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Abstract
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As resistance towards conventional antibiotics is becoming more pronounced, cationic
antimicrobial peptides (AMPs) have received considerable attention as possible therapeutic
alternatives. Thousands of potent AMPs occur in humans, animals, plants and fungi as a natural
part of the immune system. However, there are several challenges with AMP therapeutics related
to formulation and delivery. Examples include proteolytic sensitivity and serum protein binding,
resulting in quick degradation, loss of activity and clearance. Therefore, it is important to find a
suitable drug delivery system to meet these protection and delivery challenges. Micro-/nanogels
are loosely crosslinked polymer colloids with high water content that can be made to trigger at a
wide range of stimuli. They have shown promise as delivery systems for AMPs, as the aqueous
environment they create allows the peptides to maintain their natural conformation, while their
gel networks offer protection and triggered release. This thesis aims towards expanding the
knowledge about degradable and non-degradable pH-responsive micro-/nanogels as carriers for
AMPs.

The results in this thesis show that factors relating to the drug delivery system (degradability,
charge and crosslinker density), the surrounding media (pH and ionic strength) and the peptide
properties (length, charge, PEGylation) all affect the peptide loading to, protection, release
from and effect of AMP-loaded gels. Studies of the interaction of AMP-loaded microgels
with bacteria-modelling liposomes and lipid bilayers have verified peptide effect after gel
incorporation, as further demonstrated by in vitro studies on several bacterial strains. Neutron
reflectometry provided detailed mechanistic information on the interaction between AMP-
loaded gels and bacteria-modelling lipid bilayers, showing that the antimicrobial unit is the
released peptide. All gels showed low, promising hemolysis and some gels could offer protection
against proteolytic degradation of AMPs.

In summary, non-degradable and degradable micro-/nanogels are versatile and interesting
candidates as AMP carriers. Small changes in the gel composition or the AMP used can
dramatically change the peptide loading, release and effect. It is therefore necessary to carefully
consider and evaluate the optimal carrier for every AMP and the application at hand.
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“This isn’t magic, is it?” 
“I don’t think so… It’s probably just very very 
very strange science” 
“Oh, good”… ”Eh…What’s the difference?” 

- Terry Pratchett
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1. Introduction 

Resistance development against commonly used antibiotics is ever increasing. 
Today. it is considered to be one of the major threats to world health and de-
velopment according to the World Health Organization.1 The United States 
Food and Drug Administration have listed 21 pathogens as serious threats to 
public health based on their resistance to antibiotics.2 The European Union has 
systematically monitored resistant bacterial strains for many years. The num-
ber of infections due to just 10 of the monitored resistant strains has increased 
from 240,000 in 2007 to 600,000 in 2015. Mortality rose from 11,000 to 
27,000 within the same timeframe.3,4 The Public Health Agency of Sweden 
reported a projection where the number of Swedish patients suffering from 
four resistant strains was expected to increase from 15,000 cases in 2016 to 
70,000 cases in 2050, with an accumulated social cost of 15.8 billion Swedish 
kronor (~1.5 billion euro).5 We have only ourselves to blame, due to our over-
use of antibiotics and poor follow-through of treatments. Antibiotics are also 
overused in a wide range of commercial areas, from cattle feed to detergents, 
resulting in an ever increasing number of resistant bacterial strains. Regardless 
of the cause of widespread antimicrobial resistance, alternative methods for 
dealing with severe bacterial infections are needed if we want to continue to 
treat these diseases with the ease we have since Alexander Fleming discovered 
the bactericidal effect of penicillin.6 

Many different alternatives to antibiotics have been suggested by researchers 
for treatment of resistant strains, including antibodies,7 vaccines,8 antimicro-
bial peptides9 and bacteriophages.10,11 This thesis is a contribution to the re-
search field exploring antimicrobial peptides as possible therapeutic alterna-
tives. In particular, the thesis is focused on the formulation and delivery of 
fragile large peptides. 

1.1 Antimicrobial peptides 
Antimicrobial peptides (AMPs) are a class of molecules that have received 
considerable attention as possible alternatives to traditional antibiotics. AMPs 
are amphiphilic molecules, 10–15 amino acids long, commonly bearing a net 
positive charge.12 Most AMPs are of natural origin, being part of the innate 
immune system of humans, animals, plants or fungi. Other AMPs are entirely 
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synthetic and have been developed for desired activities.9,13 Bacteria have co-
existed and co-evolved with AMPs without developing significant re-
sistance.14 Antimicrobial peptides attack bacteria through several routes in-
cluding inhibition of enzymatic activity or cell wall, DNA, or protein synthe-
sis. However, their main mode of action is through disruption of the bacterial 
cell wall. The interaction is largely electrostatic, occurring between the cati-
onic AMPs and anionic bacterial membranes.15 The mechanism of this mem-
brane interaction differs depending on bacterial strain, AMP, and concentra-
tion. Commonly proposed mechanisms are (i) the carpet model (AMP adsorp-
tion parallel to the bilayer until critical coverage is reached and membrane 
disruption follows, in a detergent-like manner), (ii) the toroidal pore model 
(perpendicular AMP insertion, inducing a membrane curvature and pore for-
mation lysing the membrane), and (iii) the barrel-stave model (also perpen-
dicular peptide insertion and pore formation, but without the membrane cur-
vature in (ii)). A schematic description of the common mechanisms of bacte-
rial disruption by AMPs is shown in Figure 1.16–18 

 
Figure 1. Schematic illustration of three proposed modes of action for antimicrobial 
peptides to lyse bacterial membranes: The carpet model (left), with AMP adsorption 
parallel to the membrane and a detergent-like membrane lysis. The toroidal pore 
model (centre), with perpendicular AMP insertion inducing membrane curvature and 
pore formation lysing the membrane. The barrel-stave model (right), with perpendic-
ular peptide insertion, but without membrane curvature.16–18 
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Although development of natural resistance to AMPs in vivo is low, an in-
creased resistance to AMPs has been observed in research projects and prod-
uct development.15,19,20 Four important modes of resistance against AMPs are 
(i) increased proteolytic activity, degrading AMPs, (ii) increased active efflux 
of AMPs, (iii) membrane modifications leading either to decreased anionic 
charge reducing the electrostatic attraction of AMPs or to protein-lipid patches 
and (iv) external trapping and inactivation of AMPs through production of 
anionic species.15,21,22 Compared with traditional antibiotics, the expression of 
these resistance mechanisms commonly decreases the fitness of bacteria in 
terms of growth rate, starvation survival and growth, in mice.15 Due to re-
sistance development, AMPs will not be the final answer to the problem of 
infectious disease; they are only one weapon in our toolbox to continue 
fighting bacterial infections. As bacteria evolve, our methods of treating in-
fections must also evolve. By learning from our mistakes with penicillin and 
through careful and clever usage of AMPs, we may be able to delay or par-
tially prevent future resistance development. 

1.1.1 Selected peptides 
The peptides used in this thesis were selected on the basis of several factors. 
These are mainly related to the structure and function of the peptides, but also 
their availability. Structural properties include peptide length, charge, second-
ary structure and post-translational modifications. Functional aspects include 
proteolytic stability, toxicity and immunomodulation. The selected peptides 
are presented in Figure 2 and Table 1 and are described in detail below. 

 
Figure 2. Illustrations of the secondary structures of the peptides used in this thesis: 
(A) AP-11423, containing both α-helix and β-sheet conformations, (B) DPK-060 in 
random coil, (C) KYE-2824 in α-helix conformation at the C-terminal, and (D) LL-
3725 with its pronounced α-helix. Illustrations A, C and D are adapted from RCSB 
Protein Data Bank.26 Their amino acid sequences can be found in Table 1. 
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Table 1. Selected properties of peptides used in this thesis and references to papers 
where they are included. 

Model peptides      

 Sequence Mwa Zb Hc Paper 

Poly-L-lysine (KKK)n 4,200 +32 -3.9 I 
  10,500 +81 -3.9 I 
  149,000 +1,153 -3.9 I 
Antimicrobial 
peptides 

     

AP-114 GFGCNGPWNEDDLRCHN
HCKSIKGYKG-
GYCAKGGFVCKCY 

4,274 +3 -0.7 II 

DPK-060 GKHKNKGKKNGKH-
NGWKWWW 

2,505 +7 -2.5 II, V 

KYE-28 KYEITTI-
HNLFRKLTHRLFRRN-
FGYTLR 

3,595 +6 0.7 IV 

KYE-28PEG KYEITTI-
HNLFRKLTHRLFRRN-
FGYTLR-PEG48 

5,851 +6  IV 

PEGKYE-
28PEG 

PEG24-KYEITTI-
HNLFRKLTHRLFRRN-
FGYTLR-PEG24 

 

 

 

IV 

PEGKYE-28 

PEG48-KYEITTI-
HNLFRKLTHRLFRRN-
FGYTLR 

 

 

 

IV 
LL-37 LLGDFFRK-

SKEKIGKEFKRIVQRI-
FLRNLVPRTES 

4,364 +6 -0.6 II, III, 
V 

a) Mw: Molecular weight (g/mol). 
b) Znet: Net charge at pH 7.4 
c) H: Mean hydrophobicity on the Kyte-Doolittle scale.27 

 

 

Poly-L-Lysine (P-Lys) is not an active AMP, rather it is a well-used model for 
AMPs when evaluating carrier systems.28 In this thesis, it was used as a model 
to map interactions between cationic peptides and anionic drug carrier sys-
tems. The different peptide lengths were utilised to monitor the effects of elec-
trostatic interactions and peptide molecular weight, but also to study mesh size 
limitations of the polymer network of the carrier, which will be further dis-
cussed later.28 

AP-114 (also reported as NZ-2114 in literature) is a peptide found in the Pseu-
doplectania nigrella fungus. The peptide has a segment with β-sheet confor-
mation and another with α-helix conformation, see Figure 2A.29,30 Its mecha-
nism of action is a toroidal-pore mechanism and it targets the cellular precur-
sor Lipid II, thereby inhibiting membrane biosynthesis.31 AP-114 is active 
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against Gram-positive bacteria, also against resistant strains such as methicil-
lin-resistant Staphylococcus aureus (MRSA), making it a good candidate for 
treatment of pneumonia.32 

DPK-060 (also reported as GKH17-WWW in literature) is a synthetically 
modified peptide with origin in the human protein kininogen.33,34 The peptide 
is proteolytically stable and has shown a broad-spectrum antibacterial effect. 
DPK-060 does not have a defined secondary structure, see Figure 2B. The 
AMP has a tryptophan tag at its C-terminal, which has been shown to increase 
selectivity of bacterial membranes over mammalian ones, as well as to in-
crease the antimicrobial effect on clinical isolates and resistant strains.33,35 The 
intended application for the peptide is topical delivery, and it has shown prom-
ising results in phase II studies of infections in atopic dermatitis.36 

KYE-28 is a multifunctional peptide being both broad-spectrum antimicro-
bial,37,38 antifungal,39 and immunomodulating through down-regulation of the 
proteolytic activity in infected tissue.40 The peptide is derived from human 
heparin co-factor II and consists of the D-helix of the protein, see Figure 2C.40 
The immunomodulatory effect makes it a suitable candidate for drug delivery 
at implant sites.41 In this thesis, we also study PEGylated (covalently attached 
polyethylene glycol units) variants of KYE-28. PEGylations of peptides have 
a number of favourable effects, including decreased binding to serum pro-
teins,42 increased circulation times43 and increased stability towards prote-
ases.44 In addition, it has been shown that PEGylation of KYE-28 decreases 
toxicity of the peptide in a Mw(PEG)-dependent manner, whereas anti-inflam-
matory effects remain largely unaffected by PEGylation.38 

