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Preface 

This thesis is based on 2 published papers and 2 manuscripts, but written in 
such a way that it can be read without the support of the papers/manuscripts. 
It reports on interactions between microgels and oppositely charged proteins. 
In chapter 1, a description is given of the general properties of the microgels 
and proteins used, followed by a description of previous research related to 
this work. The following chapters are based on a selection of results from the 
papers/manuscripts. For further reading, the papers/manuscripts are attached 
in their full length in the printed version of the thesis. 

Christian Johansson 
April 2009 
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1. Background 

1.1. Microgels 
When hearing the word gel, most people think of products like hair styling 
gels and dermatological products. These gels are usually to a large propor-
tion made up of a liquid which typically has high molecular mobility, but are 
nevertheless so thick that they appear solid when untouched. The thickness 
comes from what is sometimes referred to as a gelling agent, which is a net-
work of molecules of low mobility spanning the whole gel volume. The net-
work can for example be made up of polymers with charged groups, so-
called polyelectrolytes. When used, the term gel usually refers to a two-
component system of this type, although different precise definitions of the 
term have been used [1, 2]. One useful general definition of the term gel is 
“a system of high liquid-content, displaying mechanical rigidity”. 

Hydrogels, which constitute a specific type of gel, are by definition hy-
drophilic polymer networks that have the ability to swell substantially in 
water, thereby absorbing water up to thousand times their dry weight [3]. 
The hydrogel network is held together by crosslinks such as ionic forces, 
hydrophobic interactions or covalent crosslinks, and the degree of swelling 
can be highly dependent on factors such as pH, ionic strength and degree of 
cross linking. In the case of polyelectrolyte hydrogels, the counter ions of the 
hydrogel create an osmotic swelling pressure that can dramatically increase 
the degree of swelling. This pressure is often referred to as the Donnan pres-
sure, and the uneven distribution of salt inside and outside the hydrogel is 
called the Donnan effect. 

Hydrogels are often termed macrogels, microgels, and sometimes also 
nanogels, to indicate the dimensions of the particles, but the definitions of 
the subgroups are not strict. The term macrogel usually refers to hydrogels 
larger than 1 mm, while the term microgel traditionally refers to hydrogels 
synthesized by emulsion polymerization, usually having diameters below 
1μm [4]. The term microgel is sometimes also used for hydrogels as large as 
100 μm [5-13], probably influenced by the general term microparticle which 
refers to particles up to 100 μm. Throughout this thesis, hydrogels larger 
than 100 μm in diameter are referred to as macrogels, and hydrogels smaller 
than 100 μm in diameter are referred to as microgels. 

The present thesis is based on investigations of two types of microgels, 
both covalently crosslinked. The first one, studied in Papers I, II and III, is a 
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poly(acrylic acid) microgel with a diameter around 60–80 μm. The second 
one, studied in Paper IV, is a poly(NIPAM-co-acrylic acid) microgel with a 
diameter around 1 μm. A thorough description of the two microgel systems 
is given in sections 3.1 and 3.2. 

1.2. Proteins 
Proteins are organic macromolecules, essential to every living organism. 
They are made up of amino acids which are linked together by peptide 
bonds. Some amino acids can be produced in human cells while others can 
not. The ones that are necessary for human life but can not be produced in 
the human body are called essential amino acids. Proteins are, in other 
words, an essential part of the human diet. 

Proteins serve many purposes in the human body. Some are important in 
cell signaling, as for example when one type of cell secretes the protein insu-
lin as a signal to other cells to take up glucose from the blood. Another ex-
ample is the enzyme proteins which catalyze various reactions in the human 
body, facilitating the transformation of one molecule into another. Of special 
importance to the present thesis is the fact that the number of protein drugs is 
increasing [14-16], and since the protein drug needs to be part of a suitable 
formulation, there is an increasing interest in the interaction of proteins with 
other molecules. 

1.2.1. Lysozyme and cytochrome c 
The two proteins used in this work are lysozyme from chicken egg white and 
cytochrome c from horse heart. Lysozyme is a protein found in every ani-
mal, for example in tears and saliva of humans. It is a part of the immune 
system, as it attacks certain bacteria by breaking down their cell walls. Cyto-
chrome c is also found in the human body, where it catalyzes reactions in the 
process of transforming sugar into the energy-storing molecule ATP. Both 
lysozyme and cytochrome c are therefore enzyme proteins, but their natural 
functions are not the reason why they were used in this work; they are not 
potential protein drugs, and were chosen simply as model proteins. The in-
teractions between a microgel and an oppositely charged protein can be ex-
pected to be primarily electrostatic, which means that the interactions should 
be similar if the protein is exchanged for another protein with similar charge. 
The fact that both proteins have undergone much investigation in the past, 
and therefore are thoroughly characterized, made them suitable choices. The 
two proteins are cationic and of similar shape; both resemble a prolate sphe-
roid (the shape of a rugby ball) and they are relatively structure stable. Their 
sizes and isoelectric points are also similar, as displayed in Table 1.  
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Table 1. Charge and size parameters for lysozyme and cytochrome c. 

 Lysozyme from 
chicken egg white 

Cytochrome c from 
horse heart 

 Isoelectric point (pH)                11                10 
 Net charge at pH 7.0                +9 [17]                +7 [18] 
 Molecular weight (kDa)                14.7                13 
 Radius of gyration (Å)                15 [19]                13 [20] 

Despite the similarities between lysozyme and cytochrome c, a clear differ-
ence in intermolecular interaction has been observed for the two proteins. In 
many systems, interaction is often net attractive between lysozyme mole-
cules and net repulsive between cytochrome c molecules. Such interactions 
can be determined, for example, by measuring the second virial coefficient, 
(B2) in light scattering experiments [2]. B2 gives information about the pair 
interaction between protein molecules in solution; B2 is negative for attrac-
tions and positive in the case of repulsion. Lysozyme molecules have been 
observed to have negative B2 in most types of electrolyte solutions at pH 7.0 
[21-23], indicating attraction, although the B2 value generally is less negative 
at lower ionic strength [22] (positive B2 values have also been reported at pH 
7.0, in the case of very low ionic strength; 5 mM NaCl [23]). Attraction be-
tween lysozyme molecules has also been described as an equilibrium be-
tween single molecules, dimers, trimers and larger aggregates [24-28], de-
termined by for example sedimentation and chromatographic techniques. 
Results from the chromatographic approach have shown that oligomerisation 
increases with protein concentration and with ionic strength (within the 
range 0–0.2 M NaCl) [29]. 

Liquid-liquid phase separation, generating a dense lysozyme-rich phase 
and a lysozyme-poor phase, occurs at a sufficient lysozyme concentration, 
and whether or not such phase separation occurs depends on factors such as 
temperature, pH, ionic strength and type of electrolyte [30]. Those factors 
will also affect the volume fraction of lysozyme in the lysozyme-rich phase; 
as an example though, this fraction is typically higher than 0.2 (observed in 
20 mM Hepes buffer, pH 7.8 and 0.5 M NaCl [31]). Phase separation gener-
ally occurs at much higher lysozyme concentrations than in any sample in-
vestigated in this work, but it should be remembered that when lysozyme is 
absorbed into a microgel it becomes highly concentrated. The lysozyme 
concentration inside the microgel is therefore considerably higher than the 
average lysozyme concentration of the whole sample. 

In contrast to lysozyme, cytochrome c has been observed to have positive 
B2 values (indicating repulsion) in a much wider range of conditions; for 
example, at pH 7.0 and salt concentrations as high as 0.25 M in different 
types of electrolyte solutions [32]. Protein-protein interactions can have ef-
fect on protein sorption by an oppositely charged microgel, for example as 
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cooperative protein binding in the case of protein-protein attraction, and the 
different tendencies of the two proteins, i.e. stronger tendency towards pro-
tein-protein attraction for lysozyme, can be expected to exist also inside the 
microgel. 

1.3. Systems of linear polyelectrolytes  
and oppositely charged proteins 
Complex formation between proteins and polyelectrolytes are common in 
nature. DNA, for example, is a natural polyelectrolyte that needs to interact 
with different proteins in order to function correctly in the human cell. One 
such protein type is the histones, which are positively charged and bind elec-
trostatically to negatively charged phosphate groups of the DNA. This inter-
action facilitates the winding of the DNA around the histones, which consti-
tute an important part of gene regulation [33]. That interaction is highly spe-
cific, developed by evolution, and the interacting molecules are therefore 
referred to as co-evolved. 

Systems of proteins and polyelectrolytes that are not co-evolved have also 
undergone many investigations; an example of this is the well-studied com-
bination of whey protein and gum acacia. Whey protein is isolated from 
whey, a by-product of cheese produced from cow’s milk. It is actually a 
mixture of globular proteins, but consists mainly of �-lactoglobulin which 
has an isoelectric point of pH 5.2, and is therefore positively charged below 
that pH. Gum acacia (also known as gum arabic, or E414) is a polysaccha-
ride exuded from the African tree Acacia senegal. Gum acacia is a weak 
polyelectrolyte that carries negatively charged carboxyl groups. At pH val-
ues higher than the isoelectric point of whey protein, both molecules carry a 
negative net charge and no complex formation is observed. As pH is lowered 
and the proteins become slightly positively charged, the two molecules bind 
electrostatically to each other and form soluble complexes. This complex 
formation has been shown to involve a substantial decrease in the hydrody-
namic radius of gum acacia [34]. As pH is decreased further, the charge con-
trast between protein and polyelectrolyte increases and the system undergoes 
a liquid-liquid phase separation [34], forming a dense phase which is rich in 
macromolecules and a dilute phase. Decreasing pH even further leads to 
protonation of the gum acacia carboxyl groups, and consequently a return to 
a one-phase system of soluble macromolecules. 

The liquid-liquid phase separation of the whey protein/gum acacia system 
is a phenomenon called complex coacervation, which can occur in solutions 
of at least two types of macromolecules. It was observed already in 1911 in 
solutions of gum acacia and gelatine [35], and has since then been investi-
gated in many systems of proteins and oppositely charged polyelectrolytes 
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[36, 37]. The product of the phase separation is a dense phase which is rich 
in macromolecules, and often referred to as the coacervate, and a dilute 
phase which is partially depleted of macromolecules. Complex coacervation 
generally requires that the polyelectrolyte and the net protein charges are 
opposite; in some cases, though, it is sufficient that only a part of the protein 
molecule is oppositely charged while the net protein charge is the same as 
the polyelectrolyte. In the case of whey proteins and gum acacia, complex 
coacervation can occur within the pH-range 2.3–4.7 in the absence of salt, 
but the addition of salt narrows that pH-range [34]. That is the general effect 
of salt addition to complex coacervate systems, and comes from the fact that 
salt screens the electrostatic protein-polyelectrolyte attraction, demanding a 
stronger charge contrast for phase separation to occur. In addition to pH, 
ionic strength and charge density of the macromolecules, complex coacerva-
tion is also affected by factors such as temperature and molecular weight of 
the macromolecules. 

Complex formation between proteins and polyelectrolytes has also been 
thoroughly studied in theory; an example of this is Monte Carlo simulations 
of systems of lysozyme and negatively charged polyelectrolytes [38, 39]. 
These studies have shown that the protein-polyelectrolyte attraction is 
mainly electrostatic, and that the polyelectrolyte contracts as it forms a com-
plex with the protein. The contraction comes from the fact that the polyelec-
trolyte is wrapped around the protein surface, as several polyelectrolyte 
charges at the same time are attracted to opposite charges on the protein 
surface. The tendency towards phase separation, as revealed by the forma-
tion of large protein-polyelectrolyte clusters, was in these simulations 
stronger with long polyelectrolytes than with short. Furthermore, when an 
attractive potential between lysozyme molecules was introduced in the 
model, to resemble the experimentally observed intermolecular attraction 
between lysozyme molecules, the probability for cluster formation increased. 
High ionic strengths, on the other hand, counteracted cluster formation by 
screening the protein-polyelectrolyte attraction. 

