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Introduction 

Proteins and peptides are complex molecules, essential in nearly all biologi-
cal processes in living organisms. For instance, proteins catalyze biochemi-
cal reactions, they are highly involved in cell signaling and regulation, as 
well as transport and storage of nutrients and other compounds. In addition, 
proteins and peptides are important players in the immune system, protecting 
the body from microbial invasion. Our knowledge about the role of proteins 
and peptides in human disease is constantly improving due to human ge-
nome and proteome projects and today a large number of diseases, such as 
diabetes, Parkinsons, Alzheimers, and cystic fibrosis are associated with lack 
of, or dysfunction in, naturally occurring proteins or peptides.1-6 Given the 
above, it is not surprising that the number of protein and peptide drug candi-
dates on the market and in clinical trials have increased substantially during 
the last decades. However, due to their large size, their hydrophilic character 
and their susceptibility to chemical and biological degradation, proteins and 
peptides are difficult to use in drug delivery. A major challenge in this con-
text is therefore to find strategies to administer such substances safely to 
their site of action, protecting them from proteolytic or enzymatic degrada-
tion, as well as conformational changes and aggregation. In addition, they 
should be directed to their site of action and released in a controlled fashion, 
to reduce potential side effects. Several strategies for achieving the above 
have been investigated recently, one potential approach being to embed the 
protein and peptide drugs into particles based on materials such as lipids or 
polymers.7-9 Polyelectrolyte gels constitute one such type of particles, that 
entrap proteins/peptides in the gel network until release of the compounds 
occurs, either by enzymatic degradation of the gel network or by inducing 
network swelling/deswelling in response to changes in some external condi-
tion.10 By using polyelectrolyte gels, electrostatic attractions between the gel 
network and oppositely charged proteins or peptides can be employed to 
facilitate binding and control the release. However, as interactions between 
polyelectrolyte gels and opposite compounds are influenced by a number of 
parameters, systematic studies to reveal the details of these interactions are 
necessary. Therefore, this thesis addresses on the interactions occurring in 
oppositely charged gel-peptide systems, with focus on electrostatic interac-
tions and how parameters such as peptide size, charge density, pH, ionic 
strength, and hydrophobicity influences the peptide binding to, distribution 
within, and release from, μm-sized polyelectrolyte gels.   
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Peptides 
Peptides are defined as short chains of amino acid residues covalently linked 
together by peptide bonds. Increasing the number of amino acid residues 
results in polypeptides or proteins. As the variety of amino acids is large, the 
structural difference and complexity of peptides and proteins is remarkable. 
Cationic peptides display cell-penetrating properties and are involved in host 
defense by showing antimicrobial properties.11   The majority of peptides 
investigated in this thesis are cationic as they are rich in positively charged 
amino acids lysine, arginine and histidine. The structure of these and other 
amino acids included in this work is displayed in Figure 1. Out of the pleth-
ora of proteins and peptides, the present work focuses on medium-sized, 
cationic peptides, of interest, e.g., as antimicrobial peptides, host defense 
peptides and cell-penetrating peptides.12, 13 The various peptides have been 
divided into two sections when discussed throughout the thesis, namely ho-
mopolypeptides studied in paper I-III and antimicrobial peptides and their 
analogues, studied in paper IV-VI.  

Homopolypeptides 
Homopolypeptides are peptides consisting of only one amino acid type, re-
peated a number of times (n). Such peptides were studied in paper I-III and 
their properties are listed in Table 1. The most extensively studied ho-
mopolypeptide in this thesis is polylysine (pLys). pLys is conventionally 
used to promote cell adhesion to solid surfaces due to its high cationic 
charge density.14 In addition, pLys have antibacterial activity and is therefore 
used as a preservative in food products.15 A major drawback with ho-
mopolypeptides like these is their polydispersity in size, as they are synthe-
sized by conventional polymerization methods. To preclude effects of mo-
lecular weight polydispersity on some of the obtained results, monodisperse 
homopolypeptides Lys 24, Arg 24, and His 24, were used as comparison 
(paper III). Such monodisperse peptides can be produced by solid phase 
synthesis, a method where the peptide is synthesized step-by-step, allowing 
precise control over the reaction.16  



 13

 
Figure 1. Structures and abbreviations of amino acids discussed in the thesis. 
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Table 1. Properties of the homopolypeptides studied. 
Peptide Amino acid n Mw (Da) Paper 

pLys1000 K 4 1000 I,II 
pLys10000 K 44 9200 I,II,III 
pLys28000 K 135 28200 I, II 
pLys58000 K 280 58900 I, II 
pLys84000 K 402 84000 I,II 
pLys170000 K 803 167800 I,II 
Lys 241 K 24 3094 III 
pArg R 69 13300 III 
Arg241 R 24 3767 III 
pHis H 46 6300 III 
His 241 H 24 3309 III 
pThr T 75 7600 III 
pPro P 60 5800 III 
pAsp D 75 10300 III 
pGlu E 96 14500 III 
1synthesized by solid phase synthesis 

Antimicrobial peptides 
Antimicrobial peptides (AMPs) are small (~10-40 amino acid residues), 
cationic peptides that constitute an important part of our immune system.17 
Such peptides can be found in high concentration in areas vastly exposed to 
bacteria, such as the skin, lungs, and gastrointestinal tract.12, 18 Although the 
mechanism by which AMPs kill bacteria is complex, and also varying be-
tween peptides, one of its central features involves electrostatic interactions 
with anionic components of bacterial cell walls.19-22 As this mechanism is 
more general than the mechanism of conventional antibiotics, AMPs are 
interesting from a therapeutic perspective, due to the limited bacterial resis-
tance development thereby observed for these peptides.23 However, in many 
conditions associated with bacterial infections, such as atopic dermatitis, 
chronic wounds, and cystic fibrosis, AMPs suffer from chemical and prote-
olytic degradation, and would therefore benefit from inclusion in protective 
drug carriers, e.g., polyelectrolyte gels.24, 25  

In addition to the drug delivery aspect, interactions between anionic 
polyelectrolyte gels and oppositely charged AMPs are interesting to study to 
increase knowledge of interaction of such peptides with lipopolysaccarides 
(LPS) and other polyelectrolyte components of the bacterial wall, and hence 
also to the mechanism of action of such peptides. 

In this thesis a number of peptides with antimicrobial effects were stud-
ied, and their properties are listed in Table 2. The peptides investigated in 
paper IV, are so called Cardin and Weintraub motif peptides,26 derived from 
the consensus sequence in heparin binding proteins.27 These peptides are 
excellent models for studying peptide-gel interactions due to their repeat 
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structure, as peptide length can be varied without influencing parameters 
such as peptide charge, charge distribution, and hydrophobicity. The pep-
tides studied in paper VI, in turn, are derived from infection-related prote-
olytic degradation of the larger endogenous protein, kininogen, from the 
human contact system.28 However, these peptides have been modified with 
hydrophobic end tags to increase their antimicrobial efficiency and are there-
fore excellent model peptides for studying the effect of increased hydropho-
bicity on peptide-gel interactions. The antimicrobial properties of these pep-
tides have been investigated previously and for further reading on this issue 
the reader is referred to the articles displayed in Table 2.  

Table 2. Properties of antimicrobial peptides investigated. 

Peptide Sequence Net 
charge1 Mw HI2 Paper AMPref 

AKK6 AKKARA +3 644 -1.15 IV 29, 30 
AKK12 AKKARAAKKARA +6 1270 -1.15 IV 29, 30 
AKK24 AKKARAAKKARAAKKARAAKKARA +12 2521 -1.15 IV 29, 30 
ARK8 ARKKAAKA +4 843 -1.12 IV 29, 30 
ARK16 ARKKAAKAARKKAAKA +8 1668 -1.12 IV 29, 30 
ARK24 ARKKAAKAARKKAAKAARKKAAKA +12 2493 -1.12 IV 29, 30 
AHH24:1 AHHAHAAHHAHAAHHAHAAHHAHA +0.4 2517 -0.70 IV 29, 30 
AHH24:2 AHHHAAHAAHHHAAHAAHHHAAHA +0.4 2517 -0.70 IV 29, 30 
KNK10 KNKGKKNGKH +5 1138 -3.05 VI 31 
KNK10W3 KNKGKKNGKHWWW +5 1697 -2.55 VI 31 
KNK10W5 KNKGKKNGKHWWWWW +5 2069 -2.33 VI 31 
GKH17 GKHKNKGKKNGKHNGWK +7 1946 -2.75 VI 32, 33 
GKH17W3 GKHKNKGKKNGKHNGWKWWW +7 2507 -2.47 VI 32, 33 
GKH17W6 GKHKNKGKKNGKHNGWKWWWWWW +7 3064 -2.27 VI 32, 33 
1 at pH 7.4 
2 mean hydrophobic index on Kyte-Dolittle scale34 
 
In addition, a number of short, cationic peptides were designed to evaluate 
effects of charge density and charge localization in paper V. The properties 
of these peptides can be found in Table 3. 

Table 3. Properties of peptides investigated in paper V.  

Peptide Sequence Net 
charge1 HI2 Mw 

AK8 AKAKAKAKAKAKAKAK +8 -1.05 1612 
LK8 LKLKLKLKLKLKLKLK +8 -0.05 2062 
AAK5 AAKAAKAAKAAKAAKA +5 0.02 1441 
AA-K5 AAAAAAAAAAAKKKKK +5 0.02 1441 
AAAK4 AAAKAAAKAAAKAAAK +4 0.39 1384 
1 at pH 7.4 
2 mean hydrophobic index on Kyte-Dolittle scale34 
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Gels and microgels 
Polymers are long molecular chains, built up from smaller repeated units, so 
called monomers. When incorporating a cross-linking agent, i.e., a molecule 
that covalently binds groups from different polymer chains, a three-
dimensional polymer network is created. When such network is added to a 
solvent like water, a gel is formed. A gel is a system consisting almost ex-
clusively of the liquid phase, but that still behaves as a solid, by for instance 
displaying mechanical rigidity.35 There is a large variety of gel types and in 
addition to chemical cross-linking, gels can also be formed from physical 
bonds, such as hydrophobic interactions, hydrogen bonding or by polymer 
entanglements.36, 37 However, in this thesis only chemically cross-linked gels 
will be considered.  