LL-37 is a well-studied linear AMP of human origin with a broad-spectrum 
effect on bacteria and potent antiviral and immunostimulatory effects.45,46 It is 
part of the innate immune system in the skin and soft tissue and has proven to 
be a potent candidate for chronical wound healing.47 Depending on the satu-
ration of lipid tails, the mechanism of membrane interaction of LL-37 has been 
proposed to be either a carpet or toroidal pore model.48,49 Depending on the 
conditions, LL-37 will adopt either a random coil or a helical structure. Helix 
formation is most pronounced when binding to a membrane or loaded into 
anionic carrier systems, see Figure 2D.50,51 LL-37 is both sensitive to proteo-
lytic degradation and toxic to human cells in high concentrations and therefore 
requires a carrier system that can protect the peptide and reduce toxicity.52 

Although AMPs have shown broad-spectrum antimicrobial effects, also 
against resistant strains, there are a number of challenges which must be over-
come for these peptides to reach the pharmaceutical market to any greater ex-
tent. Firstly, if the AMP is administered parenterally, the positively charged 
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peptides can bind to negatively charged serum proteins resulting in fast clear-
ance or accumulation in the mononuclear phagocytic system, risking toxicity 
and reduced systemic effect.38,44,53,54 Secondly, some infections, for example 
tuberculosis, act intracellularly, making AMP delivery without killing the host 
macrophages challenging.55–57 Finally, AMPs are usually sensitive to the high 
proteolytic activity in infected tissue, caused by bacterial and human prote-
ases, resulting in AMP degradation.52,58 

To meet these challenges, different drug carrier systems have been suggested 
for the delivery of AMPs.59–61 However, in contrast to the extensive efforts 
spent on the discovery and development of potent AMPs, drug carrier and 
delivery aspects have been much less investigated.59 This is despite the fact 
that efficient drug delivery vehicles can provide positive effects such as pro-
longed AMP circulation and synergistic effects,62,63 increased mycobacterial 
killing,64 protection against proteolysis,50 increased stability,65 reduced tox-
icity,50 and triggered peptide release.66 

1.2 Drug delivery systems for AMPs 
A wide range of drug delivery systems have been suggested for antimicrobial 
peptides to protect the peptides from chemical and enzymatic attacks and to 
facilitate delivery, as described in Section 1.1.59 In addition to the challenges 
already mentioned, the therapeutic onset of most AMPs is in the µM range. 
As AMPs are either synthesised by sequence or produced by cells/bacteria, 
methods which are expensive to scale up for production, cost-of-goods is a 
key issue for development of AMPs into therapeutics.67 Therefore, many ap-
plications aim to use drug delivery systems to achieve a local delivery or a 
locally raised AMP concentration, decreasing the amount of required peptide 
dramatically as compared to systemic delivery of peptides. 

Suggested delivery systems include, but are not limited to, inorganic delivery 
systems (e.g., mesoporous silica,68–70 metal nanoparticles71,72 and graphene ox-
ide73,74), dispersions and self-assembly systems (e.g., cubosomes75 and lipo-
somes76,77), and polymer materials (e.g., fibres,78 multilayers79,80 and gels81,82), 
with the latter being the focus of this thesis. 

1.2.1 Polymeric delivery systems 
Polymer materials are frequently used as drug delivery systems, since the end-
less toolbox of organic chemistry enables fine-tuning of polymer functionality 
to suit the application at hand. In the context of peptide delivery, polymeric 
materials have been used to tune peptide loading,81,83 prolong release rates,84 
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protect peptides from proteolytic degradation,50 minimise bacterial adhesion,85 
and increase antimicrobial activity.86 

Exemplifying this, encapsulation of the AMP nisin into self-assembled nano-
particles of poly-γ-glutamic acid and chitosan has shown that the presence of 
chitosan improves the colloidal stability through increased zeta potential, in-
creases nisin encapsulation efficiency, and prolongs nisin release time, see 
Figure 3.84 In addition, the nisin-loaded poly-γ-glutamic acid/chitosan com-
posite particles inhibits Escherichia coli (E. coli) growth more efficiently than 
either nisin alone or nisin-loaded poly-γ-glutamic acid particles.84 

 
Figure 3. Example of two polymer-based carrier systems for AMPs, nanoparticles of 
poly-γ-glutamic acid and chitosan and a multilayer polyelectrolyte film, and their 
main advantages.84,85 

Another example is a multilayer polyelectrolyte film used as an implant coat-
ing. The film consists of polyethylene amine, poly(sodium 4-styrenesul-
fonate), poly-allylamine-hydrochloride, poly-L-glutamic acid, and poly-L-ly-
sine, and carries a defensin.87 The coating is deposited layer-by-layer, see Fig-
ure 3, enabling flexibility in the choice of AMPs used, as well as providing an 
opportunity to use several different peptides on the same surface, increasing 
efficiency and minimising the risk of bacteria surviving due to resistance. 

1.2.2 Polymeric gels as AMP delivery systems 
Polymer (micro)gels are a special case of polymeric nanoparticle delivery sys-
tems, and the main focus of this thesis. Microgels are loosely cross-linked 
polymer colloids, commonly with a high water content. The aqueous environ-
ment enables peptides and proteins to maintain a natural conformation within 
the gel, minimising the risk of premature degradation and inactivation. There-
fore, polymer gels have received considerable attention as delivery systems 
for peptides and proteins.88,89 Polymeric gels can show dramatic swelling re-
actions to a range of stimuli, such as pH,90,91 temperature,92–94 redox condi-
tions95,96 or certain metabolites,97,98 but also in response to externally applied 
forces such as magnetic fields99,100 and light,101 enabling triggered release of 
peptides and drugs. 

Beneficial properties of AMP-loaded gels include high peptide loading,102 
triggered release,102 reduced peptide toxicity,81 proteolytic stabilisation103 and 
improved antimicrobial effect.82 A variety of gels have been combined with 
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AMPs to achieve antimicrobial effects, including hyaluronic acid micro- and 
nanogels,81,82 chitosan microgels,104 ε-methacrylamide hydrogels105 and PEG-
based hydrogels.106 For example, self-assembled hyaluronic acid nanogels 
(see Figure 4), loaded with the LL-37 analogue LLKKK18, were used to treat 
tuberculosis.82 It was shown that incorporation of LLKKK18 in the nanogels 
allowed considerable peptide loading until neutralisation of the hyaluronic 
acid was achieved. The gels protected the peptide from proteolytic degrada-
tion. The peptide-loaded nanogels also showed improved uptake by tubercu-
losis-infected macrophages, leading to a decreased mycobacterial load.82 

 
Figure 4. Schematic of a few examples of nano- and microgels suggested as AMP 
carriers, literature examples in grey and the systems used in this thesis in black. Both 
model peptide and AMP interactions with methacrylic acid-based microgels (MAA 
microgels) have been reported.50,102 Degradable dendritic nanogels (DNGs) have 
been suggested as carriers for both doxorubicin and the AMPs LL-37 and DPK-
060.107,108 Peptide interactions with acrylic acid microgels have been extensively 
studied.109,110 Cross-linked PEG hydrogel coatings with the AMP CysHHC10 have 
been suggested as biomaterials coatings.103,106 Hyaluronic acid microgels and nano-
gels have been used as carriers for the AMPs Novicidin and LLKKK18.81,82 

In another example, an antimicrobial coating was formed from an alkene-
functionalised PEG, a thiol cross-linker and the AMP CysHHC10 
(CKRWWKWIRW). Through single step thiol-ene chemistry, the compo-
nents formed a thin hydrogel which could be used as a biomaterial coating, 
see Figure 4.103 The covalent incorporation of peptide in the gel increased its 
stability in human serum over time.103 In addition, the coating displayed potent 
antimicrobial effects against biofilm-forming S. aureus and S. epidermidis.106 

Previously, the interactions of model peptides with pH-responsive acrylic 
acid-based microgels with a diameter of around 100 µm have been studied, 
see Figure 4.109,110 The effect of peptide length,102,111,112 type of charged group 
of the peptide113 and charge distribution,109 hydrophobicity distribution,114 and 



 21

secondary structure115, as well as gel charge density110,116 and mesh size limi-
tations111, were investigated. pH and ionic strength of the surrounding media 
have been shown to affect peptide loading, release, and the antimicrobial ef-
fect, due to electrostatic interactions and screening.28,117,118 Despite such pre-
vious studies, it is challenging to predict how differently charged amphiphilic 
molecules such as AMPs will behave in a microgel system; small changes to 
charge, hydrophobicity distribution and length can dramatically affect the in-
teractions. All of these factors have to be carefully considered in order to draw 
relevant conclusions regarding microgels as AMP carrier systems. 

Reducing gel size decreases the risk of peptide scavenging. This is due to a 
larger surface area per volume ratio leading to smaller diffusion distances 
within the gels, facilitating peptide release.12,67,119 Reducing gel size can also 
bring advantages, such as increased bioavailability and circulation times.120 
This, in combination with peptide protection and triggered release, as men-
tioned above, makes micro-/nanogels interesting as AMP carrier systems. 
Two previously reported gel types, both on the order of 100 nm in diame-
ter,90,108 are used in the present work. For consistency, the terminology used 
here is coordinated with earlier literature, resulting in one microgel library and 
one nanogel library, despite them having the same size range. 

The two gel libraries investigated in this thesis as AMP carrier systems are 
methacrylic acid-based microgels (MAA microgels) and degradable dendritic 
nanogels (DNGs), Figure 4.28,50 The synthesis of the MAA microgels is de-
scribed in Section 3.1. The DNG library is described in Section 1.2.3, while 
the synthesis thereof is not included in this thesis work. Both gel libraries are 
functionalised with carboxylic acids, leading to anionically charged AMP-
binding sites at physiological pH. These anionic moieties can be triggered to 
release peptides through a pH change or by increasing the ionic strength.50 
Both the MAA microgel library and the DNG library are versatile in compo-
sition, hence both the charge and cross-linker densities can be tuned in the 
synthesis, without affecting the size and polydispersity index of the parti-
cles.121,122 The varying charge density of these systems enables us to investi-
gate the importance of charge contrast between microgel and AMP. 

1.2.3 Degradable nanogels 
For many applications, the main advantage of a degradable drug delivery sys-
tem is the possibility to control release rate through network degradation.123 
For antimicrobial applications, however, a fast release with a high resulting 
peptide concentration is usually preferred to ensure peptide release well above 
the threshold for bacterial killing, hence minimising resistance develop-
ment.124–126 Here, the advantage of degradability is instead that accumulation, 
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long-term toxicity or removal of the drug delivery system need not be consid-
ered.127 Well-studied and biocompatible building blocks and degradation 
products contribute to a safer drug delivery system.128 The nanogel library 
used here is versatile and degradable over a reasonable time period (~10 days). 
The systems are composed of cross-linked dendritic-linear-dendritic (DLD) 
structures. The suggested network architecture of the DNGs is unconven-
tional, schematically presented in Figures 4 and 5.  

 
Figure 5. (Left) Chemical structure of the hyperbranched part of the DLD structure. 
(Centre) Schematic illustration of the DNG structure with several charged and cross-
linked cores covered with a PEG corona. (Right) Schematic illustration of a partially 
degraded DNG structure. 

The linear part consists of a PEG moiety and the dendritic part is a hyper-
branched block with cross-links or functionalities on the dendritic ends. Each 
dendritic block has 16 reactive sites, hence there are 32 possible cross-links or 
anionic functionalities per DLD structure. Three different DNGs were used, 
named DNG1−3, where DNG3 has more anionic charges per building block 
(22/32) than DNG2 (20/32) and DNG1 (12/32). The remaining reactive sites 
are cross-links in all cases. DNG1 is thus more cross-linked and less charged 
than DNG3. 

As mentioned above, the network architecture of the DNGs is not known, but 
zeta potential measurements indicate a PEG palisade with internalised anionic 
moieties. The size of the gels is too large for there to be a single anionic core, 
meaning that a gel has several anionic cores with a PEG corona, see Figure 5. 
PEGylation has long been a popular way to increase biological stealth and 
circulation times for nanoparticles in drug delivery.129,130 In addition, PEGyla-
tion has been reported to decrease toxicity and increase stability of the 
PEGylated species.44,131 In recent years, several research groups have raised 
concerns regarding PEG antibodies for PEGylated formulations and nanopar-
ticles.132–134 It is of high importance to investigate what physiological re-
sponses these antibodies will cause.135 However, it is worth noting that there 
are still new reports of promising PEGylations.108,136 



 23

1.3 Model membranes 
Model membranes are often used when evaluating AMPs and carrier systems 
due to the complexity of bacterial and cell membranes.137 The lipid bilayer 
composition of the cell walls differs greatly between bacterial strains, cell 
types and growth conditions used,138 providing varying environments for 
AMPs to act on, see Figure 6. The main difference in bacteria is between 
Gram-positive and Gram-negative bacteria, see Figure 7. 