In any solution of oppositely charged proteins and polyelectrolytes, there 
is an electrostatic attraction between the two macromolecules. This attraction 
should in general be weaker at higher ionic strength, due to the screening 
effect of the small ions in solution. In this screening effect lies an entropic 
factor; the probability of a protein-polyelectrolyte complex to be dissolved, 
and consequently interact with small counterions instead of the oppositely 
charged macromolecule, is larger at higher ionic strength. This general prop-
erty applies also to systems of proteins and oppositely charged hydrogels. 

Another factor that should be significant in a protein-microgel system is 
attractive bridging forces, which have been described in detail for surfactant-
polyelectrolyte systems [40-42]. 
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1.4. Systems of macrogels  
and oppositely charged proteins 
The group of Kabanov, Skobeleva and Zezin has since 1995 reported on 
interactions between proteins and oppositely charged hydrogels of 0.1–1.5 
cm3 [43-47], here referred to as macrogels. The macrogels investigated have 
mostly been poly(acrylic acid), or more precisely sodium polyacrylate, with 
a degree of cross-linking of around 1 mol%. The low degree of cross-
linking, in combination with the osmotic swelling pressure from the 
macrogel counterions, enables very high absorption of water in these sys-
tems, and the macrogel weight in equilibrium with water was reported to be 
as high as 1000 times the dry weight [43, 47]. The proteins studied have 
among others been lysozyme and cytochrome c, and investigated properties 
have been protein uptake capacity, uptake kinetics and protein-dependent 
macrogel deswelling. 

Many of these studies have been performed in salt-free environment, 
meaning that no extra salt apart from macrogel and protein counterions was 
added. In that environment, it was observed that a high amount of protein 
was sorbed by the macrogels as long as the pH was such that polymer net-
work and protein was oppositely charged. Reported protein uptakes at pH 
7.0 are around 15 gram of protein / gram of (dry) gel, for lysozyme and cy-
tochrome c [43, 47]. This protein uptake capacity, which represents salt-free 
environment, roughly corresponded to protein-polymer charge stoichiome-
try. The high protein uptake involved a substantial deswelling of the 
macrogel, which resulted in a protein content of the formed complexes (wa-
ter counted in) of 24 wt% for cytochrome c and 52 wt% for lysozyme [47]. 
This gives an idea of the very high density of the formed protein-macrogel 
complexes. Interestingly, it was observed in the salt-free environment that 
the uptake kinetics was roughly an order of magnitude faster for cytochrome 
c, as compared to lysozyme, despite the fact that the two proteins have simi-
lar size, shape and net charge. 

The protein uptake mechanism in salt-free environment was described as 
the formation of an outer “shell” of protein and deswollen macrogel network, 
which grew on the expense of an inner protein-free “core” of swollen 
macrogel network [43-47]. If less protein was added to the system than re-
quired for charge stoichiometry in the whole macrogel, the core and shell ap-
peared to remain for unlimited time [45, 46]. Examination of the shell at such 
a condition revealed that it had the composition of protein-macrogel charge 
stoichiometry. It was also suggested that the uptake mechanism in salt-free 
environment resembled a “relay-race”, without radial protein mixing during 
uptake. (That mechanism is very different from the mechanism for lysozyme 
uptake in pAAc microgels, which is investigated in this thesis and discussed in 
section 4.1.3.) 
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In the case when salt was added to the protein-macrogel system, the protein 
uptake capacity decreased with increasing salt concentration [43, 47], which 
together with the pH-dependence of the uptake showed the electrostatic nature 
of the interaction. For example, the cytochrome c uptake capacity was roughly 
halved at 40 mM NaCl, compared to salt-free environment. At this salt con-
centration it was also observed that the core and shell, which were observed as 
stable at equilibrium in the case of salt-free environment, were replaced with 
an end-state of protein distribution throughout the macrogel [46]. The limita-
tion of the uptake capacity, which was caused by the salt addition, was accom-
panied by higher water content in the formed protein-macrogel complex. Quite 
naturally, it was therefore also observed that the presence of salt accelerated the 
uptake kinetics [43], since protein diffusion can be expected to be faster in a less 
dense complex. 

1.5. Systems of microgels and oppositely charged 
proteins – potential in drug delivery 
Interactions between microgels and oppositely charged proteins have not 
undergone much study [9, 48-51]. Huo et al investigated the uptake of bo-
vine serum albumin in pNIPAM-co-AAc microgels, and concluded that up-
take was highest around pH 4.0 where the charge contrast between microgel 
and protein is the highest [51]. Eichenbaum et al investigated the sorption of 
positively charged globular proteins by poly(methacrylic acid-co-acrylic 
acid) microgels (4–10 μm in diameter), using a micropipet technique [9]. 
The proteins were in that study mainly used to estimate the pore size of the 
microgels; larger pore size enables larger proteins to diffuse into the mi-
crogel, and the pore size was investigated as a function of cross-link density. 

The group of Hoare and Pelton have done a lot of investigations on the 
synthesis and characterization of colloidal polyelectrolyte microgels [52-57], 
and also reviewed how charge and crosslinker distributions can be character-
ized in these microgel systems [58]. They have also investigated the possi-
bility of designing an insulin-carrying microgel which releases insulin upon 
interaction with glucose. That property was indeed achieved by utilizing the 
ability of glucose to bind selectively to aminophenylboronic acid groups, a 
binding process which drives the equilibrium of the microgel toward higher 
degree of negative charge [49]. The results included a delicate synthesis of 
microgels of net positive charge which exhibited a charge reversal upon 
binding of the negatively charged insulin, and which became increasingly 
negative as glucose bound to the microgel, resulting in microgel swelling 
and enhanced insulin release [49]. The fact that the microgels were ampho-
teric improved colloidal stability during insulin loading. 

Zhang et al investigated microgels composed of Pluronic F127 and lactic 
acid, as a model system for sustained protein drug release [50]. Pluronic 
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F127 is a triblock copolymer with reversed solubility (more soluble in cold 
than warm water) , which gave the microgels a temperature dependent swell-
ing of twice as high volume at 4ºC as compared to 37ºC (diameters were 
~50–100 μm at 4ºC). Also, ester bonds of the lactic acid made the microgel 
degradable. The microgels were loaded with proteins at 4ºC, followed by 
drying at the same temperature and storage until protein release was studied 
in solutions of 37ºC. The protein loading capacity was reported to be around 
90 mg protein/g dry gel, for the proteins hemoglobin and bovine serum al-
bumin, and the low swelling degree of the microgels at 37ºC limited protein 
diffusion within the microgel network, such that protein release was gov-
erned by the degradation of microgel network rather than protein diffusion. 
That conclusion was drawn, however, without reporting any release data 
representing lower temperatures, where protein release should be governed 
by protein diffusion. Nevertheless, the approach of entrapping proteins in a 
swollen biodegradable microgel, and releasing them at a deswollen condi-
tion, is interesting from a sustained release point of view. 

Microgels have also been studied in combination with oppositely charged 
peptides [6, 12, 59], which obviously is a system closely connected to mi-
crogel-protein systems, and these studies will soon will be covered in an-
other thesis from the same Department as this one. 

There is no doubt that microgels have potential in protein drug delivery 
[48, 60, 61]. The relatively low concentration of polymer network in a swol-
len microgel (high water content), and the flexibility of the network, facili-
tates relatively high protein uptake per weight of dry microgel. The charge 
density of the microgel can be chosen to optimize the system; high microgel 
charge density can be expected to result in high protein binding capacity, but 
also in higher protein-microgel affinity and slower protein release. The mi-
crogel facilitates “space-efficient storage” of proteins, since the microgel 
contracts in its interaction with the proteins. Microgels can be synthesized to 
be of virtually any size, and they can be given mucoadhesive properties by 
the grafting of suitable polymers on the surface [48]. They could facilitate 
sustained release in dermal drug delivery [61], and should have potential 
also in systemic drug delivery, in for example target-specific delivery and/or 
sustained release [48]. In systemic drug delivery, though, biodegradability 
will be a central aspect, as well as microgel accumulation in macrophages of 
liver and spleen. Any future application will most likely also involve a graft-
ing of surface molecules, specially designed for the intended use. 

There is a need for studies on basic interactions between microgels and 
oppositely charged proteins, such as: (i) protein uptake capacity, (ii) mi-
crogel deswelling upon protein sorption, (iii) protein distribution within mi-
crogels and (iv) colloidal stability of microgels upon protein sorption. 
Knowledge of these properties, and their dependence on for example tem-
perature, pH and ionic strength, is important to outline the possibilities for 
microgels in protein drug delivery. 
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2. Aim of the thesis 

The aim of this thesis was to study the interaction between microgels and 
oppositely charged proteins. Examples of properties that were to be investi-
gated are: 

 
• protein-binding capacity of microgels 
• protein-binding mechanisms 
• protein-induced microgel deswelling 
• protein distribution within microgels 
• colloidal stability of microgels upon protein uptake 

 
The work intended to identify and describe phenomena which would be of 
interest to applications where microgels are used as protein carriers. 
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3. Methods 

3.1. Synthesis and characterization  
of poly(acrylic acid) microgels 
The poly(acrylic acid) microgels used in Papers I, II and III were prepared 
by inverse suspension polymerization [62, 63]. Monomers and initiator were 
dissolved in water and dispersed under heavy stirring in a preheated mixture 
of cyclohexane and Span 60 (emulsifier, commonly used to stabilize w/o 
emulsions). The cross-linking monomer (N, N’-methylenebisacrylamide) 
constituted 1.8 mol% of the total amount of monomers. Polymerization took 
place in the dispersed water droplets. The product was a suspension of 
spherical gel particles of 30–300 μm in diameter, although a narrower size 
range was chosen for the experiments; 60–80 μm (pH=7.0, I=220 mM) in 
the micromanipulator-assisted experiments, and corresponding sizes in the 
confocal microscopy experiments. Poly(acrylic acid) is in this thesis abbre-
viated pAAc, and the repeating unit of the pAAc microgels is presented in 
Figure 1. 

The dependence of pH and ionic strength on microgel swelling was inves-
tigated using micromanipulator-assisted microscopy. As shown in Figure 2, 
the degree of swelling is higher at higher pH, due to the higher degree of 
carboxyl group dissociation and the associated higher Donnan pressure (os-
motic swelling pressure from the counter ions in the microgel). By increas-
ing the ionic strength, the concentrations of small ions will differ less inside 
and outside the microgel, which consequently decreases the Donnan pres-
sure. The reported pH and ionic strength dependence in Figure 2 is typical of 
a polyelectrolyte network, and the swelling behavior is similar to that of the 
macrogels discussed in section 1.4. 

O O
 

 
Figure 1. The repeating unit of poly(acrylic acid). 
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Figure 2. Characterization of the poly(acrylic acid) microgels used in Papers I, II and 
III. (a) Example picture of a microgel, sucked onto the tip of a micropipette. The effect 
of pH and ionic strength on microgel swelling is shown for (b) pH 7.0 and (c) pH 4.5 
[64]. Vmax was defined as the microgel volume at 1 mM carbonate buffer and pH 9.5. 

3.2. Synthesis and characterization of colloidal 
poly(NIPAM-co-acrylic acid) microgels 
Colloidal microgels of copolymerized NIPAM and acrylic acid were synthe-
sized by surfactant-free emulsion polymerization, and investigated in Paper 
IV. Monomer proportions in the reaction mixture were 83 mol% NIPAM, 14 
mol% acrylic acid and 2.7 mol% cross-linking monomer. Poly(NIPAM-co-
acrylic acid) is in this thesis abbreviated pNIPAM-co-AAc, and the repeating 
units of the pNIPAM-co-AAc microgels are shown in Figure 3. 

