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Liposomes are widely used in drug delivery to improve drug efficacy and to reduce side effects. 
For liposome-encapsulated drugs to become bioavailable and provide a therapeutic effect they 
must be released, which typically is a slow process that primarily relies on passive diffusion, 
liposome rupture or endocytotic uptake. Achieving drug concentrations within the therapeutic 
window can thus be challenging, resulting in poor efficacy and higher risks drug resistance. 
Finding means to modulate lipid membrane integrity and to trigger rapid and efficient release 
of liposomal cargo is thus critical to improve current and future liposomal drug delivery 
systems. The possibilities to tailor lipid composition and surface functionalization is vital for 
drug delivery applications but also make liposomes attractive model systems for studies of 
membrane active biomolecules.  

The overall aim of this thesis work has been to develop new strategies for triggering and 
controlling changes in lipid membrane integrity and to study the interactions of membrane 
active peptides with model lipid membranes using both de novo designed and biologically 
derived synthetic amphipathic cationic peptides. Two different sets of designed peptides have 
been explored that can fold and heterodimerize into a coiled coil and helix-loop-helix four-
helix bundle, respectively. Conjugation of the cationic lysine rich peptides to liposomes 
triggered a rapid and concentration dependent release. The additions of their corresponding 
glutamic acid-rich complementary peptides inhibited the release of liposomal cargo. 
Possibilities to reduce the inhibitory effect by both proteolytic digestion of the inhibitory 
peptide and by means of heterodimer exchange have been investigated. Moreover, the effects 
of peptide size and composition and ability to fold have been studied in order to elucidate the 
factors that influence the membrane permeabilizing effects of the peptides.  

In addition, the membrane activity of a the two-peptide bacteriocin PLNC8α and PLNC8β has 

been explored using liposomes as a model system. PLNC8αβ are expressed by Lactobacillus 
plantarum and were shown to display pronounced membrane-partition folding coupling, 
leading to rapid release of liposome encapsulated carboxyfluorescein. PLNC8αβ also kill and 

suppressed growth of the gram-negative bacteria Porphyromonas gingivalis by efficiently 
damaging the bacterial membrane.  

Although membrane active peptides are highly efficient in perturbing lipid membrane 
integrity, possibilities to trigger release using external stimuli are also of large interest for 
therapeutic applications. Light-induced heating of liposome encapsulated gold nanoparticles 
(AuNPs) has been shown by others as a potential strategy to trigger drug release. To facilitate 
fabrication of thermoplasmonic liposome systems we developed a simple method for synthesis 
of small AuNPs inside liposomes, using the liposomes as nanoscale reaction vessels.   
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The work presented in this thesis provides new knowledge and techniques for future 
development of liposome-based drug delivery systems, peptide-based therapeutics and 
increase our understanding of peptide-lipid interactions. 
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Det finns många läkemedel som bryts ner för snabbt i kroppen, är giftiga eller svårlösliga men 
i övrigt fungerar bra. Ett sätt att göra dessa läkemedel mer effektiva och minimera svåra 
biverkningar är att kapsla in dem i mikroskopiska fettbubblor som kallas liposomer. 
Liposomer används därför med fördel tillsammans med olika läkemedel. Nya problem som 
kan uppstå är att läkemedlet läcker ut ur liposomen för långsamt vilket riskerar att göra 
läkemedlet verkningslöst. Därför kan en strategi för frisättning av läkemedlet från liposomen 
vara avgörande. Liposomernas sammansättning liknar den tunna hinna som omger kroppens 
alla celler, det så kallade cell-membranet, vilket gör dem väl lämpade för medicinska 
tillämpningar. Denna egenskap gör också att man kan använda liposomer som modellsystem 
för att studera hur naturligt förekommande proteiner och proteinfragment (peptider) 
påverkar cellmembranet.  