 
Figure 6. Lipid composition of the membranes of different bacterial strains139 and 
the mammalian plasma membrane.140 E. coli: Escherichia coli, S. aureus: Staphylo-
coccus aureus, PSA: Pseudomonas aeruginosa, PE: Phosphatidylethanolamine, PG: 
Phosphatidylglycerol; PC: Phosphatidylcholine, CL: Cardiolipin, PS: Phosphatidyl-
serine, PI: Phosphatidylinositol, and Other: lipids present in minor amounts. 

Gram-positive bacteria have a single membrane protected with a thick layer 
consisting of a peptidoglycan/teloic acid polymer network.141 Gram-negative 
bacteria do not have this polymer network; instead, they have two membranes 
with a peptidoglycan layer in between.142 The outer membrane is covered in 
lipopolysaccharides coupled to the membrane by Lipid A. Due to this struc-
tural difference, it follows that some AMPs are selective for either Gram-pos-
itive or Gram-negative bacteria.143–145 

Apart from the structural differences, there are also differences in the phos-
pholipid composition of the lipid bilayers (see Figure 6) and in the membrane 
protein content. Membrane proteins can constitute up to 50% of the weight of 
bacterial and cell membranes, and are essential for transport, recognition and 
function.146 Some membrane proteins have carbohydrates attached that both 
act as protection for the cell and are essential for cell interactions, further in-
creasing the complexity.147 
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Figure 7. (Top left) A Gram-negative bacterial membrane, purple tails in the outer 
membrane illustrating lipopolysaccharides (LPS) and the purple net in between the 
lipid bilayers illustrating the peptidoglycan layer. (Top centre) Gram-positive bacte-
rial membrane with one lipid bilayer and a thick outer peptidoglycan layer. (Top 
right) Mammalian cell membrane with cholesterol (purple) and lacking a pepti-
doglycan layer. At the bottom, the different bilayers used in this thesis are presented, 
together with the analysis techniques applied. The model membranes used are sim-
plified models highlighting certain properties of the modelled membrane, which is 
important to keep in mind when interpreting the results. 

Investigating AMP interaction directly with a bacterial or cell membrane can 
therefore be challenging. When developing a drug delivery system and inves-
tigating the mechanism of interaction, it can be useful to turn to simpler mod-
els as initial tools for evaluation before moving on to real biological mem-
branes and in vitro studies. These model membranes are lipid bilayers, often 
containing two or three of the most characteristic lipids for the membranes in 
question.148–150 This approach enables a compromise between obtaining mem-
brane-specific information and keeping the models simple enough to deduce 
the effects of different components. By varying the lipid composition, one can 
tune the properties of the bilayer to fit the desired purpose. This can be to 
model a certain bacteria or cell, highlight a certain property, e.g., charge, or 
suit a certain analysis method, e.g., neutron reflectometry. 

There are many studies of the lipid composition of bacterial membranes, with 
a considerable variation in the results depending on the bacterial strain studied 
and the growth conditions used.138,139 The lipid composition of the bacterial 
membrane will change with pH, oxygen and nutrient availability, as well as 
with temperature.151 The majority of bacteria have the negatively charged 
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phosphatidylglycerol (PG) lipid in their membranes, see Figure 6. The pro-
portion of charge varies between strains. For example, E. coli have approxi-
mately 15% anionic PG in their membranes and 80% zwitterionic phosphati-
dylethanolamines (PE).139 For cationic AMPs, the anionic PG is an important 
factor for electrostatic attraction and interaction enabling membrane binding 
and disruption. To emphasise the importance of electrostatics for AMP/mem-
brane interactions, a 3:1 molar ratio of zwitterionic:anionic components was 
chosen as a suitable model for a charged membrane. Unsaturated DOPE or 
saturated DMPC was used for the zwitterionic component, while unsaturated 
DOPG or saturated DMPG was used for the anionic component depending on 
the analysis technique used, see Figure 7. DOPE/DOPG bilayers have the ad-
vantage of being more biologically relevant, as PE is much more common in 
bacteria than PC, see Figure 6. DOPE/DOPG lipids are suitable for liposome 
leakage experiments as well as bilayer experiments using QCM-d, FTIR-ATR 
and ellipsometry. However, the difference in head group and tail volume and 
thereby packing parameters between PE and PG tend to give uneven bi-
layers.152,153 This is not a problem, unless roughness on the low Ångström level 
is required, which is the case for neutron reflectometry. In this case, more even 
bilayers and better resolution can be achieved by using DMPC/DMPG (3:1 
mol/mol) bilayers with similar head group sizes instead. The tail-saturated 
DMPC/DMPG lipids are also stable and commercially available in deuterated 
form, which improves contrast in neutron reflectometry. 

Mammalian cells have a different lipid composition as compared with bacte-
ria, see Figure 6. For example, cholesterol is a rare component in bacterial 
membranes, but composes up to 45% of eukaryotic cell membranes.154 The 
charge of the membrane also differs, eukaryotic membranes are largely com-
posed of zwitterionic lipids, such as DOPC, resulting in a close to neutral po-
tential.155 Bacteria, on the other hand, have a larger proportion of anionic li-
pids, such as DOPG, yielding a negative potential. Using DOPC and choles-
terol in a 3:2 molar ratio to model mammalian cells is a way to emphasise 
these two clear differences between bacteria and mammalian cells.149,154,156 
The DOPC/cholesterol model is suitable for studies on both liposomes and 
supported bilayers.50 



 26 

2. Aims and scope 

Antimicrobial resistance is a pressing issue. AMPs have received considerable 
attention as a possible alternative way to treat resistant bacterial strains. The 
opportunities that AMPs offer also come with formulation challenges, includ-
ing peptide toxicity, high cost-of-goods and proteolytic sensitivity. Peptide 
carrier systems are used to meet these challenges.  

Earlier studies have mainly focused on model peptides, each highlighting a 
certain property (e.g., secondary structure or charge), as mentioned in Section 
1.1. This thesis mainly uses active AMPs and their derivatives, resulting in a 
more complex system. Based on extensive background knowledge about pep-
tide/microgel interactions in the 100 µm range, the aim of this project was to 
utilise microgels in the 100 nm (0.1 µm) range. Both erodible MAA microgels 
and degradable DNGs were evaluated as possible peptide carriers. 

The aim of this thesis was to evaluate how MAA microgels and DNGs per-
form as AMP carriers from several perspectives (as illustrated in Figure 8): 

 Evaluation of factors affecting peptide loading and release to/from MAA 
microgels (Papers I, II and IV) and DNGs (Paper V), including peptide 
stability upon exposure to proteolytic enzymes (Papers II and V). 

 Understanding how AMP loading onto MAA microgels (Papers II and III) 
and DNGs (Paper V) affects interaction with bacteria membrane models. 

 Evaluation of the antimicrobial activities of AMP-loaded MAA microgels 
(Paper II) and DNGs (Paper V), how these correlate with membrane in-
teractions in model lipid membranes, and how they depend on peptide 
loading and release. 

 Evaluation of toxicity of AMP-loaded MAA microgels (Paper II) and 
DNGs (Paper V) towards erythrocytes, and their interaction with mam-
malian membrane models. 

 
Figure 8. Schematic illustration of the work flow in this thesis: synthesis of gels, 
peptide loading and release, and study of membrane interactions. 
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3. Methods 

3.1 Microgel synthesis 
The MAA microgels were synthesised by starved-feed emulsion polymerisa-
tion using an oxygen radical initiator, see Figure 9, as previously reported by 
Saunders and Rodriguez.90,157 Emulsion polymerisation is a technique where 
vigorous mechanical stirring and a surfactant are used to keep the monomers 
in small emulsion droplets throughout the propagation of the network. A water 
soluble initiator is used and the propagation of the network occurs within sur-
factant micelles. This restricts the microgel growth, yielding a narrow size 
distribution and minimising the risk of macrogel formation. Starved-feed is a 
technique where a set monomer mixture is continuously fed to a reaction mix-
ture at such rate that most monomers are consumed before more are added. 
This facilitates an even monomer distribution throughout the gel, even when 
one component is favoured in the reaction.158 The size of the gels in the reac-
tion mixture was followed by photon correlation spectroscopy (PCS), as de-
scribed under Section 3.2; when the gel size reached 120 nm, the reaction was 
quenched by cooling. To remove unreacted monomers, buffer and initiator, 
the reaction mixture was excessively dialysed against Milli-Q water. 

These microgels, in the nanoscale range, are smaller than the wavelength of 
visible light and impossible to see with the unaided eye or light microscopes. 
There are, however, numerous techniques that can be used to visualise such 
particles; the ones below are those utilised in this thesis. 
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Figure 9. Schematic illustration of the microgel library synthesised. (Top) The 
chemical structure of the monomers used. (Middle) The reaction conditions used. 
SDS (sodium dodecyl sulphate) is a surfactant keeping the monomer mixture in 
small droplets, APS (ammonium persulfate) is an oxygen radical initiator, K2HPO4 

buffers the system. The pie charts on the bottom illustrate the monomer composition 
in wt% for the microgels used in this thesis, with ethyl acrylate in purple, meth-
acrylic acid in green and the cross-linker in grey (1 wt%). 
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3.1.1 Cryogenic transmission electron microscopy (cryo-TEM)  
A diluted solution of gels in buffer is applied to a grid, forming thin water 
menisci. The water is rapidly cooled using liquid ethane (-165 °C) to force the 
water molecules to form amorphous ice. An electron beam is directed through 
the sample and its interaction with nuclei in the sample is used to obtain an 
image of the microgels.159 The short wavelength of the electron beam enables 
a high resolution visualisation of particles in the nano-range. Advantages of 
cryo-TEM include the small sample volumes required (µL) and the possibility 
to visualise individual particles in their hydrated native state in solution.160 

3.1.2 Scanning electron microscopy (SEM) 
SEM was employed to visualise surface-bound microgels. An electron beam 
is focused on the sample and secondary emitted electrons are detected and 
used to visualise the sample.161 SEM requires dry samples in vacuum. This is 
a drawback for microgels, as the polymer network collapses under dry condi-
tions. Environmental SEM has been developed in later years to enable the use 
of SEM at higher humidity.162,163 

3.1.3 Atomic force microscopy (AFM) 
AFM uses a nano-sized tip to scan a surface, yielding information on topog-
raphy, force and mechanical properties. The properties and topography are 
extracted from the change in amplitude when the oscillating tip comes close 
to the material, and is affected by tip-sample interactions. It is important to 
keep in mind that the results obtained depend on the size of the tip, the force 
with which the tip hits the sample, as well as the user-set value to define con-
tact with the sample.164 In our case, the measurements were performed on sur-
face-bound microgels in solution using PeakForce tapping mode, yielding in-
formation on both the topography of the sample and quantitative nanomechan-
ical property mapping (QNM).165 