The microgels were characterized using dynamic light scattering. As 
shown in Figure 4, the dependence of swelling on pH and ionic strength is 
qualitatively the same as for the larger pAAc microgels. The microgels swell 
as pH is raised from 3 to 6, while a pH increase from pH 6 seems not to in-
crease the swelling further. The results suggest that most of the carboxyl 
group dissociation occur below pH 6. 

a

O NH

 
 b

O O
 

 
Figure 3. The repeating units of pNIPAM-co-AAc; (a) NIPAM, (b) acrylic acid.  

c b a 
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Figure 4. Characterization of the pNIPAM-co-AAc microgels, showing the hydro-
dynamic diameter as a function of (a) pH, in the absence of buffer, and (b) ionic 
strength, at pH 7.0. 

A titration of pNIPAM-co-AAc microgels is presented in Figure 5. It shows 
that the carboxyl groups of the microgel titrate within the pH-range 4–6, in 
good agreement with the pH-dependent swelling reported in Figure 4a. The 
titration curve is largely the same as for a solution of acetic acid, which 
shows that the so-called polyelectrolyte effect, of decreased ionization abil-
ity due to adjacent ionized groups, is minor. 

The swelling ability of the two microgel types can be compared from the 
volumes at different ionic strength; at pH 7.0 for example, microgel volumes 
at ionic strengths 40 and 220 mM give a volume ratio of V40/V220=1.7 for the 
colloidal pNIPAM-co-AAc microgels, whereas the same ratio was 2.1 for 

a 

b 
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the larger pAAc microgels. Since the two microgel types were measured 
with different techniques, carefulness is required when drawing conclusions 
from such a comparison, but the different ratios nevertheless suggest that 
salt-dependent swelling/deswelling is more pronounced for the larger pAAc 
microgels. 
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Figure 5. Titration of 20.11 gram of pNIPAM-co-AAc microgel solution, performed 
in 0.5 M NaCl. Forward titration (filled circles) was performed with a 0.2 M NaOH 
solution and backward titration (empty circles) was performed with a 0.5 M HCl 
solution. 

3.3. Micromanipulator-assisted microscopy 
In Papers I, II and III, protein-induced deswelling was studied for pAAc 
microgels, using micromanipulator-assisted microscopy. The method can be 
visualized with the help of Figure 6. Micropipettes were pulled from glass 
capillaries, and the tip of the micropipette was smoothened by heating. Mi-
crogels were captured by suction onto micropipettes in a drop of pH 7.0 and 
I=220 mM. The microgels were then placed inside a flow pipette, from 
which protein solutions were flushed using a peristaltic pump. A Bx-51 light 
microscope (Olympus, Japan) was used, equipped with a micromanipulator 
and a digital camera. Some technical parameters are given in Figure 6, and 
more detailed information about the equipment is found in Paper I. 
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Figure 6. Schematic picture of the equipment used in the micromanipulator-assisted 
microscopy experiments. The figure is not drawn to scale. The outer diameter of the 
micropipette was 15–30 μm. Investigated microgels were 60–80 μm in diameter at 
pH 7.0, I=220 mM and in the absence of protein. The inner diameter of the flow 
pipette was 2 mm, and the flow was 1.8 mL/min. 

The setup allowed the study of a specific microgel in different solutions. 
Each microgel was photographed in protein-free buffer and after different 
times in one or several protein solutions. Microgel volumes were calculated 
from measured diameters, V0 was defined as the starting volume in the ab-
sence of protein, and protein-dependent deswelling is reported as V/V0. 
Since each microgel could be measured both in the presence and absence of 
protein, and since differences in “stirring” were precluded by the controlled 
flow, protein-specific deswelling could be monitored in detail. 

3.4. Confocal microscopy 
The distribution of protein molecules in microgels was in Papers I, II and III 
investigated using confocal microscopy. These measurements were enabled 
by the fact that the proteins emitted fluorescent light after being excited with 
a laser, and the technique can be visualized with the help of Figure 7. A laser 
beam is reflected by a vibrating dichroic mirror, which directs the laser 
through an objective lens. The lens focuses the laser at a certain distance 
from the lens, the so-called focal plane. Fluorescent light will travel from the 
focal plane in every direction, but the light that travels through the lens will 
be focused on the photodetector. Excitation will primarily take place in the 
focal plane, since the laser beam is focused there, but some excitation will 
take place also at positions that are out of focus (caused by stray light). The 
“out of focus-fluorescence” will however not reach the detector, as shown by 
the thin lines in Figure 7. The term confocal means that the lens focuses light 
in both the focal plane and on the detector. By scanning the whole sample, 
i.e. recording the fluorescence upon excitation in many small volumes of the 
sample, the distribution of the fluorescent molecules can be revealed.  
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Figure 7. Schematic figure of confocal microscopy. 

Since the autofluorescence of the proteins not was sufficient for this type of 
study, the proteins were fluorescently labeled. The fluorescent labels used 
are listed in Table 2, including excitation and detection wavelengths. The 
procedure of covalently binding the label to the protein is presented in the 
experimental part of each paper, and the degree of labeling, expressed as the 
molar ratio of label:protein, varied between 1:3–1:30 as specified in each 
paper. The microscope used was a Confocal Leica DM IRE2 laser scanning 
microscope (Leica Microsystems, Germany), equipped with an Ar/HeNe 
laser, and using the software Leica TCS SL. 

Table 2. Fluorescent labels used in this work, including excitation and detection 
wavelengths. 
Fluorescent label Excitation (nm) Detection (nm) 
Fluorescein isothiocyanate, FITC           488       500–530 
Oregon Green® 488           488       500–530 
Alexa Fluor® 633           633       650–750 
Alexa Fluor® 647           633       650–750 
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Certain precautions were taken to ensure that the fluorescent labeling did not 
have a too large effect on the nature of the protein; (i) in Paper I, it was con-
firmed that the degree of FITC-labeling did not have significant effect on 
microgel deswelling, (ii) in Paper II, it was confirmed that the degree of 
labeling of Oregon Green® 488 and Alexa Fluor® 647 did not have signifi-
cant effect on the length of the shell formation period, and (iii) in Paper II, a 
special type of experiment required that two protein fractions with different 
labels were detected at the same time. In that study, it was confirmed that the 
selectivity in the detection of the two lysozyme fractions was satisfactory, as 
shown in the Supplementary Material of Paper II. 

3.5. Dynamic light scattering 
Hydrodynamic diameter and electrophoretic mobility of colloidal pNIPAM-
co-AAc microgels was measured using a Brookhaven Instruments Zeta Plus 
dynamic light scattering apparatus, fitted with a 15 mW laser (�=678 nm). 
The detector was set at 90° during diameter measurements and at 15° during 
mobility measurements. 

3.5.1. Hydrodynamic diameter 
The size of colloidal particles in solution can be measured using dynamic 
light scattering, as described by for example Tscharnuter [65]. This section 
describes how the technique works, on a basic level, and how it was used to 
determine hydrodynamic diameters of microgels in solution. For deeper 
knowledge, and for information on all the equations that are used in this 
technique, the reader is referred to the book chapter by Tscharnuter [65]. 
First, consider a light beam that passes through a liquid. The electrons of 
each molecule in the liquid can be viewed as an electron cloud, and the elec-
tron density within this cloud can fluctuate. The fluctuations involve the 
appearance of a dipole moment, and the ability of the electron cloud to fluc-
tuate is called the polarizability of the molecule; high polarizability means 
high ability to fluctuate. Light, on the other hand, can be considered as an 
oscillating electromagnetic wave, which has an electric field that is directed 
perpendicular to the direction of the light beam. This “electrical nature” of 
both molecules and light enables them to interact as the light beam passes 
through the liquid. Light scattering typically occurs when solute molecules 
and the solvent have different refractive index.  

Dynamic light scattering is based on the following steps: (i) emission of a 
laser beam into the sample, (ii) measurement of the intensity of scattered 
light, scattered from a certain small volume of the sample and detected at a 
certain angle from to the ingoing laser beam, (iii) evaluation of how fast the 
intensity of the scattered light fluctuates. The technique can be visualized 
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with the help of Figure 8. The software constructs an intensity autocorrela-
tion function from the scattered intensities recorded at different times; in 
principle, the correlation between the scattered intensity at a given starting 
point and the later recorded intensities is evaluated. At a very short time after 
the start, every microgel will have moved very little from the starting posi-
tions, and there will consequently be very high correlation with the starting 
value. As microgel diffusion proceeds, however, the correlation will de-
crease exponentially, and after sufficiently long time there will be no corre-
lation between the scattered intensity and the starting value. In cases when 
the particle size distribution is monodisperse, as was assumed in the work of 
Paper IV, a single-exponential fitting to the autocorrelation function is em-
ployed. The relaxation time of the autocorrelation function is proportional to 
the diffusion coefficient of the microgels, and consequently to the size of the 
microgels, enabling calculation of hydrodynamic diameter from the relaxa-
tion time by using the Stokes-Einstein equation. 

 
Figure 8. Schematic figure of dynamic light scattering. A laser beam is emitted 
through a sample of colloidal microgels. The microgels are represented by the filled 
black circles. At any position in the sample, interaction between a photon and a 
microgel can result in light scattering, and light is scattered in every direction. If 
light is scattered from a certain small volume of the sample (referred to as the scat-
tering volume, indicated as the grey area) and is scattered in a certain direction, it 
can be detected by the photo multiplier tube.  

The concentration of microgels in this type of experiment, and the optical 
path through the sample, must be sufficiently low to avoid multiple scatter-
ing; the probability that a photon is scattered twice before it reaches the de-
tector must be very small. At the same time, the microgel concentration must 
be sufficiently high to avoid fluctuations in the number of particles in the 
scattering volume. The reason why the scattered intensity varies, despite the 
fact that the number of particles in the scattering volume is largely un-
changed, is that photons scattered at different positions have different dis-
tances to the detector. This means, for example, that two photons can reach 
the detector either “in phase”, which gives a recorded intensity twice as high 
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as that from a single photon, or they can reach the detector “out of phase”, in 
which case the recorded intensity is zero. This interaction is called interfer-
ence, and the recorded intensity is the result of the interference of all the 
scattered light. Microgel size can be determined due to the following rela-
tionship: smaller microgels diffuse faster, which causes faster intensity fluc-
tuations. It is the rate of scattered intensity fluctuations that is measured. 

3.5.2. Electrophoretic mobility 
The instrument used for hydrodynamic diameter measurements was used 
also to measure the electrophoretic mobility of microgels. The detector was 
set at 15°, and the so-called PALS technique was used (phase analysis light 
scattering). This measurement of the electrophoretic mobility is essentially a 
measurement of how the microgels movements are affected by an oscillating 
electric field. A negative sign of the mobility indicates that the microgel has 
a negative surface charge, and the magnitude increases with increasing sur-
face charge. The low degree of cross-linking (especially in the microgel sur-
face), and the resulting high degree of swelling and water content, in most 
cases preclude the calculation of a microgel zeta-potential. In stead, a 
mathematical model has been presented which, successfully, correlates elec-
trophoretic mobility to the volumetric charge density of the “electrophoretic 
shell” of the microgel [56, 66]. However, while that model fits well to sys-
tems of microgels and simple counterions, the systems investigated in this 
thesis are more complex with a single protein molecule exchanging multiple 
microgel counterions. Therefore, electrophoretic mobility is not converted to 
charge density in this thesis. 