Målet med arbete i den här avhandlingen är att utveckla nya strategier för att kontrollera 
frisättning av små molekyler från liposomer med hjälp av peptider som kan göra små hål i 
liposomernas yta (lipidmembran). Flera olika varianter av peptider har undersökts där några 
peptider gjorde hål i lipidmembranet och släppte ut de inkapslade molekylerna och några 
peptider blockerade denna process. Två strategier för att häva blockeringen undersöktes som 
ett led i utvecklingen av metoder för kontrollerad frisättning. En strategi som användes var att 
göra det möjligt för den blockerande peptiden att brytas ner i kroppen och den andra strategin 
var att plocka bort den blockerande peptiden med hjälp av ytterligare en peptid. Effekten av 
storlek och kemisk sammansättning på peptiderna samt deras förmåga att strukturera om sig 
som följd av interaktioner med liposomer studerades. 

Därutöver har två naturligt förekommande peptider studerades med hjälp av ett liposom-
modellsystem. Dessa peptider utsöndras av en mjölksyrabakterie och kan förhindra tillväxten 
av och döda en sjukdomsframkallande bakterie genom att förstöra dess lipidmembran. 
Interaktionen med lipidmembranet i modellsystemet visade att interaktionen var snabb och 
resulterade i en strukturförändring hos peptiderna. 

Ytterligare ett sätt att kontrollera frisättningen av molekyler från liposomer är att värma upp 
liposomerna, vilket gör lipidmembranet mer genomsläppligt. Genom att använda värmen som 
produceras när man lyser på nanometersmå partiklar av guld kan man öka frisättningen av 
molekyler genom att lysa på ställen på kroppen dit läkemedlet bör frisättas. Att effektivt kapsla 
in dessa nanopartiklar i liposomer kan dock vara komplicerat varför en ny metod har 
utvecklats som gör det möjligt att tillverka nanopartiklarna direkt i liposomerna,  

Arbetet i denna avhandling har bidragit till ny kunskap som kan vara av stor nytta för fortsatt 
utveckling av system för kontrollerad frisättning av läkemedel från liposomer samt gett ökad 
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förståelse för de interaktioner som är involverade i samspelet mellan peptider och 
lipidmembraner. 
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Pharmaceutical development is not exclusively focused on finding a drug that has the desired 
effect on the target condition, but also on how to optimize the function of drugs that seem 
promising but might have non-desired effects. These problems may include poor solubility 
thus low bioavailability, rapid clearance of the drug in vivo, unfavorable pharmacokinetics or 
lack of selectivity thus increasing the risk of the drug having no effect in vivo or having harmful 
side-effects. The solution to these problems can be to apply various packaging, storage and 
delivery techniques, different formulations or systems for internal transportation and release. 
Any of these strategies can be referred to as a drug delivery systems (DDS).[1–3] 

It is crucial that the drug delivered through any DDS becomes bioavailable for the target cells 
(illustrated in Figure 1-1). Depending on the properties of the drug and where it needs to be 
delivered, for example intracellularly or extracellularly, different release strategies can be used 
which is an area of great interest for research.[4,5] In addition to the release strategy also the 
rate of which the drug is released is very important to ensure drug concentrations within the 
therapeutic window.[6] Development of methods to control drug release is thus central in DDS 
development. 

Liposomes have, soon after their first description in 1965,[7] been popular to use as the basis 
of DDS as a delivery and release strategy. The simplicity in encapsulating the drug into a 
liposome, the liposome versatility in composition and biocompatibility[8] as well as the 
multitude of liposome surface functionalization strategies[9] are important factors explaining 
their popularity throughout the years. One of the first demonstration of liposomes used as a 
DDS was heat-sensitive liposomes which released the encapsulated drug when local heating 
at the target site was applied.[10] Today, there are at least 15 FDA approved products where the 
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active drug is formulated with liposomes and many more are in clinical trials.[11,12] The 
products on the market includes, among others, the chemotherapy drug doxorubicin 
encapsulated in stabilized liposomes to increase the systemic circulation time of the 
circulating drug[13–15] and the anti-fungal drug amphotericin B which is incorporated in the 
lipid membrane increasing the solubility and decreasing the toxicity.[16,17] There is no doubt 
that the list will continue to grow. However, many liposome-based drug formulations have 
failed because of difficulties with releasing the drug at an appropriate rate.[18] 

 

 

Figure 1-1: Schematic illustration showing the encapsulated drug in the drug delivery system (DDS) and the 
subsequent release of the drug at the target site. 

