually clear outer regions of the gel, though the red hydrophobic tracer 
compound was depleted from these regions. We may speculate that the 
elastically stabilized gel-conformation in this case involves a gradient in 
polyelectrolyte strain in the outer region, and that this influences the local 
CMC in the gel. Below the CMC micelles cannot form and this prohibits 
distribution of the hydrophobic dye into these parts of the gel. 
 
The manifestation of surfactant-induced hysteresis is illustrated by figure 14. 
The picture to the left shows a cross-sectional biphasic gel (�=0.5) where the 
surface phase have significant elastic qualities, and in this case the surface 
phase is physically compressing the swelled gel core. The behaviour 
resembles shells with certain cubic micellar microstructures, that had 
previously been observed in similar systems[45]. In figure 14 (left) it can be 
seen that if a centrepiece slice (� 1mm) is taken from such a gel, the surface 
phase will contract and cause the micelle-free core to bulge. When the 
sample was prepared in a slightly different way, a more swelled, three-phase 
system would result (figure 14 right image).  
 
The results from variation of the C12E8:DoTA+ ratio (r) (see figures 13 and 
16) showed that the electrostatic interactions with spherical micelles induced 
phase separation in the studied system. However, the required micelle charge 
was high, closer to that of fully charged ionic surfactant micelles than that of 
most proteins of equivalent size. It was observed that an r-value between 
0.25 and 0.5 was sufficient to suppress phase separation for the �-values (0.5 
and 0.35) tested. The surface charge of a cationic micelle will generally 
greatly surpass that of an average protein of equivalent size. E.g. 60-70 
charges in the micelle compared to that of the lysozyme and cytochrome c of 
less than 10. Thus, in the light of this it is not surprising that the protein 
cytochrome c typically do not cause phase separation in similar systems, and 
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the result further emphasise that other types of attractive forces are required 
to account for the associative phase separation observed in the lysozyme 
case. 

 
Figure 14. Slices of two gels with � � 0.5 (left beta=0.50, right �=0.53).The image 
to the left show a two-phase system, where the micelle rich surface phase is 
compressing the bulging core. Right, slices from a gel, containing three distinct 
phases; micelle free core, dilute micelle-rich phase (red) and a more concentrated 
micelle-rich phase appearing as a ‘ring’ at an intermediate distance from the centre 
of the sphere. Note, images are not in scale: The right gel is more water-swelled of 
the two. 

 
Figure 15. Variation of � from 0 to 0.98 in a PA-DoTA+ system (the column in 
figure 13). Circular backgrounds are 20mm in diameter. Top rows (fully) swelled 
gels. Middle row centrepiece slices of the gels. Lower row, left dry AA gels before. 
The blue dot represents a centrepiece of a 420 μL sphere � the volume of original 
surfactant solution. 

 
Figure 16. Systematic variation of C12E8:DoTA+ ratio (r) and H2O content at 
�=0.5.Circular backgrounds are 20mm.  
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Conclusions 

From the collective results in papers I-IV it can be concluded that many of 
the aspects characterizing the binding of macroions to gels are in agreement 
with the behaviour observed for mixtures of the macroions and the 
corresponding linear polyions, as observed both for systems of surfactants 
and model proteins. It is obvious that electrostatic attractions and 
hydrophobic, or other short-range attractions between macroion-network or 
macroion-macroion, are important. It is also clear that there are effects 
arising from elasticity and network continuity that should be taken into 
account when considering volume transitions to associative phase separation 
in gels. Several aspects relating to volume change and phase coexistence in 
highly charged gel network-surfactant systems have been explored and 
found to be in qualitative agreement with a recent theory [31-32], including 
the prediction of hysteresis effects in the transition from homogenous to 
biphasic gels. 

The influence of hydrophobic interactions between a gel network and 
micelles was demonstrated using gel-spheres, of both macroscopic and 
microscopic sizes, and by comparing results from self assembly of 
hydrocarbon and fluorocarbon surfactants. The former will distribute 
homogenously with repulsive forces between formed complexes. The 
fluorocarbon will only interact electrostatically with the polyelectrolyte and 
was shown to distribute in core/shell formation with high 
surfactant/polyelectrolyte concentrations in the surface phase. These studies 
have also highlighted that micromanipulator assisted microscopy, as well as 
confocal microscopy are useful tools for investigating specific phenomena 
relating to phase behaviour and core/shell formation in these types of 
systems.  

Also, using mixed micelles as a model, it was demonstrated that there exists 
a critical charge-number for which micelles will either distribute 
homogenously through a network, or phase-separate. Importantly, for the 
studied system (highly charged, salt-free PA-network) this critical number 
was shown to be higher than for most proteins, and closer to that of fully 
charged polyelectrolyte micelles. With aid of the protein lysozyme, it was 
shown that the attractive forces gave rise to phase separation and core/shell 
formation, but in this case, the formed complexes was kinetically rather than 
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thermodynamically stabilized. It was shown that the effective degree of 
crosslinking have a great influence on the incorporation of surfactants and 
proteins, in particular for lysozyme where the dense and rigid structure both 
impede the rate of protein incorporation and effectively limit volume 
decrease of the gel.  
 
Systematic studies of the phase behaviour in systems of macroscopic 
polyelectrolyte gels-spheres, and oppositely charged mixed micelles in salt-
free conditions, has proved to be a fruitful concept: 
 
Importantly, it has been demonstrated that much insight of these types of 
systems can be gained from empirical studies, when attention is paid to the 
spatial distribution of components inside gel networks. The crosslinks in the 
network have been shown to give rise to a complex phase behaviour arising 
from the interplay of elastic forces and other types of interactions in the 
network. The coexistence of three-phases and the formation of dense shells 
in the bulk of the gels are novel phenomena described for these systems. 
Also, gradients of strain through the network are also shown to have 
significant influence on the formation of phases and spatial distribution of 
components in gel networks. Different outcomes and (meta-) stable states 
arises depending on sample preparation, e.g. on rate and order of the addition 
of the components, but the number of configurations that are 
thermodynamically/elastically stabilised may nevertheless be limited. Also, 
since the interaction between the micelle and the network studied is mainly 
electrostatic, the results from this study are expected to be generic for other 
globular macroion/gel-sphere systems. For these reasons, the concept of a 
phase-diagram for a crosslinked gel-sphere, (and other geometries) is not 
only of fundamental interest but should also be useful for technical 
applications. In addition, analogies to such systems are likely to be found in 
nature. 
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