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Abstract
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Microgels are lightly cross-linked hydrogel particles in the sub-micrometer to micrometer size
range with a capacity to drastically change their volume in response to changes in the external
environment. Microgels have an ability to bind and store substances such as biomacromolecular
drugs, notably proteins and peptides, and release them upon stimuli, making them potential
candidates as drug delivery vehicles and functional biomaterials. This thesis aims at clarifying
important factors affecting peptide-microgel interactions. These interactions were studied by
micromanipulator-assisted light and fluorescence microscopy focusing on microgel deswelling
in response to peptide binding, as well as re-swelling in response to peptide release or enzymatic
degradation. To evaluate peptide uptake in microgels, solution depletion measurements were
used whereas the peptide secondary structure was investigated by circular dichroism. In
addition, the peptide and enzyme distribution within microgels was analyzed with confocal
microscopy.

Results presented in this thesis demonstrate that peptide incorporation into microgels, as well
as peptide-induced microgel deswelling, increases with peptide length and charge density. In
addition, results demonstrate that the peptide charge (length) rather than peptide charge density
determines microgels deswelling. End-to-end cyclization is shown to not noticeably influence
peptide-microgel interactions, suggesting that peptide cyclization can be used in combination
with oppositely charged microgel carriers to improve the proteolytic and chemical stability of
the peptide compared to the corresponding linear variant. Peptide secondary structure is found
to drastically affect peptide incorporation into, and release from, oppositely charged microgels.
Furthermore, it is shown that microgel charge density, peptide molecular weight, and enzyme
concentration all greatly influence microgel bound peptide degradation. Of importance for
applications, protective effects of microgels against proteolytic peptide degradation are observed
only at sufficiently high microgel charge densities. Enzyme-mediated microgel degradation is
shown to increase with increasing enzyme concentration, while an increased peptide loading in
microgels causes a concentration-dependent decrease in microgel degradation.

Taken together, results obtained in this work have provided some insight into factors of
importance for rational use of microgels as delivery systems for protein or peptide drugs, but
also in a host of other biomedical applications using weakly cross-linked polymer systems.
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Introduction 

As a result of increasing resistance development against conventional antibi-
otics, recent advances in molecular and cell biology have led to the devel-
opment of a wide range of new biologically active macromolecules, such as 
protein and peptide drugs, for the treatment of human diseases. However, an 
effective delivery of these biomacromolecular drugs is challenging, owing to 
their sensitiveness to deactivation through aggregation and conformational 
changes, as well as to chemical and enzymatic degradation. In order to 
achieve a desirable therapeutic effect for these drugs, and to reach a wider 
therapeutic applicability, appropriate drug delivery vehicles are necessary. 
The delivery systems must be capable to encapsulate and protect such drugs, 
and furthermore, the delivery vehicles need to allow controlled and/or trig-
gerable drug release. One approach to encapsulate and protect biologically 
active protein and peptide drugs is by using microgels,1-7 lightly cross-linked 
hydrogel particles with an average diameter ranging between 10 nm and 100 
µm. Microgels offer a range of benefits as carriers for incorporated protein 
or peptide drugs, such as controlled drug release, preservation of secondary 
and tertiary structure, avoidance of aggregation, and protection from enzy-
matic and chemical degradation, resulting in maintained biological activity, 
reduced toxicity, decreased immunogenicity, and reduction of other biologi-
cal side-effects to the body.1, 8, 9 Additionally, biodegradable microgels show 
advantages related to straightforward elimination of empty devices, however 
also a more complex system considering drug release due to degrading mi-
crogels.10-13 If conjugated with recognition moieties, e.g., ligands for a se-
lected receptor, microgels can furthermore be targeted to selected cell types 
or tissues.14-16 

Microgels have been implemented to the design and evolvement of, for 
example, oral and transdermal drug delivery.17 Due to the possibility to de-
sign microgels of very small size, they also offer opportunities in other de-
livery routes, for example in nasal administration or in parenteral drug deliv-
ery as injectables.3 Finally, microgels could function as surface coatings or 
adhesives, with or without added drugs, if adhered to biomaterials or surgical 
implants to reduce chronic inflammation and to improve biocompatibility.1, 

18, 19 
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Peptides, proteins and enzymes 
Peptides and proteins used 
Peptides and proteins are chains of amino acid residues linked by covalent 
peptide bonds. The length of the amino acid chain determines whether the 
molecule is a peptide (short chain) or a protein (long chain). The exact ami-
no acid chain length where the border between peptide and protein lies is not 
precise, but a commonly used dividing line is about 50 amino acids. Not 
counting stereoisomers, as well as modified or non-natural compounds, there 
are 20 different amino acid building blocks which can be combined in nu-
merous ways, resulting in a great variety of peptides and proteins. The struc-
ture of the amino acid sequences used in Paper I-IV are displayed in Figure 
1, while sequences of peptides used are displayed in Table 1.  

Antimicrobial peptides (AMPs) form a group of small cationic peptides 
(≈10-40 amino acids), which constitute a fundamental element of our im-
mune system, displaying antimicrobial activity with bacteriostatic, microbi-
cidal and cytolytic properties.20, 21 Therapeutically interesting AMPs show 
target specificity by selectively killing bacteria and other microbes but not 
human cells, as a result of the dissimilar composition of bacterial and human 
cell membranes.22 Furthermore, some AMPs have cytotoxic effect on tumor 
cells, anti-inflammatory properties, as well as immune system activation or 
modulation.21, 23 Due to the favorable properties of AMPs, they have attract-
ed considerable attention as promising therapeutics against infectious diseas-
es. An advantage with AMPs compared to traditional antibiotics is that 
AMPs are less susceptible to induce bacterial resistance due to that they act 
on multiple targets simultaneously.21 However, as most other peptides, 
AMPs are vulnerable to proteolytic degradation, conformational changes, 
aggregation and, deactivation. In addition, AMPs show poor distribution, 
frequent toxicity, and short half-life in vivo.21 A prospective methodology to 
circumvent these obstacles for AMPs is to use microgels as delivery vesicles 
to encapsulate and protect the therapeutics. Studies on the interaction be-
tween negatively charged microgels and cationic peptides is not only benefi-
cial in the delivery aspect, it is also highly valuable for the understanding of 
peptides interaction with the negatively charged surface of bacteria, specifi-
cally the interaction with the anionic lipopolysaccharide (LPS) head groups 
on target cells. 
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Figure 1. Structure of amino acids used in this thesis and their respective abbrevia-
tions. For isoleucine and phenylalanine, the corresponding D-enantiomers structures 
are shown, relevant for Paper I. 
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Table 1. Properties of the studied peptides. 

Peptide Sequence Mw (Da) Paper 

EFK-a CH3CONH-EFKRIVQRIKDFLRNLV-CONH2 2216 I 
EFK-d/a CH3CONH-EdFKRdIVQRdIKDdFLRNLV-CONH2 2216 I 
EFK-W/a CH3CONH-EWKRWVQRWKDWLRNLV-CONH2 2440 I 
lARK8 CARKKAAKAC 1049 II 

cARK8 
ARKKAAKA 
C_________C 1047 II 

lARK12 CARKKAAKAARKKC 1533 II 

cARK12 
ARKKAAKAARKK 
C______________C 1531 II 

lARK16 CARKKAAKAARKKAAKAC 1874 II 

cARK16 
ARKKAAKAARKKAAKA 
C____________________C 1872 II 

lARK24 CARKKAAKAARKKAAKAARKKAAKAC 2699 II 

cARK24 
ARKKAAKAARKKAAKAARKKAAKA 
C_______________________________ C 2697 II 

K3 Ac-KKK-NH2 403 III 
K5 Ac-KKKKK-NH2 659 III 
K10 Ac-KKKKKKKKKK-NH2 1300 III 
K5A5 Ac-KAKAKAKAKA-NH2 1014 III 
K3A7 Ac-KAAAKAAAAK-NH2 900 III 
pLys Amino acid: K 10 000,  

30 000,  
200 000 

IV 

In Paper I, the peptide EFK17 (EFKRIVQRIKDFLRNLV), derived from the 
human antimicrobial peptide LL-37, was chosen for studies of effects of 
peptide conformational changes on the interaction between antimicrobial 
peptides and oppositely charged microgels. EFK17 shows good potential as 
a peptide antibiotic, displaying good antimicrobial effect and low toxicity.24, 

25 More importantly for Paper I, EFK17 forms an essentially perfectly am-
phiphilic (idealized) helix, in which all polar/charged residues are located on 
one side of the helix, and all non-polar/hydrophobic residues are located on 
the other (Figure 2). In Paper I, three variants of EFK17 were investigated, 
i.e., the native EFK17, modified by terminal amidation and acetylation 
(EFK17-a), a peptide variant where the four I/F residues are replaced with 
the corresponding D-enantiomers (EFK17-d/a), and finally a peptide variant 
where the four I/F residues are replaced with tryptophan (EFK17-W/a).  
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Figure 2. Helical wheel projection of EFK17 with enantiomeric (dF or dI) and tryp-
tophan (W) substitutions outlined. Black and white circles represent 
charged/hydrophilic and uncharged/hydrophobic residues, respectively. Reprinted 
with permission from reference (24). Copyright © 2009, American Society for Mi-
crobiology. 

In order to optimize peptide activity, reduce peptide proteolytic degradation, 
to increase peptide stability against chemical degradation, and to reach other 
therapeutic advantages, peptide cyclization can be used.26 Therefore, in Pa-
per II, the role of peptide length and cyclization on interactions with micro-
gels was addressed by studying a series of linear and cyclic AMPs with the 
same repeat structure (C(ARKKAAKA)nC) (n = 1, 1.5, 2, 3), a so-called 
Cardin and Weintraub sequence.27 By using this set of peptides, the peptide 
length can be varied without changing the sequence or peptide physicochem-
ical properties, such as charge density and mean hydrophobicity, as well as 
their respective distributions within the peptides. 