Peptides are class of highly versatile molecules found in all biological systems and that also 
can be synthetically obtained.[19] Many peptides interact with lipid membranes and affect the 
properties of the membrane. Some membrane active peptides can traverse cell membranes,[20] 
others form pores in lipid membranes[21] and some kill bacteria by destroying their membrane. 
The latter are typically referred to as antimicrobial peptides (AMPs).[22] Liposomes are widely 
used as model systems for investigating the interactions of membrane active peptides, 
including AMPs.[23] Membrane active peptides can also potentially be utilized to control the 
drug release from DDS, which requires that the peptide-lipid interactions can be tightly 
controlled and tuned by external stimuli or endogenous factors.  

An alternative release strategy for liposome-based DDS exploits heating of the liposomes.[10] 
Local heating can be induced by incorporating gold nanoparticles (AuNPs) into the liposomes 
and utilizing the light-induced plasmonic heating to achieve a triggered release.[24] In addition, 
liposome encapsulated AuNPs can enable systematic studies of, and potentially improve, the 
performance of AuNPs in vivo with respect to renal clearance and tissue accumulation, which 
depends on both the nanoparticle size and surface chemistry.[25,26] 
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The main objective of this thesis was to develop and study new strategies that enable tunable 
and triggered changes in the permeability of the lipid membranes of liposomes.  

For this purpose, the interactions of de novo designed membrane active peptides with 
liposomes were investigated (Paper I-III). The same evaluation process was also used to 
extract more information about the interactions of antimicrobial peptides with lipid 
membranes (Paper IV). This thesis further includes the development of a synthesis-strategy 
for ultra-small gold nanoparticles within liposomes, which has the potential to be used to 
modulate the lipid membrane integrity (Paper V). 

 

The thesis outline is summarized in Figure 1-2. The principles of a liposome-based DDS are 
described and reviewed in Chapter 2. The tailoring of liposomes for either peptide 
functionalization or as model membranes are described in Chapter 3. The membrane active 
peptides, both de novo designed and natural, that were studied are presented in Chapter 4 
and their interactions with lipid membranes are described in Chapter 5. Chapter 6 
addresses the usefulness of liposomes as nanoreactors for gold nanoparticle (AuNP) synthesis 
and how this nanosized vesicle changes the dynamics of the reaction. This chapter also 
includes a short review of the potential of AuNPs to trigger release from liposomes.  

 

 

Figure 1-2: Schematic illustration of the outline of this thesis according to the thesis outline. 
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Chapter 7 contains a short description of the characterization techniques used in this thesis. 
Chapter 8 provides a short summary of the papers included in this thesis and lastly Chapter 
9 contains conclusions and future outlook. 
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Liposome-based DDS are often used due to their simple encapsulation of drug molecules. The 
encapsulation of the drug serves as protection from degradation and can increase the solubility 
of drug molecules with low solubility in aqueous solutions.[1–3] The drug molecules can either 
be encapsulated in the liposome interior or be incorporated into the membrane (Figure 2-1). 
The location of the drug molecules is determined by its solubility in the aqueous interior and 
hydrophobic membrane, respectively.[27] 

Liposomes have been known and used since 1965,[7] and are further described in Chapter 3. 
Other biomolecules have been designed to offer the same basic principles of encapsulation and 
release of drug molecules such as peptide-based nanovesicles,[28,29] block-co-polymer-based 
vesicles[30] as well as block-co-polymer and lipid mixed vesicles[31] and peptide crosslinked 
layer-by-layer polymer vesicles.[32] Though there are many alternatives, the research in 
liposome-based DDS is extensive thanks to the many possibilities to tailor a liposome with 
respect to both various lipid compositions and surface modifications. These variations offer a 
multitude of passive or triggered release strategies to ensure that the drug molecules are 
distributed at a local concentration, rate or location that is therapeutically relevant.[6] 
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Figure 2-1: A schematic illustration of the localization of hydrophilic and hydrophobic drug molecules in a 
liposome. Left) Hydrophilic molecules are encapsulated in the aqueous interior of the liposome. Right) 
Hydrophobic molecules are integrated into the hydrophobic interior of lipid bilayer membrane. 