3.1.4 Fourier transform infrared (FTIR) spectroscopy 
FTIR spectroscopy was used to monitor network degradation of DNGs. Infra-
red light has the same energy range as the vibration of covalent bonds and is 
particularly effective for detecting and studying functional groups. DNGs 
were diluted in buffer and kept at 37 °C. Samples were taken out of the solu-
tion in a time-resolved manner, immediately frozen in liquid nitrogen and sub-
sequently freeze-dried. The dry residue was analysed using FTIR spectros-
copy, monitoring the intensity decay of the ester carbonyl stretching band.166 
As the dendritic blocks of the DNGs are hydrolysed, the amount of ester bonds 
will decrease, as will the intensity of the corresponding ester carbonyl band. 
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3.2 Peptide loading and release 
3.2.1 Size determination 
The gel size decreases upon AMP loading onto microgels, this is due to both 
the decreased electrostatic repulsion and the entropic gain of releasing coun-
terions upon peptide-microgel binding, which makes it favourable for the gels 
to adopt a more compact conformation. Two convenient methods for size de-
termination of gels in solution are photon correlation spectroscopy (PCS), also 
called dynamic light scattering (DLS), and nanoparticle tracking analysis 
(NTA). Both techniques use Brownian motion to determine the hydrodynamic 
radius of particles. PCS is based on the translational diffusion coefficient to 
obtain the hydrodynamic particle size using the Stokes-Einstein equation.167 
Since the equation assumes a hard sphere in the size calculation, the technique 
is sensitive to the concentration, turbidity, fluorescence, colour and shape of 
the particles.168 In the case of polymer hydrogels, dilute polymer chains with 
their efficient hydrodynamic screening can affect the determined size. PCS 
has a tendency to over-represent larger particles in a population and thereby 
overestimate particle size, hence the best suited samples are monodisperse 
ones.168 NTA also uses the translational diffusion coefficient and the Stokes-
Einstein equation. Unlike PCS, which reports on an ensemble average, NTA 
records particle mobility of individual particles in a sample using a CCD 
(charge coupled device) in real-time,169 enabling studies of particle concentra-
tion, aggregation and size distributions.170 

3.2.2 Zeta potential 
When working with charged polymer networks and oppositely charged 
AMPs, zeta potential is a convenient method of monitoring changes of the 
potential as AMPs are loaded onto the microgel. It can give information on 
peptide localisation; a peptide in the gel core does not affect the zeta potential 
whereas a peptide attached to the gel surface will, see Figure 10.  
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Figure 10. Schematic illustration of a dispersed microgel and the ions in solution as-
sociated with it. The graph (right) illustrates the potential difference as a function of 
distance from the particle surface, indicating the difference between surface poten-
tial, stern potential and zeta potential. The illustration is an adapted original.171 

Maintaining a high charge of either sign has been reported to increase the col-
loidal stability and decrease the risk of aggregation.172 Unless the particles 
studied are hard and monodisperse, the zeta potential is not an absolute meas-
ure of the potential of a particle. Rather, it is the potential difference between 
the surrounding buffer and the stationary layer of liquid attached to e.g. the 
microgel at different peptide loads, see Figure 10. It is measured, e.g., using 
a DLS apparatus with a cuvette equipped with electrodes, allowing an electric 
potential to be applied over the sample. The zeta potential can then be calcu-
lated using the particle electrophoretic mobility and the Helmholz-Smolu-
chowski equation.168,173 This parameter is diffuse for uneven soft particles 
such as the studied microgels, and the zeta potentials should not be used as 
absolute values, but taken as effective zeta potentials and compared with sam-
ples containing the same particles.174 

3.2.3 Quantification of peptide loading in microgels 
In the present work, both confocal microscopy and ellipsometry were used to 
quantify peptide loading to MAA microgels. Both of these techniques utilise 
microgels covalently immobilised on a surface, using either silica wafers (el-
lipsometry) or glass cover slips (confocal microscopy) as substrate. The chem-
istry behind obtaining these microgel coatings is a silanisation followed by a 
reaction between an epoxy group and a carboxylic acid in the microgel, as 
illustrated in Figure 11.102,175 
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Figure 11. (Top) Scheme of 3-glycidoxypropyltrimethoxysilane (GOPS) silanisation 
and covalent coupling of the carboxylic acids of the microgel to the introduced 
epoxide functional groups at the interface. The GOPS-functionalisation minimises 
the number of exposed silanol groups and thereby decreases the risk of background 
peptide adsorption. (Bottom) Illustration of peptide loading and release. 

The reaction yields an approximately 10% surface coverage of microgels, as 
determined using both AFM and SEM. The GOPS surface modification min-
imises the number of exposed silanol groups at the interface and thereby the 
background adsorption of peptides. By minimising the background adsorption 
and always presenting the peptide loading to microgels in comparison with 
the background adsorption, it is possible to obtain a measure of the peptide 
loading and release to/from immobilised microgels, see Figure 11. 

In confocal microscopy, fluorescently marked peptides (Alexa488) were 
loaded onto microgels and the surfaces were visualised in a confocal Leica 
DM IRE2 laser scanning microscope (Leica Microsystems, Wetzlar, Ger-
many). This technique visualises different parts of a sample through focusing 
on different confocal planes along the z-direction, perpendicular to a glass 
surface on which the sample is mounted, e.g., surface-immobilised microgels 
loaded with fluorescently marked peptides, see Figure 12.176 
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Figure 12. Schematic of a confocal microscopy set-up. A confocal microscope ena-
bles visualisation of a single plane in the z-direction of the sample. The example im-
age to the right is of surface-immobilised MAA60 microgels loaded with P-Lys. 

To obtain a value of the peptide loading, the average intensity of three random 
150 µm2 squares was measured using Image J software (National Institutes of 
Health, Bethesda, U.S.A.).102,177 This is not the fluorescence intensity from a 
single gel, but instead an average over many gels. It is important to keep in 
mind that conjugating a peptide with a hydrophobic fluorescent label can af-
fect the peptide properties and thereby the peptide/microgel interactions. 

In ellipsometry, unmodified peptides were used in an experimental set-up, as 
described in Figure 13. The mass change at the gel surface was monitored 
time-resolved, using null ellipsometry with a refractive index increment of 
0.154 cm3/g.178,179 

 
Figure 13. Ellipsometry set-up. The adsorbed film changes the refractive index of 
the surface, causing a phase shift in the angle and amplitude of the elliptical light. 
Through measuring Ψ related to the amplitude difference after reflection and Δ de-
scribing the phase shift after reflection, the adsorbed amount (Γ, mg/m2) can be 
modelled using the thickness of the adsorbed film (d1), the refractive index of film 
and substrate (nx) and the refractive index increment of the adsorbing film (dn/dc). 
The refractive index increment is an approximation depending on the component ad-
sorbed.178,179 
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Bicinchoninic acid (BCA) assay was used for quantification of peptide loading 
to DNGs. The DNGs have a PEG corona, and are therefore not easily attached 
to silanised surfaces, as mentioned above. In addition, their degradability 
makes it difficult to study peptide binding to a gel-covered surface in a reliable 
way. Hence, the solution-based BCA assay was used instead. The latter uses 
Cu2+ ions that are reduced to Cu+ by peptide bonds as well as tyrosine, cysteine 
and tryptophan side-chains.180 BCA then forms purple complexes with Cu+ 
that can be detected through absorbance at 562 nm.180 

A schematic of the BCA assay is presented in Figure 14. In short, DNG and a 
known excess concentration of AMP were allowed to equilibrate, after which 
unbound peptide was removed by centrifugation through 10kDa cut-off filters. 
To account for peptide-filter binding, the same type of filters was used to ob-
tain the calibration curve. The samples and calibration curve were developed 
using BCA and the amount of bound peptide was calculated from the absorb-
ance difference between the known concentration added to the gels and the 
peptide concentration in the filtrate.  

 
Figure 14. Schematic of BCA assay. (Left) DNGs are mixed with a known concen-
tration of AMP, the unbound peptide is filtered off and quantified using BCA assay. 
The amide bonds in the peptide reduce Cu2+ to Cu+, which forms a coloured com-
plex when mixed with bicinchoninic acid. The complex can be quantified using ab-
sorbance at 562 nm, and a calibration curve.180 

3.2.4 Conformation of microgel-bound peptides 

The techniques above focused on the microgels or the amount of peptide 
loaded from a quantitative perspective. It is also interesting to see how a pep-
tide interacts with the microgel in terms of peptide conformation. Two tech-
niques were utilised for qualitative study of AMP-gel interactions: nuclear 
magnetic resonance (NMR) spectroscopy and circular dichroism (CD) spec-
troscopy. 

CD is a technique where chiral molecules interact with circularly polarised 
light.181 The spectra produced show the difference in adsorption of left- and 
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right-handed polarised light. It is well-known that α-helix-forming peptides 
have a characteristic CD spectrum that is different from that of peptides in 
random coil.182–184 Examples of CD spectra, along with the equation used for 
calculating the α-helix content, are presented in Figure 15. Monitoring the 
peptide conformation is a way to verify membrane or microgel interactions of 
α-helix-forming peptides. 38,50 A presence of colloid particles such as micro-
gels and liposomes in the studied samples often introduces noise through light 
scattering at wavelengths below 200 nm.185 The method of calculating α-helix 
content from CD data was selected to exclude these wavelengths. 

 
Figure 15. Examples of CD spectra for different peptide conformations (left) and the 
equation used for calculation of α-helix content (right). The α-helix content (Xα) of a 
sample can be calculated using the CD signal from the sample at 225 nm (A), and 
from references with 100% α-helix (α) and 100% random coil (rc), respectively. 

NMR spectroscopy is a technique using radiofrequency pulses and atomic 
spins in a magnetic field to investigate the chemical surroundings of atoms 
both inter- and intra-molecularly.83 In this thesis, NMR spectroscopy has been 
used to elucidate the peptide 3D structure upon microgel binding. Depending 
on the experimental set-up and the pulse sequences used, a wide range of in-
formation can be obtained. A variety of 2D NMR experiments provides infor-
mation on nuclear connectivity via covalent bonds or through space: TOCSY 
(Total correlated spectroscopy) shows which protons are part of the same spin 
system and NOESY (Nuclear Overhauser Effect Spectroscopy) gives infor-
mation on spins that are close in space via the Nuclear Overhauser Effect 
(NOE), whereas trNOESY gives time-resolved information on spins close in 
space, hence the folding dynamics of a molecule, e.g., a peptide. Such exper-
iments were used to determine the inter-proton distances needed to calculate 
the 3D structure using the CYANA 2.1 software.186 An ensemble structure 
was generated using the 20 lowest energy conformations; the structure was 
analysed using the PyMol,187 MOLMOL188 and Chimera softwares.189 

In saturation transfer difference (STD) NMR spectroscopy, a chosen signal is 
saturated. As the peptide moves, the saturated spins will interact with protons 
in its surroundings, resulting in altered signal intensities for those spins and 
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producing signals in the STD spectra.190 This technique was used for binding 
site mapping191,192 to find the amino acids closest to the polymer network of 
the microgel. A saturation at -4 ppm was used to target the microgel while 
avoiding any direct saturation of the free peptide. 

3.3 Membrane interactions 
Model membranes of bacteria and cells were used in this thesis as a way to 
study the efficiency, toxicity and mechanisms of interaction of microgels and 
AMPs. There is a battery of techniques that can be used when studying model 
lipid bilayers. 

Liposome leakage: By preparing liposomes incorporated with carboxyfluores-
cein (CF) at a self-quenching concentration, membrane interaction can be 
monitored through measuring the fluorescence from a liposome/AMP/micro-
gel sample at 517 nm time-resolved, see Figure 16. Released AMP disrupts 
the liposomes and causes CF to leak and be diluted, suppressing self-quench-
ing and resulting in increased fluorescence. By disrupting all liposomes in the 
system at the end of the experiment with a surfactant (Triton) and comparing 
with the fluorescence from the sample, one can obtain the liposome leakage 
as a percentage of disrupted liposomes. This value can be compared between 
drug delivery systems, peptides and concentrations.193,194 

 
Figure 16. (Left) Illustration of the principle behind liposome leakage studies. Lipo-
somes incorporated with CF at a self-quenching concentration (grey stars). (Centre) 
The AMP disrupts the liposomes and CF leaks out and is diluted to fluorescent con-
centrations by the surrounding buffer media (green). (Right) Example measurement 
with fluorescence intensity vs. time; sample and Triton (surfactant) addition indi-
cated by arrows. (Bottom) Molecular structure of the fluorophore used. 