In Paper III and IV, the effect of peptide length was studied by lysine (K) 
homopolypeptides, which are peptides consisting of only one amino acid 
residue (K in these studies) repeated a number of times. In addition, in Paper 
III, copeptides of lysine with alanine (A), of varying charge density were 
studied. 

The carbohydrate binding protein Concanavalin A (ConA) was used as a 
model protein drug in Paper V in order to clarify basic effects of chain and 
pore blocking on matrix degradation of protein-loaded microgels. 

Enzymes 
Enzymes are a group of biological active proteins that catalyzes selective 
biochemical reactions by digesting the enzymes specific substrate into 
smaller molecules. The enzymes used in Paper IV-V and their substrates are 
listed in Table 2. 
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Table 2. Properties of the studied enzymes. 

Enzymes Substrate Mw (Da) Paper 

Trypsin Lysine and arginine amino acid residues 23 800 IV 
HRP Several substrates, important for Paper IV is Ampliflu red ~44 000 IV 
Dextranase Dextran 41 000 V

Hydrogels and microgels 
Hydrogels are cross-linked polymer networks swollen with solvent (in our 
case water), forming a three dimensional structure. The crosslinks are 
formed either by chemical or physical interactions, depending on the poly-
mer at hand. Chemical crosslinks consists of covalent bonds and are there-
fore permanent (depending on chemical stability), whereas physical cross-
links, such as hydrogen bonds, or hydrophobic or ionic interactions, result in 
hydrogels with generally temporary crosslinks (Figure 3). Physically cross-
linked hydrogels are therefore usually more sensitive to disintegration upon 
external stimuli.5, 28, 29  

 
Figure 3. Examples of chemical and physical crosslinks in hydrogels. 

Hydrogel networks may be characterized by a high degree of hydration, and 
are able to reversibly change their degree of hydration, and subsequently 
their volume, in response to changes in the external environment, such as 
pH, ionic strength, and temperature. Consequently, the hydrogel structure 
and viscoelastic properties can be tuned by changing either of these parame-
ters.29  

Hydrogels offer opportunities as biomaterials or biomaterial coatings in 
that they contain mostly water and have similar mechanical properties as 
natural (soft) tissue. If used as a biomaterial, hydrogels may therefore en-
hance biological interactions and improve tissue-polymer integration, all 
translating in potential for a good biocompatibility.28, 30-32 Above mentioned 
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hydrogel properties offer a good prospective for their use in tissue engineer-
ing, biomedical implants and drug delivery. Taking drug delivery as an ex-
ample, hydrogels are able to incorporate large amounts of drugs due to their 
highly porous structure. Additionally, due to the high water content in hy-
drogels, they contain an aqueous environment advantageous for maintaining 
the native structure and bioactivity of macromolecular drugs.30 

The dimensions of hydrogels ranges from macroscopic to nanometer 
magnitudes, of these, microgels are hydrogel particles in the size-range 10 
nm to 100 µm. Microgels can be prepared from a wide variety of synthetic 
and natural polymers. To achieve a specific microgel property, for instance a 
particular charge, porosity, amphiphilicity, size or degradability, the mono-
mers, monomer ratios, and synthetic conditions can be adjusted.33 One of the 
most studied microgels are those based on poly(N-isopropylacrylamide) 
(PNIPAM).34 These microgels are thermo-sensitive and deswell with in-
creasing temperature, resulting in either a temperature-induced “squashing 
release” or in drug entrapment and decreased drug release, depending on the 
system.3   

Another microgel system that has been widely studied in the context of 
protein and peptide drug delivery is that based on acrylic acid (AAc).1 Such 
microgels are prospects for pH-dependent release in oral delivery owing to 
their uncharged state at low pH, such as in the stomach, causing a tight net-
work, in turn resulting in a low drug release rate. When transferred into envi-
ronments with higher pH, such as in the small intestine, the acid groups dis-
sociate and thereby cause intersegment electrostatic repulsion, in turn caus-
ing network swelling and resulting drug release. In this manner the drugs are 
protected from acid-catalyzed drug hydrolysis in the stomach and instead 
released in the small intestine where they are more stable against hydrolytic 
degradation.3, 8, 35 

A slightly different group of microgels that also have been studied are bi-
odegradable microgels, especially those derived from natural sources with 
high water solubility, such as chitosan, hyaluronic acid, and dextran. These 
carbohydrate-based biopolymers are natively biocompatible, bioactive, non-
toxic and biodegradable.5 An advantage of these biodegradable systems is 
that they generally are less prone to result in accumulation-related toxicity, 
and that surgical procedures are not required for removing them from the 
body after their mission, since they in the long run are cleared by degrada-
tion and resulting monomers readily excreted. 

Microgel swelling/deswelling 
The degree of swelling for a particular microgel depends on the specific 
interactions between polymer-polymer chains within the microgel and be-
tween polymer chains and the solvent. The interactions between the polymer 
chains inside the microgel are in turn influenced by surrounding conditions 
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such as, for example, temperature, pH, and ionic strength. For charged mi-
crogels, the equilibrium between the osmotic pressure and the polymer elas-
ticity determines the degree of swelling.36 The osmotic pressure, in turn, 
depends on the net difference in number of mobile ions inside a microgel 
and in its immediate environment.14, 37 Distorting the osmotic pressure either 
inside a microgel or in its immediate environment disturbs the osmotic equi-
librium, resulting in microgel swelling/deswelling until the osmotic pressure 
difference is equal to zero.38 Furthermore, the swelling/deswelling will pro-
ceed until the osmotic pressure is equivalent to the sum of the elastic forces 
between the polymer crosslinks.39 

Stimuli-responsive microgels 
Stimuli-responsive hydrogels and microgels are able to change their chemi-
cal and/or physical properties in response to changes in their local environ-
ment such as temperature40, electrostatics41, specific metabolites42, 43, exter-
nal fields44, and degradation45, thereby allowing stimuli-responsive gels to be 
used for a wide range of pharmaceutical applications.3, 46 A schematic illus-
tration of microgel swelling and deswelling, in response to a stimulus, is 
displayed in Figure 4. 

 
Figure 4. A stimuli responsive microgel; demonstrating reversible swell-
ing/deswelling in response to changes in the local environment. 

Triggering by electrostatics 
Considerable interest has been placed on microgels displaying electrostatic 
triggering, for example by pH or ionic strength. In general, pH responsive 
microgels consist of polymer chains carrying weakly charged groups which 
can either accept or donate protons in response to changes in the external 
pH. This proton charge shift affects the hydrodynamic volume of the poly-
mer chains through changes in the osmotic pressure, induced by mobile 
counter ions neutralizing the polymer charges, as well as charge-charge 
(Coulombic) repulsion.46 Additionally, pH-responsive microgels can be trig-
gered by changes in ionic strength; increased ionic strength induces in-
creased screening of repulsive electrostatic interactions, resulting in deswell-
ing.46 Microgels containing acrylic acid (AAc) are one example of a pH- and 
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ionic strength-responsive system that has been broadly studied. At low pH, 
most AAc groups are uncharged (pKa for the isolated acrylic acid group be-
ing ≈4.7), whereas at high pH the AAc is ionized resulting in network swell-
ing, as demonstrated in Figure 5. To balance the internal electrostatic repul-
sion between AAc groups at high pH, the mobile counter-ion concentration 
inside the microgel is increased, resulting in an osmotic pressure shift until 
the overall microgel charge, including their counter-ions, is equal to zero.39 
An increase in ionic strength, on the other hand, results in deswelling for 
these systems due to a decreased osmotic pressure difference between the 
microgel interior and exterior.37, 39 

 
Figure 5. Swelling behavior of pAAc microgels as a result of pH variations, at dif-
ferent salt concentrations, based on experimental results from Paper III. 

Triggering by metabolites 
Apart from electrostatic triggering, there is interest in microgels displaying 
triggering in response to the concentration of a specific metabolite. One of 
the most widely studied systems in this area is that responsive to glucose 
concentration. For example, insulin can be incorporated in microgels based 
on the sugar binding protein Concanavalin A (ConA) and dextran, where 
ConA act as a cross-linker between dextran chains. These microgels show an 
insulin triggered release when exposed to glucose due to the competition 
between dextran and free glucose for ConA, resulting in rupture of gel cross-
links when glucose binds to ConA, in turn causing insulin release.3, 47 

Triggering by degradation 
Another type of stimuli-responsiveness is that triggered by degradation. 
These microgels are based on polymers and/or crosslinks which can be de-
graded either chemically, e.g. by hydrolysis, or enzymatically. Enzymatical-
ly degradable microgels are of special interest due to the fact that they can be 
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used for targeted drug delivery more broadly than those depending on local-
ized pH, ionic strength, or temperature. The concentration of a specific en-
zyme is dependent upon cell and tissue type and can, for example, be over-
expressed in certain tumor cells, allowing for local triggered drug release.32 
For example, polysaccharide gels could be used for the treatment of colon 
cancer or Crohn’s disease, owing to that the gels could be designed to be 
degraded by colon-specific enzymes, thereby inducing localized drug re-
lease.8 Another example of this type of biodegradable system, is that based 
on hyaluronic acid that can be degraded by the enzyme hyaluronidase, 
known to be overexpressed in various cancer cells, for example in breast 
cancer.48 By the above designs, the drugs are protected inside the gels until 
they reach their target and a localized drug release can be induced. 

Microgels as biomaterials 
Microgels in protein and peptide drug delivery 
As mentioned, microgels can be used as delivery system for biomacromo-
lecular drugs, such as proteins and peptides, however, also for DNA and 
siRNA. Some of the most critical parameters for drug loading and release 
from microgels are microgel size, cross-linking density, network homogenei-
ty and degree of swelling.3 For example, the higher the microgel cross-
linking density, i.e., the more crosslinks per volume, the smaller the mesh 
size, resulting in a decreased swelling ratio and a slower drug release rate.3 
Particularly for larger drugs, such as proteins and DNA, mesh size re-
strictions may also impair drug incorporation throughout the microgels, re-
sulting in reduced drug load.  