3.6. Protein binding isotherms 
In a system of microgels and oppositely charged proteins, it is often of in-
terest to know the concentration of protein bound to the microgel network, 
rather than the total protein concentration; for example, if the microgel is 
investigated for its potential as protein drug carrier. It is also helpful for the 
understanding of protein-microgel interaction, if a relationship can be estab-
lished between microgel deswelling and amount of protein sorbed. For this 
purpose, protein binding isotherms were produced by a depletion method. 
In short, solutions of protein, microgels and buffer were mixed, and after 
sufficient equilibration time the microgels were removed from the mixture 
by centrifugation. The equilibrium protein concentration (in the super-
natant) was determined by absorbance measurements, and the amount of 
protein sorbed by the microgels was calculated. Protein uptake, expressed 
as gram of protein/gram of (dry) gel, was plotted as a function of equilibra-
tion concentration. 
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Since oppositely charged proteins are sorbed by the microgel network, 
and since the opposite charges can be expected to be the major driving force 
for the sorption, it is also of interest to consider the charge stoichiometry of 
the complex. This issue was approached by reporting protein uptake as a 
charge ratio; positive charges of sorbed protein/negative microgel charges. 
Reported charge ratios have been calculated assuming that, at pH 7.0, cyto-
chrome c molecules have a net charge of +7 [18], lysozyme molecules have 
a net charge of +9 [17], and acrylic acid residues of the microgel have the 
charge -1. 
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4. Results and discussion 

4.1. Poly(acrylic acid) microgels interacting  
with oppositely charged proteins 
The wide size distribution of pAAc microgels was narrowed by choosing to 
investigate microgels within a specific size range. In the micromanipulator-
assisted experiments, microgels were chosen that had diameters between 60–
80 μm in a reference solution of pH 7.0 and I=220 mM. In the confocal mi-
croscopy experiments, however, experimental limitations precluded that a 
specific microgel was investigated both in the presence and absence of pro-
tein. Therefore, in those experiments, microgels were investigated in the 
presence of protein, and chosen by their size so that they also would be 
around 60–80 μm in the reference solution mentioned above. 

Interaction between pAAc microgels and lysozyme was investigated in 
Papers I and II, while in Paper III these microgels were investigated in com-
binations with both lysozyme and cytochrome c. 

4.1.1. Protein uptake involves microgel deswelling 
As discussed in sections 1.1 and 1.4, the sorption of protein onto an oppo-
sitely charged microgel network is expected to be associated with microgel 
deswelling. The protein has several positive charges on its surface and, since 
all microgels studied are large enough to maintain charge neutrality during 
protein sorption, the sorption of one protein molecule involves the release of 
several counterions. From general principles, one expects the entropic gain 
of this exchange to be a major driving force for protein sorption. Microgel 
deswelling is expected to be involved, since the process decreases the num-
ber of solute molecules in the microgel, thereby decreasing the osmotic 
swelling pressure. 

In Paper I, lysozyme-dependent microgel deswelling was investigated us-
ing micromanipulator-assisted microscopy. Every microgel examined was 
flushed with increasing lysozyme concentrations, 20 minutes for each con-
centration, while keeping pH and ionic strength constant. The microgel vol-
ume after each 20 min-period was reported as V/V0, where V0 was the start-
ing volume in the absence of lysozyme. As shown in Figure 9, it was ob-
served that lysozyme-induced deswelling is significantly more pronounced 
for the lowest than for the highest ionic strength investigated, observed both 
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at pH 4.5 and 7.0. Interestingly, there is nonmonotonic ionic strength de-
pendence at pH 7.0; when decreasing the ionic strength from 40 mM to 1.8 
mM, lysozyme-induced deswelling is slightly reduced at intermediate ly-
sozyme concentrations. In other words, there is an optimum in ionic strength 
for lysozyme-induced deswelling at pH 7.0. 

The lysozyme binding capacity of pAAc microgels was observed to be 
higher at pH 7.0 than at pH 4.5, which can be explained by the much higher 
charge density of the microgels at pH 7.0. The highest binding capacity ob-
served at pH 7.0 was 10 g lysozyme / g of (dry) microgel, observed at I=40 
mM, while every lower and higher ionic strength examined exhibited lower 
binding capacity. Comparison of the binding isotherms with the deswelling 
results showed a correlation between high protein sorption and substantial 
deswelling. An interesting observation, though, is that the binding capacity 
generally was higher at pH 7.0 compared to pH 4.5, while the obtained V/V0 
values not were lower at pH 7.0; this “controversy” could be explained by 
the fact that the charge density of the microgel is much higher at pH 7.0, and 
that the swelling pressure from small counter ions therefore should be 
stronger at pH 7.0, also after protein sorption. 

In the complexation of proteins with linear polymers, nonmonotonic ionic 
strength dependence with optima in the ionic strength range 5–30 mM has 
been observed, both for protein-polymer pairs of identical [67] and opposite 
[67, 68] charge. It has been suggested that below this optimum, the main 
effect of an ionic strength increase is a screening of repulsive interactions, 
whereas above the optimum the main effect of an ionic strength increase is a 
screening of attractive interactions [67]. Monte Carlo simulations of the 
complexation between lysozyme and linear polyanions have also demon-
strated maximum affinity at around 10 mM ionic strength, and it was argued 
that intramolecular polymer repulsions at very low ionic strength contributed 
to this complexation optimum [38]. The optimum observed in the lysozyme-
microgel system is therefore in qualitative agreement with systems of protein 
and linear polyelectrolytes, and the phenomenon is further discussed in sec-
tion 4.1.2. 
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Figure 9. Microgel deswelling induced by lysozyme uptake. Each investigated mi-
crogel was initially flushed with buffer solution, followed by flushing with increas-
ing lysozyme concentrations (20 min for each concentration). Microgel volume after 
each 20 min-period is reported as V/V0, where V0 is the volume in buffer. Represen-
tative pictures show a microgel at pH 4.5 and I=40 mM, (a) after initial flushing 
with buffer, and (b) after the exposure to 0.1 mg/mL lysozyme. The diagrams show 
the decrease in microgel volume versus lysozyme concentration at (c) pH 4.5 and (d) 
pH 7.0, and varying ionic strengths.  

In paper III, protein-dependent microgel deswelling was compared for ly-
sozyme and cytochrome c, to reveal possible protein-specific properties. 
Protein-specificities could be expected, since certain differences had been 
observed between the interactions of the two proteins with pAAc macrogels, 
as mentioned in section 1.4. The approach in this comparative study was to 
expose each microgel to only one protein solution (in contrast to the experi-
ments presented in Figure 9). As shown in Figure 10, cytochrome c uptake at 
pH 7.0 involves microgel deswelling to a V/V0-value of roughly 0.1, regard-
less of cytochrome c concentration (within the range 4.3–17 μM). This result 
is consistent with previous binding isotherm studies on cytochrome c and 
pAAc macrogels, which have shown that cytochrome c uptake should be 
close to maximum at all the cytochrome c concentrations investigated in 
Paper III [47]. Figure 10f shows the corresponding deswelling curves for 
lysozyme, which clearly differs qualitatively from the cytochrome c curves. 
It is interesting to note that, despite the fact that lysozyme and cytochrome c 
are proteins of similar size, shape and isoelectric point, V/V0 levels off at 
much higher values in the case of lysozyme. Also, in the case of lysozyme, 
lowest V/V0 values are reached at the lowest lysozyme concentration. The 

  

c d 
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results clearly show qualitative differences in protein-dependent deswelling 
between the two proteins. The results also suggested that some special phe-
nomenon took place in the case of lysozyme, which indeed was confirmed 
by confocal microscopy experiments, discussed below. 

Regarding the deswelling kinetics, the time of deswelling before V/V0 
had reached its end-value was shorter at higher cytochrome c concentration. 
In the case of lysozyme, higher lysozyme concentration is associated with 
lower V/V0 value after very short deswelling time (10 seconds), while after 
that the deswelling starts to level off at higher V/V0 values for higher ly-
sozyme concentration. The deswelling kinetics of cytochrome c displays a 
simple behavior, whereas the lysozyme case appears more complicated. It 
will be shown below that the strange lysozyme-dependent deswelling is as-
sociated with the protein distribution in the microgel. 
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Figure 10. Microgel deswelling upon protein uptake, at pH 7.0 and I=40 mM, meas-
ured using micromanipulator-assisted microscopy. Each investigated microgel was 
only exposed to one protein solution (in contrast to the experiment presented in 
Figure 9). Example pictures are shown of a microgel sucked onto the tip of a micro-
pipette, at different times during flushing with a solution of 4.3 μM cytochrome c; 
(a) 20 s, (b) 90 s, (c) 180 s and (d) 360 s. Also shown are diagrams presenting mi-
crogel volume versus time, when flushing with solutions of (e) cytochrome c and (f) 
lysozyme, for three different protein concentrations.  (17 μM lysozyme = 0.25 
mg/mL). This figure is reproduced from Paper III. 
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4.1.2. Protein distribution within microgels is protein specific 
The qualitative differences in protein-dependent deswelling between ly-
sozyme and cytochrome c, described in the previous section, could be asso-
ciated with different protein distributions in the microgel, and therefore pro-
tein distribution was investigated using confocal microscopy. The distribu-
tion of the two proteins in larger pAAc gels had previously been investigated 
(section 1.4), and no qualitative distribution difference between the proteins 
was reported in that system. The distribution of protein within a microgel 
will be important for possible drug delivery applications; for example, the 
protein binding capacity could be limited if protein binding only can occur in 
a part of the microgel. 

In Paper III, the distribution of cytochrome c within pAAc microgels was 
reported for pH 7.0, I=40 mM and cytochrome c concentrations between 
4.3–68 μM. Pictures taken 10 minutes after the start of cytochrome c uptake 
represented the end-state of cytochrome c distribution, since changes in mi-
crogel deswelling and protein distribution were negligible thereafter. As can 
be seen in Figure 11, cytochrome c is relatively evenly distributed through-
out the microgels at all cytochrome c concentrations. The slightly “U-
shaped” intensity profile at the highest protein concentration (68 μM) is at-
tributed to light scattering; light emitted from the centre of the microgel 
travels a longer path through the gel-protein structure, and is therefore scat-
tered more than light emitted from the peripheral parts. It could therefore be 
concluded in Paper III, that the equilibrium distribution of cytochrome c is 
uniform in the present microgels at ionic strength 40 mM, for a wide range 
of cytochrome c concentrations. 
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Figure 11. (a) Pictures showing the distribution of Alexa Fluor® 647-labeled cyto-
chrome c in pAAc microgels at pH 7.0, I=40 mM and cytochrome c concentrations 
4.3–68 μM. The fluorescence intensity was measured 10 min after cytochrome c 
addition along a line through the centre of the microgel, as shown in the picture. The 
intensity profiles through the microgels were observed to be “plateau-like” at cyto-
chrome c concentrations of (b) 4.3 μM, (c) 8.5 μM and (d) 17 μM. (e) At 68 μM 
cytochrome c the intensity profiles were slightly “U-shaped”. 
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Papers I and II both reported on the distribution of lysozyme in pAAc mi-
crogels. In those studies it was found that lysozyme, in contrast to cyto-
chrome c, was unevenly distributed in the microgel at many conditions, 
forming a lysozyme-rich shell surrounding a core with considerably lower 
lysozyme concentration. The core-shell condition remained at least 1 week 
after lysozyme addition, and seemed therefore to constitute an end-state of 
lysozyme uptake. Figure 12 is data from the projects of Paper I and II, show-
ing the lysozyme distribution at ionic strength 40 mM and lysozyme concen-
trations of 6.8 and 68 μM. The thickness of the shell varied between 4–10 
μm, when defining the shell as starting and ending at intensity values twice 
as high as the average intensity of the microgel centre. 
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Figure 12. Distribution of fluorescently labeled lysozyme in pAAc microgels after 
equilibration at pH 7.0, I=40 mM and protein concentrations of (a) 6.8 μM FITC-
labeled lysozyme [64] and (b) 68 μM Oregon Green® 488-labeled lysozyme [69]. 
(68 μM lysozyme = 1 mg/mL) The fluorescence intensity is measured along a line 
through the center of the microgel, as shown in the pictures, and representative in-
tensity profiles for the conditions in (a) and (b) are shown in (c) and (d), respec-
tively. This figure is selected data from the projects of Paper I and II, included also 
in Paper III for comparison with cytochrome c distribution data.  