 37

Supported bilayers in ellipsometry: Model lipid bilayers can be deposited on 
a silica surface and used for monitoring AMP/drug delivery system-binding 
in ellipsometry, see Figure 17. To achieve this, liposomes with a diameter of 
50 nm were prepared by extrusion50,195 and subsequently added to an ellip-
sometry cuvette with a silica surface pre-treated with poly-L-lysine. The poly-
L-lysine pre-treatment is performed at low ionic strength for flat lysine bind-
ing, resulting in charge reversal.196 This facilitates liposome binding/rupture, 
and suppresses background adsorption of peptide onto any bilayer defects.197 
The small liposomes rupture on the surface and a bilayer is formed through 
vesicle fusion.149,198 A lipid bilayer with full coverage corresponds to ~4.4 
mg/m2 depending on the lipids used, assuming a refractive index increment of 
0.154 cm3/g.178,179,199 Excess lipids are removed through extensive buffer rins-
ing. The sample is then added to the bilayer and the dry-mass change on the 
lipid bilayer is monitored time-resolved upon addition of sample and during 
rinsing with buffers of different ionic strengths. A schematic ellipsometry bi-
layer experiment is presented in Figure 17. 

  
Figure 17. Schematic illustration of an ellipsometry bilayer experiment. A lipid bi-
layer is formed on the surface through vesicle fusion,200 as shown by the rapid in-
crease in adsorbed mass. An AMP sample is added and the peptide adsorbs and in-
serts into the bilayer, increasing the mass further. Rinsing with low and high ionic 
strength buffers removes weakly adsorbed peptides and loose lipids. In this example, 
the peptide caused severe membrane defects and lipid removal, resulting in a lower 
mass than the initial bilayer. 

Supported bilayers in neutron reflectometry (NR). NR is another technique for 
studying lipid bilayers, providing information on structure and composition 
perpendicular to the silicon crystal surface that supports the bilayer.201,202 Neu-
trons have zero charge and therefore interact with matter only via nuclear 
forces.203,204 Since nuclei are small, the probability for neutron absorption and 
reflection is low, enabling the neutron beam to penetrate long distances into 
materials, giving structural information from deep within samples before all 
neutrons are absorbed or reflected, see Figure 18.205 
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Figure 18. (Left) Equation for calculating SLDs for materials and molecules where: 
ρ – material density, Na – Avogadro’s number, bi – neutron scattering length and Mi 
– atomic molar mass of the i:th element. (Right) Illustration of the neutron beam go-
ing through the silicon crystal and sample and being partially reflected. 

Different nuclei have different properties (e.g., spin and energy levels) which 
affect their interactions with neutrons and give each element and isotope their 
own neutron-scattering length, b. Knowing the neutron-scattering length of 
nuclei enables calculation of the scattering length density (SLD) of a molecule 
or material, using the equation in Figure 18. Knowing the SLDs for peptide, 
lipids and drug carrier systems enables modelling of the NR data.206 The iso-
topes hydrogen and deuterium have different bs, and consequently the sol-
vents H2O and D2O have different SLDs. By varying the composition of deu-
terated and hydrogenated buffers, or through selective deuteration of the sam-
ple, it is possible to highlight different aspects of your system, as exemplified 
for peptide interactions with a deuterated lipid bilayer in Figure 19.207 NR is 
therefore a powerful technique for obtaining structural information of biolog-
ically relevant systems.208 

 
Figure 19. Illustration of how changing the contrast of the media highlights different 
aspects of the bilayer system in neutron reflectometry depending on the scattering 
length density (SLD) of the materials and molecules used; deuterated lipids in grey, 
silicon crystal in green and hydrogenated peptides and microgels in purple. (Left) 
Using deuterated lipids highlights the lipid bilayer in the h-contrast. (Centre) When 
the media is contrast-matched to silicon (cmSi), the surface underneath becomes in-
visible and peptides, lipids and microgels are highlighted. (Right) In the d-contrast, 
the hydrogenated microgels and peptides are most visible. By modelling these three 
contrasts together, a reliable picture of peptide interactions and the membrane de-
fects created can be obtained. 



 39

NR data are modelled as layers; each with an SLD, thickness, roughness and 
hydration. When studying a bilayer in NR it is therefore important to choose 
lipids that can form flat confluent bilayers, in order to minimise roughness and 
obtain as high resolution as possible.209 In Paper III, deuterated DMPC/DMPG 
lipids were used to obtain a better contrast when studying the interaction with 
a hydrogenated peptide. Using a hydrogenated lipid would make the SLDs of 
peptide, microgel and lipid too similar and the change in reflectivity would be 
small and difficult to model. By looking at the system in three different con-
trasts (hydrogenated buffer, buffer contrast-matched to the silicon substrate 
underneath the lipid bilayer, and deuterated buffer), different aspects of the 
peptide/microgel/bilayer interaction can be highlighted, including the for-
mation of solvent-filled pores, microgels present on top of the bilayer, or lipid 
removal, see Figure 19. 

For a typical NR experiment in this study, liposomes of deuterated 
DMPC:DMPG (3:1 mol/mol) were prepared through tip-probe sonication, 
mixed with a Ca2+ solution and introduced to the silicon crystal by manual 
injection. A lipid bilayer was formed through vesicle fusion and characterised 
in the three contrasts mentioned above. Microgel-AMP sample was prepared 
in Milli-Q water, diluted 1:10 in Tris (50 mM, pH 7.4, 150 mM NaCl) buffer, 
equilibrated overnight for peptide release and subsequently pumped into the 
neutron cell. After 30 min incubation, the sample was rinsed and the bilayer 
characterised again in three contrasts to determine the bilayer structure after 
peptide interaction.210 The neutron data was modelled using RasCal.211  

Supported bilayers in attenuated total reflection – Fourier transform infrared 
spectroscopy (ATR-FTIR). ATR-FTIR is a technique that analyses the IR re-
sponse from a sample close to a surface.212,213 The beam is reflected at the 
boundary between the crystal and the sample or medium in contact with it, but 
while doing so it protrudes into the medium. Through reflection, a longer sam-
ple path is obtained, yielding enhanced signals from low-concentration spe-
cies, Figure 20.214 This technique provides information on the chemical inter-
actions as an AMP is introduced to a bilayer, which conformation the peptide 
has, as well as which amino acids interact with different parts of the lipid bi-
layer.213,215,216 The bilayer is prepared and introduced in the same way as for 
neutron reflectometry, as described above. The IR signal over time monitors 
changes upon microgel/AMP interactions. 
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Figure 20. Schematic illustration an ATR-FTIR set-up. The IR beam passes through 
the sample several times before it reaches the detector, enhancing weak signals. 
Sample and buffers can be pumped in and out of the cell, enabling rinsing and intro-
duction of AMP/microgel samples. 

3.4 In vitro effect studies 
Several in vitro tests were performed in order to evaluate the MAA microgels 
and DNGs as AMP carriers. For evaluation of antimicrobial activity, minimal 
inhibitory concentration (MIC),217 viable count analysis (VCA)63,107 and radial 
diffusion assay (RDA)38 were utilised. 

MIC is a time efficient technique suited for screening of antimicrobial activity 
on many bacterial strains, since several strains can be tested in parallel in mul-
tiwell plates. The result obtained is the concentration of peptide required to 
kill a determined amount of bacteria of a certain strain within a certain incu-
bation time. These analyses were performed using both standard strains 
(methicillin-resistant staphylococcus aureus, MRSA; E. coli and Pseudomo-
nas aeruginosa, PSA ATCC) and a clinical isolate (clin. PSA). Visual inspec-
tion after 24 h was used to determine the concentration of peptide that com-
pletely inhibited bacterial growth.50 

VCA of E. coli was performed by incubating bacteria with microgel-AMP 
formulation for 16 h and thereafter counting the number of colony-forming 
units (CFU) as a function of AMP concentration.107 

RDA is a technique where microgel/peptide formulation is applied in a well 
in an agar plate with bacteria growth (in this case E. coli) and the antimicrobial 
effect is evaluated as the radius of inhibited growth around the well with 
AMP-microgel formulation.38 The agar matrix hinders microgel, but not free 
peptide diffusion. Thus, this is a test of the effect of released peptide, showing 
both if the peptide is intact after microgel loading and if it is released in a high 
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enough concentration to be bactericidal. Worth noting when comparing dif-
ferent peptides is that they can interact differently with the growth media, thus 
affecting the radii of inhibited growth differently. 

Hemolysis experiments were performed to get an indication of cell toxicity. 
The erythrocyte lysis caused by peptides and microgels is used as a measure 
of toxicity. The proportion of lysed cells is measured through hemoglobin ab-
sorbance at 550 nm and compared with a reference sample with 100% lysed 
cells (2% Triton).50 Even if the results are promising, it is important to remem-
ber that erythrocytes are just one cell type. To draw conclusions about the 
biocompatibility and safety of these peptide carrier systems, extensive in vitro 
and in vivo tests would be required. 

Since several AMPs are sensitive to proteolytic activity, there is a risk of AMP 
degradation and subsequent activity loss. To investigate potential protective 
effects of microgels, free and microgel-loaded AMPs were exposed to Pseu-
domonas elastase (PSA elastase), a key infection-related proteolytic en-
zyme.50,218 It is worth noting that infected tissue is characterised by high ac-
tivity of both bacterial and cell proteolytic enzymes.52,219 After treatment with 
enzyme, gel electrophoresis was used to determine the ratio of intact peptide 
through Coomassie brilliant blue staining.218 
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4. Results and discussion 

4.1 Microgel synthesis 
MAA microgels were synthesised by inversed emulsion polymerisation, as 
described previously.90,122 Since the gels were synthesised using a radical re-
action, the charge densities of these gels were determined by titration. The 
results in Papers I and II showed that the reaction favoured MAA, making the 
acid content of the microgels slightly higher than that of the feed solution used, 
see Table 2. The pKa values of these gels were between 6 and 7 (titration data), 
which is higher than what is expected from an isolated carboxylic acid. This 
can be explained by the intrapolymer interactions present in charged poly-
mers, resulting in a smearing out of the titration, as commonly observed for 
polyelectrolytes.220 Thus, the MAA microgels are responsive around physio-
logical pH, which is of interest when evaluating these microgels as possible 
AMP carriers. The gels showed dramatic volume changes as a function of pH, 
swelling to three times their diameter as measured using PCS, see Table 2 and 
Figure 21A.  

Table 2. Data on the synthesised microgels including MAA content and pKa values 
from titration data, size at physiological pH, swelling ratio and ionisation degree at 
physiological pH. Gel compositions and abbreviations are explained in Figure 9. 

Microgel % MAAa pKa
a Size at pH 7.4 

[nm]b 

Swelling ratioc Ionisation at 

pH 7.4a 

MAA20 22.1±1.1 7.0 174±2 2.4 0.72 

MAA26.5 34.3±1.1 6.9 236±1 3.1 0.76 

MAA33 36.9±0.4 6.4 265±2 3.3 0.91 

MAA60 63.3±1.5 6.5 338±1 2.7 0.89 

The effective zeta potentials of all four MAA microgels used in this thesis 
were equally low at -30 mV, see Figure 21B. A high zeta potential of either 
sign is often argued to indicate good colloidal stability.221 Cryo-TEM images 
were taken of the MAA33 gels to visualise the systems in an aqueous envi-
ronment, as can be seen in Figure 21C. The microgels are loosely cross-linked 
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and have a low contrast in cryo-TEM. The toxicity of the microgels was eval-
uated through hemolysis. Despite the high acid content of the gels, the hemol-
ysis was low, even up to a high 500 ppm MAA microgel concentration, see 
Figure 21D. This is a promising result from a biocompatibility perspective. 

 
Figure 21. (A) Microgel size as a function of pH, in 100 mM buffers. (B) Effective 
zeta potential as a function of microgel charge in Tris (10 mM Tris, pH 7.4). (C) 
Cryo-TEM image of MAA33 microgel in Tris buffer. (D) Microgel-induced hemol-
ysis as a function of gel charge and concentration. 