Peptide or protein loading and release from microgels can be achieved by 
self-assembly mechanisms involving non-covalent interactions, e.g., through 
electrostatic interactions, hydrogen bond formation or hydrophobic interac-
tions. Taking polylysine and pAAc microgels as an example and looking at 
the pH dependence of the lysine groups, drug loading through electrostatic 
interactions by alternating pH can be demonstrated. At pH values lower than 
the peptides isoelectric point (pH 9.7 for isolated K), lysine is positively 
charged, whereas at pH values above the isoelectric point, lysine is un-
charged. When fully charged at low pH values, the peptide will bind readily 
to the oppositely charged microgel, inducing extensive microgel deswelling. 
At sufficiently high pH values the peptide is uncharged, while the microgel 
becomes uncharged at sufficiently low pH, in both cases reducing electro-
static peptide-microgel interactions, facilitating peptide release. 

An alternative to drug loading by non-covalent interactions is to immobi-
lize the drug in the microgel through covalent bonds between the drug and 
polymer during microgel synthesis. An advantage of using drug self-
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assembly loading over covalent drug binding is that the microgels can be 
synthesized and evaluated in the absence of the drugs.14 

Microgels on surfaces 
Microgels, with or without encapsulated drugs, can be used for functionali-
zation of surfaces, for example, to promote tissue-cell interactions and hin-
der the adhesion of bacteria to biomedical devices. So far, there has been 
relatively little work done on microgel adsorption/immobilization to bio-
material surfaces, despite considerable potential in the area. For example, 
poly(ethylene glycol)-co-acrylic acid based microgel adsorption to surfaces, 
both with and without antimicrobial peptide loading, has been shown to hin-
der bacterial colonization, offering possibilities for reduced biomaterial as-
sociated infection.49 In addition, microgels based on the same monomers 
have, when adsorbed to surfaces, shown enhanced osteoblast spreading, 
metabolic activity, and motility, translating in probability in faster healing 
after implantation.50 Taking together, these examples demonstrate that mi-
crogels could be used to improve the biocompatibility of a surface of, for 
example, an implant or any other biomedical device. 

Biocompatibility 
The term biocompatibility can be defined as the ability of a material to per-
form its desired function without provoking undesirable local or systemic 
side effects.51  Microgels with high water content and structural similarities 
with soft human tissue  (such as connective tissues, ligaments, blood vessels 
etc.), as well as their resulting low interfacial tension and high hydrophilici-
ty, is beneficial for biomaterial applications considering that a biocompatible 
microgel must have the ability to coexist with human tissues without causing 
an unacceptable degree of harm.6, 51 However, there are several criteria that a 
microgel must meet in order to be biocompatible, such as absence of unde-
sired cytotoxic effects and good tissue and blood compatibility.6, 52  

Studying the interactions between microgels and peptides/proteins is im-
portant for the understanding of microgels biocompatibility capacity, consid-
ering that plasma protein adsorption to a biomaterial is the first process that 
occurs when a foreign surface is placed in contact with blood.52 The protein 
adsorption in turn affects the amount and type of a followed platelet adhe-
sion and activation, which in turn affects an initiated coagulation and com-
plement cascade, including macrophage attraction, demonstrating that pro-
tein adsorption to a biomaterial surface is important for the recognition by 
cells and tissues.52-54 The material type, hydrophobicity, charge, and surface 
properties, among other, of a biomaterial affect the protein adsorption, and 
consequently the adhesion and activation of macrophages and other cell 
types. For instance, hydrophilic surfaces are shown to suppress protein ad-
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sorption more than their hydrophobic counterparts, resulting in decreased 
platelet adhesion and macrophage attachment.53, 55 Furthermore, hydrophilic 
and anionic materials have demonstrated to induce increased apoptosis (pro-
grammed cell death) of adhered macrophages compared to hydrophobic or 
cationic materials.56  

Small microgels, and other nanomaterials, placed in biological environ-
ment, such as into blood, will endure a bit different fate compared to larger 
biomaterials, due to their high surface to volume ratio, their distribution 
throughout the body where they will come upon several cell types, and their 
small size which could induce cell endocytosis.57, 58 The surface of a nano-
particle will be covered by plasma proteins once incorporated into physio-
logical environments and a “protein corona” formed, modifying the particles 
size and interfacial properties.57, 58 The outcome of the nanoparticle is decid-
ed by the corona composition rather than the nanoparticle composition, con-
sequently, identification of the absorbed proteins conformation and lifetime 
is important.57 For nanoparticles, a cationic net charge of the particle has 
shown to induce fast clearance from blood due to opsonization (opso-
nin/protein absorption) resulting in removal of the particle by macrophages 
in the reticuloendothelial system.57 

Microgel degradation 
Degradation of biodegradable microgels can be achieved either by surface or 
bulk erosion (Figure 6), or by a combination of these two mechanisms, de-
pending on the system at hand. The mechanism of erosion depends on fac-
tors such as rate of water diffusion inside the network, rate of polymer 
chains scission, and the matrix dimensions. Surface erosion is the primary 
degradation mechanism when water and enzyme diffusion within the gel is 
slower than polymer chain scission. This is a desirable mechanism for most 
drug delivery systems since it allows for reduction of burst release, as well 
as for a continuous drug release.59 
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Figure 6. Representation of two separate microgel matrixes enduring two different 
degradation mechanisms. 

Parameters affecting degradation kinetics, such as degradation rate and 
mechanism, are for example, nature of the crosslinks and scissions, microgel 
cross-linking density, pore size, and diameter, and environmental conditions 
such as pH, ionic strength, temperature, and enzyme concentration. For a 
biodegradable microgel, it is important that the degradation kinetics are well 
controlled and that the degradation products are biocompatible without pro-
voking any side effects, such as inflammation or a cytotoxic response.32 
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Aim of the thesis 

The overall aim of this thesis was to clarify important factors affecting pep-
tide incorporation into, distribution within, and release from, sparsely cross-
linked polyelectrolyte microgels, and how these factors depend on peptide 
and microgel properties. In addition, the thesis aimed to provide some in-
sight into parameters affecting proteolytic degradation of microgel-loaded 
peptides, and of the microgel matrix in the presence of a peptide/protein 
load. For these systems, specific focus was intended to be placed on how 
parameters such as: 

 
• peptide secondary structure, conformation, cyclization, and molecular 

weight 
• peptide, enzyme and metabolite concentration 
• microgel charge density 
• pH 
• ionic strength 

impact the interaction between peptides/proteins and polyelectrolyte micro-
gels.  
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Methods 

Microgel synthesis 
Inverse suspension polymerization 
Acrylic acid/acrylamide (AAc/AAm) microgels were synthesized by inverse 
suspension polymerization, using a coarse water-in-oil emulsion. In a water-
in-oil emulsion, polymerization takes place inside aqueous droplets contain-
ing monomer and cross-linker. To achieve these aqueous droplets, water and 
water-soluble monomers and cross-linkers were emulsified, by stirring, in a 
continuous oil phase containing oil-soluble surfactants. To synthesize the 
studied p(AAc/AAm) microgels (PaperI-IV), cyclohexane was used for the 
continuous phase together with the oil-soluble surfactant Span 60 (sorbitan 
monostearate), the latter used for colloidal stability. With these components, 
stable spherical droplets are formed and the charge content in the forming 
spherical microgels can be controlled by varying the ratio of AAc/AAm in 
the water soluble monomer solutions. As an accelerator, initiator and cross-
linker, TEMED (N,N,N´,N’-tetramethyl-ethylenediamine), APS (ammonium 
persulfate) and BIS (N,N´-methylenebisacrylamide) was used, respectively.60 
In addition to p(AAc/AAm) microgels, in Paper IV, quaternary ammonium 
salt microgels were also studied. These microgels where synthesized with 
the same polymerization technique and same additives as described above, 
with the exception that the monomers where replaced with APTAC 
(acrylamidopropyltrimethylammoniumchloride).  

 
Figure 7. The structure of poly(acrylic acid) and poly(acrylic acid-co-acryl amide) 

A drawback with this emulsification technique is that the obtained microgels 
show a very wide size distribution due to polydispersity of the emulsion 
droplets during the polymerization process.6 Therefore, the p(AAc/AAm) 
microgels where fractionated by sieving to reduce the size distribution.60 In 
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addition, individual microgel particles were examined in order to allow stud-
ies of microgels with a narrow size distribution. For future studies, microgels 
with a controlled size and a uniform size distribution would be preferable. 
One approach to receive better controlled droplets and microgels is to use 
microfluidic techniques that provide precise emulsification of polymer solu-
tions followed by physical or chemical cross-linking resulting in microgels 
with controlled particle shape, size and porosity.4, 61 

Biodegradable microgels 
To study biodegradable microgels, dextran, a polydispersed high molecular 
weight polysaccharide, consisting predominantly of α-1,6 glucosidic linkag-
es, was chosen due to previously shown good biocompatibility and slow 
biodegradability for dextran based microgels.62-64 Microgels based on dex-
tran may be hydrolyzed by the enzymes dextranases that cleaves the gluco-
sidic linkages,65, 66 generating linear oligosaccharides.62, 67-70 Dextranases are 
found in several organs in the body, such as in the liver, spleen, kidney, and 
colon, all displaying characteristic enzyme activity.71, 72 However it is not 
present in blood to any larger extent, providing some opportunities for tar-
geted drug delivery. Consequently, dextran-dextranase systems have previ-
ously been considered for controlled and targeted release of drugs from dex-
tran hydrogels.64, 68, 73-77 An advantages offered by this dextran-dextranase 
system is that dextranase degrades only the matrix and not incorporated pro-
teins. 

The biodegradable dextran microgels/microparticles studied in Paper V 
were Sephadex G-200 (Particle size: 40-120 µm), obtained from Pharmacia 
Fine Chemicals AB (Uppsala, Sweden). Although being more highly cross-
linked and less responsive than many traditional microgels, these are never-
theless highly swollen and water-rich, and therefore referred to as microgels 
in this work for convenience.  