The geometry of a gel is essentially determined from the container in 
which the polymerization and cross-linking reaction is performed. In the 
present work, gels were prepared through cross-linking in reversed emulsion 
systems, thereby obtaining spherical gels.  

Swelling and deswelling 
Polyelectrolyte gels contains monomers with charged resides and their asso-
ciated counter-ions. Such gels can absorb and retain tremendous amounts of 
water in the gel network, resulting in gel swelling.38, 39 When charged groups 
in the gel network become ionized the counter-ion concentration and thereby 
the osmotic pressure inside the gel network is increased. To balance this 
increase in osmotic pressure, water absorbance into the gel network is in-
duced, resulting in gel swelling. Although electrostatic repulsion between 
charged groups in the gel network also contributes to network swelling to 
some extent, the osmotic pressure from the counter-ions entropy of mixing is 
established to be the major contributor to the swelling response of polyelec-
trolyte gels.40 Consequently, the swelling degree is reduced by increasing the 
salt concentration in the external solution or decreasing the charge density of 
the polymer network due to decreased differences in osmotic pressure inside 
and outside the gels. In addition to the contribution from ions, the swelling 
degree of gels is influenced by the elasticity of the gel network and therefore 
highly influenced by parameters such as degree of cross-linking, persistence 
length, and distance between charges in the network.41-43  In this thesis, the 
effect of microgel charge density has been considered, as well as the effect 
of salt concentration. The cross-linking degree has however been kept con-
stant, using lightly cross-linked gels with a concentration of ~1.8 mol% 
cross-linker in the synthesis.  
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Stimuli-responsive gels 
Gels can be made sensitive to changes in the external environment by incor-
porating monomers that respond to changes in for instance pH, temperature, 
magnetic fields, light or the presence of specific ions or metabolites. For 
instance, N-isopropylacrylamide (NIPAM), extensively studied during the 
last decades, shows a phase transition at 32-34 ºC, giving temperature sensi-
tive gels with a swollen state below this temperature and a collapsed state 
above.44 In this thesis, acrylic acid (AAc) was predominately used as the 
monomer to obtain pH-sensitive gels. Poly(acrylic acid) (pAAc) is a weak 
polyelectrolyte, thereby showing a pH-dependent charge density. The struc-
ture of AAc is displayed in Figure 2. The pKa of AAc is ~4.5, meaning that 
50% of the carboxylic acid will be dissociated at this pH. By increasing pH, 
the charge density is increased, to reach complete dissociation at ~ pH 7-8.  
The charge density of pAAc is therefore reflected in the gel volume, result-
ing in highly swollen gels at high pH and collapsed gels at low pH. To de-
crease the charge density of pAAc gels, AAc was co-polymerized with 
acrylamide (AAm) (Figure 2) (paper IV).  

 

 
Figure 2. The structure poly(acrylic acid) and poly(acrylic acid-co-acrylamide). 

 
The rate of the gel volume response occurring in response to changes in the 
external environment is highly influenced by the size of the gel network. 
Thus, mm-cm sized gels, normally referred to as macrogels show relatively 
long network response times in the order of minutes to days.  Decreasing the 
size of the gel network, also decreases response times to the order of seconds 
or below for micro- or nanometer sized gels,45 so called micro- or nanogels. 
In this thesis, microgels with diameter 70-120 μm (swollen), ~10-20 μm 
(dry), were studied. The advantage of using gels in this size range is that 
they can be visualized directly by microscopy, while still displaying fast 
network response.  
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Interactions in oppositely charged systems 
Linear polyelectrolytes 
The interaction of linear polyelectrolytes with oppositely charged macroions, 
such as polymers, proteins and surfactants, has been extensively studied 
during the last decades, and the phase behavior in these systems is becoming 
well established.46-48 Mixing polyions and polycations in aqueous solution 
results in spontaneous self-assembly to nanoparticles, such as polyelectrolyte 
complexes (Figure 3). The major driving force for complex formation is 
electrostatic attraction, associated with release of a large number of counter-
ions upon binding, although other contributions, such as hydrophobic inter-
actions, might also play a significant role depending on the properties of the 
interacting compounds.  
 

 
Figure 3. Schematic illustration of the complex formation of oppositely charged 
polyions and the concurrent release of counter-ions. 

 
At non-stochiometric charge ratios, kinetically stable, water soluble com-
plexes are generally formed, and macroscopic phase separation is prevented 
as one polyion is in excess, enabling electrostatic stabilization of the com-
plexes.49 At stochiometric charge ratios, on the other hand, the complex for-
mation generally results in associative phase separation, with complex 
coacervation or precipitation as a result.47 The type and structure of the com-
plexes formed typically depends on properties such as molecular weight, 
charge density, structure and concentration of the interacting species, as well 
as on external conditions such as pH and ionic strength.50, 51 Complex 
coacervation is a liquid-liquid phase separation, where a dense liquid phase, 
with high concentration of associating polyions is in equilibrium with a su-
pernatant containing free polyions and counter-ions.52, 53 Such phase separa-
tion generally occurs at moderate charge contrasts between the interacting 
polyions. In contrast, precipitation, i.e., formation of insoluble polyelectro-
lyte complexes, generally occurs at high charge contrasts and for high mo-
lecular weight polyions.47, 54, 55 
 
The formation of complexes between polyions of opposite charge has a 
number of implications in nature. For instance, DNA compaction in living 
cells is an important part of gene regulation and involves complex formation 
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through the winding of negatively charged DNA-molecules around posi-
tively charged proteins referred to as histones.56 In addition, the release of 
neurotransmitters from synaptic vesicles is also associated with complex 
formation of proteins.57  

The major applications of polyelectrolyte complexes include microencap-
sulation in food, cosmetic, and pharmaceutical industries, as well as in pro-
tein separation and purification.46, 58 In addition, the strong electrostatic in-
teractions obtained between oppositely charged polyelectrolytes have been 
utilized to form various materials based on polyelectrolyte multi-layers.59 In 
these systems the charge reversal obtained by adsorbing one polyelectrolyte 
on top of another polyelectrolyte of opposite charge is employed. By using a 
template, such as a rigid sphere or a planar surface, and repetitively coating 
it with polyelectrolyte solutions of alternating charge, polyelectrolyte multi-
layers can be formed.  The thickness of the films formed is essentially con-
trolled by the number of adsorbed layers, but is also influenced by the mo-
lecular weight and charge density of polyelectrolytes, as well as pH and 
ionic strength.60 With this approach materials such as films and capsules can 
be developed with potential use in for instance bio-sensing or drug deliv-
ery.61, 62 Recently, polyelectrolyte multilayers have also been formed on soft 
microgel templates.63-66 

Crosslinked polyelectrolytes 
In parallel to linear systems, the major driving force for peptide binding to 
oppositely charged cross-linked gels is electrostatic attraction associated 
with the entropy gain from the release of a large number of counter-ions. For 
surfactants and possibly also proteins and peptides, this binding can be rein-
forced by self-assembly/aggregation, thereby displaying the additional im-
portance of other interaction forces, such as hydrophobic interactions. The 
details of the binding mechanisms of macroions such as proteins, peptides 
and surfactants to oppositely charged microgels surely vary depending on 
the properties of the interacting species and other experimental conditions, 
and this discussion will therefore be based on polyelectrolyte gels of high 
charge density, such as pAAc gels.   

The mechanism of surfactant binding to such polyelectrolyte gels is estab-
lished to involve binding of polymer chains around surfactant aggregates, 
inducing phase separation in the gel exterior, forming a surface shell which 
co-exists with the swollen, surfactant free gel core.67-69 The surface shell is 
composed of polymer-dressed micelles packed in ordered structures such as 
cubic or hexagonal, depending on the surfactant type70, 71. When the surfac-
tant is present in excess, the surfactant-gel skin layer is propagating inwards 
on expense of the swollen core until the core is consumed. Such mechanisms 
have been proposed for both macroscopic and microscopic pAAc gels and 
the structure of the complexes formed from surfactants in cross-linked pAAc 
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gels is generally comparable to the corresponding structures formed from 
linear pAAc.72, 73 In addition, such phase coexistence has also been reported 
for macroscopic pAAc gels interacting with linear polyions as well as pro-
teins such as lysozyme and cytochrome C.74-76 The uptake mechanism was 
described to resemble a relay race, without radial protein mixing during up-
take. In contrary, the uptake mechanism of lysozyme in microscopic pAAc 
gels was found to be significantly different, as protein molecules in this case 
was shown to diffuse straight through the protein-polymer layer into the gel 
core,77, 78 emphasizing that protein interaction in macrogels is not always 
comparable with interactions in microscopic systems.   

 

 
 

Figure 4. Schematic diagram illustrating the surface phase formation upon binding 
of polyions to a swollen gel network and the propagation of this surface phase with 
the associated gel network deswelling. 

Introducing oppositely charged compounds to a polyelectrolyte network 
results in gel deswelling and the associative phase separation observed for 
linear systems of opposite charge has its counterpart in such gel volume tran-
sition. Thus, when polyions are introduced to a swollen gel particle, the com-
pounds bind electrostatically to the gel, resulting in the complex formation 
described above as well as subsequent gel deswelling (Figure 4). This gel 
deswelling can be explained as a combination of elastic contraction due to 
charge neutralization in the network, attractive polyion-mediated forces such 
as bridging or electrostatic correlations, and phase separation occurring in 
the surface layer, where the dense shell exerts pressure on the swollen core, 
causing core deswelling.79, 80  

In analogy, gel network deswelling has also been observed in colloidal 
microgel systems in response to binding of oppositely charged surfactants, 81 
polyelectrolytes,82-84 and proteins,85 although the mechanism of complex 
formation and distribution is less established in those systems. However, the 
colloidal stability of such microgels is in analogy with linear systems and 
depends primarily on charge ratio, where flocculation generally occurs at 
near stochiometric conditions and at conditions of low ionic strength.  