The evaluation of passive and triggered release strategies is often done by analysing the release 
of an encapsulated fluorophore instead of the actual drug molecule. The release of a 
fluorophore, such as carboxyfluorescein (described in section 7.1), can easily be monitored and 
thus an initial estimation of the release strategy can be determined.[33] This model system for 
drug release facilitate inexpensive investigations and optimizations of new release strategies.  

 

The passive release from liposomes refers to the small leakage due to osmotic pressure and 
the release due to non-triggered extra- or intracellular liposome degradation. The release rate 
can be tuned by tailoring the lipid composition making up the liposomes. The lipid 
composition determine how the liposome permeability changes at increased temperatures at 
inflammatory sites.[6]  

Liposome surface modifications by adding a polymer layer can drastically modulate the 
properties of the liposome (Figure 2-2). Decorating liposomes with hyaluronic acid proved to 
increase the flexibility of liposomes thus making them more suitable for cutaneous 
formulations.[34] For applications in malignant tumor treatment, liposome-based DDS can 
accumulate in the tissue due to the enhanced permeability and retention of the local blood 
vessels and thus generating a high local concentration in relevant tissue.[35] To ensure that the 
liposome half-life is long enough to allow accumulation in the tumor tissue surface 
modifications with PEG are done to minimize degradation of circulating liposomes.[36,37] 
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Figure 2-2: Schematic illustration of two main strategies, polymer surface coating and tailoring lipid 
composition, for tuning liposomes for passive release of encapsulated molecules.  

 

Liposome-based drug delivery systems can be further sophisticated by adding functionality to 
the liposome surface to enable a targeted delivery of the liposomes or a triggered release of the 
encapsulated molecules. Eight strategies that have been widely investigated are summarized 
in Figure 2-3. As in passive release, the tailoring of lipid composition can be utilized to ensure 
a triggered release by externally applying the heat at predetermined areas instead of relying 
on smaller internal heat changes. Ever since the first reports using this strategy in the 
1970s[10,38] the development continues to this day to find the optimum lipid compositions for 
different applications and to investigate the behaviour and accumulation of circulating 
liposomes[38–40] as well as the use of non-traditional external heat sources such as high 
intensity focused ultrasound.[41] 

Shortly after liposomes were gaining interest as DDS the idea of actively targeting the 
liposomes to the desired tissue and cells was investigated using surface functionalization with 
antibodies.[39] The ambition of such targeting strategies are to enable a controlled release upon 
antibody-antigen binding to the desired site. Additionally liposome surfaces can be modified 
using viral proteins to target specific cell types and to enable liposomes to fuse with cells thus 
the drug molecules are delivered intracellularly.[42] 

The multiple possible designs of functionalized liposome-based DDS for triggered release 
enable a vast number of strategies to be explored. One strategy is to construct acoustically 
active liposomes where air is incorporated into the liposomes and by using ultrasound on the 
desired area the air in the liposomes will destabilize the membrane and thus release the 
encapsulated drug.[43] Alternatively, the passageway for the drug molecule to move from the 
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liposome interior to exterior can be pre-integrated with the lipid membrane. One example of 
this is a peptide, or protein, channel that opens and closes upon an added trigger. Specifically 
this has been achieved using a temperature sensitive leucine-zipper which spans the lipid 
membrane forming a folded closed structure and when heated changes into an unfolded open 
channel.[44] Moreover, nanoparticles can be encapsulated, incorporated into the lipid 
membrane or attached to the liposome surface. The nanoparticles can act as lipid membrane 
destabilising agents due to their heat generation upon light actuation of gold nanoparticles[45] 
or magnetic actuation of iron oxide nanoparticles.[46] Another strategy for triggered release 
that relies on the surface functionalization of the liposomes is the addition of stabilizing 
moieties that include a cleavable linker. When the linker is cleaved due to the presence of a 
predesigned trigger, such as a change in pH[47] or an enzyme like the matrix metalloproteinase 
9 (MMP-9),[48–50] the resulting destabilized liposomes release their encapsulated drug 
molecules.  

 

 

Figure 2-3: Schematic illustration of eight different strategies for targeted and triggered release.  