Peptide-microgel interactions by microscopy 
Micromanipulator-assisted light microscopy 
Light microscopy was used as a major tool in this work to study the kinetics 
of peptide-microgel interactions by imaging microgel phase transformations. 
Light, or optical, microscopy is a microscopy technique which involves visi-
ble light and a lens system used to magnify small samples. To the micro-
scope used in this thesis, a digital camera is connected, which enables digital 
imaging of the studied microgels. 
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Figure 8. Schematic of the micromanipulator-assisted light microscopy experimental 
setup. 

Peptide-microgel interactions were studied by micromanipulator-assisted 
light and fluorescence microscopy focusing on the microgel deswelling in 
response to peptide binding and re-swelling in response to peptide release or 
in response to enzymatic degradation. With the experimental setup used in 
this method, a single microgel particle is captured with a micropipette at-
tached to a micromanipulator, and suction is used to hold the microgel 
steady against the pipette (Figure 8). Once fixed to the pipette, the microgel 
is transferred into a flow tube and flushed with any desirable solution at a 
constant and controllable flow rate. This experimental setup ensures that the 
solute composition surrounding the microgel remains constant and unaffect-
ed by solution uptake in gels, and enables switching of solution composition 
(e.g. peptide and enzyme concentration) during the run of the experiment. 
Furthermore, the setup provides laminar flow with a controllable (flow-
dependent) unstirred layer thickness, enabling theoretical analysis of diffu-
sion.78 Captured microgel particles is photographed and analyzed by measur-
ing the microgel diameter and converting it to volume, with the assumption 
of a perfect sphere (Paper I-IV), or by measuring the volume of a perfect 
sphere directly from the microscopic image (Paper V). The microgel volume 
ratio is expressed as V/V0, were V is the volume of a gel particle after buffer 
or enzyme exposure for a certain time, and V0 is the volume of a gel particle 
in a specified reference solution (Figure 9).  
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Figure 9. Kinetics of peptide induced microgel deswelling and exemplifying mi-
croscopy images for 25% p(AAc/AAm) microgels upon the addition of 5 µM pLys 
(10 kDa) at 150 mM ionic strength, pH 7.4. (Results from study IV not included in 
the paper) 

Peptide binding 
In Paper I, II, and IV microgel deswelling upon peptide binding was studied 
by micromanipulator-assisted light microscopy by flushing the microgel 
with peptide solution of 5 µM until the microgel volume change stagnated. It 
was assumed that when the microgel stopped deswelling, the microgel-
peptide solution was at equilibrium and the microgel was fully loaded. In 
Paper III, the microgels where instead exposed to peptide solution of in-
creasing concentration by flushing with peptide solution for 30 minutes at 
each concentration. Peptide induced microgel kinetic deswelling curves are 
in all cases obtained by plotting deswelling ratios (V/V0) versus time (t), as 
demonstrated in Figure 9. In Paper V, peptide-induced microgel deswelling 
was exceptionally slow, leading to long experimental times, resulting in un-
acceptably high peptide amount required to be able to perform the experi-
ments. Instead a microgel solution where therefore equilibrated with peptide 
solution for 24 h in this case, to reach saturation peptide uptake. 

Peptide distribution 
In addition, micromanipulator-assisted light microscopy experimental setup 
also provides for analyzes with fluorescence microscopy with the addition of 
a UV-lamp. In Paper I, this was utilized to analyze the peptide distribution 
during and after microgel deswelling by monitoring the autoflorescence of 
tryptophan residues in the studied peptide (thus requiring no fluorescent 
labeling). However, fluorescence analysis with the light microscope used is 
limited, since fluorophores throughout the entire microgel volume are illu-
minated, leading to the collection of fluorescent signals not only from the 
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plane of focus (as in confocal microscopy), but from the entire microgel, 
resulting in blurry images. 

Peptide release 
After completion of peptide binding in Paper I-III, microgels were flushed 
with a solution of high salt concentration (150 or 200 mM). When exposed 
to high ionic strength, peptide detachment from microgels is induced as a 
result of decreased electrostatic attraction between peptide and microgel 
matrix. As an effect of peptide detachment, the microgel will re-swell. How-
ever, due to electrolyte-dependent swelling/deswelling, it will not re-swell to 
its original volume as long as the microgel is exposed to high electrolyte 
concentration considering the high free ion concentration inside and outside 
the microgel. To be able to compare the original volume with the volume 
after peptide detachment, the microgel was therefore flushed with buffer 
solution of the same ionic strength as the reference state. This will cause a 
decrease in the free ion concentration inside the microgel and the electrostat-
ic repulsion between the charged groups in the microgel will increase, caus-
ing network swelling. In Figure 10 peptide binding to, and release from, 
microgels is illustrated. 

 
Figure 10. Simplified schematics of microgel deswelling in response to peptide 
binding and re-swelling in response to peptide release or degradation (counter-ions 
are not illustrated).  

Peptide degradation 
Peptide release from microgels induced by enzymatic peptide degradation 
was as also studied by micromanipulator-assisted light microscopy (Paper 
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IV). In this case, microgels were flushed with enzyme solution of various 
concentrations after peptide binding until the microgels were fully swollen 
again and all peptide (residues) were desorbed due to degradation (Figure 
10, bottommost). 

Microgel degradation 
In Paper V, micromanipulator-assisted light microscopy was furthermore 
used to study changes in microgel volume upon enzymatic degradation of 
the microgel matrix. This was studied by flushing a single microgel (void or 
peptide-loaded) with enzyme solution of various concentrations until the 
microgel was completely disintegrated. 

Confocal laser scanning microscopy 
Confocal laser scanning microscopy (CLSM) was used to image and analyze 
peptide and enzyme distributions within microgels. As used in the present 
investigation, CLSM is a fluorescence microscopy technique, which enables 
imaging of thin optical sections of a fluorescent sample by focusing light 
from a laser onto the plane of focus (focal plane) and collecting the emitted 
fluorescent signal via confocal pinholes by a photodetector coupled with a 
photomultiplier tube (PMT). The confocal pinhole eliminates emission from 
above and below the plane of focus, whereas emission from the plane of 
focus passes through and is detected by the photodetector (Figure 11). The 
instrument used in this thesis is equipped with three lasers (488, 543, and 
633 nm), and a spectral imaging detection system that enables simultaneous 
analysis of fluorophores with overlapping spectra through control of the 
bandwidth of the emission uptake. By combining this detector with sequen-
tial scanning by individual lasers and detecting the fluorescent signal in each 
channel, the potential of bleed through artifacts is minimized, and two (or 
more) fluorophores in one sample can be viewed simultaneously. In Paper 
IV-V, bleed-through was additionally diminished by choosing fluorophores 
with well separated absorption and emission spectra. 
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Figure 11. Schematic of the CLSM. 

Fluorescent labeling 
In Paper IV-V the peptides and enzymes where fluorescently labeled to be 
able to be visualized by CLSM. The fluorescent labels used in this thesis 
were Alexa Fluor® 488 and 633 (Table 3), both amine-reactive succinimidyl 
esters. Alexa Fluor® 488 is a green fluorescent dye, allowing excitation to 
be executed with a 488 nm laser, whereas Alexa Fluor® 633 is a red fluores-
cent dye where excitation can be executed with a 633 nm laser. Fluorophore 
labeling was performed by mixing the peptide or enzyme with the dye under 
basic conditions for one hour. Thereafter, unbound fluorescent molecules 
where separated from the peptide/enzyme-bound complexes by a gel filtra-
tion column. To determine the dye concentration in the final solution, spec-
trophotometry measurements where performed, while the final peptide or 
enzyme concentration was determined by BCA assay. Finally, the labeling 
density was obtained from these two concentrations (dye/peptide or enzyme 
molar ratio). 

Table 3. Properties of the fluorescent labels used in the thesis. 

Conjugate Excitation maxima (nm) Emission maxima (nm) Mw (Da) 

Alexa Fluor® 488 495 519 643.4
Alexa Fluor® 633 632 647 ~1200

Attaching a rather large fluorescent label to a peptide or enzyme might po-
tentially affect peptide and enzyme physicochemical properties. However, 
labeled and unlabeled polylysine was previously found to result in similar 
microgel deswelling.79 In addition, comparable findings were found in Paper 
IV with structurally different Alexa 488 and 633, and a good correlation 
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found between results on the effects of molecular weight, enzyme concentra-
tion, and microgel charge density for confocal microscopy (using labeled 
compounds) and micromanipulator-assisted light microscopy (using unla-
beled compounds). This indicates that the effect of labeling is not important 
(at these labeling densities) for the presently investigated systems. 

Peptide and enzyme distribution in microgels 
To determine peptide distributions in microgels, as well as microgel-bound 
peptide degradation kinetics, fluorescently labeled peptides were mixed with 
microgel solution and equilibrated for at least 24 h. Thereafter, loaded mi-
crogels were monitored by CLSM and the fluorescent distribution and inten-
sity within the microgel particles analyzed. To quantify this distribution, 
intensity profiles through the middle section of the microgels were obtained, 
and to determine the average intensity in single microgels, region of interest 
(ROI) analyses were performed. 

Peptide degradation 
Peptide detachment induced by enzymatic degradation in single microgel 
particles was investigated in Paper IV by mixing peptide-microgel solution 
with enzyme solution, directly followed by CLSM monitoring and analysis. 
In doing so, the intensity ratio is expressed as I/I0, were I is the intensity of a 
gel particle after enzyme exposure for a certain time, and I0 the intensity of a 
gel particle at the first measurement (four minutes) after mixing with enzyme 
solution. 

Microgel degradation 
Enzyme and peptide distribution during degradation of single microgel parti-
cles was studied in Paper V by mixing peptide-microgel solution with en-
zyme solution. The resulting mixture was monitored directly thereafter by 
CLSM and intensity profiles obtained as described above. 