It is highly interesting how differently the two proteins are distributed, despite 
their similarities in size, shape and net charge. In the case of macrogels (sec-
tion 1.4), protein-rich shell and protein-free core was observed in a combina-
tion of low salt concentration and limited protein addition (less protein added 
than required for neutralization of all macrogel charges). The distribution at 68 
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μM lysozyme, in Figure 12, occur despite the fact that the total lysozyme con-
centration is 10 times higher than required for the neutralization of all mi-
crogel charges, and it is therefore a new phenomenon that have not been re-
ported for proteins in larger hydrogel systems. Also, as mentioned in the pre-
vious section, the maximum lysozyme binding capacity observed in the mi-
crogel system was 10 g lysozyme/ g of dry gel, while the corresponding value 
for macrogels was around 15 g lysozyme/ g dry gel, a difference which sug-
gests that shell formation limits the total lysozyme uptake in microgels. If 
proteins are evenly distributed in a microgel, or if protein and microgel has 
formed a core-shell condition, can be expected to have effect on the perform-
ance of any system of protein-carrying microgel, and therefore the mechanism 
for the core-shell formation was thoroughly investigated. 

4.1.3. Mechanism of core-shell formation 
A thorough investigation was performed with the lysozyme-pAAc microgel 
system, to reveal the mechanism for how the core-shell condition is formed. 
Figure 13 is data from Paper I showing that the distribution of lysozyme in 
the microgel, at pH 7.0, depends on both lysozyme concentration and ionic 
strength. At low lysozyme concentrations, the protein is relatively evenly 
distributed throughout the microgel (observed at ionic strengths 1.8 and 220 
mM), although the uptake appears low at those conditions. At sufficiently 
high lysozyme concentration, however, the core-shell structure appears. This 
shell formation depends not only on the lysozyme concentration, but also on 
ionic strength, since at ionic strength 40 mM shells form already at 0.01 
mg/mL lysozyme. At higher and lower ionic strength (220 mM and 1.8 
mM), shells are observed at 1 mg/mL and 0.1 mg/mL lysozyme, respec-
tively. This shows that the binding strength, in analogy to deswelling, dis-
plays an ionic strength optimum at pH 7.0. 
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Figure 13. Distribution of FITC-labeled lysozyme at pH 7.0 and at varying ionic 
strengths and lysozyme concentrations. Pictures were taken after 1 week of equili-
bration. 1 mg/mL lysozyme = 68 μM. 

When discussing the distribution results in Figure 13 it is important to con-
sider the ratio of lysozyme and microgel charges in solution, since protein 
depletion from surrounding solution is a significant factor in this experiment. 
The ratio of positive lysozyme charges to negative microgel charges is 
roughly 10:1 at 1 mg/mL lysozyme, 1:1 at 0.1 mg/mL lysozyme and 1:10 at 
0.01 mg/mL lysozyme (see section 3.6). Therefore, it can be concluded that 
the explanation for the uneven lysozyme distribution and shell formation 
does not involve a “lack of lysozyme” for the neutralization of all the mi-
crogel charges. 

At I=220 mM and 1 mg/mL lysozyme, small lysozyme-rich regions form 
in the outer part of the microgel, giving the impression that shell formation is 
just about initiated (Figure 13). Since these small regions contain more ly-
sozyme than the surrounding gel, lysozyme-induced deswelling is expected 
to be more significant in these regions, in turn causing stretching of the 
three-dimensional network nearby not containing the increased lysozyme 
content. Considering this, it is not unreasonable that fragmented shells first 
develop as a precursor to complete shell formation, although other factors 
such as inhomogeneities in gel charge distribution and/or cross-linking den-
sity also may contribute to the observed phenomenon. The development of 
complete shells from these fragmented lysozyme-rich regions depends on 
both lysozyme concentration and ionic strength. This is shown in Figure 14, 
where a lowering of the lysozyme concentration requires also a lowering of 
the ionic strength for complete shell formation still to occur. 
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Figure 14. Distribution of FITC-labeled lysozyme at pH 7.0 and varying lysozyme 
concentration and ionic strength. The lower pictures represent the highest ionic 
strengths where complete lysozyme/microgel shells were formed. The upper pictures 
show shell fragments only, at the same lysozyme concentrations and slightly higher 
ionic strengths. 

At pH 7.0 and I=40 mM, microgel deswelling is completed after 1 hour, 
whereas core-shell structures remain for at least 1 week (Paper I). This ob-
servation, together with an observation of lysozyme exchange between shell 
and solution (Paper I), suggest that the core-shell formation at some condi-
tions represents an end-state of lysozyme uptake. The end-state should be 
viewed as a long-lived arrested state, since no logical explanation can be 
given to why it should constitute a thermodynamic equilibrium. The obser-
vations were very different in previous studies on lysozyme and pAAc 
macrogels (0.1–1.5 cm3), where a lysozyme-rich surface phase progressed to 
the macrogel centre, leading to an even lysozyme concentration throughout 
the collapsed macrogel. The macrogel studies are summarized in section 1.4, 
and the explanation for the different observations in microgel and macrogel 
systems most likely has to do with the difference in gel size. Lysozyme is 
known to exhibit intermolecular attraction, as discussed in section 1.2.1, and 
the formed shell is made up of this self-attracting protein and the oppositely 
charged deswollen microgel network. This shell, with a thickness of 4–10 
μm, constitutes a porous stress-bearing structure as will become evident 
below, and since the overall forces for and against deswelling should be 
greater in a larger network, it is possible that the stress causes aggregated 
protein-gel structures to collapse only in sufficiently large gels. 

In Paper II, the dynamics of core-shell formation was investigated in de-
tail, partly with micromanipulator-assisted microscopy. Experiments were 
performed where microgels were flushed with solutions of 0.063–0.25 
mg/mL lysozyme. The results showed that lysozyme exposure resulted in an 
initial deswelling of the microgel, which was followed by the movement of a 
diffusion front from the outer part of the microgel towards the centre (Fig-
ure 15). 
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Figure 15. Micromanipulator-assisted study of lysozyme uptake by pAAc mi-
crogels. (a) Images of a microgel, sucked onto the tip of a micropipette, at different 
times during flushing with a solution of unlabeled lysozyme (pH 7.0, I=40 mM, and 
0.125 mg/mL lysozyme). After 230 sec, a diffusion front of lysozyme is observed to 
move from the outer part towards the inner of the microgel (indicated by the black 
arrows). The time-dependence of microgel deswelling was monitored, and diagrams 
of microgel volume versus time and as a function of lysozyme concentration are 
reported for ionic strengths (b) 40 mM and (c) 100 mM. 

Confocal microscopy experiments with fluorescently labeled lysozyme, per-
formed at lysozyme concentrations 0.25–1.0 mg/mL, confirmed the occur-
rence of a delayed diffusion front towards the microgel centre, as shown in 
Figure 16. The initial period of microgel deswelling, which was observed in 
the micromanipulator-assisted experiments, could not be followed in detail 
with confocal microscopy due to limitations in the experimental setup; ly-
sozyme and microgel solutions were mixed, and a microgel could be photo-
graphed only after it had sunk to the bottom and been positioned correctly 
under the microscope objective. Nevertheless, figure 16 confirms that the 
diffusion front is lysozyme diffusing into the microgel, and that microgel 
deswelling is negligible during this diffusion. The micromanipulator and the 
confocal microscopy techniques together show that lysozyme uptake occurs 
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in two consecutive steps; an initial period of microgel deswelling and the 
formation of a microgel-lysozyme shell, followed by a second period during 
which lysozyme diffuses through the microgel core and no deswelling oc-
curs. These periods were in Paper II named Shell formation period and Core 
diffusion period, and the end of the shell formation period was defined as the 
first observation of a diffusion front moving through the microgel core. 

 
Figure 16. Confocal microscopy images showing time-dependent uptake of FITC-
labeled lysozyme into a microgel at pH 7.0, I=40 mM, and 1 mg/mL lysozyme. Each 
picture represents a “cut” through the centre of the microgel, perpendicular to the 
glass bottom. The pictures show that initially, a shell with a high concentration of 
lysozyme is formed, followed (after 180 s) by a diffusion front of lysozyme moving 
from the lysozyme-microgel shell towards the inner parts of the microgel. The mi-
crogel is somewhat deformed by sticking to the cover glass bottom. 

Core diffusion could be monitored in considerable detail with confocal mi-
croscopy. As an illustration of this, Figure 17 shows the FITC-lysozyme 
fluorescence intensity profile through half a microgel at one moment during 
lysozyme uptake. The peak on the left side of the diagram is the intensity 
from the shell. The intensity profile is “plateau-like” in between the shell and 
the diffusion front, and the diffusion front constitutes a rather sharp change 
in fluorescence intensity, enabling measurements of the diffusion front ve-
locity.  
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Figure 17. FITC-lysozyme fluorescence intensity through half a microgel during 
lysozyme uptake. The intensity along the line through the microgel is shown in the 
diagram, which (from left to right) represents the intensity i) outside the microgel, ii) 
in the shell, iii) in the “plateau” between the shell and the diffusion front, and iv) 
inside the diffusion front. The figure shows that the diffusion front constitutes a 
rather distinct borderline.  

The length of the shell formation period, defined as starting when lysozyme 
and microgel solutions first come in contact and ending at the first observa-
tion of core diffusion, was measured at different conditions to determine if it 
was dependent on the rate of protein uptake. Figure 18 shows the length of 
the shell formation period for both confocal microscopy and micromanipula-
tor-assisted experiments. In both types of experiment, the shell formation 
period is shorter at higher lysozyme concentration. Shell formation is also 
generally shorter in the micromanipulator-assisted experiments, which can 
be understood by the fact that the microgel is being flushed with lysozyme 
solution in those experiments, and that the flow facilitates fast lysozyme 
uptake by fast lysozyme diffusion to the microgel. In the confocal micros-
copy experiments the microgel is laying in an unstirred solution, and ly-
sozyme uptake creates a depleted zone close to the microgel surface (stag-
nant layer) which slows down protein transport to the microgel. Altogether, 
the results show that fast lysozyme transport to the microgel results in 
shorter shell formation period. A decrease in ionic strength, from 100 to 40 
mM, shortened the shell formation period significantly in the confocal mi-
croscopy experiments (an effect less apparent in the micromanipulator-
assisted studies), which suggests that also the strength of electrostatic inter-
actions affects the length of shell formation. 
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Figure 18. Duration of the shell formation period as a function of lysozyme concen-
tration and ionic strength, (a) in the confocal microscopy experiments, and (b) in the 
micromanipulator-assisted experiments. 

When performing the experiments above, to display the two periods of ly-
sozyme uptake, lower lysozyme concentrations were used in the microma-
nipulator-assisted experiments (0.063–0.25 mg/mL) than the ones used in the 
confocal microscopy experiments (0.25–1.0 mg/mL). When higher lysozyme 
concentrations than 0.25 mg/mL (i.e. 0.5 and 1 mg/mL) were used in the 
micromanipulator-assisted experiments, the microgel wrinkled and col-
lapsed, changing into an un-measurable non-spherical shape with V/V0-value 
somewhere below 0.1. It therefore seems that a too fast lysozyme transport 
to the microgel can prevent the formation of a stress-bearing shell (discussed 
below). On the other hand, when lower concentrations than 0.25 mg/mL 
were used in the confocal microscopy experiments, the diffusion front could 
not be regarded as sharp. Important criteria for the design of these experi-
ments were: (i) that it should be possible, in both types of experiment, to 
measure the length of the shell formation period and (ii) that the diffusion 
front should be sharp and easily measured in confocal microscopy. There-
fore, lower concentrations were used in the micromanipulator-assisted ex-
periments. 