4.2 Model peptide interactions with MAA microgels 
(Paper I) 

In Paper I, we studied the peptide loading and release of three molecular 
weights of the model peptide P-Lys onto three MAA microgels of different 
charge densities. The goal was to elucidate which factors influence peptide 
loading and release, including pH, ionic strength, gel charge density, peptide 
charge and length. 
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Peptide loading onto MAA33 microgels (Figure 22A) for P-Lys (1 kDa, 10 
kDa and 150 kDa) induced microgel deswelling and was found to be promoted 
by shorter peptide length, demonstrating the importance of peptide length and 
charge, see Figure 22B. The shorter peptide has fewer charges per molecule 
and consequently more peptide molecules are required to neutralise the mi-
crogels, resulting in the difference in peptide loading between 1 kDa and 150 
kDa P-Lys. The two shorter peptides can penetrate the polymer network and 
efficiently neutralise over 90% of the gel charges, whereas the longest 150 
kDa peptide is too large and partially excluded from the cross-linked polymer 
network, achieving only 70% neutralisation, see Paper I. The size exclusion is 
further supported by the potential inversion observed in zeta potential meas-
urements in Paper I. It is also in line with earlier reports of confocal micros-
copy observations for P-Lys loading onto acrylic acid-based microgels in the 
100 µm regime, which clearly showed gel penetration for shorter P-Lys chains 
and shell formation for longer ones.111 

 
Figure 22. (A) Schematic of peptide binding to surface-bound microgels in ellip-
sometry, the mass change at the surface is modelled from the shift and amplitude 
change of elliptical light and presented for P-Lys in B and C. (B) Ellipsometry quan-
tification of peptide loading of three different Mw of P-Lys (7.5 µM) onto surface-
bound MAA33 microgels. (C) P-Lys (10 kDa, 7.5 µM) loading onto the three differ-
ent charge densities of MAA microgels to highlight the importance of gel charge 
density, quantified by ellipsometry. 

The importance of charge contrast between peptide and microgel was demon-
strated again by loading 10 kDa P-Lys onto MAA microgels with different 
charge densities, see Figure 22C. The highest peptide binding was found for 
the gel with the highest charge, MAA60. The different charge densities of the 
synthesised microgel library can therefore be used to tune peptide loading.  

Peptide release was studied as a function of peptide length, ionic strength and 
microgel charge density. It was found that peptide release was ineffective for 
the two longer P-Lys variants loaded onto MAA33 microgels, independent of 
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the ionic strength of the surrounding medium in the short (2 h) timeframe 
studied, see Figure 23A. The shortest P-Lys (1 kDa) displayed a modest ionic 
strength-dependent peptide release under the same conditions. 

 
Figure 23. Confocal microscopy study of P-Lys release from microgels at different 
buffer ionic strengths for (A) different P-Lys lengths loaded onto MAA33 microgels 
and (B) different gel charge densities loaded with 10 kDa P-Lys. I/I0 is the ratio be-
tween the fluorescence intensities from the gel-covered surfaces before (I0) and after 
(I) peptide release through shaking in excess buffer for two hours. 

Due to the high charge contrast between 10 kDa P-Lys and MAA microgels, 
the same difficulty in obtaining peptide release was encountered for MAA 
microgels of different charge densities at different ionic strengths. Only the 
lowest charged MAA20 microgel showed significant peptide release for the 
10 kDa peptide, see Figure 23B. The release triggered at high electrolyte con-
centrations has been reported previously for acrylic acid-based microgels.109 

Taken together, the results of Paper I demonstrate the importance of charge 
contrast between peptide and microgel for loading and release of the highly 
positively charged model peptide P-Lys. With this established, Papers II–IV 
used real therapeutic peptides to deepen the knowledge of AMP/microgel in-
teractions, as well as consequences for membrane interactions and antimicro-
bial effects. The differences in molecular weight and charge between the three 
different P-Lys chains are dramatic: 1,000–150,000 g/mol and 30–1,000 in net 
charge. The differences in size and charge of the AMPs used in the following 
papers are much smaller, 2,500–4,500 g/mol and 3–7 in net charge, see Table 
1. Consequently, the electrostatic interactions in AMP loading and release are 
expected to be weaker, potentially enabling peptide release under physiologi-
cal conditions. 
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4.3 AMP interactions with MAA microgels and 
model membranes (Paper II) 

In Paper II, peptide loading and release of two AMPs onto two MAA micro-
gels of different charge densities were studied. In addition, their interactions 
with model membranes, as well as in vitro effects on bacteria, cells and enzy-
matic stability, were investigated. 

4.3.1 AMP loading and release to/from MAA microgels 
MAA26.5 and MAA60 microgels (Table 2) were evaluated as carriers for two 
selected linear AMPs, the shorter unstructured DPK-060 and the longer helix-
adapting LL-37, see Table 1 for specifications. Despite the fact that DPK-060 
has twice the charge density of LL-37 and almost half the peptide length, LL-
37 and DPK-060 still cover a much narrower range in size and charge than the 
model peptides used in Paper I. It was therefore expected that the peptide load-
ing, as determined for surface-bound microgels in ellipsometry, would be 
more similar between these AMPs (see Figure 24A) than the dramatic differ-
ence found for different P-Lys lengths presented in Paper I (see Figure 22B). 
Both LL-37 and DPK-060 displayed high peptide loading onto MAA micro-
gels of both charge densities studied (see Figure 24A), while the zeta potential 
indicated peptide incorporation into the gel core, Paper II.50 Peptide binding 
increased somewhat with microgel charge density, see Figure 24A. In com-
parison, background binding to the underlying surface was found to be mar-
ginal. The peptide loading induced an α-helix conformation of LL-37, to sim-
ilar degrees for both microgels, a behaviour reported when α-helix-forming 
peptides load onto oppositely charged microgels, see Figure 24B.45,50,222,223 

 
Figure 24. (A) DPK-060 and LL-37 loading onto surface-immobilised MAA micro-
gels, as determined by ellipsometry. No significant differences between the charge 
densities of gels and only minor background adsorption of peptides were observed. 
(B) CD spectra in Tris buffer of LL-37 in free form and MAA microgel loaded. LL-
37 adapted α-helix conformation upon microgel binding, compare with Figure 14. 
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Peptide release was studied using ellipsometry, see Figure 25A, and found to 
be triggered at physiological ionic strength, see Figure 25B. This is in line 
with the findings in Paper I, where the shortest P-Lys peptide (1 kDa), which 
is most similar to AMPs in size and charge, displayed peptide release induced 
at higher ionic strengths. It was found that up to 40% of bound LL-37 could 
be released over a time period of two hours, compared with up to 80% release 
for the shorter DPK-060. The increased peptide release from MAA microgel-
loaded peptides at high ionic strength also gave rise to an increase in bacteria-
mimicking DOPE/DOPG (3:1) liposome leakage, see Figure 25C. This effect 
was more pronounced for the lower charged MAA26.5 than for the higher 
charged MAA60 due to the stronger peptide binding to the latter. This in-
creased liposome leakage at physiological ionic strength was observed while 
the free peptides at the same concentration suffered from partial inactivation 
due to electrostatic screening. 

 
Figure 25. (A) Illustration of peptide release from surface-bound MAA microgels. 
(B) Peptide release as determined using ellipsometry by rinsing gel-covered surfaces 
with buffer at 1 mL/min for 2 h in Tris and Tris-NaCl (10 mM Tris, pH 7.4, 150 mM 
NaCl) buffer. (C) Differences in liposome leakage on bacteria modelling 
DOPE/DOPG (3:1) liposomes between Tris and Tris-NaCl buffer. A salt-induced in-
crease in leakage was observed for MAA microgel-loaded peptide, whereas inactiva-
tion was observed for the free peptide upon increasing ionic strength. 

4.3.2 AMP interactions with model membranes 
As mentioned in Section 1.3, model membranes can be used both to screen for 
activity and for studying the mechanisms of membrane interaction for AMPs 
and AMP-loaded microgels, see Figure 26A. To verify that the negatively 
charged microgels had only minor interactions with negatively charged bac-
teria mimicking DOPE/DOPG (3:1) bilayers in ellipsometry, microgels were 
added in Tris buffer up to 1,000 ppm, see Figure 26B. As expected, no signif-
icant adsorption could be observed for either MAA26.5 or MAA60 microgels. 
When exposing the DOPE/DOPG bilayer to MAA microgels (10 ppm) loaded 
with LL-37 (0.3 µM) in Tris buffer, a minor increase in adsorption to the bi-
layer could be seen when compared with the free peptide, see Figure 26C. The 
mechanism of membrane interaction of LL-37 loaded MAA microgels was 
further studied in Paper III. 
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Figure 26. (A) Schematic illustration of peptide binding to a lipid bilayer in ellip-
sometry. (B) Ellipsometry data on MAA microgels and (C) DOPE/DOPG (3:1) bi-
layer interaction of LL-37 (0.3 µM) in free form and loaded onto MAA microgels 
(10 ppm). Microgels have minor binding to lipid bilayers (B) whereas LL-37 (C) af-
fects the bilayer structure both in free form and when microgel-bound. 

4.3.3 In vitro studies of AMPs 
The antimicrobial activity of AMP-loaded MAA microgels was screened us-
ing MIC studies, Table 3. It was found that loading AMPs onto microgels 
maintained the antimicrobial activity for the peptide AP-114, increased the 
MIC for LL-37 and decreased the MIC significantly for DPK-060. The latter 
is a very interesting observation that needs further investigation, e.g., using 
neutron reflectometry. Speculatively, it could be due to combination effects 
between the AMP and the microgel, or simply that loading the peptide onto 
microgels minimises the inactivation due to salts and proteins in the experi-
mental set-up with more effective peptide delivery to the bacteria as a result. 

Table 3. MIC data for MAA26.5 and MAA60 loaded with DPK-060 and LL-37 on 
standard E. coli, MRSA and PSA ATCC (American Type Culture Collection) strains 
and a clinical isolate from the University Hospital of Angers, PSA clin.* 

MIC (µM) E. coli MRSA PSA ATCC PSA clin 

DPK-060 3.2 1.6 3.2 6.4 
MAA26.5+DPK-060 1.6–3.2 0.8–1.6 0.8 0.8 
MAA60+DPK-060 6.4 3.2 3.2 6.4 
LL-37 3.6 1.8–3.6 1.8–3.6 1.8–3.6 
MAA26.5+LL-37 > 7.1 > 7.1 7.1 > 7.1 
MAA60+LL-37 > 7.1 > 7.1 > 7.1 > 7.1 
AP-114 - 4 - - 
MAA26.5+AP-114 - 2–4 - - 
*Microgel without peptide displays no detectable antimicrobial effect up to at least 100 ppm. 

As stated in the introduction, the sensitivity to proteolytic degradation is an 
obstacle in AMP therapeutics. DPK-060 is designed to withstand such 
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stresses, whereas LL-37 is one of the many AMPs susceptible to this kind of 
degradation. Formulating AMPs in gels has been shown to increase peptide 
stability. For example, loading the AMP LLKKK18 onto hyaluronic acid 
nanogels increased intracellular peptide stability.82 The ratio of intact peptide 
was therefore determined for our microgel-peptide system before and after 
treatment with the bacterial enzyme PSA elastase for both free LL-37 and LL-
37 loaded onto MAA26.5 and MAA60. The analysis before enzyme treatment 
verified that peptide loading onto MAA microgels does not degrade the pep-
tide, a prerequisite for using MAA microgels for AMP-delivery. After treat-
ment with PSA elastase, the majority of the free peptide was degraded. The 
same held true for LL-37 loaded onto MAA26.5, whereas the peptide re-
mained intact when loaded onto MAA60, see Figure 27A. Hence, the higher 
charged gel is able to protect the peptide from enzymatic degradation and can 
therefore be a carrier candidate for sensitive peptides. The importance of gel 
charge density for proteolytic stabilisation of peptides has previously been 
highlighted for acrylic acid microgels, where P-Lys protection from Trypsin 
was observed only upon high peptide-microgel charge contrasts.110 MAA26.5 
was not able to protect LL-37 and might therefore be less suitable for sensitive 
peptides. Instead, it is suitable for chemically resistant peptides as DPK-060, 
with benefits such as decreased salt inactivation and improved peptide release. 