Bisinchoninic acid assay 
An assay with the stable, water-soluble compound bisinchoninic acid (BCA) 
was used for peptide concentration quantification. The basis of this method 
consists of two steps. In the first step, present peptide bonds (and the amino 
acids tyrosine, cysteine, and tryptophan) react with Cu2+ ions in alkaline 
conditions, resulting in Cu+ ions in a concentration-dependent manner 
(Figure 12). In a second step, BCA forms an intense purple complex with 
Cu+ ions which is conveniently measured at its absorbance maximum at 562 
nm. The absorbance thus measured is proportional to the amount of peptide 
present ,allowing peptide concentration determination.80 
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Figure 12. The two steps in the purple BCA-Cu+ complex formation. 

Uptake measurements 
Peptide uptake in microgels was quantified using a solution depletion meth-
od in Paper I-II. For this purpose, microgel solutions were equilibrated with 
peptide of various concentrations for at least 48 h. The microgel-peptide 
complexes thus formed were thereafter separated from solution by centrifu-
gation and the concentration of peptide remaining in solution determined by 
BCA assay (Figure 13). By comparing the peptide concentration remaining 
in solution after equilibration with microgels to that of a control solution 
without added microgels, the adsorbed amount of peptide per mass microgel 
is straightforwardly obtained.81 

 
Figure 13. Schematic illustration of microgel peptide uptake measurements. 

Spectrofluorometry 
To demonstrate the absence of peptide aggregates in aqueous solution, and 
when bound to microgels, a fluorescence spectroscopy was used in Paper I. 
By monitoring the autoflorescence of tryptophan residues in the studied pep-
tide and analyzing the resulting fluorescence spectra, it can be estimated 
whether or not the peptide is exposed to a polar environment. The emission 
wavelength maxima of tryptophan shifts when the polarity of the surround-
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ing changes, allowing for peptide aggregation estimations. If aggregates are 
formed, the tryptophan residues would be surrounded by a non-polar envi-
ronment inside the protein aggregate (resulting in a blue-shift of the fluores-
cence maximum), as opposed to the polar surroundings for tryptophan in 
aqueous solution. 

Circular dichroism 
Circular dichroism (CD) spectroscopy was used to monitor peptide confor-
mation in solution and when incorporated into microgels (Paper I-II). With 
CD measurements the secondary structure, folding, and binding properties of 
a peptide or protein can be evaluated by quantifying the differential absorp-
tion of left-handed and right-handed circularly polarized light.82 Different 
structural elements have characteristic CD spectra, furthermore, a specific 
peptide secondary structure will result in a distinctive CD-spectra. Therefore, 
if a CD signal for an unknown peptide structure is compared to a spectra for 
an identified secondary structure the fraction of peptide conformation can be 
determined. In Paper I-II, the equation below was used to evaluate the frac-
tion of α–helical conformation, ܺఈ = ܣ − ఈܣ௖ܣ −  ௖ܣ

where A is the recorded CD signal at 225 nm and Ac and Aα is the CD signal 
at 225 nm for a reference peptide in a 100% random coil and in a 100% α-
helix conformation, respectively.83, 84 

Activity assay 
Peptide activity 
To compare peptide activity before and after enzyme exposure in Paper IV, a 
combination of horseradish peroxidase (HRP) and Ampliflu red together 
with CLSM analysis was used. This method was used to quantify that the 
HRP biological activity is retained once bound to microgels and further to 
quantify if the enzyme degrades the microgel-bound HRP to such extent that 
its activity is diminished. The basis of this method is that Ampliflu red, a 
non-fluorescent HRP substrate, is converted to resorufin, a fluorescent com-
pound, in the presence of active HRP and hydrogen peroxide (Figure 14).  
The amount of released resorufin can be visualized by CLSM imaging, 
where the degree of intensity can be set equivalent to the grade of activity, 
and where non-detectable intensity corresponds to no activity. 



 35

 
Figure 14. Demonstrating how the presence of active HRP turns the microgel fluo-
rescent red in the CLSM. 

Enzyme activity 
Enzyme activity was measured by using the method of Koh and Khouw for 
dextranase activity on dextran in Paper V.66 The basis of this technique is 
measurement of the consumption of substrate by monitoring the amount of 
released dye complex (Cibacron Blue67) from an excess of the substrate Blue 
Dextran 2000. The rate of conversion of dextran-bound Cibacron Blue dye 
(ethanol-insoluble) to an ethanol-soluble form on dextran digestion by dex-
tranase can be measured by reading the absorbance, as demonstrated in Fig-
ure 15.66, 67 The amount of released dye can subsequently be set equivalent to 
the degree of activity. 

 
Figure 15. Schematic illustration of how dextranase digestion of Blue Dextran re-
sults in an increase in the absorbance (A). 
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Results and discussion 

Effect of peptide variations 
The major driving force for peptide binding to microgels is electrostatic at-
traction. This is not to say, however, that the interactions are not affected by 
other features. Binding of peptides to microgels is highly influenced by the 
peptide characteristics. Factors such as peptide length, cyclization, structure 
and hydrophobicity may all effect the interactions between peptide and mi-
crogel. For that reason, these aspects will be discussed below, based on the 
findings in Paper I-IV for positively charged peptides interacting with nega-
tively charged microgels. 

 
Figure 16. Final volume ratio, V/V0, in 20 mM ionic strength, pH 7.4, of 50% 
p(AAc/AAm) microgels after exposure to 5 µM linear (ARKKAAKA)n with varied 
peptide sequence repetition (n) (black), followed by rinsing with buffer solution of 
150 mM (grey). (Paper II) 

Peptide length and charge density 
In Paper II, variants of peptide oligomers with similar charge density and 
mean hydrophobicity were studied focusing merely on effects of peptide 
length. As shown in Figure 16, an increased microgel deswelling (due to an 
increased peptide binding) can be seen with increasing peptide length (in-
creasing peptide sequence repetition) for the (ARKKAAKA)n peptides in-
vestigated. The longer the peptide, the higher the net charge, and the larger 
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the electrostatic driving force for binding to microgels. Also at constant 
charge density, however, there is an increased driving force for polyelectro-
lyte and peptide binding due to a smaller translational entropic penalty on 
adsorption for longer peptides.23 Analogous to binding at low ionic strength, 
decreased electrolyte-induced peptide desorption by electrostatic screening is 
seen with increasing peptide length (Figure 16). The main reason for the 
latter is the low probability for concurrent desorption of all amino acid mon-
omers bound to the microgel network with an increasing number of mono-
mers. Similarly to the linear (ARKKAAKA)n peptides, this length-
dependence was seen also for the corresponding cyclic peptides, as demon-
strated in Paper II. Furthermore, these correlations between peptide 
length/charge and peptide binding and release are in line with previously 
studies on consensus peptides and pAAc microgels.85 

 
Figure 17. Final volume ratio of pAAc microgels after exposure to pLys of different 
length (K3, K5, and K10) and altered peptide net charge, at varied pH and ionic 
strength. (The final volume ratio is set equivalent to the volume at the highest pep-
tide concentration examined in Paper III) 

In Paper III, a series of lysine oligopeptides and lysine/alanine co-peptides of 
varying charge density were chosen for investigating effects of peptide 
length and charge density. As shown in Figure 17, the same phenomenon as 
shown for the (ARKKAAKA)n peptide series were seen for these peptides, 
where an increased number of lysine units results in an increased peptide net 
charge and correspondingly in an increased peptide-induced microgel de-
swelling.  

If the peptide length is instead kept constant and peptide charge density 
varied by varying the lysine monomer ratio, studies of the charge density 
dependence of peptide-induced microgel deswelling are possible. The mi-
crogel deswelling caused by peptide binding and network neutralization 
increases with increasing peptide charge density, as demonstrated in Figure 
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18 a, an effect that increases with peptide concentration. Doing the opposite, 
and keeping the total peptide charge constant, but increasing the peptide 
length by incorporating uncharged alanine monomers between the charged 
lysine monomers, it can be clarified that the net charge of the peptide is more 
important than the charge density. This is demonstrated in Figure 18 b where 
the peptides K5 and K5A5, with the same net charge, show analogous pep-
tide-induced microgel deswelling even though K5A5 have a lower charge 
density. Moreover, in Paper III, a theoretical model based on charge interac-
tions between peptide and network was able to capture these experimentally 
observed effects semi-quantitatively, and further demonstrated that the pep-
tide charge (length) rather than peptide charge density, determines microgel 
deswelling. 

a) b)  
Figure 18. Final volume ratio of pAAc microgels in 5 mM ionic strength, pH 8, after 
exposure to increasing peptide concentrations, for different peptide charge densities 
(a) and peptide lengths (b). In (b), final volume ratio is shown at 10 µM (black). 
(Paper III) 

The same length dependence correlation can be seen also for longer pep-
tides. In Figure 19 it is demonstrated that the total time until complete mi-
crogel collapse is decreased with increasing peptide molecular weight, for 
pLys peptides incorporated into p(AAc/AAm) microgels. Complicating di-
rect comparison with results for short peptides in this case, however, is the 
fact that there is an Mw-dependent cut-off for network entry of the peptides, 
such that peptides of high molecular weight (size larger than the network 
mesh size) are excluded from the microgel core, and restricted to its surface. 
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Figure 19. Time until complete microgel collapse, thereafter no further deswelling is 
observed, for 25% p(AAc/AAm) microgels exposed to pLys of varied molecular 
weight in 150 mM ionic strength, pH 7.4. The CLSM images in the insets, displays 
the peptide distribution in microgels. (Paper IV + results from study IV not included 
in the paper) 