The use of peptide heterodimers as means to tune and trigger the release of liposome 
encapsulated drug molecules was investigated in Paper I and II. The two peptide monomers 
used was one membrane active and one inhibitory peptide, thus enabling triggered release 
upon proteolytic digestion by MMP-7 of the inhibitory peptide in Paper I or by removal of the 
inhibitory peptide by a heterodimer exchange in Paper II. Paper III focused on the 
optimization of the membrane active peptide used in Paper II.  

  



11 
 

 

 

 

 

 

 

 

Lipids are a large group of naturally occurring biomolecules that are insoluble in polar and 
soluble in organic solvents. Lipids are divided into a multitude of subgroups with different 
properties and functions in living organisms.[51] There are thousands of different lipids with 
great diversity.[52] The various membranes in cells are largely comprised of lipids, and the lipid 
composition may vary vastly between species, cell types and the different membranes and 
locations within the cell.[53]  

Lipids are commonly divided into the subgroups: fatty acyls, glycerolipids, 
glycerophospholipids, sphingolipids, sterol lipids, prenol lipids, saccharolipids and 
polyketides.[52] 

 

Many lipids are amphipathic, which means that they typically have a hydrophilic or charged 
head group and one or more hydrophobic tails. The head group can contain various 
functionalities and the tail often contain hydrocarbon chains of different lengths and number 
of unsaturated bonds. As a result, a lipid can adopt a large number of apparent geometries, 
which can be described by the critical packing parameter (CPP). CPP gives an insight into the 
structures that the lipids will give rise to when they spontaneously self-assemble in polar 
solvents and is defined as:  
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𝐶𝑃𝑃 =  
𝑣

𝑎0𝑙𝑐
 

where v is the volume of the hydrocarbon chain, lc is the critical chain length and a0 is the 
estimated head-group area. 

 

 

Figure 3-1: The difference in CPP for different lipids give rise to different structures such as spherical and 
cylindrical micelles, liposomes, planar bilayers and inverted micelles. The spheres represent the hydrophilic 
headgroup and the lines represent the hydrophobic tails. 

The structures can vary from spherical to cylindrical micelles, liposomes (curved bilayer), 
planar bilayers and inverted micelles as determined by the CPP (Figure 3-1). The self-assembly 
process is primarily a result of the hydrophobic effect since it is thermodynamically favorable 
for the hydrophobic tails to aggregate to exclude the otherwise highly ordered water molecules 
around the lipid tails when the lipids are in aqueous solution.[27] 

 

Liposomes are spherical membranes where the lipids have a CPP allowing for the assembly of 
curved lipid bilayers (0.5 > CPP > 1). Liposomes were first described by Bangham et al. in 
1965.[7] A liposome can consist of one (unilamellar) or more (multilamellar) lipid bilayers 
layered like an onion.[54] 

The inner compartment of liposomes is filled with water or other hydrophilic molecules or 
ions and inside the lipid bilayer the environment is hydrophobic. Additionally, liposomes can 
have sizes ranging from roughly 0.02 to 5 µM in diameter. The size and number of bilayers is 
often used to describe a liposome (Figure 3-2), though there is only a rough consensus of the 
size limitations of when a liposome is small enough to be regarded as a SUV.[54] The definitions 
in Figure 3-2 are used in this thesis. 
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Figure 3-2: Definitions of liposomes according to size and number of bilayers. The definitions may vary slightly 
with respect to size between sources. 

 

Depending on lipid composition and temperature, lipids can diffuse within the membrane, 
allowing movement of the individual lipids both within the plane of the bilayer and between 
two leaflets. Compared to the lateral diffusion, the transverse diffusion or flip-flop is a much 
slower process (Figure 3-3).[51] Though the transverse diffusion for phospholipids is commonly 
considered to be slow, in the order of hours or days, some experiments show that it can actually 
be faster (t1/2 of about 30 min) and thus a more prominent feature of the lipid bilayer 
dynamics.[55] 

 

 

Figure 3-3: Lipid movements in bilayers, a) lateral and b) transverse diffusion.  