 
Figure 27. (A) Ratio intact peptide before (wo.) and after (w.) treatment with PSA 
elastase enzyme (PE) to free and MAA-microgel bound LL-37 (2 µg). The higher 
charged MAA60 microgel is able to protect the peptide from degradation, whereas 
the lower charged MAA26.5 microgel cannot. (B) Hemolysis experiments for empty 
(1,000 ppm) and peptide-loaded MAA microgels at the indicated concentrations. 

Hemolysis experiments were also performed on MAA26.5 and MAA60 
loaded with LL-37 and DPK-060, see Figure 27B. For DPK-060, which dis-
plays very low hemolysis of its own, hemolysis remained low after microgel 
binding. In contrast, free LL-37 displays higher toxicity to red blood cells. 
Formulating LL-37 in microgels decreased the recorded hemolysis signifi-
cantly, especially for higher peptide concentrations. This is in line with an 
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earlier report where formulating novicidin in hyaluronic acid microgels re-
duced toxicity against HUVECs (human umbilical vein endothelial cells) and 
NIH-3T3 cells (mouse embryonic fibroblast cells) as compared with the free 
peptide.81 

4.4 Membrane interactions of LL-37-loaded MAA 
microgels (Paper III) 

In Paper III, NR was used to investigate, in greater depth, the mechanism of 
membrane interaction of MAA26.5 microgels (10 ppm) loaded with two dif-
ferent concentrations of LL-37 (0.3 µM, 5 µM). Deuterated DMPC/DMPG 
(3:1) lipids were used for the bilayer. Examples of reflectivity curves of bi-
layers before and after treatment with MAA26.5 and LL-37 samples in the d-
contrast, together with modelled SLD profiles as a function of distance from 
the surface, are displayed in Figure 28. 

 
Figure 28. (Left) Neutron reflectivity profiles of the d-contrast and (right) modelled 
SLD profiles of deuterated DMPC/DMPG (3:1) bilayers treated with (top) free and 
(bottom) MAA26.5 bound 5 µM LL-37, respectively; broken lines before and solid 
lines after sample treatment. Defect formation is most pronounced for the free pep-
tide. The grey box indicates the position of the silicon/silica interface. 
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The peptide interaction with the lipid bilayer was found to be concentration-
dependent. At the lower LL-37 concentration (0.3 µM), the peptide primarily 
inserted into the outer lipid tail region of the bilayer without affecting the hy-
dration, see Figure 29A. The peptide insertion also affected the thickness of 
the inner and outer tail regions, see Figure 29B. The findings for the lower 
peptide concentration indicate a two-step model where LL-37 primarily in-
serts in the outer leaflet and replaces lipids without any defect formation, in 
line with earlier findings.224 At the higher peptide concentration (5 µM), major 
defects and hydration were observed in the bilayer due to removal of lipids, 
see Figure 29C. 

 
Figure 29. (A) Volume fraction of LL-37 in the bilayer after treatment with the indi-
cated samples. The volume fraction of LL-37 in the bilayer increases with peptide 
concentration. MAA microgels decrease the amount of free peptide, hence also the 
volume fraction of LL-37 in the bilayer. (B) Initial acyl tail thickness of the deuter-
ated DMPC/DMPG (3:1) bilayer compared with the thickness of the inner and outer 
lipid tail layer after treatment with the indicated samples. (C) Pie chart illustrations 
of the volume fraction of lipid, LL-37 and water in the tail region of the bilayer after 
treatment with the indicated samples. 

There was no clear indication of microgels being present on top of the bilayer, 
which leads to the conclusion that the MAA microgels are passive peptide 
carriers that do not interfere with the peptide effect. However, due to slow 
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and/or incomplete peptide release, the presence of MAA microgels decreases 
the degree of bilayer defects, see Figures 29 and 30. 

 
Figure 30. Schematic illustration of peptide interaction with the DMPC/DMPG (3:1) 
bilayer upon treatment with the indicated samples. 

The mechanisms of membrane interactions of AMPs can vary with both the 
peptide studied and the lipid composition of the bilayer. For example, the hy-
drophilic peptide gH626-644 was found to prefer the hydrophilic head group 
region of DMPC and DMPG bilayers, while the hydrophobic gB632-650 pep-
tide penetrated into the tail region.225 

The bilayer interactions of LL-37 depends on the chain packing density of the 
lipids in the bilayer and the peptide prefers lipids with a low packing density, 
hence favouring PG over PC, PS and PE.226 The mechanism of membrane in-
teraction of LL-37 can therefore vary between model membranes and between 
bacterial strains, depending on their lipid composition, see Figure 6. Prefer-
ence of LL-37 for the tail region of DMPC/DMPG bilayers was found in our 
study, and illustrates the importance of hydrophobic interactions. This is in 
line with findings in studies of LL-37 interaction with DOPC bilayers, where 
hydrophobic interactions were important for transmembrane pore for-
mation,224 as well as LL-37 helix insertion in DMPC and DMPC/DMPG lipid 
bilayers.49,227 

In conclusion, when loading LL-37 onto MAA microgels, the antimicrobial 
unit is primarily the released peptide. The mechanism of membrane interac-
tion with a DMPC/DMPG bilayer is peptide concentration-dependent, with 
peptide insertion in the outer lipid tail region at low concentration and trans-
membrane defect formation and lipid removal at high peptide concentrations. 
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4.5 Effect of PEGylation on AMP loading and release 
(Paper IV) 

PEGylation of drugs, nanoparticles and AMPs is known to increase perfor-
mance through increased circulation times, decreased aggregation and tox-
icity. However, PEGylation may not completely protect peptides from prote-
olytic degradation. As presented in Paper II, MAA microgels can offer im-
proved protection, making a study of the interactions between PEGylated 
AMPs and MAA microgels interesting. In Paper IV, the effect of peptide 
PEGylation on the interaction with MAA microgels was studied using the 
broad-spectrum AMP KYE-28; peptide specifications can be found in Section 
1.1 and in Table 1. Both the peptide/microgel interactions and the effect of 
PEGylation site were of interest. 

KYE-28 was used either in its native form or with 48 PEG units at the C-
terminal or at the N-terminal or 24 PEG units at each site, see Figure 31A. It 
was found that non-PEGylated smaller KYE-28 had a higher peptide loading 
onto MAA60 microgels as compared with the larger PEGylated variants, see 
Figure 31B. PEGylation suppressed peptide binding, while the PEGylation 
site had no significant influence on peptide loading. In contrast, the length of 
the PEG unit can be of importance for peptide loading and release to/from 
anionic microgels, in line with earlier reports, where increasing PEGylation 
length suppressed KYE-28 interactions with anionic model membranes.38 
PEGylation site affected peptide conformation in CD. KYE-28 is an α-helix-
forming peptide, and the α-helix formation is promoted by PEGylation at the 
N-terminal of the peptide (PEG48KYE-28 > PEG24KYE-28PEG24) (see 
Figure 31C), indicating that PEGylation site can be of importance for factors 
not studied here, such as peptide stability44 and membrane interactions.228 

 
Figure 31. (A) Schematic of the peptides used, KYE-28 peptide sequence in purple 
and PEG in grey. (B) Peptide loading onto MAA60 microgels measured using ellip-
sometry. (C) CD spectra of MAA60 microgel-loaded KYE-28 and its PEGylated 
variants. α-helix conformation is induced upon peptide loading and most pro-
nounced upon PEGylation at the N-terminal. 



 54 

Peptide-microgel interactions were studied using NMR spectroscopy to deter-
mine peptide conformation of KYE-28 and its PEGylated variants when 
loaded onto MAA60 microgels. Various 2D NMR techniques such as 
TOCSY, NOESY, trNOESY, and 1D STD experiments were used. trNOESY 
showed that both electrostatic interactions between peptide and gel and hy-
drophobic interactions within the peptide were important for the peptide struc-
ture in the gel (see Figure 32A). This is in line with earlier findings for the 
AMP EFK-17.83 A conformation could be obtained for microgel-bound KYE-
28PEG (see Figure 32B), showing the hydrophobic interactions giving rise to 
the cross-peaks in Figure 32A and that KYE-28 partially adapts a helix con-
formation, as indicated by the CD spectra in Figure 31C. For KYE-28 and the 
other two PEGylated variants, too few medium- and long-range NOEs were 
obtained to calculate a distinct conformation due to strong microgel-binding 
for KYE-28 and weak interactions for the other PEGylated variants. 

 
Figure 32. (A) The medium-range NOEs from the 2D-trNOESY spectra of KYE-
28PEG after MAA60 microgel addition. (B) Structure of KYE-28PEG upon bind-
ing to MAA60 microgels, as determined by NMR spectroscopy. 

Peptide release was found to be induced at physiological ionic strength, in 
agreement with the findings in Papers I and II. The release was found to be 
promoted by peptide PEGylation regardless of PEGylation site, see Figure 33. 

 
Figure 33. Peptide release from MAA60 microgels in Tris and Tris-NaCl buffer. 
Peptide release is promoted by buffer ionic strength and peptide PEGylation. 
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4.6 AMP interaction with DNGs and model 
membranes (Paper V) 

In Paper V, the AMP loading and release to/from degradable DNGs were stud-
ied in relation to the charge density, cross-linker density and degradation of 
the gel network. The consequences for hemolysis and antimicrobial effects 
were also approached. 

4.6.1 AMP loading and release to/from DNGs 

A library of degradable DNGs was developed and synthesised with the aim to 
obtain a biocompatible and degradable material.108,121 The suggested network 
architecture was briefly described in Section 1.2.3 and illustrated in Figure 5. 
Three different DNGs were used in Paper V: DNG1–3, all with different 
charge and cross-linker densities (specifications in Section 1.2.3). 

Peptide binding was quantified using BCA as described in Section 3.2.3 and 
found to be dependent on gel charge density for the shorter DPK-060 peptide, 
and independent thereof for the longer LL-37 peptide, see Figure 34A. The 
shorter peptide was able to penetrate into the charged cross-linked cores, 
whereas results on peptide binding, conformation, and susceptibility to prote-
olytic degradation all indicated that the longer LL-37 peptide was unable to 
penetrate the cores, instead residing primarily in the PEG corona. Overall, the 
peptide binding was lower than that of MAA microgels in Papers I–IV. This 
is due to weaker charge and higher cross-linker density of the DNGs, exclud-
ing longer peptides for the charged cores. Despite the tighter network, the gel 
charges can be used as peptide-binding sites, as demonstrated by the 40–80% 
neutralisation in Figure 34B. This can be compared with the 70% LLKKK18 
binding82 and 15–71% novicidin binding81 to hyaluronic acid microgels. The 
peptide release was found to be triggered at physiological ionic strength, in 
line with the results in Papers I, II and IV. This demonstrates the importance 
of electrostatic screening as a driving force for peptide release in charged car-
rier systems. 
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Figure 34. (A) Peptide loading to DNGs (1,000 ppm) determined by BCA analysis 
as described in 3.2.180 (B) Gel neutralisation resulting from peptide binding in (A). 

4.6.2 Membrane interactions of AMPs loaded to DNGs 
An interesting aspect of a degradable system is how the degradability influ-
ences peptide release and effect. The DNG degradation could be monitored 
using the intensity of the ester peak in FTIR spectroscopy. The ratio of intact 
ester bonds was found to reach a plateau after 10 days, as exemplified for 
DNG1 in Figure 35A. Interestingly, the leakage of bacteria modelling 
DOPE/DOPG (3:1) liposomes was decoupled from the degradation of the 
nanogel network, as the liposome leakage changed dramatically over the ini-
tial 6 hours and then reached a plateau, see Figure 35B. This decoupled mech-
anism indicates a rapid onset of the peptide release, which often is desired 
when treating acute infections. When longer release times are required, e.g., 
to avoid infections at implant sites, either a re-design of the DNGs is necessary 
or other drug carrier systems with longer release times should be used.81 

 
Figure 35. (A) Nanogel degradation and (B) liposome leakage as a function of deg-
radation time for DNG1 (10 ppm, 0.3 µM LL-37). Degradation was monitored 
through the decline of the ester peak at 1,736 cm-1 in FTIR spectroscopy. 
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To get an indication of the biocompatibility of the DNGs, hemolysis experi-
ments were performed on DNGs, both empty and loaded with LL-37 and 
DPK-060, see Figure 36. Only minor lysis of red blood cells was detected for 
each of the samples. 