Peptide cyclization 
Effect of peptide cyclization on the interaction between antimicrobial pep-
tides and oppositely charged microgels was investigated in Paper II. The 
studied linear and cyclic peptides were demonstrated to display random coil 
conformation both in aqueous solution and when bound to microgels, allow-
ing effects of cyclization to be monitored without interference from confor-
mational transitions. For all peptide lengths, the difference between cyclic 
and linear peptide variants in peptide induced microgel deswelling and elec-
trolyte-induced peptide desorption from microgels was marginal (Figure 20), 
hence cyclization had little or no influence in peptide incorporation into, and 
release from,  oppositely charged microgels.  
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a)  b)  
Figure 20. Final volume ratio in 20 mM ionic strength, pH 7.4, of 25% 
p(AAc/AAm) microgels after exposure to 5 µM linear (a) or cyclic (b) (ARK-
KAAKA)n with varied peptide sequence repetition (n) (black), followed by rinsing 
with buffer solution of 150 mM (grey). (Paper II) 

Peptide secondary structure 
Effects of peptide secondary structure was investigated in Paper I by incor-
porating antimicrobial EFK17 peptides into p(AAc/AAm) microgels of vari-
ous charge densities. As shown in Figure 21 for 50% p(AAc/AAm) micro-
gels, peptide binding is highly influenced by peptide secondary structure. In 
particular, peptide uptake into the microgel increases in response to the 
formation of an amphiphilic helix in the peptide. Thus, EFK17-a displays a 
pronounced α-helix induction on peptide binding to the microgels, resulting 
in a correspondingly high peptide uptake and high peptide-induced microgel 
deswelling. EFK17-d/a, on the other hand, a peptide variant containing four 
d-amino acid substitutions, having identical composition and sequence as 
EFK17-a, but lacking the ability of α-helix formation, shows a significant 
reduction in both peptide uptake and peptide-induced microgel deswelling, 
demonstrating that conformational effects (at least those resulting in the 
formation of highly amphiphilic structures) influence peptide-microgel inter-
actions. 
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a) b)  
Figure 21. (a) Peptide uptake into microgels and percentage of α-helix content when 
bound to microgels. (b) Microgel volume ratios upon the addition of 5 µM peptide 
solution for three different times. Both in (a) and (b); 50% p(AAc/AAm) microgels 
in 10 mM ionic strength, pH 7.4. (Paper I) 

For EFK17-W/a, the peptide variant containing four tryptophan 
substitutions, the above conformation-dependent amphiphilicity is combined 
with an enhanced conformation-independent amphiphilicity due to the 
surface active tryptophan residues. Consequently, microgel binding for 
EFK17-W/a, and the resulting microgel deswelling, is higher than that for 
both EFK17-a and EFK17-d/a (Figure 21). 

Effect of microgel charge density 
Interactions between peptides and microgel do not solely depend on peptide 
characteristics; of course microgel properties constitute a major role in these 
relations as well. In the studies performed in this thesis, focus was placed on 
effect of microgel charge density by varying the amount of AAc in 
p(AAc/AAm) microgels, together with effects of ionic strength and pH. It 
has previously been shown, by for example potentiometric and conductomet-
ric titration, that the swelling/deswelling of the studied p(AAc/AAm) micro-
gels is completely reversible on pH and ionic strength variations (for peptide 
void microgels). Furthermore, the charge content of these microgels has 
been shown to increase linearly with the AAc monomer ratio, enabling 
charge density correlations to be drawn when comparing microgels with 
varied amount of AAc.60, 86 

In Figure 22, it is demonstrated that the peptide-induced microgel de-
swelling is more pronounced for the 50% p(AAc/AAm) microgel compared 
to the 25% charged gel. In addition, CLSM images and intensity measure-
ments show that more oppositely charged peptide is bound to the higher 
charged microgel compared to the lower charged one. These results are in 
agreement with former findings on the effect of charge contrast on peptide 
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binding to oppositely charged microgels.60 In addition, it was previously 
shown, both for pAAc, PNIPAM, and starch microgels, that peptide/protein 
uptake increases with increasing microgel charge density due to the higher 
uptake capacity of microgels containing more charged residues.60, 87, 88 

 
Figure 22. Peptide-induce microgel deswelling kinetics at increasing microgel 
charge density for p(AAc/AAm) microgels and 10 kDa pLys at 150 mM ionic 
strength, pH 7.4. The CLSM images and diagrams in the inset display the distribu-
tion of bound peptide and the mean peptide intensity (I), respectively. (Paper IV + 
results from study IV not included in the paper) 

For the EFK17 peptide variants, the effect of microgel charge density is best 
clarified by the electrolyte-induced peptide desorption for EFK-W/a. In Fig-
ure 23 a, a decreased peptide desorption with increasing microgel charge 
density can be seen. Furthermore, as demonstrated for EFK-W/a in Figure 
23 a, almost no electrolyte-induced peptide desorption is seen for the highest 
charge density. The same phenomenon can be seen in Figure 23 b, where the 
charge density dependency is demonstrated for the longest peptide variant 
studied in Paper II. Again, a correlation between the charge density and elec-
trolyte-induced peptide desorption can be seen, where an increased microgel 
charge density results in a decreased peptide desorption. 
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a) b)  
Figure 23. Final volume ratio in 10 (a) and 20 mM (b) ionic strength, pH 7.4, of 
p(AAc/AAm) microgels of various charge densities after exposure to 5 µM of EFK-
W/a (a; Paper I) or lARK24  (b; Paper II) (black), followed by a buffer solution of 
150 mM (grey).  

Ionic strength and pH dependence 
By changing the ionic strength or pH, peptide-microgel interactions are al-
tered. As demonstrated in Figure 17 for lysine oligopeptides, increasing the 
ionic strength reduces the peptide binding to the microgel network and the 
resulting peptide-induced microgel deswelling. This phenomenon is utilized 
in Paper I-II as demonstrated in, for example, Figure 23 b. In this case the 
peptide lARK24 is completely released from the lowest charged microgel 
when exposed to 150 mM ionic strength, demonstrated by complete micro-
gel re-swelling. A similar correlation was previously shown for negatively 
charged starch microgels adsorbing positively charged lysozyme, where a 
screened electrostatic attraction between lysozyme and microgel was seen 
with increasing ionic strength, resulting in reduced adsorption and increased 
lysozyme release rate.89 

The charge density of both pAAc and lysine oligomer is dependent on 
pH. Lysine oligomers are highly charged at both pH 8 and 5 whereas pAAc 
is fully charged at pH 8 but show a lower charge density at pH 5.81 In Figure 
17 it can be seen that a decrease in microgel charge density by a decreased 
pH induces increased peptide-induced microgel deswelling. This is a result 
of the low charge content of the microgel at the lower pH and consequently a 
decreased number of charges that needs to be neutralized in order for the 
peptide to completely collapse the microgel network. These results are in 
line with previously results on larger pLys homopolypeptides and pAAc 
microgels.79 

In order to further describe the systems in Paper III, a model was devel-
oped, in which counterion/peptide-mediated electrostatic attraction between 
the network chains is described. The model was demonstrated to be able to 
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capture this pH- and electrolyte-dependent microgel swelling/deswelling 
behavior. 

Peptide distribution 
Whether a peptide distributes evenly throughout the microgel or displays 
surface distribution/shell formation depends on the interactions at hand. Sur-
face distributions take place when microgel deswelling on peptide incorpora-
tion is sufficiently extensive and fast to hinder continued peptide diffusion 
toward the microgel center. This fast surface deswelling could be due to low 
microgel charge density/swelling prior to peptide addition, to large charge 
contrast between peptide and microgel, or to presence of hydrophobic inter-
actions. As shown in Figure 19, there is also a correlation between peptide 
molecular weight and peptide distribution. The higher the peptide molecular 
weight, the more susceptible it is to surface confinement. The shell for-
mation demonstrated for the largest peptide molecular weight, and the core 
distribution demonstrated for the smallest molecular weight, is in line with 
previously results for high molecular weight peptides.79, 81, 90 

Also for small peptides, shell formation occurs for peptides strongly in-
teracting with oppositely charged microgels. For example, Figure 24 demon-
strates, for EFK-W/a, that microgel shell-formation and wrinkling is depend-
ent on the charge contrast between microgel and peptide. Thus, low charge 
contrast at 25% p(AAc/AAm) microgels induces shell formation but no 
wrinkling whereas, at high charge contrast, for 75% p(AAc/AAm) micro-
gels, shell formation is more pronounced, with additional wrinkling. 

 
Figure 24. Exemplifying light microscopy images showing time-dependent shell 
formation and wrinkling upon binding of 5 µM EFK-W/a to 25% and 75%  
p(AAc/AAm) microgels in 10 mM ionic strength, pH 7.4. (Paper I) 
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Peptide degradation 
To be able to use microgels as delivery systems for proteins and peptides, 
not only effect of peptide binding, distribution, and release from microgels 
need to be investigated. If used as delivery systems, microgels are exposed 
to enzymes and hence, also factors determining enzymatic degradation of 
microgel-bound peptides need to be clarified. Therefore, in Paper IV, micro-
gel charge density, peptide length, and enzyme concentration were investi-
gated regarding their effect on peptide degradation and release in/from mi-
crogels. 

Enzyme concentration effects 
Proteolytic degradation and release of microgel-bound peptides depends on 
the enzyme concentration. Thus, an increased enzyme concentration acceler-
ates degradation and induces a faster microgel re-swelling time in response 
to degradation (Figure 25). From CLSM analysis in Figure 26, it is con-
firmed that microgel re-swelling corresponds to a decreased amount of mi-
crogel-bound peptide; furthermore, full microgel re-swelling corresponds to 
complete peptide degradation/release. As the peptide concentration inside 
the microgel decreases, osmotic pressure drives water uptake, resulting in 
microgel re-swelling. 