Generally the rate and extent of gel deswelling reflects the interaction 
strength in these systems. If the electrostatic attraction is reduced by for in-
stance by adding salt or decreasing the charge density of the interacting com-
pounds, the bound polyions can be detached from the network and gel 
reswelling occurs. 76, 86, 87  
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Microgels in protein and peptide drug delivery 
Microgels are materials with properties appealing for a range of applications. 
Today, the most extensive commercial use of microgels is in the surface 
coatings industry, and to some extent also in food, personal care, cosmetics 
and biotechnology industries.88  However, intensive research to find alterna-
tive use of these interesting materials have been performed during the last 
decades, where the potential of microgels in catalysis, photonics, separation, 
and not at least in biomaterials89-93 and drug delivery92, 94-99 has been high-
lighted. The benefits of using microgels in drug delivery include their high 
uptake capacity, their ability to protect incorporated substances against pro-
teolytic and/or chemical degradation, and the possibility to direct and control 
the release of compounds from these particles, in response to some external 
stimuli.100  Stimuli-responsive microgels are therefore interesting as carriers 
for protein and peptide drugs.  

A variety of approaches for such delivery systems have been studied for a 
number of administration routes, including oral and parental administra-
tion.101 To actively direct the microgel particles to their site of action, they 
can be functionalized with ligands that bind to specific receptor sites on the 
target cells. The release mechanism of proteins can be either via stimuli-
induced degradation of the microgel network, by microgel swelling allowing 
sterically entrapped macromolecules to be released as the pore size of the 
microgels is increased, or by microgel deswelling, thereby squeezing out the 
entrapped compounds. A large number of different stimuli have been re-
ported to trigger the release of incorporated macromolecules, where some 
examples include changes in pH, ionic strength, temperature, and the pres-
ence of specific metabolites.102 

pH 
Although the pH of human blood and body tissue is normally maintained 
around 7.4, there are a few exceptions to this. For instance, the pH in the 
gastrointestinal tract varies from ~1-3 in the stomach to ~6-8 in the small 
intestine,103 making pH-sensitive microgels containing carboxylic acid moie-
ties, such as AAc,  ideal for oral administration of compounds prone to un-
dergo acid-catalyzed hydrolysis in the stomach. Thereby, compounds incor-
porated into such microgels can be protected by the collapsed gel network at 
low pH and released in response to gel swelling at higher pH in the intestine. 
Even if oral administration of proteins is a challenge,104 proteins such as 
insulin, calcitonin, and interferon β have been successfully incorporated in 
pH-sensitive microgels and released in response to increased pH in the intes-
tine.105-107 

The pH of organelles such as lysosomes and endosomes is acidic (pH ~ 
4.5)108 and using cationic microgels, which swell at low pH in contrary to 
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anionic gels, intracellular delivery of oligonucleotides is possible.109, 110 In 
addition, the slightly acidic environment of tumors has been exploited for the 
release of anti-cancer agents from microgels.111-113 Microgels which are de-
graded in response to acidic environments have also been developed for 
protein-based vaccines, utilized the acidic conditions (~4-5) in phagosomes 
of antigen-presenting cells to induce protein release.114  

Ionic strength 
The concentration of ions in the human body is rather constant as a perfect 
balance of ions in extracellular and intracellular compartments is vital for the 
function of cells. Although 150 mM is stated as the normal physiological 
ionic strength, the ionic strength of certain human body fluids deviates from 
this value. For instance, in the upper small intestine, the ionic strength is 
suggested to be as high as ~300 mM.115 In addition, the ionic strength of 
sweat, gastric juice and saliva is also different and strongly varying between 
individuals. The ionic strength can also be elevated in certain diseases. For 
instance, patients suffering from cystic fibrosis, a condition associated with 
severe airway infections, have a higher ionic strength in their airway surface 
fluid and sweat than healthy patients.116 Given the above, stimuli-responsive 
release of compounds from microgels by ion-exchange in response to in-
creased ionic strength might also have potential in drug delivery.117-119  

Temperature 
Microgels consisting of temperature-sensitive polymers such as pNIPAM, 
have been extensively studied for drug delivery purposes during the last 
decades.120 Although the human body temperature is rather constant, differ-
ent areas of the body can be exposed to heat or cold to induce localized drug 
release. In addition, the interior temperature of tumor cells is somewhat 
higher then normal cells,121 making such temperature-sensitive microgels 
especially interesting for delivery of anticancer agents, possible in combina-
tion with hyperthermia treatment.122, 123 In contrast to the pH-sensitive gels 
described above, the release of compounds from pNIPAM gels have been 
reported to occur in response to microgel deswelling induced by increasing 
temperature, thereby squeezing out the entrapped proteins.124, 125   

Specific metabolites 
Using changes in pH, ionic strength or temperature to trigger release of com-
pounds from microgels might be a disadvantage due to its lack of specificity, 
an issue that can be overcome by inducing release in response to specific 
metabolites such as enzymes or other compounds.126 For instance, glucose-
responsive microgels have been developed for regulated release of insulin.127 
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In this case, the microgels are designed to swell in response to increased 
glucose concentrations thereby releasing incorporated insulin. This is 
achieved by introducing phenylboronic acid moieties in the network that 
bind glucose and increase the anionic charge content of the gels, inducing 
gel swelling. Another example include microgels, in which enzyme-
cleavable peptides, flanked with zwitter-ionic peptides, was introduced into 
gel particles. Upon enzymatic cleavage the microgel swells as the charge 
content increases, enabling release of sterically entrapped proteins, such as 
avidin.128   
 
In addition to responses described above release of compounds from mi-
crogels can also be triggered by light or magnetic fields, as well as the pres-
ence of specific ions. The findings discussed here are just a few examples 
highlighting the potential of smart microgels in protein and peptide drug 
delivery, but they also emphasize the importance of contributions were inter-
actions between microgels and macromolecules such as proteins and pep-
tides are studied in more detail. 
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Aim of the thesis 

The main goal of this thesis was to further clarify and elucidate the interac-
tions occurring in oppositely charged microgel-peptide systems, with focus 
on how parameters such as: 
  
• Peptide size, type, charge density and hydrophobicity  
• Microgel charge density 
• pH 
• Ionic strength 
 
affect peptide binding to, transport and distribution within, and release from, 
oppositely charged microgels.  
 



 25

Methods 

In this section, experimental methods used for microgel synthesis and char-
acterization, as well as peptide interaction studies, are briefly discussed. For 
technical details regarding the methodology and instruments used, the reader 
is referred to the included papers. 

Microgel synthesis and characterization  
Inverse suspension polymerization 
The microgels studied throughout this thesis were prepared from inverse 
suspension polymerization.67, 129 With this technique μm-sized gel beads are 
developed by performing the polymerization within water-in-oil (w/o) emul-
sion droplets, obtained by agitation. For this purpose, cyclohexane was used 
as the continuous phase, and the emulsion was stabilized with SPAN60, a 
non-ionic surfactant. The aqueous phase consisted of monomer, crosslinker 
(BIS, 1.8 mol%), initiator (AP), and accelerator (TEMED). The monomer 
used was predominantly acrylic acid (AAc), although AAc was also co-
polymerized with acrylamide (AAm) to decrease the charge density of mi-
crogels in paper V. Furthermore, acrylamidopropyltriethylammoniumchlo-
ride (APTAC) was used to obtain cationic microgels in paper III. When add-
ing the aqueous phase to the continuous phase during constant stirring, an 
emulsion is formed. The polymerization and cross-linking reactions takes 
place within the emulsion droplets upon increasing temperature (~ 65 ºC) 
forming spherical, microgel particles that can be recovered by precipitation 
in methanol. The major drawback with this technique is that the microgels 
produced are very polydisperse in size. To reduce the microgel size distribu-
tion fractionation using sieving was preformed.  

Microfludic devices 
One technique that has gained significant recent attention for production of 
monodisperse, μm-sized particles during the last couple of years is microflu-
idics.130-132 In analogy to the inverse suspension polymerization method de-
scribed above, microgels are produced in w/o emulsions. However, in micro-
fluidic devices the emulsion droplets are formed in series, allowing precise 
control over the droplet formation, thereby obtaining high monodispersity. 
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Droplets are produced as a balance of the interfacial tension and shear be-
tween the continuous phase and the aqueous phase, by controlling the flow 
rates of the various phases as well as the geometry of the surface where the 
phases are brought together. The aqueous phase contains the monomer and 
initiator, whereas the continuous phase contains an accelerator soluble in 
both phases, which diffuses into the emulsion droplets formed and initiate 
the polymerization reaction. Very recently, we managed to synthesize pAAc 
and p(AAc/AAm) microgels with this approach, using essentially the same 
conditions as in the inverse suspension polymerization method described 
above. A comparison between microgels obtained from inverse suspension 
polymerization and microgels obtained from microfludic devices in dis-
played in Figure 5. Although the absolute majority of experiments in this 
thesis were performed on microgels synthesized by inverse suspension po-
lymerization, the production of microgels in microfluidic devices is men-
tioned here, due the large improvement this technique offers for future stud-
ies on microgel-peptide interactions.    

 
 

 
Figure 5. p(AAc/AAm) microgels synthesized by inverse suspension polymerization 
(a) and in a glass capillary microfluidic device (b).  

 
Potentiometric and conductometric titration 
To determine the charge content in microgels, potentiometric (paper V, VI) 
and conductometric titration (paper V), was performed. By subsequently 
adding NaOH to an acidified suspension of microgels, and monitoring 
changes in pH and conductivity of the solution, titration curves are obtained, 
as exemplified in Figure 6.  
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Figure 6. Potentiometric and conductometric titration curves for p(AAc/AAm) mi-
crogels containg 25% (a) and 100% (b) AAc residues. 