Since microgel deswelling was observed to be negligible during core dif-
fusion, it would be interesting to compare the core diffusion with protein 
diffusion in mechanically rigid ion exchange chromatography particles. The 
diffusion front velocity was therefore studied by measurements of the vol-
ume inside the diffusion front at different times, as shown in Figure 19. This 
volume decreased approximately linearly with time, and diffusion front ve-
locity was defined as the negative of the slope of the volume versus time 
curve, having the unit μm3/min. Increasing lysozyme concentration resulted 
in sharper diffusion front and higher diffusion front velocity, which is the 
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same concentration dependence as observed for lysozyme diffusion in chro-
matography particles. A difference was however observed in the ionic 
strength dependence; in the case of chromatography particles, the diffusion 
is generally faster at higher ionic strength, due to weaker protein binding to 
the polymer network, whereas in the microgel case the diffusion front veloc-
ity was higher at lower ionic strength. The ionic strength dependence was 
expected to be the same for microgel core diffusion as for chromatography 
particles, and the difference could be explained by the properties of the shell 
at different ionic strength; the shell could be denser at the higher ionic 
strength, and therefore constitute a larger resistance to protein transfer 
through the shell. This property could come from the fact that all attractions 
are more screened at the higher ionic strength, which should require higher 
protein content in the shell before the stress-bearing property is achieved. 
The shell formation period was indeed longer at 100 mM (Figure 18) which 
also should give more time for protein and microgel rearrangement, a factor 
that also could promote formation of denser structures. This theory, that the 
shell is denser at 100 mM compared to 40 mM, was indeed supported by 
theoretical modelling of the system, presented in Paper II. 

As mentioned above, the microgel wrinkled and collapsed to a V/V0-value 
somewhere below 0.1 when higher lysozyme concentrations than 0.25 
mg/mL were used in the micromanipulator-assisted experiments. It therefore 
seems that a too fast lysozyme transport to the microgel can prevent the for-
mation of a stress-bearing shell, which should be due to a too high transport 
of lysozyme into (what should have become) the core, before the stress-
bearing property is achieved. 
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Figure 19. Measurement of diffusion front velocity. (a) Example images showing 
the volume inside the diffusion front (indicated by white arrows) for a microgel at 
times 210 s and 240 s. The volumes were plotted as a function of time (b), as shown 
for 4 microgels at pH 7.0, I=40 mM, and 0.5 mg/mL lysozyme. (c) Diffusion front 
velocity is presented as a function of lysozyme concentration at two different ionic 
strengths. 

The diffusion mechanisms through the shell were further investigated by an 
experiment using two differently labeled lysozyme fractions. Solutions of 
“Alexa-lysozyme” (labeled with Alexa Fluor® 647) and “Oregon-lysozyme” 
(labeled with Oregon Green® 488) were added to microgel solution, either 
simultaneously, or Oregon-lysozyme added 1 min before Alexa-lysozyme. 
In both types of experiment, the conditions through the whole experiment 
were pH 7.0, I=40 mM and 0.5 mg/mL lysozyme. The distribution of the two 
fractions was recorded at different times during lysozyme uptake, and “rela-
tive distributions” were analysed for the shell and for the core, as shown in 
Figures 20 and 21. In the case of simultaneous Oregon- and Alexa-lysozyme 
addition, the two labeled fractions were similarly distributed in the shell at 
the end of the shell formation period, both with slightly higher intensity in 
the outer half of the shell (Figure 20b). In the case of Alexa-lysozyme addi-
tion delayed by 1 min, however, the concentration of Alexa-lysozyme was 
higher in the inner part of the shell at the end of the shell formation period 
(Figure 20c). Pictures where the diffusion front had reached 1/3 of the way 
through the microgel core (~4 min after the initial lysozyme addition) also 
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showed that the Alexa/Oregon intensity ratio was the same in the core diffu-
sion layer, whether the lysozyme fractions were added simultaneously or if 
the Alexa-lysozyme addition was 1 min delayed, whereas the intensity ratio 
in the shell was significantly lower in the case of delayed Alexa-lysozyme 
addition (Figure 21). 
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Figure 20. Representative Oregon and Alexa fluorescence intensity profiles through 
the microgel shell, 3 min after initial lysozyme addition (the time when microgel 
deswelling is halted and lysozyme diffusion through the core follows). The intensity 
profiles represent lines through the microgel shell, as exemplified in (a), and the dia-
grams show the intensity profiles in the case of (b) simultaneous Oregon-lysozyme 
and Alexa-lysozyme addition and (c) Oregon-lysozyme added 1 min before Alexa-
lysozyme. The left end of each diagram represents a point outside the microgel and 
the right end is a point in the microgel core, as exemplified by the line in Figure 20a. 
It is observed that the concentration of Alexa-lysozyme is higher in the inner part of 
the shell than in the outer, in the case of delayed Alexa-lysozyme addition. The ex-
periment was performed at pH 7.0, I=40 mM and 0.5 mg/mL lysozyme. 
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Figure 21. Solutions of Alexa-lysozyme and Oregon–lysozyme were added to mi-
crogel solution; either simultaneously, or Oregon-lysozyme added 1 min before Alexa-
lysozyme. (a) The Alexa and Oregon intensities were measured in the shell and in the 
core diffusion layer, at the time when the diffusion front had reached 1/3 of the way 
through the core (around 4 min after the initial lysozyme addition). The experiment 
was performed at pH 7.0, I=40 mM and 0.5 mg/mL lysozyme. (b) The Alexa/Oregon 
intensity ratio in the shell was significantly lower in the case of delayed Alexa-
lysozyme addition, as compared to simultaneous addition, while the intensity ratio in 
the core diffusion layer was the same for both types of addition. 

Had the protein molecules first entering the outer part of the microgel also 
been the first to reach the centre, the Alexa-lysozyme intensity would be 
highest in the outer part of the shell at the end of the shell formation period, 
in the case of delayed Alexa-lysozyme addition. Also, there would have been 
relative excess of Oregon-lysozyme in the core diffusion layer in the case of 
delayed Alexa-lysozyme addition. Instead, the finding that IAlexa/IOregon in the 
core diffusion layer is independent of type of addition suggests that this ratio 
is largely dictated by the concentrations outside the microgel, and that the 
lysozyme molecules in the core diffusion layer have predominantly diffused 
through the shell, without adsorbing to the microgel network on their way 
through the shell. This mechanism of lysozyme uptake is very different from 
the mechanism that has been suggested for lysozyme uptake in macrogels, 
which was described as occurring in the absence of radial lysozyme mixing 
(section 1.4). The suggestion was based on observations from sequential 
additions of protein to pAAc macrogels, in which the surrounding solution 
contained either lysozyme or cytochrome c during the first part of protein 
uptake, and the other protein during the last part of uptake. The result was a 
macrogel with an inner part containing only the protein added first, and an 
outer part containing only the protein added last, and the division seemed to 
last eternally. However, the “lack of radial mixing-conclusion” can not be 
drawn from that observation alone, since lysozyme is a protein known to 
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exhibit protein-protein attraction (as discussed in section 1.2.1), which can 
promote a phase separation between the two proteins in the macrogel. The 
results in this thesis clearly show a lysozyme-microgel shell which is pene-
trable for unbound lysozyme molecules, and it is possible that radial mixing 
occur also during uptake in macrogels. 

The fact that core diffusion involves protein uptake but no microgel des-
welling reveals important properties of the shell. Since protein uptake in-
volves a release of counter ions, which in turn lowers the osmotic swelling 
pressure, the lack of deswelling must be explained by the fact that the shell 
constitutes a stress-bearing network. Otherwise there would have been des-
welling during core diffusion. This property of the shell can, in turn, only be 
explained by the presence of attraction between lysozyme molecules in the 
shell. Therefore, since the tendency toward protein-protein attraction is 
stronger for lysozyme than for cytochrome c, it is logical that the shells ap-
pear with lysozyme but not with cytochrome c. 

4.2. Colloidal poly(NIPAM-co-acrylic acid) microgels 
interacting with oppositely charged proteins 
Microgels of colloidal size have special potential in protein drug delivery 
since they, for example, are small enough to circulate in the blood. The two 
model proteins were therefore investigated in combination with colloidal 
pNIPAM-co-AAc microgels, and basic properties were studied such as pro-
tein binding capacity and protein-dependent deswelling. Colloidal stability 
will be an important issue in any system where colloidal microgels are used 
as protein carriers, and therefore it would be interesting to correlate colloidal 
stability to factors like protein uptake and net charge of the protein-microgel 
complex. The colloidal microgels were investigated in combination with 
lysozyme in Paper IV. A study of the same microgels in combination with 
cytochrome c has also been initiated, and despite that those experiments 
have not yet been summarized in a manuscript, some of the initial results are 
included in this thesis. All experiments with this microgel system were per-
formed at pH 7.0. 

4.2.1. Colloidal stability upon protein uptake - protein specificity? 
It was observed in Paper IV that uptake of lysozyme by colloidal pNIPAM-
co-AAc microgels at some conditions resulted in microgel flocculation. 
Samples from that study are shown in Figure 22. The pictures are taken after 
2 days of shaking followed by 1 day of standing still. At ionic strength 10 
mM (Figure 22a) the turbidity of the samples increase as the lysozyme con-
centration is increased from 0 to 1.2 g/L, while at lysozyme concentrations 
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above 1.2 g/L the samples consist of a rather transparent aggregate at the 
bottom and a transparent upper liquid (observed for samples between 1.6–7.2 
g/L lysozyme). Similarly, at ionic strengths 40 mM (Figure 22b) and 80 mM 
(not shown) the samples exhibit increasing turbidity up to 2.0 and 4.0 g/L 
lysozyme, respectively, and a clear upper liquid and bottom aggregates at 
higher lysozyme concentrations (examined up to 7.2 g/L). The bottom ag-
gregates at 40 and 80 mM are white, in contrast to the more transparent ag-
gregates at 10 mM. After several days of standing still, the samples of high 
turbidity also started to exhibit a clear upper phase, suggesting that mi-
crogels in these samples exhibit a very slow sedimentation and/or undergo a 
(very) weak flocculation. At 220 mM, no apparent turbidity or aggregation is 
observed at any lysozyme concentration (Figure 22c). 

It is clear, from those observations, that the colloidal stability of the mi-
crogel dispersion decreases with increasing lysozyme concentration, and that 
microgel flocculation occurs at the higher lysozyme concentrations, at ionic 
strengths 10, 40 and 80 mM. The lysozyme concentration necessary for floc-
culation increases with increasing ionic strength, and flocculation seems 
prohibited at an ionic strength of 220 mM. 
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Figure 22. Solutions of pNIPAM-co-AAc microgels and lysozyme at pH 7.0 and 
ionic strengths (a) 10 mM, (b) 40 mM and (c) 220 mM. The (dry) microgel concen-
tration in each sample is 0.062 wt%, and lysozyme concentrations are (from left to 
right) 0, 0.1, 0.2, 0.3, 0.4, 0.8, 1.2, 1.6, 2.0, 2.4, 2.8, 3.2 and 3.6 g/L. Pictures were 
taken after two days of shaking followed by one day of standing still. Note that at 
ionic strengths 10 and 40 mM and the highest lysozyme concentrations, microgels 
and lysozyme has aggregated, generating sediments at the bottom of the vials and a 
clear upper liquid. At ionic strength 40 mM the sediment is white, while at 10 mM 
the sediments are more transparent. 

Lysozyme adsorption isotherms, for both pNIPAM and pNIPAM-co-AAc 
microgels, are shown in Figure 23. The figure shows that lysozyme uptake 
by pNIPAM microgels is very low, independent of ionic strength. The up-
take by pNIPAM-co-AAc microgels is however much higher, showing that 
lysozyme uptake is mainly due to interactions between lysozyme and acrylic 
acid residues, and that lysozyme-NIPAM interactions can be neglected when 
discussing lysozyme uptake. 

a 

b 

c 
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Lysozyme uptake by pNIPAM-co-AAc microgels shows strong ionic 
strength dependence, with decreasing uptake as the ionic strength is in-
creased, characteristic of electrostatic interactions. The binding isotherms at 
ionic strengths 10 and 40 mM seem, however, to approach a similar level at 
high lysozyme concentrations, corresponding to a protein/microgel charge 
ratio close to 1. At 80 mM the uptake capacity is roughly half as high as at 
10 mM, and at 220 mM the lysozyme-microgel electrostatic attraction is 
effectively screened. As the ionic strength is increased the lysozyme-
microgel attraction is screened, and the entropic gain in substituting microgel 
counterions with lysozyme decreases, thus limiting lysozyme uptake. The 
reported values above the drawn line, in Figure 23b, represent samples 
where flocculation occurred, while the ones below represent samples with 
maintained colloidal stability. 