 
Figure 36. Lysis of red blood cells (hemolysis) caused by free or DNG-loaded 
AMPs, either LL-37 (left) or DPK-060 (right), at the indicated concentrations. 

In summary, the DNGs offer low hemolysis, efficient peptide binding and a 
fast peptide release, decoupled from the network degradation. The benefit of 
degradability is avoiding accumulation-related side effects rather than to func-
tion as a trigger for peptide release. For some DNG/peptide combinations, the 
peptide seems to reside in the PEG corona due to size exclusion from the 
highly cross-linked anionic cores. Smaller peptides as DPK-06050 and GNU6-
7 (1,888 g/mol)229 might therefore be the preferred cargo for DNGs, rather 
than longer AMPs, such as LL-37. Membrane binding and destabilisation of 
peptide-loaded DNGs are improved or comparable to that of the free peptides, 
in line with the preserved antimicrobial effect after AMP incorporation in 
DNGs. 
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5. Conclusion 

The focus of this thesis was on systematic evaluation of factors affecting pep-
tide and membrane interactions when polymer nanomaterials were used as 
carriers for peptides. Two different gel libraries have been evaluated: meth-
acrylic acid-based MAA microgels and degradable DNGs. Factors relating to 
the carrier material (composition, degradability, charge and cross-linker den-
sity), peptide properties (sequence, charge, size, PEGylation and secondary 
structure) and the surrounding media (ionic strength and pH) were addressed, 
to better understand what aspects are important when developing a carrier sys-
tem for a peptide. 

It was found that the electrostatic contrast between MAA microgels and pep-
tides is essential for peptide loading and release, see Paper I. For the loading 
of P-Lys onto MAA microgels, a high gel charge promoted peptide loading, 
but suppressed peptide release. The importance of gel mesh and peptide size 
was shown, as the shortest P-Lys could penetrate the gel, whereas the longest 
P-Lys chain was excluded from the gel network. Screening the electrostatic 
contrast between gel and peptide by increasing the ionic strength led to de-
creased peptide loading and increased peptide release, but primarily for the 
shortest peptide investigated. 

Similar effects were observed for the loading of the AMPs LL-37, DPK-060, 
KYE-28 and its PEGylated variants, Papers II and IV. The unmodified pep-
tides all displayed promising peptide loading and core incorporation, whereas 
all the large PEGylated KYE-28 were restricted to the microgel palisade due 
to size exclusion from the microgel network, independent of PEGylation site. 

Detailed structural studies of KYE-28PEG showed that the electrostatic inter-
actions with the microgels were important for peptide loading, but the inter-
actions between hydrophobic amino acids should not be underestimated as a 
factor for peptide stabilisation or peptide loading, see Paper IV. 

The importance of gel charge for peptide stabilisation was demonstrated, as 
the MAA microgel with highest charge could protect LL-37 from proteolytic 
degradation whereas gels with lower charge density could not, see Paper II. 
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Peptide release was found to be triggered at physiological ionic strength for 
all three AMPs above and the PEGylated variants of KYE-28 (Papers II and 
IV), in line with the results obtained for P-Lys. 

The interaction with model lipid bilayers at low (10 mM) ionic strength is 
negligible for AMP-loaded MAA microgels. As the ionic strength is increased 
to physiologically relevant 150 mM, peptide release and resulting membrane 
interaction of free peptide are triggered, see Paper II. Therefore, membrane 
interactions for LL-37 loaded MAA microgels are primarily mediated by re-
leased peptide, see Paper III. When interacting with a DMPC/DMPG bilayer, 
the peptide resides in the tail region of the bilayer. At low peptide concentra-
tions, the effect on the outer leaflet is most pronounced, while defects on the 
inner leaflet were observed with increasing peptide concentration. The anti-
microbial effects of peptide-loaded MAA microgels are promoted by decreas-
ing gel and peptide charge, factors that again facilitate peptide release, see 
Paper II. 

For the degradable DNGs with tightly bound microgel cores, core incorpora-
tion was observed for DPK-060 (2.5 kDa), but not for LL-37 (4.5 kDa), indi-
cating the importance of sufficient matrix mesh size, see Paper V. Peptide re-
lease from DNGs was found to be independent of gel network degradation. 

The liposome leakage observed for free LL-37 is preserved upon peptide in-
corporation/binding to DNGs. In comparison, DPK-060 incorporation some-
what decreases liposome leakage, likely due to incomplete peptide release in 
the timeframe studied. In VCA analyses, the antimicrobial effects of DNG 
bound peptides mirror those of the free peptides, illustrating that network deg-
radation and peptide release are decoupled processes, see Paper V. 

In order to obtain an optimal delivery system, it is important to find the right 
carrier for the AMP in question. Variations in peptide length, hydrophobicity 
and charge can alter the behaviour of the system. MAA microgels and DNGs 
both display properties that could make them interesting as carriers for AMPs, 
including low hemolysis, protection of the peptide against infection-related 
proteolysis, and maintained or even improved in vitro antimicrobial effect.  

Overall, this thesis has contributed to understanding of the interactions be-
tween polymer nanoparticles and AMPs, including factors affecting peptide 
loading, protection and release. In addition, AMP interactions with model 
membranes, red blood cells and several bacterial strains have been investi-
gated, to evaluate peptide effect after incorporation in nanoparticles and to 
understand the mechanisms of membrane interactions. 
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6. Future perspective 

The development of drug carrier and delivery systems for bio-macromolecular 
drugs is an important and interesting field. Key factors affecting a peptide car-
rier system were investigated in this work, with promising results. Future work 
would include moving closer to the actual intended product, a commercially 
available peptide formulation using micro- and nanogels. 

One challenge ahead is to elucidate what risks are associated with the use of 
these carrier nanomaterials in vivo in terms of degradation, accumulation, im-
munoresponse and aggregation. 

The pharmacodynamics of these peptide carriers are interesting, as many of 
the AMPs are multifunctional, with antimicrobial, immunomodulatory and 
anticancer effects, to name a few. For example, a combination of immuno-
modulation and antimicrobial effects is very interesting in biomaterial coat-
ings, to decrease the risks for infection and inflammation. Surface-immobi-
lised microgels can be a way of introducing multifunctional peptides at im-
plant sites. 

Pharmacokinetic aspects are important, since many antimicrobial peptides are 
sensitive to enzymatic activity causing fast degradation and clearance. As 
shown in this thesis, the right peptide carrier can protect the peptide from such 
attacks. In relation to this, it is important to understand how the protection 
affects both the peptide concentration in vivo and the drug half-life. 

Minimising AMP use decreases the rate of resistance development and can be 
achieved through local delivery, triggered release and combination therapies. 
Local delivery minimises the AMP dose required; some microgels might be 
suitable for topical formulations, while others are better for pulmonary routes. 
Introducing antibodies as microgel triggers instead of carboxylic acids induces 
peptide release only upon infection and minimises unnecessary AMP expo-
sure. Using conventional antibiotics in combination with AMPs can improve 
efficiency, and shorten therapy duration and the cost of goods. 
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AMPs are not our ultimate weapon against bacterial infections, but rather one 
tool in a vast and growing toolbox. Other alternatives are antibacterial poly-
mers and vaccines, to name a few. Due to resistance development, we will 
need to continually explore alternative routes to treat bacterial infections. 



 62 

7. Populärvetenskaplig sammanfattning 

Antibiotikaresistens är ett växande problem i världen. Allt fler bakteriestam-
mar utvecklar resistans mot fler av våra tillgängliga antibiotika vilket har lett 
till att sjukdomar vi tidigare enkelt behandlat blir allt svårare att bota. Samti-
digt har lanseringen av nya antibiotika stannat av de senaste decennierna. För 
att vi långsiktigt ska kunna behandla till och med vanliga bakteriesjukdomar 
måste utvecklingen av nya behandlingsmetoder ta fart. 

Ett alternativt medel är antimikrobiella peptider (AMP). AMPar är små posi-
tivt laddade proteiner som är en del av det naturliga immunförsvaret i alla 
levande organismer. AMPar har utvecklats parallellt med bakterier under lång 
tid utan betydande resistensutveckling. Klassiska antibiotika verkar vanligen 
på celldelningen hos bakterier. AMPar agerar istället på flera vitala funktioner 
samtidigt, dock främst genom att skapa porer i bakteriernas cellväggar, vilket 
får bakterierna att lösas upp och dö. 

Det finns många problem med AMPar: de kan vara toxiska för mänskliga cel-
ler, bli inaktiverade av salthalten och proteiner i kroppen eller brytas ner av 
kroppens enzymer. För att skydda AMParna mot dessa kemiska och enzyma-
tiska hinder kan man använda sig av läkemedelsbärare. Mikro- och nanogeler 
har väckt stort intresse som läkemedelsbärare för peptider och proteiner. 
Dessa geler består av polymera fibrer och påminner om garnnystan som kan 
expandera eller komprimeras. Denna förändring kan aktiveras genom en lång 
rad olika stimuli beroende på hur gelen är designad, vilket gör att peptidin-
laddning och frisättning kan utlösas på ackord. Stimuli kan vara ökad salthalt 
i kroppen, förändrat pH i infekterad vävnad, temperaturförändringar osv. 

I den här avhandlingen utvärderas två olika typer av responsiva geler som bä-
rare för AMPar, icke-degraderbara MAA mikrogeler och degraderbara dend-
ritiska nanogeler (DNG). Gelerna är 100-200 nm i diameter, så små att ögat 
inte kan urskilja dem. I avhandlingen diskuteras de många faktorer som på-
verkar AMP inladdning, frisättning, skydd och effekt, Figur 1. Bland de un-
dersökta faktorerna kan nämnas gelernas struktur och laddning, peptidernas 
längd, form och laddning samt omgivningens pH och salthalt. 
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Figur 1. Schematisk illustration av (från vänster) en gel som laddas med AMP; fri-
sättning av AMP triggad av fysiologisk salthalt; frisatt AMP interagerar med bakte-
riens membran och skapar porer i det, vilket leder till bakteriens död. 

MAA mikrogelerna är negativt laddade vid fysiologiskt pH. Inladdning av po-
sitivt laddade AMPar sker genom elektrostatisk attraktion, medan frisättning 
utlöses vid fysiologisk salthalt. AMParna binder till kärnan i MAA mikrogeler 
vilket skyddar mot de ovan nämnda problemen med inaktivering och nedbryt-
ning samtidigt som toxiciteten minskar jämfört med fri peptid. Gelens ladd-
ning styr AMP inladdning och frisättning. Högre laddning ger starkare och 
effektivare inladdning, men sämre frisättning av AMPar. Minskad gel-
laddning ger bättre frisättning, men lägre inladdning och sämre skydd av AM-
Pen mot proteolytisk nedbrytning. Interaktioner med modellbakteriemembran 
och den antimikrobiella effekten av AMParna bevarades efter inladdning i 
mikrogeler. Studier visade att den antimikrobiella enheten i systemet främst 
är frisatt peptid, och att gelen är en passiv läkemedelsbärare. Ett passivt system 
är lättare att motivera för myndigheter än ett aktivt system som påverkar ef-
fekten. 

DNG är intressanta som bärare för AMPar då de är nedbrytbara i kroppen och 
löses upp efter behandling. Det gör att det inte blir några restprodukter och 
material kvar. Studien indikerade att DNG är mycket biokompatibla med en 
låg toxicitet. Gelerna kunde ladda in AMPar och frisätta dem genom ökad 
salthalt, precis som för MAA mikrogelerna som nämndes ovan. Peptidfrisätt-
ningen var snabb och helt oberoende av gelnedbrytningen. Den antimikrobi-
ella effekten på E. coli bakterier var bevarad jämfört med fri peptid. 

Sammantaget har båda studerade gelerna visat lovande egenskaper som bärare 
för antimikrobiella peptider. Vidare studier kan visa om de är möjliga att an-
vända i riktiga läkemedelsformuleringar. 
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