In region I, hydrogen ions (H+) are neutralized, and replaced by slower mov-
ing sodium ions (Na+), leading to a constant drop in conductance and an 
increase in pH (i.e., a decrease in hydrogen ion concentration). This proceeds 
until the first equivalence point is reached (start of region II), which corre-
sponds to the point where microgels start to participate in the ion-exchange 
by deprotonation of carboxylic acid groups, adding additional hydrogen ions 
to the solution, thereby leveling off the increase in pH. When the second 
equivalence point is reached (start of region III), all carboxylic acid groups 
in the microgel network have been neutralized and the microgels no longer 
participate in the ion-exchange, resulting in a steeper pH increase and also an 
increase in conductance as excess of NaOH is present and the neutralization 
reaction no longer removes an appreciable number of ions. The added 
amount of NaOH in region II can therefore be directly translated to the 
amount of charges in the microgel network. In paper V, it was shown that 
the charge content in the microgels increased linearly with the amount of 
AAc monomer incorporated into the polymerization and cross-linking reac-
tion as displayed in Figure 7.  
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Figure 7. The microgel charge content as a function of mol% AAc in the synthesis.  
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Micromanipulator-assisted light microscopy 
The volume changes of single microgels in response to pH and salt concen-
tration was monitored with micromanipulator-assisted light microscopy. 
With this experimental setup, displayed in Figure 8, single microgel particles 
can be captured on the tip of a micropipette and transferred into a flow pipet, 
where a solution of a certain pH, or salt concentration is flushed through the 
microgel. The microgel size is obtained directly from the microscopic image, 
by measuring the diameter of microgels. By using this approach, the swell-
ing behavior of a single microgel can be analyzed at a range of conditions, 
and good estimations of network reversibility can be obtained. As an exam-
ple of this, Figure 9 displays the swelling/deswelling of a single pAAc mi-
crogel upon pH/salt cycling. From such swelling behavior, the fully swollen 
gel network mesh size (i.e., the distance between nodes assuming a diamond 
lattice) could be estimated to ~10 nm based on theoretical modeling using a 
mean-field approach to describe the swelling behavior. 

 
 
Figure 8. Schematic diagram of the micromanipulator-assisted microscopy experi-
mental setup (a) and the flow profile within the tube, also displaying the stagnant 
layer surrounding the microgel (b). 

 
Figure 9. The swelling/deswelling of a single pAAc microgel upon pH/salt cycling. 
Filled symbols represent the increase in pH, whereas open symbols represent the 
decrease.  
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Peptide-microgel interactions 
Micromanipulator-assisted microscopy 
The deswelling and swelling of microgels in response to peptide binding and 
release was investigated with micromanipulator-assisted microscopy. As 
described in the previous section, single microgel particles can be captured 
and transferred into a flow pipette, where a buffer/peptide solution is flushed 
through the microgel particle, enabling peptide uptake to be monitored in a 
controlled fashion leaving, for instance, peptide uptake unaffected by peptide 
depletion in the surrounding solution. In addition, since the flow rate is 
known, the stagnant layer thickness is controlled, enabling theoretical mod-
eling concerning peptide-induced gel deswelling. A schematic diagram of 
the flow profile and stagnant layer is displayed in Figure 8b. The microgel 
volume can be obtained directly from the microscopic image, by measuring 
the diameter of microgels, and converting it to volume, assuming the mi-
crogel to be a perfect sphere. The deswelling ratio, V/V0 refers to the volume 
at a certain condition/time divided by the volume in the reference condition.  

Peptide binding 
In paper I, the quasi-static properties of microgel-peptide interactions was 
monitored by exposing the microgels to peptide solutions of increasing con-
centration for 30 minutes and then measuring the gel volume after each addi-
tion. In papers II-VI, on the other hand, peptide-induced microgel deswelling 
kinetics was investigated by measuring the change in microgel size with time 
after initiated peptide addition. By plotting deswelling ratios (V/V0) versus 
time (t), kinetic deswelling curves were obtained and for some systems, the 
apparent rate constant k was obtained by fitting experimental V/V0 versus 
time to: 
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It should be emphasized that equation 1 is an approximated expression for 
spherical particles consisting of a responsive swollen core surrounded by a 
thin surface phase at conditions where the kinetics are controlled by stagnant 
layer diffusion.67 Since this approximation is only valid for some of the sys-
tems investigated, the obtained k values were not interpreted quantitatively, 
instead the approach was used merely to reduce the data in paper II and III to 
a more convenient effective rate constant, kapp. 

Peptide release 
In papers III-VI, micromanipulator-assisted microscopy was additionally 
used to study the release of peptides from microgels. For instance, after pep-
tide binding was completed, the microgels were flushed with a solution of 
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high electrolyte concentration (150 or 220 mM), thereby inducing peptide 
detachment from the microgels, due to reduced electrostatic attraction. This 
detachment was monitored through subsequent microgel reswelling in re-
sponse to peptide release. To establish the final degree of peptide release, the 
microgels were equilibrated in the control solution again, as the microgel 
volume itself is highly influenced by high electrolyte concentrations. Using 
essentially the same approach, electrostatic interactions were also reduced by 
pH-changes, affecting the charge density of peptides rich in histidine (paper 
III-IV). A schematic diagram of the peptide binding and release experiments 
is displayed in Figure 10. 

 
Figure 10. A simplified schematic illustration of microgel deswelling and reswelling 
in response to binding and release of oppositely charged peptides (no counter-ions 
drawn).  

Peptide distribution 
In paper VI, the distribution of peptides was subsequently monitored by  
fluorescence microscopy, using the same microscopy setup as discussed 
above, but with an UV-lamp, utilizing the autofluorescence of tryptophan 
residues in the peptides. 

Confocal laser scanning microscopy  
Confocal laser scanning microscopy (CLSM) is a widely used imaging tech-
nique in various biological disciplines.133 In this thesis CLSM was primarily 
used to evaluate the distribution of peptides in microgels.  A schematic dia-
gram of the CLSM setup is displayed in Figure 11. In brief, a beam of laser 
light is reflected by a vibrating dichroic mirror (a beam splitter), directed 
through the objective lens and allowed to travel stepwise over the object to be 
studied. When the laser light hits something that is excited at that typical 
wavelength (such as a fluorescently labeled peptide), the emitted light ob-
tained is directed through confocal pinholes to the photodetector to eliminate 
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out-of-focus information. The advantage of this technique is therefore that in-
focus images from selected depths can be acquired, allowing three-
dimensional reconstruction of an object. In addition, laser light of different 
wavelengths can be employed for simultaneous monitoring of different ob-
jects.   

 
 

Figure 11.  Schematic diagram of the confocal laser scanning microscope (CLSM) 

In paper I-V, CLSM was mainly used to study the distribution of peptides in 
microgels at equilibrium. In paper II, the method was also used to evaluate 
peptide transport in microgels. 

Fluorescent labeling 
To be able to visualize the peptides in the confocal microscope, fluorescent 
labeling of peptides is necessary. The labels used in this thesis are summa-
rized in Table 4. In paper I-III, polypeptides were labeled with amino-
reactive succinimidyl esters such as Alexa 488. Straightforward labeling was 
performed by mixing peptides with the fluorescent label under basic condi-
tions, allowing reaction to occur for at least 1 h, and then separating unbound 
fluorescent molecules from peptide-bound fluorescent molecules by size 
exclusion chromatography. The labeling degree was determined by spectro-
photometry. In paper III-V, on the other hand, peptides were synthesized by 
solid phase synthesis and the fluorescent label was attached during the syn-
thesis, in general at the end of the peptide sequence, obtaining a labeling 
degree of 1 label/peptide molecule.  
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Table 4. The properties of the fluorescent labels used in the thesis. 

Fluorescent label Ex/Em (nm) Mw Ionic character Paper 

Fluorescein isothiocyanate, FITC 495/525 389 anionic I 
Alexa Fluor® 488 495/519 643 anionic II,III,V 
Alexa Fluor® 633 632/647 ~1200 anionic I 

Texas Red® 595/615 817 anionic IV 
BODIPY® 493/503 542 neutral III 

 

The efficiency or quantum yield of fluorescent markers depends on their 
structure, and some labels, such as FITC, are more sensitive than others to-
wards pH and ionic strength. Consequently, the more photo-stable and pH-
insensitive Alexa dyes were used most extensively in this thesis. Fluorescent 
labels are all fairly large molecules with molecular weights typically ranging 
from 400-1200 Da and the majority of existing fluorescent labels also have 
an ionic character. In addition, when labeling the peptides with amine-
reactive probes it is likely that the label attaches to the cationic amino acid 
side chain. Consequently, attaching a fluorescent label to a peptide, surely 
changes the properties of the peptide molecule, especially if the peptide itself 
is fairly small, such as the case in paper IV-V. For longer peptides with high 
overall charge density, such as the ones studied in paper I-III, the presence 
and position of the fluorescent marker is thought to be of minor importance 
for the peptide-microgel interactions. This is anticipated since the microgel 
deswelling response was the same, both in the absence and presence of fluo-
rescent label (paper I). In addition, the peptide-induced microgel deswelling 
and peptide distribution was the similar for “in-the-lab” labeled peptides and 
well-defined peptides synthesized by solid-phase synthesis (paper III). 

Peptide distribution in microgels 
The distribution of peptides in microgels was determined by mixing a solu-
tion of fluorescently labeled peptides with microgels, allowing equilibration 
to occur (at least 24 h), and then analyzing the fluorescence intensity by 
CLSM (paper I, III-V). Intensity profiles through the middle section of mi-
crogels were obtained and for some systems, region of interest (ROI) analy-
sis was performed to obtain more quantitative results. When performing 
ROI-analysis, the average fluorescent intensity in a defined region is calcu-
lated. To evaluate the peptide intensity/distribution after peptide release, 
microgels prebound with peptides were washed repeatedly with high electro-
lyte concentration/ high pH buffer, and analyzed using the same approach as 
described above (paper III-V).  
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Surface layer characterization 
The surface layer formed by high molecular weight pLys in gel particles was 
investigated regarding the steric and electrostatic properties of the layer by   
performing a sequential binding study. The surface layer was first formed by 
equilibrating microgels with a solution of pLys170 kDa. The microgels 
where then repeatedly washed and added to solutions of differently sized, 
fluorescently labeled pLys (1-84 kDa), as well as oppositely charged pAsp.   
The distribution of peptides was then monitored by CLSM.  