The process of lysozyme sorption onto the microgel network is expected 
to involve a “wrapping” of microgel network chains around lysozyme mole-
cules. Since the colloidal stability of the microgel dispersion is largely main-
tained by the loose polymer ends which stretch out in solution, stabilizing 
both sterically and electrostatically [60], it is natural that the stability de-
creases as these polymer fragments wrap around the oppositely charged pro-
tein. This destabilization should be further enhanced by the fact that the mi-
crogel deswells during lysozyme uptake, which increases the Hamaker con-
stant and the contribution from attractive van der Waals forces [2]. 
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Figure 23. Lysozyme absorption by (a) pNIPAM microgels and by (b) pNIPAM-co-
AAc microgels, at pH 7.0 and as a function of equilibrium lysozyme concentration 
and ionic strength. 

 
In contrast to the flocculation behavior in mixtures of lysozyme and pNI-
PAM-co-AAc microgels, initial experiments on a system where lysozyme 
was replaced with cytochrome c have shown no tendency towards floccula-
tion. At the time of writing this thesis, colloidal stability has been confirmed 
at ionic strengths 10, 40, 80 and 220 mM, within the cytochrome c concen-
tration range 0–3.6 g/L. Figure 24 is a representative picture of samples of 
cytochrome c and pNIPAM-co-AAc microgels. 

a 

b 
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Figure 24. Solutions of pNIPAM-co-AAc microgels and cytochrome c at pH 7.0 and 
I=10 mM. The (dry) microgel concentration in each sample is 0.062 wt%, and cyto-
chrome c concentrations range (from left to right) from 0 to 3.6 g/L. Samples at 
higher ionic strength looked qualitatively the same as the 10 mM samples. The pic-
ture was taken after 1 day of shaking followed by 1 day of standing still. 

Initial experiments have also suggested that protein-microgel affinity, and 
protein uptake capacity, is lower in the case of cytochrome c as compared to 
lysozyme, although additional experiments are needed before finally draw-
ing those conclusions. Since lysozyme can be regarded as having a net 
charge of +9, while cytochrome c only has a net charge of +7, there is a dif-
ference in net charge which in itself should promote stronger protein-
microgel affinity in the case of lysozyme. However, an additional important 
factor is lysozymes known tendency towards protein-protein attraction (see 
section 1.2.1), which should effectively increase lysozyme uptake via coop-
erative binding to the microgel. Without going into too much detail about the 
cause of the difference, this thesis shows that flocculation occurs in a system 
of lysozyme and pNIPAM-co-AAc microgels, at a range of conditions (ionic 
strengths, protein concentrations) where colloidal stability is maintained in 
the case of cytochrome c. 

4.2.2. Protein uptake involves microgel deswelling 
In Paper IV, it is shown that the hydrodynamic diameter of pNIPAM mi-
crogels is largely unaffected by the presence of lysozyme. That independ-
ence is consistent with the protein binding data (Figure 23a) which showed 
that lysozyme uptake is negligible in that microgel system. On the other 
hand, the diameter of pNIPAM-co-AAc microgels decreases substantially 
upon lysozyme uptake. Figure 25a shows how this decrease, as a function of 
total lysozyme concentration, is stronger at lower ionic strength. This is con-
sistent with binding isotherm data, which showed that the affinity was higher 
at lower ionic strength.  

To display in a more direct way the effect of the bound lysozyme mole-
cules, diameter is plotted versus charge ratio in Figure 25b. Shown on the 
upper x-axis is also the mass of protein taken up per dry mass of microgel. 
The results show that, for a given amount of bound protein and charge ratios 
< 0.5, the diameter is larger at lower ionic strength. This is the expected con-
dition, considering the swelling pressure from the simple counterions left in 
the gel. Interestingly, at charge ratio >0.5 the opposite dependence on the 
ionic strength is observed. The attractive electrostatic forces between mi-
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crogel and proteins are strongest (least screened) at the lowest ionic strength, 
and these forces promote microgel deswelling. Possibly, at high charge ra-
tios, this deswelling effect outweighs the swelling pressure from small coun-
terions. 
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Figure 25. (a) Hydrodynamic diameter of pNIPAM-co-AAc microgels at pH 7.0, 
and as a function of total lysozyme concentration and ionic strength. (b) The same 
diameter values (I=220 mM excluded), plotted as a function of charge ratio and 
uptake. Diameter measurements were performed on samples where aggregation did 
not occur (see Figure 22). 

a 

b 
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4.2.3. Protein uptake and the interplay between electrophoretic 
mobility and colloidal stability of microgels 
The surface charge of colloidal particles is linked to their colloidal stability, 
as described by the DLVO theory. Although microgels are highly swollen 
networks without a well defined surface (compared to a hard sphere), the 
charges in the outer layer of the microgel contributes to the colloidal stabil-
ity. Therefore, to determine a relationship between the colloidal stability and 
the charge of protein-containing microgels, electrophoretic mobility was 
measured for pNIPAM-co-AAc microgels as a function of lysozyme concen-
tration. At ionic strengths 10, 40 and 80 mM, microgels aggregated at total 
lysozyme concentrations (adsorbed and free lysozyme) above 1.2, 2.0 and 
4.0 g/L, respectively (Figure 22), and therefore it was not possible to meas-
ure mobility at higher lysozyme concentrations than that. At the lowest ionic 
strength, the microgels exhibit a highly negative mobility, roughly -1.3 (unit: 
10-8m2s-1V-1) at low lysozyme concentrations, and when increasing the ly-
sozyme concentration the mobility rapidly changed to -0.7 at 1.2 g/L ly-
sozyme (Figure 26a). The mobility is generally less negative at higher ionic 
strength, an effect which can be attributed to the screening effect of the 
buffer ions at higher ionic strength. Figure 26a also show that the slope of 
the mobility versus concentration curve is less steep at higher ionic strength, 
which is in good agreement with the slopes of the binding isotherms in Fig-
ure 23b. Interestingly, when plotting mobility data against charge ratio, it 
shows that the three ionic strength curves roughly converge at a point where 
flocculation occurred; recall that reported mobility values are for all the 
samples where flocculation did not occur. This last observation suggests that 
the electrophoretic mobility value of the microgels is decisive for the colloi-
dal stability during protein uptake. 

The observed relationship between colloidal stability and electrophoretic 
mobility can be discussed in relation to the DLVO theory. In the absence of 
protein, colloidal stability can be expected to be maintained by two factors; 
(i) the repulsive double-layer force between microgels of similar charge and 
(ii) the steric stabilization that arises as polymer ends of the microgel 
stretches out in solution. Attractive van der Waals forces should be very 
weak in the absence of protein, since the microgels are highly swollen and 
contain a high proportion of water. As oppositely charged protein is sorbed 
by the microgel, the steric stabilization decreases due to decreased osmotic 
swelling and the “wrapping” of microgel fragments around protein mole-
cules. The electrostatic repulsion also decreases, since protein sorption de-
creases the net charge of the protein-microgel complex. Protein sorption, and 
the associated microgel deswelling, also drastically decreases the water con-
tent in the microgel which increase the attractive van der Waals forces. 
Therefore, the decrease in negative electrophoretic mobility, which is a re-
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sult of sorption of positive protein molecules, should be correlated to the 
colloidal stability. 

In future microgel applications where high uptake of an oppositely 
charged protein is desired in combination with maintained colloidal stability, 
the stability can be achieved by different approaches. One approach would 
be to use amphoteric microgels [49], with both negative and positive 
charges; the idea would then be that protein uptake increases the microgel 
net charge rather than decreases it. Another approach, which probably has 
greater potential in protein drug delivery, is the special design of core-shell 
microgels [58]; the core can be designed to bind high amounts of protein, 
whereas the surface facilitates binding to a certain desired location in the 
body. 
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Figure 26. Electrophoretic mobility for pNIPAM-co-AAc microgels at pH 7.0, as a 
function of (a) total lysozyme concentration and (b) charge ratio (positive charges of 
adsorbed lysozyme/negative acrylic acid charges), at three ionic strengths, as indi-
cated. Mobility measurements were performed on samples where aggregation did 
not occur (see Figure 22). 

a 

b 
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4.2.4. Comparison with studies on colloidal microgels  
and oppositely charged surfactants 
The interactions of colloidal microgels with oppositely charged proteins 
should in many respects resemble the interactions with oppositely charged 
surfactants, considering the surfactants ability to form micelles in the mi-
crogel. Therefore it is suitable with a comparison between the present results 
and previous work on oppositely charged microgel-surfactant systems. 

Nerapusri et al investigated the absorption of the cationic surfactant 
cetylpyridinium chloride (CPC) into dispersed pNIPAM-co-AAc microgels, 
at different pH and in the “absence of additional salt” [70]. Absorption iso-
therms showed that the CPC-microgel affinity was highly pH-dependent, i.e. 
considerably higher at pH 8.0 than at pH 3.0 due to the higher degree of 
microgel deprotonisation at pH 8.0. The CPC binding capacity at pH 8.0 was 
above 200 mg CPC/g of dry gel. At pH 8.0 and in the absence of surfactant, 
the microgels were reported to have a hydrodynamic diameter of roughly 
850 nm, and the microgels rapidly deswelled upon CPC addition to roughly 
550 nm at 0.3 mM CPC. A further increase in CPC concentration resulted in 
microgel aggregation within the range 0.4–0.8 mM CPC (which prohibited 
diameter measurements). At even higher CPC concentrations, >0.8 mM, 
microgels were redispersed and their diameter increased with increasing 
CPC concentration to diameters above 800 nm. Electrophoretic mobility 
measurements showed that the microgels experienced a charge reversal 
within the CPC concentration range where aggregation occurred, going from 
net negative charge below 0.4 mM CPC to net positive above 0.8 mM CPC. 

Observations similar to the ones of Nerapusri et al have been reported by 
Bradley et al [71], in a study of the negatively charged surfactant 4-
hexylphenylazosulfonate (C6PAS) and positively charged poly(2-
vinylpyridine) microgels . The results of that study are qualitatively the same 
as in the Nerapusri study, in the sense that microgel diameter decreased rap-
idly as the C6PAS concentration was increased from 0 to 2 mM. Mobility 
measurements also showed that charge reversal of the microgels was 
achieved at 2 mM C6PAS. In contrast to the study of Nerapusri, however, no 
intermediate C6PAS concentration was observed to cause microgel aggrega-
tion, and an increase in C6PAS concentration from 2 mM did not cause the 
dramatic reswelling which was observed in the case of CPC and pNIPAM-
co-AAc microgels. 

This thesis reports of similarities between protein/microgel and surfac-
tant/microgel systems; (i) the absorption of lysozyme into pNIPAM-co-AAc 
microgels involves microgel deswelling, (ii) the electrophoretic mobility of 
the microgels becomes less negative as lysozyme uptake increases, until (iii) 
microgel aggregation occurs, all in qualitative agreement with the reported 
uptake of CPC in the same type of microgel. Charge reversal, leading to 
reswelling and redispersion of microgels, were however not observed at any 
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lysozyme concentration and ionic strength examined, in contrast to the case 
of CPC uptake. This difference might be explained by the fact that charge 
reversal often is driven by the hydrophobic effect, in the case of surfactant 
aggregation in polyelectrolyte systems [72], whereas the interactions in the 
lysozyme-microgel system are mostly electrostatic. 
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5. Conclusions 

Interactions between microgels and oppositely charged proteins are interest-
ing for a number of reasons, one being the microgels potential in protein 
drug delivery. That potential comes from several factors; (i) the microgel can 
bind a very high amount of protein, (ii) the microgel can constitute a protec-
tive environment for the sorbed protein, since the microgel can deswell 
strongly as protein is sorbed, and (iii) microgels might be designed to have 
different swelling behavior in different parts of the human body, thereby 
facilitating protein release at a desired location. This thesis is highly relevant 
in that respect, and presents the first detailed studies of protein incorporation 
into oppositely charged microgels. However, it should be considered as basic 
physico-chemical research in the sense that it is not intended to serve any 
specific drug delivery application. 