 
Figure 25. Re-swelling times for 25% p(AAc/AAm) microgels pre-loaded with 10 
kDa pLys, as a response to enzyme exposure at varied trypsin concentrations in 150 
mM ionic strength, pH 7.4. Time until V/V0=1 corresponds to complete microgel re-
swelling due to total peptide degradation/release. The inset displays exemplifying 
microscopy images of a microgel after peptide binding and after complete peptide 
degradation. (Paper IV) 
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Figure 26. CLSM images displaying the degradation of 10 kDa Alexa488-pLys in 
25% p(AAc/AAm) microgels due to exposure of 100 U/mL of trypsin solution in 
150 mM ionic strength, pH 8.3. Top and bottom right diagrams display the relative 
intensity (I/I0) of Alexa488-pLys and microgel diameter (D), respectively. (Paper 
IV) 

Peptide length effects 
Enzyme-induced microgel re-swelling due to peptide degradation is depend-
ent on the peptide molecular weight as shown in Figure 27. Increased pep-
tide length results in longer time needed to reach complete degradation and 
subsequent release of microgel-bound peptides. Thus, degradation of micro-
gel-bound pLys proceeds until only lysine segments shorter than the critical 
desorption length remains and all lysine segments are released. With increas-
ing peptide molecular weight, longer degradation time (and/or higher en-
zyme concentrations) is evidently needed until only these short peptide 
fragments remain and all peptide is released and the microgel fully re-
swollen. Furthermore, in Paper IV, this experimentally observed peptide 
molecular weight dependence, together with effect of enzyme concentration, 
was demonstrated to be able to be qualitatively described with a simple ran-
dom scission model. 
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Figure 27. Relative intensity (I/I0) from CLSM measurements displaying the degra-
dation of Alexa488-pLys, of varied molecular weight, in 25% p(AAc/AAm) micro-
gels at 150 mM ionic strength, pH 8.3, for three different times. Two trypsin concen-
trations are shown; 100 (black) and 1000 U/mL (grey). N.D. refers to non-detectable 
intensity, corresponding to complete peptide degradation/release. (Paper IV)  

Microgel charge density effects 
As demonstrated in Figure 28, enzyme-induced microgel re-swelling de-
creases with increasing microgel charge density. For the two highest charge 
densities, 75 and 100%, no degradation-induced peptide desorption is detect-
ed, not even at longer times (Paper IV). Consequently, at these high charge 
densities, the microgel-bound peptide is protected against proteolytic degra-
dation. As discussed previously, electrostatic interactions increases with 
charge contrast between microgel-peptide, resulting in an increased peptide 
binding affinity and a tighter network (and a more pronounced microgel 
deswelling, as demonstrated in Figure 28 and Figure 22). Due to increased 
network tightness, enzyme access capability to the entire peptide-loaded 
microgel network is decreased with an increased microgel charge density. 
Additionally, the inset in Figure 22 demonstrates that more peptide is bound 
to the higher charged microgel, confirmed by increased mean peptide inten-
sity. Subsequently, another contribution to the decreased degradation-
induced re-swelling kinetics observed with increased microgel charge densi-
ty could be that a longer time is required to degrade the larger amount of 
bound peptide. 
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Figure 28. Volume ratios in 150 mM ionic strength, pH 7.4, of p(AAc/AAm) mi-
crogels of various charge densities after exposure to 5 µM 10 kDa pLys (black), 
followed by 780 s in 1000 U/mL trypsin solution (grey). The insets display demon-
strative CLSM images of pLys in microgels. (Paper IV) 

Matrix degradation 
Shifting perspective from the non-degrading p(AAc/AAm) microgels to a 
more application-oriented system with a degrading matrix, Paper V focuses 
on effects of protein loading on the degradation of the polymer matrix in 
biodegradable dextran microgels. In the chosen system, microgel-peptide 
interactions are not driven by electrostatics, instead a high binding affinity 
between microgel-peptide is accomplished by a carbohydrate binding protein 
in combination with a carbohydrate matrix. By this, distinct effects of matrix 
blocking by bound protein are obtained, together with possibilities for com-
petitive release by addition of glucose, which in itself does not affect the 
matrix network. In Paper V, effects of enzyme, protein, and glucose concen-
tration were investigating regarding their effect on microgel matrix degrada-
tion. 

Enzyme concentration effects 
Enzymatic degradation of dextran-based microgels by dextranase is dose-
dependent, as seen in Figure 29 a. An increased enzyme concentration in-
duces a decreased degradation time, especially clear for protein void micro-
gels. It has previously been clarified that the degradation of dextran-based 
macrogels depends on the relative enzyme amount.68, 73, 74 In Paper V, it was 
elucidated that this is true also for microgels. The degradation process of the  
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a) b)  
Figure 29. (a) Enzymatic degradation of protein-void and protein-loaded (1, 10, or 
100 µM ConA) dextran microgels as a response to enzyme exposure at varied dex-
tranase concentrations, in 10 mM ionic strength, pH 7.4. Time until V/V0=0.6 corre-
sponds to close to complete microgel disintegration. (b) ConA-Alexa633 (10 µM) 
and dextranase-Alexa488 (100 U/mL) distribution in microgels at 10 min after mix-
ing, from CLSM experiments. (Paper V) 

system, as demonstrated in Figure 30, is a combination of surface and bulk 
erosion, however, with surface erosion as the main mechanism. As displayed 
in Figure 30, the microgel becomes gradually more diffuse when exposed to 
the enzyme, indicating some bulk erosion. It is even clearer, however, that 
the microgel volume decreases during degradation, indicating that the degra-
dation is particularly important at the surface. The CLSM figures and inten-
sity profiles in Figure 29 b further demonstrate that surface erosion is the 
main degradation mechanism, especially for protein-loaded microgels, where 
the enzyme displays distinct surface localization. The demonstrated degrada-
tion mechanism is expected due to the relatively large size of dextranase 
(Table 2). This erosion mechanism is in line with previously results, showing 
surface degradation to be the main process for dextran methacrylate micro-
gels.63 

 
Figure 30. Exemplifying light microscopy images of a protein-void dextran micro-
gel from different stages of the degradation, upon the addition of 0.2 U/mL dex-
tranase in 10 mM ionic strength, pH 7.4. (Paper V) 
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Protein concentration effects 
An increased ConA concentration results in an increased protein load in 
microgels, as demonstrated by CLSM measurements in Figure 31 a. As a 
consequence, microgel degradation decreases with an increased protein load 
(Figure 29 a and Figure 31 b), suggesting that bound ConA protects the 
dextran chain in the microgel matrix from enzymatic degradation through 
substrate access limitations. In addition, incorporation of ConA in dextran 
hydrogels has previously been shown to result in a tighter network structure 
due to induced carbohydrate linkages by the tetravalent sugar binding 
ConA,91 further restricting dextranase substrate access, resulting in a de-
creased degradation. Addressing the relative importance of these effects, 
comparison of microgel degradation to that of non-cross-linked dextran, 
Figure 31 b, reveals that a significantly smaller obstruction by ConA can be 
seen for non-cross-linked dextran. These results demonstrate that ConA lim-
its enzyme substrate access in dextran microgels primarily through pore 
blocking and induction of pore shrinkage.  

Above experimentally observed effects of ConA chain blocking, together 
with enzyme concentration effects, was in addition, in Paper V, qualitatively 
described with a modified Michaelis-Menten approach for spherical sym-
metry, in which network blocking by ConA was included. 

a)  b)  
Figure 31. (a) Effect of ConA concentration on the mean fluorescence intensity from 
ConA-Alexa633-bound to dextran microgels in 10 mM ionic strength, pH 7.4. The 
insets display CLSM images, demonstrating the amount protein bound at each ConA 
concentration. (b) Comparison of dextranase degradation of dextran microgels with 
that of non-cross-linked dextran (for 0.2 U/mL dextranase). The relative degradation 
rate was obtained by normalizing the degradation rate (The degradation rate is set 
equivalent to the degree of activity and to the inverted time to reach V/V0=0.6 for 
non-cross-linked and cross-linked, respectively) with that in the absence of Con A. 
(Paper V) 
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Glucose competitiveness 
D-glucose can be used for competitive displacement of dextran-bound ConA 
due to its higher binding affinity for glucose than for dextran.92-95 As a result 
of this, an increased glucose concentration induces ConA desorption and an 
increased enzymatic degradation of ConA-loaded microgels (Figure 32 a). 
At sufficiently high glucose concentrations, the time until complete microgel 
disintegration approaches that of protein-void microgels. Moreover, the 
CLSM measurements displayed in Figure 32 b, elucidate that microgel-
bound ConA is completely released at sufficient high glucose concentra-
tions. 

a)  b)  
Figure 32. (a) Enzymatic degradation of protein-loaded (10 µM ConA) and protein-
void dextran microgels in response to dextranase exposure (0.2 U/mL) in absence 
and presence of glucose of various concentrations, in 10 mM ionic strength, pH 7.4. 
Time until V/V0=0.6 corresponds to close to complete microgel disintegration. (b) 
CLSM measurements displaying ConA-Alexa633 (10 µM)  mean intensity (bar 
graph) and distribution (images) in microgels after equilibrating with either 0 or 40 
mM glucose solution for 30 min. For 40 mM glucose solution, no intensity was 
detected. (Paper V) 
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Conclusions 

The results presented in this thesis demonstrate that microgel deswelling 
kinetics and matrix degradation, along with peptide/protein distribution and 
release due to screened electrostatics, or to degradation, are dependent on a 
number of parameters. These include microgel charge density, peptide-
length, -charge, and –charge density, peptide secondary structure and cy-
clization, as well as the concentration of both peptide and enzyme. By tuning 
these parameters, controlled peptide loading and release can be achieved, of 
interest for the use of microgels in protein/peptide drug delivery, as well as 
in related biomedical applications. 

Specifically, the results presented show that peptide incorporation and 
peptide-induced microgel deswelling increases with peptide length (both for 
cyclic and linear peptide variants) and with peptide charge density. In addi-
tion, peptide charge (length) rather than peptide charge density, determines 
microgel deswelling. Surface distribution may occur for longer peptides, 
whereas shorter peptides displayed a more homogeneously core distribution, 
except if peptide-microgel interactions are highly attractive. In addition, 
peptide secondary structure, hydrophobic interactions, and microgel-peptide 
charge contrast all influence microgel deswelling kinetics.  