Peptide transport 
In paper II, the peptide transport in microgels was monitored by performing 
kinetic confocal peptide distribution measurements. A suspension of gel 
particles was vortexed with a solution of fluorescently labeled peptides and 
rapidly transferred to the confocal cuvette. Imaging of the xz-plane of a gel 
particle was initiated within 2 minutes, and proceeded with time.   

The transport properties of peptides in microgels were further evaluated 
by performing FRAP (fluorescent recovery after photobleaching) measure-
ments.134 When doing FRAP, a small region of a microgel, prebound with 
fluorescently labeled peptides, is bleached with high laser intensity, and the 
recovery of fluorescent intensity in the bleached area is thereafter monitored 
with time, giving information about diffusion properties of peptides in mi-
crogels.   

Uptake measurements 
To measure peptide binding isotherms and uptake capacity of microgels, 
solution depletion measurements were performed (paper I,III,V,VI). In brief, 
peptide solutions of increasing concentrations were mixed with microgels, 
and after equilibration (at least 48 h), microgel-peptide complexes were 
separated by centrifugation, and the peptide concentration in the supernatant 
determined and compared to the concentration in a reference solution. The 
uptake, U, was determined from equation 2, 
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where Ac and A is the measured absorbance in the control solution and in the 
solution exposed to microgels, V is the volume of the system, C the peptide 
stock solution, and mgel the dry mass of the microgels.   

Bisinchoninic acid assay 
Peptide concentration measurements were performed using bisinchoninic 
acid assay (BCA).135 The principle of this assay is the formation of Cu2+-
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peptide complexes under alkaline conditions, followed by reduction of Cu2+ 
to Cu+. Cu reduction is induced by the presence of peptide bonds and amino 
acids cystein, trypthophan, and tyrosine. The amount of reduction is thereby 
proportional to the amount of peptides present. BCA forms a purple complex 
with Cu+, thus enabling spectrophotometric monitoring to determine peptide 
concentrations.   

Circular dichroism 
The conformation of peptides in solution and after incorporation in mi-
crogels was determined by circular dichroism (CD) spectroscopy (paper 
I,III). This technique measures the differential absorption of left- and right-
handed circularly polarized light, obtained by different peptide orientations. 
Characteristic CD-spectra are therefore obtained for different secondary 
structures. Peptides investigated in this study are predominantly randomly 
structured in solution, whereas some peptides contain a significant amount of 
helix when incorporated into microgels. The fraction of peptides in helix 
conformation was obtained from equation 3, 
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where A is the CD signal at 225 nm and Ac and Aa the CD signals at 225 nm 
for a reference peptide at 100% random coil and 100% α-helix conforma-
tion, respectively.136, 137 
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Results and discussion 

Homopolypeptides 
In this section, the binding of homopolypeptides to microgels is discussed, 
based on the findings obtained in paper I-III.  

Polypeptide type 
The binding of homopolypeptides to microgels is highly influenced by the 
ionic character of the peptides, and electrostatic attraction is a prerequisite 
for peptide binding and microgel deswelling to occur. As displayed in Figure 
12, only cationic homopolypeptides was shown to bind and cause deswelling 
of anionic pAAc microgels, in opposite to anionic and neutral homopolypep-
tides which did not interact significantly with such microgels. In parallel, the 
opposite scenario applies for cationic pAPTAC microgels, as only anionic 
homopolypeptides causes deswelling of such gels. This result is expected as 
electrostatic attraction is established to be the major driving force for interac-
tion in these systems.  
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Figure 12. (a) Microgel deswelling ratios of anionic, neutral, and cationic ho-
mopolypeptides after interaction with negatively charged pAAc microgels (dark 
grey) as well as positively charged pAPTAC microgels (light grey) at pH 7 and 20 
mM ionic strength. (b) Flourescent intensity ratios for homopolypeptides after 
equilibration with pAAc microgels.  
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Although electrostatic attraction is a prerequisite, other non-electrostatic 
contributions are suggested to be responsible for the finer details of the in-
teractions occurring in oppositely charged peptide-microgel systems. For 
instance, peptide distribution in microgels is likely to be influenced by such 
interactions. The equilibrium uptake of cationic peptides pLys and pArg was 
essentially the same in pAAc gels (~1 mg peptide/mg dry gel), but still a 
striking difference between these peptides was apparent from their distribu-
tion in microgels. As displayed in Figure 13, pLys distributed homogenously 
throughout the microgels, whereas pArg was confined in the microgel sur-
face, even if the polypeptide was present in excess in terms of charges. This 
surface confined distribution explains the somewhat slower peptide-induced 
microgel deswelling kinetics observed for pArg (paper III). 

 

 
Figure 13.  CLSM images and corresponding intensity profiles displaying the distri-
bution of pArg and pLys in pAAc microgels at pH 7 and 20 mM ionic strength.  

The charge density and length (especially for monodisperse Lys 24 and Arg 
24) of pLys and pArg is essentially the same, but still the interaction be-
tween pArg and pAAc microgels seems stronger, forming a dense complex, 
which locks the systems and prevents further peptide diffusion into the core. 
In fact, pArg and pLys have previously been reported to interact differently 
with oppositely charged ions due to differences in their structure. Thus, pArg 
contains a guanidinium moiety, known to form characteristic pairs of organ-
ized and strong hydrogen bonds with carboxylates.138 This guanidinium 
group is believed to be responsible for the increased binding affinity for ani-
onic surfactants139 and nucleotides,138, 140 observed for pArg compared to 
pLys. In addition, pArg shows an increased ability to enter cells,141 as well as 
a higher adsorption to lipid bilayers142 compared to other cationic ho-
mopolypeptides.  
Furthermore, pHis with a pH-dependent charge density due to the low pKa 
of the imidazole group (~6.0), induced the weakest deswelling response of 
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the cationic homopolypeptides investigated, due to the lower charge degree, 
but more importantly due to surface confined distribution of this peptide 
(paper III). 

Polypeptide size 
The effect of polypeptide length was investigated in paper I and II by incor-
porating cationic pLys of various lengths into pAAc microgels. As displayed 
in Figure 14a, the peptides display a homogenous core distribution at mo-
lecular weights 1-10 kDa, whereas a surface confined distribution is ob-
served for molecular weights 28-170 kDa. Thus, the size exclusion limit for 
peptides to enter into the core at these conditions is ~2 nm, based on the 
radius of gyration of pLys.143 This is below the estimated pore size of the 
peptide-free microgels (~10 nm in fully swollen state), but considering the 
relatively large microgel volume response induced also by these peptides 
(Figure 14b), it is not surprising that the molecular weight cut-off is lower 
than the gel network pore size, as the pore size also is reduced in response to 
network deswelling.  
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Figure 14. The deswelling kinetics and equilibrium distribution (a), as well as final 
deswelling ratios (b) of  pLys of various molecular weight after binding to pAAc 
microgels at pH 7 and ionic strength 20 mM (dark grey/filled symbols) and 220 mM 
(light grey/open symbols). 

In addition, Figure 14 show that the peptide-induced microgel deswelling 
decreases with polypeptide size, as obvious from both kinetic rate constants 
and final deswelling ratios. Although longer peptides have a larger driving 
force for incorporation into the gel network, due to the associated release of 
a larger number of counter-ions, diffusion will limit the incorporation of 
polypeptides in this size range. The longer the peptide, the slower the diffu-
sion in solution and in this case, the diffusion of large polypeptides is addi-
tionally restricted by the pore size of the gel network, thereby resulting in 
slow deswelling kinetics.  
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pH  
The charge density of both pAAc microgels and homopolypeptides varies 
with pH, and microgel-peptide interactions are consequently influenced by 
this parameter as well. pLys is fully charged at both pH 4.5 and 7, but has a 
slightly reduced charge at pH 9.5  (~0.85).  In contrary, pAAc is fully 
charged at pH > 8 and has a charge degree of ~0.3 at pH 4.5 (Figure 15). 
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Figure 15. The effect of pH on the charge degree of pAAc and pLys at 20 mM 
(filled symbols) and 220 mM (open symbols). 

 
As displayed in Figure 16, peptide-induced deswelling in response to in-
creased pLys concentrations was decreased when increasing pH. The large 
deswelling responses observed at pH 4.5 is due to the low charge content of 
the microgels at this condition, and thereby the small number of charges 
needed to be neutralized for pLys to completely collapse the gel network. In 
parallel, a faster microgel deswelling kinetics was also observed at low pH 
(paper II).  
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Figure 16. The deswelling response of pAAc microgels after sequential addition of 
pLys 10000 of increasing concentrations at various pH and ionic strength 20 mM (a) 
and 220 mM (b).  
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In addition, a decreased uptake of pLys in microgels was observed at pH 4.5 
compared to neutral and basic pH (Figure 17). The ~ 3 times decreased up-
take is consistent with the decreased charge content of pAAc at pH 4.5, sug-
gesting that peptide uptake is mainly determined by the microgel charge. As 
pLys is fully ionized at both pH 4.5 and pH 7, any difference in electrostatic 
interactions should be attributed to the microgel network. However, in-
creased contributions of interactions other than electrostatics, such as hydro-
phobic interactions, have been observed at low neutralization degrees of 
pAAc,144 possibly influencing interactions also in this system. For instance, 
the surface located distribution of pLys 10000 at pH 4.5 (Figure 17) might 
be due to such non-electrostatic interactions.   
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Figure 17. The equilibrium uptake and distribution of pLys 10000 in pAAc microgel 
at various pH and ionic strength 20 mM (dark grey) and 220 mM (light grey). 

 
pHis has a more pronounced pH-sensitive charge density than the other cati-
onic homopolypeptides due to the low pKa of the imidazole group (~6.0), 
resulting in an essentially uncharged peptide at neutral pH.  This pH-
sensitivity was utilized in paper III to control the binding and release of pHis 
to AAc gels. Figure 18 display the binding of pHis at pH 5.5 as well as the 
partial release in response to increased pH. The partial release of pHis at 
high pH is most likely due to the increased contribution of non-electrostatic 
interactions, such as hydrophobic interactions through unprotonated side 
chains of pHis.  
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Figure 18. (a) The peptide-induced deswelling of pAAc microgels caused by bind-
ing of pHis at pH 5.5 and 20 mM ionic strength. (b) The pH-induced reswelling of 
microgels caused by detachment of pHis. The insets display the fluorescent intensity 
and distribution of pHis in microgels after binding and release.    