The microgels investigated are colloidal pNIPAM-co-AAc microgels of 
around 1 μm in diameter, and pAAc microgels of 60–80 μm in diameter. 
The microgels were investigated regarding their interactions with the oppo-
sitely charged proteins lysozyme and cytochrome c, and it is concluded that 
large amounts of protein can be sorbed by the microgels; the highest ob-
served value was 10 g protein / g of dry microgel, observed for lysozyme 
and pAAc microgels at pH 7.0 and ionic strength 40 mM. The protein uptake 
show characteristics of electrostatic interactions, meaning decreasing attrac-
tion as the ionic strength is increased and totally screened attraction at suffi-
ciently high ionic strength. In the case of lysozyme and pAAc microgels, 
however, an optimum in ionic strength is observed for the lysozyme-
microgel attraction, in similarity with previous observations on systems of 
proteins and linear polyelectrolytes. 

Protein uptake involves microgel deswelling; a process which shows 
many similarities with previous studies on protein-macrogel systems, but 
also important differences. In the case of lysozyme uptake in pAAc mi-
crogels, a special phenomenon is observed where the uptake results in a 
core-shell condition of much higher lysozyme concentration in the microgel 
shell than in the core. The core-shell condition seems to be a long-lived ar-
rested state, and is formed in a two-step process; initially, the shell is formed 
during rapid microgel deswelling, followed by lysozyme diffusion into the 
core during which microgel deswelling is negligible. The shell constitutes a 
stress-bearing network which prohibits deswelling during core diffusion. 
Despite this stress-bearing property, lysozyme diffusion through the shell 
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occurs, and it is observed that lysozyme molecules in the core diffusion front 
have predominantly diffused through the shell without adsorbing to microgel 
network in the shell. In contrast to this shell formation, cytochrome c uptake 
into the same microgels results in homogeneous protein distribution 
throughout the microgel. The results suggest that this difference in protein 
distribution is associated with different protein-protein interactions in the 
two systems; lysozyme molecules are known to exhibit a stronger tendency 
towards protein-protein attraction, as compared to cytochrome c. The ability 
of the lysozyme-microgel shell to resist deswelling during the latter part of 
protein uptake, but at the same time allowing protein diffusion through the 
shell, shows the presence of protein aggregation into a porous network struc-
ture. Core-shell formation should be important for the performance of future 
applications of protein-carrying microgels, since it limits both deswelling 
and protein uptake capacity. On the other hand, protein oligomerisation in a 
microgel can possibly also be taken advantage of, since it can be expected to 
decrease the rate of protein release. Either way, this thesis suggests that val-
ues of protein-protein interaction can be used to predict whether or not core-
shell structures will form.  

Lysozyme uptake by colloidal pNIPAM-co-AAc microgels also involves 
microgel deswelling, and the uptake increases with decreasing ionic strength. 
The negative electrophoretic mobility of the microgels decreases (becomes 
less negative) with increasing lysozyme uptake. Lysozyme uptake results in 
microgel flocculation at charge ratios above 0.6–0.7 (positive charges of 
sorbed lysozyme/negative microgel charges), largely independent of ionic 
strength. The results show that electrophoretic mobility is closely related to 
the colloidal stability of the microgel dispersion. In contrast to previous stud-
ies on uptake of the surfactant CPC in the same type of microgels, lysozyme 
uptake was never observed to be high enough to cause charge reversal and 
redispersion of the microgels. Initial experiments on a system of pNIPAM-
co-AAc microgels and cytochrome c has shown that colloidal stability is 
maintained at a range of conditions (ionic strength, protein concentration) 
where flocculation was achieved in the case of lysozyme, and future studies 
will reveal the cause of this difference between the two proteins. The find-
ings in this work are expected to be of importance for future applications, 
since colloidal stability will be a central aspect of any application where 
colloidal microgels are used as protein carriers. 

It is predicted in this thesis that colloidal microgels will be used for pro-
tein drug delivery in the future. The microgels used will be of core-shell type 
and specially designed, such that the protein is sorbed by the core while the 
shell provides properties such as colloidal stability, sustained release and/or 
binding to desired locations in the body. 
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6. Svensk populärvetenskaplig 
sammanfattning 

Proteiner finns naturligt i alla levande organismer, och fyller en mängd olika 
funktioner i människokroppen. Vissa proteiner är enzymer, som är speciali-
serade på att bryta ner eller omvandla andra ämnen; ett exempel på dessa är 
proteinet lysozym som bland annat finns i saliv, och som är specialiserat på 
att bryta ner bakteriers cellväggar. En annan grupp av proteiner är hormo-
nerna, som fungerar som budbärare i kroppen; ett exempel på dessa är insu-
lin, som skickas ut i blodet av en viss typ av celler för att signalera till andra 
celler att öka upptaget av glukos ifrån blodet. Proteiner utgör dessutom en 
ökande andel av nya potentiella läkemedel, vilket främst beror på en ökande 
kunskap kring proteinerna och deras funktioner. 

Dessvärre finns det problem som försvårar behandling med just protein-
läkemedel. Ett problem är de enzymer som finns i kroppen, som är speciali-
serade på att bryta ner proteiner eftersom nedbrytning (och uppbyggande) av 
proteiner är en naturlig process i alla levande organismer. Dessa enzymer 
kan göra så att proteinerna bryts ner innan de når fram till den position i 
kroppen där de skulle haft effekt. En negativ effekt av detta kan vara att pro-
teinerna måste injiceras oftare, för att kompensera för nedbrytningen, vilket 
är negativt för patienten. Det skulle alltså vara fördelaktigt om proteinerna 
var skyddade på något sätt, tills de når fram till den del av kroppen där de 
ska verka. Något som i framtiden skulle kunna användas i detta skyddande 
syfte är de s.k. mikrogelerna. 

En mikrogel kan beskrivas som ett glest 3-dimensionellt nätverk som 
har förmågan att krympa och svälla i hög grad då egenskaperna förändras 
för vätskan som mikrogelen befinner sig i (t.ex. förändring i temperatur, 
pH, eller vilka ämnen som är upplösta i vätskan). Ju mer vätska som trängt 
in i nätverket desto mer uppsvälld är mikrogelen, och i sitt mest uppsvällda 
tillstånd kan mikrogelen innehålla mer än 99 % vatten, och alltså mindre än 
1 % nätverk. 

Två typer av mikrogeler har tillverkats och studerats i detta arbete, vilka 
båda är negativt laddade. För att ge en uppfattning om deras storlek kan det 
nämnas att den större typen är ca 10 gånger så stor som de röda blodkrop-
parna i blodet, medan den mindre typen är ca 1/10 av en röd blodkropp. De 
proteiner som studerats är lysozym och cytokrom c, vilka båda är positivt 
laddade. Dessa proteiner är inte potentiella läkemedel, men är lämpliga 
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”modellproteiner” eftersom det finns väldigt mycket kunskap om dem. 
Avhandlingsarbetet har framför allt gått ut på att studera upptaget av prote-
in i mikrogeler, och frågeställningar i projektet har exempelvis varit: 

• Hur mycket protein kan tas upp av mikrogelerna, och vilka faktorer 
har betydelse för hur stort upptaget blir? 

• Hur fördelar sig proteinerna i mikrogelen, och vilka faktorer påver-
kar fördelningen? 

 
De större mikrogelerna har främst studerats med olika mikroskoptekniker, 
medan de mindre har studerats med en speciell ljusspridningsteknik. Av-
handlingen visar att stora mängder protein kan tas upp av en mikrogel om 
protein och mikrogel är olika elektriskt laddade, och detta upptag leder till en 
avsevärd krympning av mikrogelen. Det högsta observerade upptaget är 10 
gram protein per gram mikrogel. 

Före detta avhandlingsarbete hade inte särskilt mycket forskning utförts 
på system med mikrogeler och motsatt laddade proteiner, däremot hade en 
hel del studier gjorts på system med proteiner och större geler. Avhandlingen 
visar ett helt nytt fenomen som fått namnet skalbildning, som inte har obser-
verats i system med proteiner och större geler. Med skalbildning menas att 
upptaget av protein leder till en ojämn fördelning av proteiner i mikrogelen, 
med betydligt högre proteinkoncentration i den yttre delen än i den inre. Den 
yttre och inre delen har i avhandlingen döpts till skalet och kärnan. För att 
beskriva fenomenet måste först begreppet diffusion nämnas: att molekyler i 
en vätska diffunderar innebär helt enkelt att de förflyttar sig i vätskan. Resul-
taten visar att skal och kärna bildas i två steg: 

 
Steg 1) Först diffunderar protein in i den yttre delen av mikrogelen, 

d.v.s. den del som blir skalet. Samtidigt krymper den yttre de-
len av mikrogelen kraftigt. Inget protein diffunderar in i kär-
nan under detta första steg. 

Steg 2) I nästa steg diffunderar protein in i kärnan, vilket sker utan att 
mikrogelen krymper. 

 
Skalbildningen har kunnat studeras med en speciell teknik som kombinerar 
laser och mikroskopi, som får proteinerna i ett prov att ”lysa” så att man kan 
se var de befinner sig. Bilden på avhandlingens framsida visar hur protein 
diffunderar in i kärnan av en mikrogel; proteinerna lyser gröna, medan mik-
rogelens nätverk inte syns alls. Resultaten visar att de proteiner och den del 
av mikrogelen som befinner sig i skalet ger skalet förmågan att stå emot ett 
visst tryck, vilket förhindrar att mikrogelen krymper under diffusionen in i 
kärnan. Trots denna förmåga är skalet så pass poröst att protein kan diffun-
dera igenom det. 
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Skal och kärna bildas då proteinet lysozym tas upp av mikrogelen. Upp-
tag av cytokrom c ger däremot inte upphov till skalbildning, utan snarare till 
jämn fördelning av protein i hela mikrogelen. Resultaten visar att protein-
molekylernas förmåga att attrahera andra proteinmolekyler är avgörande för 
om skal ska bildas eller inte. Attraktionen mellan lysozym-molekyler är star-
kare än attraktionen mellan cytokrom c-molekyler, och denna skillnad ger 
upphov till skillnaden i fördelning. 

Fenomenet skalbildning upptäcktes under arbetet med den större typen av 
mikrogel, och får utgöra ett exempel på de nya rön som presenteras i av-
handlingen. Att mikrogelen kan ta upp stora mängder protein, och att den 
krymper under detta upptag, är egenskaper som gör att mikrogelen har po-
tential att användas som bärare av proteinläkemedel. Till exempel skulle 
mikrogelens täthet och grad av elektrisk laddning kunna anpassas så att pro-
teinerna släpps ut lagom snabbt. Det faktum att mikrogelen är hopkrympt när 
den innehåller proteiner skulle kunna utgöra en skyddande effekt för protei-
nerna, och man skulle kunna tänka sig framtida mikrogeler som cirkulerar i 
blodet och som har en yta som är specialanpassad för att binda till en viss typ 
av celler, så att proteinet släpps ut precis där det är tänkt att göra nytta. I 
teorin kan man tänka sig en mängd olika användningsområden för protein-
bärande mikrogeler, men för att klargöra hur sådana system ska kunna an-
vändas i praktiken behövs forskning kring interaktionen mellan proteiner och 
mikrogeler. 

Avhandlingsarbetet är ren grundforskning, och det går inte att förutse ex-
akt vilka användningsområden proteinbärande mikrogeler får i framtiden. 
Däremot är det tveklöst så, att den som i framtiden vill skapa ett system av 
protein-bärande mikrogeler kan ha stor nytta av de grundläggande studier 
som redovisas här. Det är till exempel troligt att skalbildning kommer att 
vara antingen önskat eller oönskat i framtida protein-mikrogel system, och 
därför är det betydelsefullt att fenomenet beskrivits i detalj i denna avhand-
ling. 
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