Comparison between cyclic and linear peptide variants displayed margin-
al or no difference, indicating that end-to-end cyclization has little or no 
influence on peptide binding to oppositely charged microgels or on peptide-
induced microgel deswelling. Cyclic and linear peptide variants also dis-
played similar electrolyte-induced peptide desorption from microgels. 
Hence, end-to-end cyclization does not noticeably influence peptide-
microgel interactions, suggesting that peptide cyclization can be used in 
combination with oppositely charged microgel carriers to improve the prote-
olytic and chemical stability of the peptide compared to the corresponding 
linear variant.  

In addition, peptide microgel binding and resulting microgel deswelling 
increases with the formation of an amphiphilic helix in the peptide, demon-
strating that peptide binding to microgel is highly influenced by peptide sec-
ondary structure. An increased peptide binding and microgel deswelling was 
also shown for the peptide modified with selected tryptophan substitutions, 
indicating the importance of both conformation-dependent and -independent 
amphiphilicity effects for this peptide variant.  
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With respect to ambient conditions, microgel deswelling was demonstrat-
ed to be promoted at lower pH. In addition, reducing the electrostatic inter-
actions by increasing the ionic strength was shown to induce peptide release. 
Here, decreased peptide desorption was seen with increased microgel charge 
density and/or with increased peptide length. 

The enzymatic degradation of peptide incorporated into microgels of op-
positely charge increases with increasing enzyme concentration, decreased 
microgel charge density, and decreased peptide molecular weight. Conse-
quently, all these factors influence microgel-bound peptide degradation. Of 
importance for applications, protective effects of microgels against proteo-
lytic peptide degradation were observed only at sufficiently high microgel 
charge density. 

Enzyme-mediated microgel degradation was shown to increase with in-
creasing enzyme concentration, while an increased protein loading in micro-
gels caused a concentration-dependent decrease in microgel degradation. 
The outer region of the microgel was shown to be continuously degraded on 
enzyme exposure, resulting in a microgel volume decrease. Comparison of 
microgel degradation to that of non-cross-linked dextran demonstrated that 
ConA limits enzyme substrate access in dextran microgels primarily through 
pore blocking and induction of pore shrinkage. In addition, in the presence 
of glucose, competitive release of microgel-bound sugar-binding protein was 
demonstrated to restore the microgel degradation observed in the absence of 
the protein.  

Taken together, results presented in this thesis have provided some insight 
on factors of importance for loading and release of proteins or peptides in 
microgels, of interest for the use of microgels as delivery systems for peptide 
and protein drugs. For example, results presented herein clarify that there is 
an important interplay between microgel and peptide/protein for their respec-
tive biodegradation, of obvious importance for drug delivery, but also in a 
host of other biomedical applications.  



 54 

Development outlook 

The first reported preparation of microgels is about  80 years ago by the dis-
covery of Staudinger and Husemann,96 however, the term microgel was first 
introduced by Baker more than ten years later.6, 97 Since then, knowledge of 
microgels has significantly progressed, but there are still needs for further 
developments before microgels can be fully utilized for biomedical applica-
tions. For example, it is essential that microgels are prepared from mono-
mers and other components which are biocompatible, and ideally already 
approved for use in pharmaceuticals or medical devices. Biodegradability is 
another aspect requiring further attention in order to ensure controlled deg-
radation/removal of the microgels from the body after completing their mis-
sion, to be able to avoid surgical procedure. Another issue that needs to be 
considered for microgels is their size. Depending on the intended applica-
tion, different microgel dimensions are desired. For example, in intravenous 
drug delivery, it has been concluded that the preferable nanoparticle size 
range is around 10 to 100 nm.14 In addition, microgel size variations influ-
ence the bioavailability as well as the blood circulating time if used in drug 
delivery, and therefore, microgels should be aimed at being synthesized with 
a narrow size distribution.14, 98, 99 

Overall, the outlook for microgels in biomedical applications, especially 
as drug delivery vehicles, is good. The high water content of microgels, me-
chanical similarities with soft human tissue (such as connective tissues, lig-
aments, blood vessels etc.), and possibility for good biocompatibility, in 
addition to their capability to incorporate and protect biomacromolecular 
drugs and to release these in response to a variety of triggering parameters, 
suggest microgels to provide interesting opportunities within biomedical 
applications such as in drug delivery, functional biomaterials, regenerative 
medicine, and biosensors. 
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Populärvetenskaplig sammanfattning 

Mikrogelers växelverkan med peptider och proteiner 
Konsekvens av peptiders och mikrogelers egenskaper 
Framsteg inom molekylär- och cellbiologi har under senare år lett till ut-
vecklingen av ett brett utbud av nya biologiska aktiva makromolekyler, 
såsom protein- och peptidläkemedel, för behandling av mänskliga sjukdo-
mar. En utmaning är dock att få en effektiv leverans av dessa läkemedel till 
platsen där de ska ge sin verkan. Detta försvåras av proteiners och peptiders 
känslighet mot aggregering och konformationsförändringar, samt mot ke-
misk och enzymatisk nedbrytning, vilket leder till att de förlorar sin aktivitet. 
För att uppnå en önskvärd terapeutisk effekt och för att nå en bredare tera-
peutisk tillämpning för dessa läkemedel krävs därför att nya läkemedelsbä-
rare utvecklas. Dessa läkemedelsbärare måste vara kapabla att kapsla in och 
skydda inkorporerade läkemedel, och skall dessutom möjliggöra kontrolle-
rad läkemedelsfrisättning. Ett tillvägagångssätt för att kapsla in och skydda 
biologiskt aktiva protein- och peptidläkemedel är att använda sig av mikro-
geler.  

Mikrogeler är sfäriska partiklar, med en medeldiameter mellan 10 nm och 
100 µm, som består av ett tredimensionellt nätverk av löst tvärbundna poly-
merer som är svällda med vatten. Dessa nätverk har en förmåga att krympa 
och svälla i hög grad som respons på förändringar i den omgivande lösning-
en. Inbindning av peptider och proteiner till mikrogeler kan ske på grund av 
elektrostatiska interaktioner mellan peptid och mikrogelens nätverk, om de 
respektive komponenterna har motsatt laddning. När peptider binder in till 
mikrogeler genom elektrostatisk attraktion kommer mikrogelens nätverk att 
dra ihop sig och mikrogelen krymper, vilket resulterar i att mikrogelen effek-
tivt kan skydda den inbundna peptiden. Inbunden peptid kan sedan frisättas 
genom att de elektrostatiska attraktionerna minskas genom till exempel en 
ökad salthalt. Mikrogeler kan även designas för att vara känsliga för en an-
nan parameter är salthalt, såsom temperaturändringar, närvaro av specifika 
metaboliter, och nedbrytning. En stor fördel med att använda mikrogeler 
som bärarsystem för peptid- och proteinläkemedel är att en kontrollerad lä-
kemedelsfrisättningshastighet kan uppnås. Dessutom erbjuder mikrogeler en 
rad fördelar för de inbundna protein- och peptidläkemedlen, såsom behåll-
ning av sekundär och tertiär struktur, skydd mot aggregering och mot enzy-
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matisk och kemisk nedbrytning. Detta resulterar i att läkemedlets biologiska 
aktivitet bibehålls, i en minskad toxicitet och immungenicitet, samt i en re-
ducering av andra biologiska biverkningar.  

Målsättningen med denna avhandling är att klargöra några av de viktig-
aste faktorer som påverkar peptiders inbindning i, distribution inom, och 
frisättning från mikrogeler. Dessutom syftar avhandlingen till att undersöka 
hur dessa faktorer påverkas av egenskaper hos såväl peptiden som hos 
mikrogelen. Utöver detta avser avhandlingen att även utreda de parametrar 
som påverkar proteolytisk nedbrytning av peptider inbundna i mikrogeler 
samt de parametrar som påverkar proteolytisk nedbrytning av själva nätver-
ket i mikrogelen, både i närvaro och i frånvaro av inbunden peptid/protein.  

Resultaten visar att mängden inbunden peptid, såväl som peptid-
inducerad krympning av mikrogeler, ökar med peptidernas längd och ladd-
ningsdensitet. Dessutom påverkar peptidernas laddning (längd), snarare än 
laddningsdensitet, mikrogelers krympning. Cyklisering av peptider påverkar 
inte märkbart interaktionerna mellan peptid och mikrogel, vilket visar att 
cyklisering av peptider kan användas i kombination med mikrogeler för att 
förstärka peptidens proteolytiska och kemiska stabilitet jämfört med motsva-
rande linjära variant. Det demonstreras även att sekundärstrukturen kraftigt 
påverkar peptidernas inbindning i, och frisättning från, mikrogeler. Vidare 
visas det att mikrogelens laddningsdensitet, peptidernas molekylvikt och 
koncentrationen av enzym har en stark inverkan på nedbrytningen av inbun-
den peptid. En tillräckligt skyddande effekt mot nedbrytning av inbunden 
peptid observeras endast för tillräckligt hög laddningsdensitet hos mikro-
gelerna. Det visas även, för nedbrytningsbara mikrogeler, att nedbrytning av 
mikrogelens nätverk ökar med ökande enzymkoncentration. Däremot orsa-
kar en ökad inbindning av protein i mikrogeler en koncentrationsberoende 
minskning av den enzymatiska nedbrytningen av mikrogelernas nätverk. 

Sammanfattningsvis har resultat erhållna i avhandlingen bidragit till kun-
skapen om faktorer av betydelse för en ändamålsenlig användning av mikro-
geler som läkemedelsbärare för protein- och/eller peptidläkemedel. Presente-
rade resultat visar tydligt på ett samspel mellan mikrogel och peptid/protein 
vilket är av betydelse för deras respektive biologiska nedbrytning och av 
tydlig relevans för kontrollerad läkemedelstransport och frisättning, samt för 
en mängd andra biomedicinska tillämpningar såsom biomaterial och regene-
rativ medicin. 
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