Ionic strength    
Increasing the ionic strength in oppositely charged systems decreases elec-
trostatic interactions due to screening. For instance, the Debye screening 
length, i.e., the distance for which charges can sense the presence of each 
other, is decreased from ~2 nm at 20 mM salt concentration to ~0.6 nm at 
220 mM salt. Despite this, such increase in ionic strength only had moderate 
effects on the quasi-equilibrium binding (paper I) of pLys to pAAc mi-
crogels, seen from microgel deswelling (Figure 16), peptide uptake (Figure 
17) and distribution, reflecting on the high charge contrast in this system 
resulting in high interaction strengths. The peptide transport in microgels 
was, however, influenced to a higher degree of such increase in ionic 
strength (paper II). For instance, the peptide distribution profiles in Figure 19 
display a surface-core diffusion front at low ionic strengths, whereas at high 
ionic strength a homogenous distribution profile is obtained already within 
~5 minutes. This indicates a much faster peptide adsorption-desorption dy-
namics in the latter case, due to the increased intra-particle charge screening.  
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Figure 19. Intensity profiles obtained from CLSM images describing the distribution 
of pLys 10000 from the surface to the middle of gel particles (r/a) at increasing 
times at pH 7.0 and ionic strengths 20 mM (a) and 220 mM (b). The numbers to the 
right indicate time (in minutes) after mixing. 

 
In addition, FRAP experiments showed a significantly increased transport of 
pLys 10000 at 220 mM compared to 20 mM (Figure 20), supporting this 
finding.  
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Figure 20. Photorecovery rate constants, kFRAP, obtained from FRAP experiments 
for pLys 10000 at pH 7.0 and ionic strength 20 mM (dark grey) and 220 mM (light 
grey). The inset display CLSM images showing the bleaching areas and fluorescent 
recovery with time. 

 
Although peptide transport in microgels was largely increased when adding 
salt, peptide-induced microgel deswelling kinetics was significantly reduced 
in response to salt addition (Figure 14). This is due to the fact that the swell-
ing degree of the microgels themselves (i.e., in the absence of peptides) is 
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reduced at high salt concentrations and, in addition, that the driving force for 
peptide interaction is diminished.  

As electrostatic interactions are decreased by adding salt, polypeptides 
prebound to the microgel network would potentially be released upon salt 
addition. However, the probability for detachment is highly influenced by 
the charge density and polypeptide size, and homopolypeptides such as pLys 
or pArg in the size range > 10 kDa could not be significantly released from 
pAAc microgels in response to salt addition (paper III). This is due to the 
high fraction of polypeptide segments being in close contact with the oppo-
site microgel charges, resulting in a low probability of simultaneous detach-
ment of all polypeptide segments. 

Peptide conformation 
Linear polypeptides adopts random coil, α-helix, or β-sheet conformations in 
aqueous solutions depending on conditions such as pH and temperature. 
When interacting with oppositely charged objects, the α-helix or β-sheet 
formation of polypeptides may increase due to charge neutralization upon 
electrostatic binding.145, 146  The secondary structure of homopolypeptides in 
solution and when incorporated into microgels is summarized in Table 5. In 
all cases investigated, CD spectra showed mixtures of random coil and α-
helix, while β−sheets could be excluded based on the shape of the spectra 
(paper I and III). 

 

Table 5. Conformation of homopolypeptides in solution and in microgels at pH 7 
and 20 mM ionic strength.  

Polypeptide Mw % α-helix 
in solution 

% α-helix in 
microgels 

pLys10000 9200 6±2 13±1 
pLys170000 167800 6±1 72±6 

pArg 13300 8±1 52±1 

 
The molecular weight dependence of the helix induction observed for pLys 
is expected, since formation of helices is more favourable for long polypep-
tides than for short ones due to the helix propagation probability being larger 
than helix initiation.147 Comparing pLys and pArg of similar size, the change 
in �-helix content upon gel binding was significantly higher for pArg than 
for pLys, and due to the higher binding strength of pArg, effectively reduc-
ing the intramolecular electrostatic penalty to overcome in the helix forma-
tion process. These results correspond well to previous findings on the con-
formation of pArg in polyanion complexes, where it has been inferred that 
the carboxylate anion forms a doubly hydrogen-bounded ring structure with 



 43

the guanidinium group of pArg, and that this ring structure is more stable 
than the one occurring between the ammonium group of pLys and polyions 
like pAAc.148, 149  

Properties of the surface layer 
As previously discussed, binding of high molecular weight pLys to pAAc 
microgels results in a surface confined distribution of this polypeptide with a 
wrinkled appearance. To investigate the steric/electrostatic barrier properties 
of the polypeptide-microgel surface layer, sequential binding studies was 
performed  where different sized pLys (1 kDa-84 kDa) or anionic pAsp was 
added to microgels preloaded with pLys 170000 (paper I). At low ionic 
strength, all pLys molecular weights were unable to penetrate through the 
surface layer whereas at high ionic strength, the pLys distribution within the 
microgel particles was essentially the same as that in the absence of the sur-
face layer. In addition, negatively charged pAsp adsorbed to pLys 170000 
preloaded microgels at both low and high ionic strength. These results indi-
cate that the surface layer creates a steric and partially positively charged 
electrostatic barrier at these conditions, with an estimated pore size of < 7 Å 
at low ionic strength and < 16-26 Å at high ionic strength.  As previously 
discussed, surface confined distributions were also found for pArg and pHis 
(paper III). For both high molecular weight pLys and the other homopoly-
peptides (pArg and pHis), the surface layers were diminished when the 
charge density of the microgels were reduced, indicating high charge con-
trast as the major contributor to the observed effect (Figure 21). The surface 
layer formation is therefore suggested to be an interplay between the high 
charge contrast and the fast gel network contraction in response to peptide 
binding.150  

 
Figure 21. CLSM images showing the effect of microgel charge density on the dis-
tribution of pLys170000 and pArg in p(AAc/AAm) microgels.   
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Antimicrobial peptides  
In this section, the binding and release of small (6-24 amino acid residues), 
cationic peptides, with moderate charge density (25 to 50% cationic amino 
acids) to and from oppositely charged microgels is discussed based on the 
findings obtained in paper IV-VI. 

Peptide length 
The effect of peptide length on the interaction between pAAc microgels and 
consensus peptides (AKKARA)n (1 � n � 4) and (ARKKAAKA)n (1 � n � 3) 
was investigated in paper IV. The peptide-induced microgel deswelling was 
increased with peptide length as displayed in Figure 22a, suggesting a higher 
interaction strength for longer peptides.  This is expected, considering the 
higher electrostatic driving force for longer peptides containing more 
charged groups per peptide chain, as well as the lower entropy loss per 
amino acid on transferring the peptide from solution to the microgel.151 This 
increase in binding affinity with peptide length is also consistent with their 
interaction with anionic lipid bilayers and leakage from liposomes, as well as 
their antimicrobial effect.30     
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Figure 22. (a) The effect of peptide length, n, on the deswelling of pAAc microgels 
after addition of Cardin motif peptide (ARKKAAKA)n (16 mg/L ) at pH 7.4 and 20 
mM ionic strength. (b) The volume ratio, V/V0, of microgels of increasing length 
after peptide binding (dark grey) and electrolyte-induced release at 220 mM ionic 
strength (light grey). 

The peptide release was evaluated by monitoring the concurrent microgel 
reswelling in response to peptide detachment upon addition of a solution of 
high ionic strength. In parallel to the binding results discussed above, the 
ability of peptides to be released from the microgels by electrostatic screen-
ing decreases with peptide length.  The amount of peptides released was 
strongly reduced when going from 2 to 3 repeated sequences for the pep-
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tides, as displayed in Figure 22b. Again, this peptide molecular weight de-
pendence is expected because, once bound to the gel network, the probability 
for simultaneous detachment of all peptide segments in close contact with 
the opposite microgel charges decreases strongly with the number of peptide 
segments. In addition, the larger deswelling and resulting decreased mesh 
size of the gel network reached by the longer peptides probably contribute to 
further restricting peptide diffusion out from microgels. 

Charge density 
The effect of peptide charge density was investigated in paper IV by substi-
tuting cationic lysine (K) and arginine (R) with histidine (H) in peptides 
AKK24 and ARK24, thereby obtaining pH-sensitive peptides, AHH24:1 and 
AHH24:2 (Table 2). Due to the low pKa of the imidazole group in histidine, 
these peptides display a pH dependent charge density, with a net charge of 
+9.1 at pH 5.5, +0.4 at pH 7.4 and, -0.4 at pH 9.5. As expected, this substitu-
tion drastically decreases the electrostatic attraction between peptides and 
microgels at neutral and high pH, and facilitates pH-dependent peptide re-
lease of peptides prebound to the microgels at low pH. CLSM images in 
Figure 23 display a partial release of peptides at pH 7.4 and a complete re-
lease at pH 9.5, indicating a clear dependency of peptide-microgel affinity at 
increasing charge densities. 

 

 
 

Figure 23. CLSM images and corresponding intensity profiles showing the fluores-
cent intensity and distribution of AHH24:2 in microgels after binding at low pH and 
after pH-induced release.  

The effect of charge density was more thoroughly evaluated in paper V by 
investigating the effect of charge density of both peptides and microgels on 
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the peptide binding and electrolyte-induced release. The microgel charge 
content was controlled by varying the AAc/AAm ratios in the microgel syn-
thesis (Figure 7), whereas the charge density of peptides was controlled by 
using well-defined, monodisperse peptide sequences containing alanine (A) 
and lysine (K) in various repeated patterns, increasing the overall content of 
charged groups (K) from 25% for AAAK4 to 50% for AK8 (Table 3). Re-
sults show that the peptide uptake increases with increasing charge density 
of the microgel network (Figure 24), which is expected considering the 
higher uptake capacity of gels containing more charged residues.  
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Figure 24. The effect of microgel charge density on the uptake of peptides AK8 and 
AAK5 in p(AAc/AAm) microgels.  

In contrary, the peptide charge density had a less pronounced effect on the 
peptide uptake in microgels at least when going from 50% (AK8) to 31% 
(AAK5) charged residues in the peptide sequence. For the least charged pep-
tide (AAAK4), on the other hand, the uptake was significantly increased, 
most likely due to peptide self-assembly associated with the lower solubility 
of this peptide and possibly also increased contributions of non-electrostatic 
interactions with the microgel network. Nevertheless, the peptide-induced 
microgel deswelling increases by increasing the charge density of the pep-
tides (Figure 25). This is expected considering the larger driving force for 
interaction for such peptides.  
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Figure 25. The peptide- induced microgel deswelling kinetics at increasing peptide 
charge density for microgels containg 25% (a) and 100% (b) AAc residues at pH 7.4 
and ionic strength 20 mM. 
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Figure 26. The volume ratio, V/V0, of microgels of various AAc content after expo-
sure to 5 μM peptide solution (black ), followed by buffer solution of 20 mM ionic 
strength (dark grey), and buffer solution of 150 mM ionic strength (light grey) at pH 
7.4 for peptides AK8 (a) with 50% charged residues and  AAK5 (b) with 31% 
charged residues. 

Furthermore, the ability of peptides to detach from the microgels at high 
ionic strengths was highly influenced by the charge density of both mi-
crogels and peptides. In agreement with the results discussed previously on 
fully charged peptides and microgels containing 100% AAc residues, pep-
tides could not be detached from the microgels at high charge contrast, 
whereas reducing the charge density of either peptides or microgels, pro-
moted electrolyte-induced release (Figure 26). This was also confirmed from 
CLSM measurements as displayed in Figure 27. The peptide with the lowest 
charge density (AAAK4), could however not be detached from microgels 
containing >75% AAc residues, possibly due to increased hydrophobic or 
solvency-related interactions.   
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Figure 27. CLSM images and corresponding intensity profiles showing the fluores-
cent intensity and distribution of AAK5 in microgels containing 25% (a) and 100% 
(b) AAc residues after peptide binding and after release at 20 and 150 mM. 

Charge localization 
The effect of peptide charge distribution on the binding and release of pep-
tides to and from microgels was investigated by comparing binding iso-
therms, deswelling kinetics, and electrolyte-induced release for the two pep-
tides with net charge +5, AAK5 (with homogenously distributed charged 
groups) and AA-K5 (with all charges located at the end of the peptide se-
quence) (paper V). The interaction strength was significantly increased for 
AA-K5, displaying higher uptake, faster deswelling response, and lower 
release degrees, especially in microgels with high charge content, whereas 
these differences were totally eliminated for lower microgel charge densities 
(Figure 28).  
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Figure 28.  Peptide binding isotherms of AAK5, with homogeneously distributed 
charges and AA-K5, with all charges located at the peptide end terminal in mi-
crogels with 25% (a) and 100% (b) AAc residues.  

By locating all charges at the end of the sequence (AA-K5), the peptide per-
forms essentially as a peptide with much higher overall charge degree 
(AK8). For instance, the charge ratios of the complexes formed from AA-K5 
and AK8 are similar, as well as the peptide-induced microgel deswelling 
kinetics and inability of peptides to detach at increased electrolyte concentra-
tions although the overall charge ratio of the former peptide is lower (31% 
charged amino acid  residues compared to 50%).  As a heterogenous charge 
distribution induces amphiphilicity of the peptide sequence, it is possible that 
the microgel binding is reinforced by peptide self-assembly, in accordance to 
what is observed for cationic surfactants binding to pAAc microgels. How-
ever, it is also likely that the charges in the block-charged AA-K5 peptide 
behave essentially as a single pentavalent charge, as the distance between 
these charges (�6 Å) is smaller than the Debye length at 20 mM ionic 
strength (21.5 Å), thus contributing to the effects observed. 

Hydrophobicity 
Although the major driving force for interactions occurring in oppositely 
charged microgel-peptide systems is electrostatic attraction, the influence of 
hydrophobic interactions is increasing for peptides and/or microgels with 
low charge densities, hydrophobic modifications, and at conditions of high 
salt concentration. For instance, in paper V, substituting alanine (A) in pep-
tide AK8 with leucine (L) increases the peptide hydrophobicity, and induces 
a stronger microgel interaction, with a resulting higher peptide uptake and 
incapability to detach from the microgel network in response to increasing 
electrolyte concentrations.  
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Figure 29. The volume ratio, V/V0, of microgels after peptide binding at pH 7.4 and 
ionic strength 10 mM (black), and after electrolyte-induced release at pH 7.4 and an 
ionic strength of either 10 (grey) or 150 mM (light grey) for peptides AK8 and LK8. 
Exemplifying microscopy images of microgels after peptide binding and after pep-
tide release are inserted.  

 
In parallel, increasing the peptide hydrophobicity by end-tagging the antim-
icrobial peptide GKH17 and its truncated version KNK10 with trypthophan 
oligomers (Table 2) also increases peptide-microgel interaction strengths. 
For instance, the peptide binding affinity and uptake in pAAc microgels 
increases for the tagged peptides compared to untagged ones. Furthermore, 
interactions strengths are increased at high ionic strengths, as demonstrated 
by the inability of tagged peptides to detach from the microgels as compared 
to the untagged peptides (Figure 30). In fact, for long tags (>5-6 W residues) 
an arrested core-shell microgel structure is formed, comparable to that ob-
tained for pArg and high molecular weight pLys discussed in previous sec-
tions.  
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Figure 30. The volume ratio, V/V0, of microgels after peptide binding at pH 7.4 and 
ionic strength 10 mM (black), and after electrolyte-induced release at pH 7.4 and an 
ionic strength of either 150 (grey) or 220 mM (light grey) for GKH17 peptides with 
different length of the hydrophobic tag. The inset displays exemplifying microscopy 
images of peptide-bound microgels.  

 
In comparison to results obtained in this thesis, end-tagging KNK10 and 
GKH17 peptides with tryptophan residues (>4 W) drastically increased the 
membrane disruptive and bactericidal properties, as well as facilitated bind-
ing to LPS at physiological salt concentrations, demonstrating the impor-
tance of hydrophobic interactions also for the mechanism of action of these 
peptides.31, 32 Unlike LK8, hydrophobic groups in end-tagged peptides are 
non-homogenously distributed, inducing certain amphiphilicty in the peptide 
sequence. Thus, peptide binding to microgels might be reinforced by peptide 
self-assembly, as displayed for surfactant-gel interactions. However, no indi-
cations of peptide self-assembly were detected for these peptides in solution 
or when incorporated into microgels, as the fluorescence spectra clearly in-
dicate that the environment around the indole chains is polar, also in the 
microgel-peptide complex (paper VI). This, in turn, indicates that any self-
assembly of the end-tagged peptides are characterized by low aggregation 
numbers and/or close presence of the indole group to pAAc charges.  
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Conclusions 

Results obtained in this thesis demonstrate that the interaction between op-
positely charged microgels and peptides can be tuned by a number of pa-
rameters including peptide size, charge density, pH, and ionic strength. Con-
sequently, stimuli-sensitive control of peptide binding and release to and 
from microgels can be employed. To summarize, positively charged peptides 
are introduced to the negatively charged microgel network primarily by elec-
trostatic attraction, and the higher the charge contrast between the interacting 
species, the larger the driving force for interaction. At the microgel surface, 
the peptides interact with polyelectrolyte chains in the microgel network 
forming peptide-gel complexes. In response to this complex formation, des-
welling of the gel network is induced. The propagation of the peptides in the 
microgel, and thereby the kinetics and final degree of microgel deswelling, is 
highly influenced by the interaction strength of peptides and microgels. A 
schematic summary describing the process is displayed in Figure 31. 
 

 
Figure 31. Simplified schematic diagram illustrating the peptide binding and mi-
crogel deswelling. 

 
The effect of peptide size on the interaction with microgels, can be described 
as an interplay between the entropic driving force for interaction, which is 
higher for longer peptides, and peptide diffusion in the gel network, which is 
restricted by the gel network pore size and charge density, highly influencing 
the peptide adsorption-desorption dynamics within the microgel. Thus, the 
peptide binding and microgel deswelling response increases with peptide 
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length for small peptides with moderate charge density and the opposite 
scenario is observed for longer and, more importantly, highly charged pep-
tides.  

Generally, short peptides and peptides with moderate charge density are 
able to penetrate into the microgel core, and distribute homogenously in the 
particle, thereby inducing large volume reductions of the gel network. Long 
peptides with high charge density, on the other hand, form a remarkably 
dense complex with the microgel network, thus hindering further peptide 
transport to the microgel core, resulting in arrested core-shell structures. 
Core-shell structures were obtained also for conditions where the interac-
tions were considered to be significantly influenced by non-electrostatic 
contributions such as hydrogen bonding or hydrophobic interactions. The 
core-shell formations generally results in reduced microgel deswelling ratios 
as the core is still considerably swollen. A wrinkled appearance of the sur-
face phase is obtained at sufficiently strong peptide-microgel interactions. 
This wrinkling is probably a result of the opposing forces acting between the 
fast peptide-induced gel network relaxation, and the stress-bearing structure 
of the dense surface phase.  

By decreasing the charge density of microgels by incorporating non-ionic 
residues in the gel network, the surface layer formation and wrinkling phe-
nomena was diminished, emphasizing that the surface layer formation is a 
result primarily of high electrostatic charge contrast, possibly also associated 
with fast peptide-induced contraction of the highly swollen gel at these con-
ditions. Reducing the charge density of the microgel network by lowering 
the pH promotes core-shell formation for peptides distributing homoge-
nously at higher pH.  

Peptide-microgel systems resulting in core-shell formations might be dis-
advantageous when it comes to the performance of such systems in drug 
delivery. For example, the probability for chemical and proteolytic degrada-
tion of the peptide might for instance increase when the peptide is confined 
to the surface only. In addition, lower amount of peptides can be incorpo-
rateed and their subsequent release may be precluded due to the very com-
pact structure of the shell. On the other hand, such core-shell systems might 
also be protective, if the substance of interest is located in the core. What-
ever condition is preferred or non-preferred, results in this thesis show that 
the formation of such core-shell structures can be prevented or induced by 
controlling the charge density the interacting compounds, the size of pep-
tides as well as the external conditions.   

The peptide-microgel interaction strength is highly reflected in the probabil-
ity of peptides to be detached from the gel network. For instance, reducing 
the electrostatic interactions by adding salt induces significant peptide re-
lease of sufficiently small and moderately charged peptides, whereas longer 
and more highly charged peptides is retained in the microgel network due to 
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the strong interaction, insufficient salt screening, and gel network pore size 
restriction. Decreasing the charge density of microgel network and/or pep-
tides, increases the probability for peptide detachment tremendously, as long 
as the electrostatic interaction is the major contributor to the interactions 
occurring and peptide solubility is not an issue.  

Furthermore, results obtained in this thesis concerning the interaction be-
tween AMPs and pAAc microgels can in general be comparable with the 
interaction of those peptides with anionic lipid bilayers, liposomes, and ani-
onic lipopolysaccarides, as well as their antimicrobial effect. Thereby, the 
importance of electrostatic interactions for the mechanism of actions of 
AMPs is further emphasized.   

Overall, results in this thesis demonstrate that the interaction between mi-
crogels and oppositely charged peptides is a fairly complex interplay involv-
ing a number of parameters, but where charge density and peptide size seems 
to have a major role controlling the interactions. Consequently, interactions 
occurring in oppositely charged microgel-peptide systems can be tuned by 
varying charge density and peptide size and through this, parameters such as 
peptide uptake, distribution, and release can be controlled to alter the per-
formance of anionic microgels in peptide drug delivery, for instance by util-
izing pH- and/or salt-induced release.  
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Outlook 

Microgels are materials that certainly have potential in interesting areas such 
as biomaterials, tissue engineering, biosensing, and drug delivery, especially 
of proteins and peptides. One benefit of using microgels for these purposes is 
that their properties can be varied extensively by incorporating monomers 
responsive to various stimuli, thereby enabling microgels to be designed to 
fit any specific purpose. Such properties are essential when it comes to de-
signing high performance drug delivery systems, which might be required in 
future therapeutics. The high uptake capacity of microgels, especially of 
oppositely charged compounds, and their protective properties against deg-
radation further highlights the potential of using microgels as stimuli-
responsive vehicles in drug delivery. However, there is always the issue of 
biocompatibility, where compounds predominantly used as cross-linkers in 
these systems, in particular, may pose challenges from a biocompatibility 
perspective. One challenge is therefore to find non-toxic alternatives that still 
display the same stability as the compounds used today. In addition, the in-
fluence of naturally occurring proteins, peptides, and other biological com-
pounds that the microgels might impede on their way to their target must be 
considered. In parallel, the fate of the microgels after accomplishing their 
mission, whether they are biologically degraded or not, is another issue that 
needs to be reflected upon. Although there are many obstacles left to ascend 
before microgels can be used in any desired applications, the many encour-
aging results in the literature today, surely tells us that we have come a far 
way towards the goal of using microgels as future, high-performance materi-
als in applications such as biomaterials or drug delivery. 
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Populärvetenskaplig sammanfattning 

Proteiner och peptider är livsviktiga byggstenar i vår kropp och de är inblan-
dade i stort sett i alla biologiska processer som sker där. Det är därför inte 
konstigt att en rad svåra sjukdomar, som Alzheimers, Parkinsons och diabe-
tes, uppkommer till följd av att proteiner inte fungerar som de ska. För att 
bota dessa, och en rad andra sjukdomar, kan läkemedel baserade på just pro-
teiner/peptider vara ett alternativ. En av utmaningarna med att använda pro-
teiner/peptider som läkemedel är dock att hitta strategier för att leverera des-
sa till platsen där de ska verka, utan att de sönderdelas eller förlorar sin akti-
vitet. Ett sätt att undkomma dessa problem kan vara att bädda in proteiner-
na/peptiderna i skyddande bärarpartiklar som kan styras till sitt mål och där 
på ett kontrollerat vis frisätta sitt innehåll. I det här arbetet har små gelpartik-
lar, så kallade mikrogeler, undersökts som bärare för peptider.  

Mikrogeler är uppbyggda av polymerer (långa kedjor av repeterande en-
heter), som är förankrade med en tvärbindare och därmed bildar ett tredi-
mensionellt nätverk.  

 

 
 
De mikrogeler som till största del använts i den här avhandlingen är upp-
byggda av poly(akrylsyra), en polymer vars negativa laddning påverkas av 
pH i lösningen. Geler som är uppbyggda av laddade polymerer har förmågan 
att suga upp otroliga mängder vätska, vilket också är varför de används i 
superabsorberande material som t.ex. blöjor. Eftersom poly(akrylsyra) inne-
håller många negativa laddningar kan en stor mängd positivt laddade ämnen, 
till exempel proteiner och peptider, tas upp i gelerna genom elektrostatisk 
attraktion. När peptider binder in till gelerna krymper gelerna ihop och 
skyddar därmed sitt innehåll på ett effektivt sätt. Den elektrostatiska attrak-
tionen mellan peptid och gel kan minskas genom att till exempel öka salt-
koncentrationen eller pH-värdet, och gelerna kan som en respons på detta 
frisätta sitt innehåll. Beroende på vilka egenskaper de polymerer har som 
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man bygger upp gelerna från kan geler göras känsliga för en rad parametrar 
förutom pH och salthalt. Några exempel är temperatur, ljus, eller närvaro av 
specifika substanser.  

Det pågår för närvarande mycket forskning i syfte att utveckla och använ-
da mikrogeler som läkemedelsbärare, och några grupper har fokuserat på att 
utveckla mikrogelbaserade bärare för insulin för att förbättra tillvaron för 
patienter med diabetes. Oral administrering av insulin kan kanske bli möjligt 
genom att bädda in insulin i pH-känsliga mikrogeler.  Dessa geler är ihopk-
rympta vid lågt pH och skyddar därmed sitt innehåll mot magsäckens sura 
miljö, men kan sedan frisätta insulin när gelerna sväller upp vid det mer ba-
siska pH-värdet i tunntarmen. Andra forskargrupper har utvecklat ett själv-
reglerande system baserat på mikrogeler, där insulin frisätts som respons på 
ökad blodsockerkoncentration. Ett intressant användningsområde för tempe-
raturkänsliga mikrogeler är i cancerbehandling. Tumörer har nämligen visat 
sig ha något högre temperatur än den normala kroppstemperaturen och 
många forskargruppar strävar därför efter att utveckla geler som frisätter sitt 
innehåll i just tumörer. Med sådana läkemedel skulle man minska många 
svåra biverkningar associerade med cancerläkemedel. Detta är bara några få 
exempel på mikrogelers potential som bärare för protein- och peptidläkeme-
del och för att möjliggöra för sådana system på markanden i framtiden krävs 
systematiska studier om interaktioner som uppkommer mellan mikrogeler 
och motsatt laddade proteiner och peptider.  
 
Målsättningen med denna avhandling är därför att grundläggande studera hur 
peptiders storlek, peptiders laddning, gelers laddning, samt lösningens pH 
och salthalt påverkar upptag av peptider till, fördelning av peptider i, och 
frisättning av peptider från mikrogeler.  

En typ av peptider som har studerats i denna avhandling är antibakteriella 
peptider. Sådana peptider finns naturligt i vår kropp för att hjälpa till med att 
bekämpa infektioner. Dessa peptider dödar bakterier på ett annat sätt än van-
lig antibiotika, och är därför intressanta att studera och utveckla i syfte för att 
hitta nya strategier för att bekämpa infektioner och därmed minska den nega-
tiva trenden med resistenta bakterier.  Då de dessutom är positvit laddade 
lämpar de sig bra för att binda in till negativt laddade geler. 

Sammanfattningsvis så visar resultaten i denna avhandling att elektrosta-
tisk attraktion är den främsta drivkraften mellan peptid och mikrogel, och att 
ju längre och ju mer laddad peptiden är, desto starkare kommer den att binda 
in till motsatt laddade mikrogeler. Interaktionen styrs inte bara av peptider-
nas laddning utan påverkas även i hög grad av gelernas laddningstäthet. För-
utom laddningskontrast mellan peptid och mikrogel, så påverkar fördelning-
en av laddade grupper i peptidsekvensen, såväl som peptidens hydrofoba 
egenskaper också i stor utsträckning. Vid tillräckligt starka interaktioner 
fördelas peptiderna huvudsakligen till mikrogelernas ytskikt, eftersom de 
täta komplex som därmed bildas försvårar ytterligare transport av peptider 
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till gelens kärna. Peptidernas förmåga att binda in till motsatt laddade geler 
är starkt relaterat till deras förmåga att frisättas från gelerna, och så länge 
elektrostatiska interaktioner dominerar kan relativt korta (~ 20 aminosyror) 
peptider med måttlig laddningstäthet (< 50% laddade grupper), frisättas ge-
nom saltinducering.  Påverkas däremot interaktionen i större utsträckning av 
icke-elektrostatiska bidrag, så som hydrofob växelverkan, är peptid-mikrogel 
interaktionerna fortsatt starka, även vid hög saltkoncentration.  

Genom att kontrollera parametrar som peptidstorlek och laddningstäthet 
kan därmed egenskaper som upptag, fördelning och frisättning av peptider i 
mikrogeler styras i syfte att exempelvis utveckla specifika läkemedelsbärare 
för peptid- och proteinläkemedel. 
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