 

The diffusion of lipids depends on the temperature and strength of the interactions between 
the lipids, which in turn depend on lipid composition. Lipids can switch from a more ridged 
gel phase to a flexible liquid phase by increasing the temperature.[19] 
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Figure 3-4: The transition from gel to liquid phase in liposomes containing 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) and 2 mol% Laurdan. The fluorophore Laurdan is located in the lipid bilayer and 
susceptible to dipolar relaxation by water molecules entering the lipid bilayer as a consequence of increasing 
mobility of the lipids when temperature increases. The fluorescence is thus sensitive to the lipid phase through an 
emission peak shift of Laurdan from 440 to 490 nm (F440 and F490 respectively), and a generalized polarization 
function (GP) is used to visualized this where GP = (F440 - F490) / (F440 + F490). The Tm can be determined by using 
GP = 0.3.[56] The experimentally obtained Tm = 25 °C for DMPC is close to the literature value of 24 °C.[57] 

The phase transition temperature is described as the temperature where the switch from gel 
to liquid phase occurs and depends on the properties of the lipids (Figure 3-4). For instance, 
the longer the hydrocarbon tails the more pronounced the hydrophobic effect, which results 
in a higher phase transition temperature. The phase transition temperature is also highly 
effected by the number of unsaturated bonds in the lipid tail, as well as the double bond 
configuration (cis/trans) and the interactions between the lipid head groups.[58] 

 

There are a multitude of ways of forming liposomes of different sizes. To mention a few there 
are the reverse-phase evaporation,[59] freeze-thaw technique,[60] solvent injection,[61] detergent 
dialysis,[62] and thin film hydration[63] with subsequent extrusion.[64,65] The latter technique 
was used in this thesis due to its simplicity in yielding defined sizes of SUVs or LUVs. The 
technique is based on the evaporation of the organic solvent in which the lipids are dissolved 
in, thereby forming a lipid film. The lipid film is then gently rehydrated with a buffer which 
results in liposomes of varying sizes and lamellarity.[63] The liposomes are subsequently 
extruded through a polycarbonate membrane with defined pore size. The final size of the 
liposomes is defined by the choice of pore size of the membrane[64,65] and can be measured by 
dynamic light scattering described in section 7.2. 
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Glycerophospholipids (or phospholipids) consist of two long-chained hydrocarbon chains that 
may be saturated or unsaturated (for example palmitoyl and oleoyl respectively), and usually 
a nitrogen containing head group such as choline (in POPC) and the central part is always a 
glycerol (Figure 3-5a). The CPP of many phospholipids promote formation of a curved bilayer, 
and they are thus favorable in biological membranes. The phospholipids found in biological 
membranes have a vast overrepresentation of hydrocarbon chain lengths of 16 or 18 
carbons.[66] 

Due to their biocompatibility and CPP value allowing for formation of liposomes, 
phospholipids are attractive as the main material for DDS and are thus extensively researched 
and utilized for such purposes. The lipid composition can be tailored by mixing different lipids 
to change the overall liposome phase transition temperature[10,38,41] and/or to enable 
functionalization with e.g. peptides and proteins.[39,44] 

 

 

Figure 3-5: The chemical structure of phospholipids used in this thesis. a) POPC, b) POPS and c) the maleimide 
head-group functionalized MPB-PE. 

In this thesis POPC was used as the main lipid for fabrication of liposomes. In Paper I-III 
MPB-PE was added to functionalize the surface with maleimide groups and in Paper IV POPS 
was used to add negative charge to the liposome surface (Figure 3-5). 
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The complexity of biological membranes makes it difficult to analyse individual interactions 
in detail. To isolate the interaction of interest a model system can be created to mimic cell 
membranes. A model system is often highly simplistic and based on for example the main lipid 
component. Even though it cannot be as complex as the original cell membrane, relevant 
information can be extracted that can give clues into what may happen in more complex 
environments. Liposomes can be prepared to mimic a wide number of aspects of the cell 
membrane, such as lipid composition, net charge, phase transition temperature and much 
more depending on the interaction of interest.[67] 

 

 

Figure 3-6: Schematic illustration of the cell wall of gram-negative bacteria.  

An example of a very complex biological cell membrane is that of gram-negative bacteria, 
which is comprised of an outer membrane, a periplasm of peptidoglycans and a cytoplasmic 
membrane (Figure 3-6). The outer membrane is rich in polysaccharides (LPS), porins, and a 
vast numbers of membrane proteins and phospholipids.[68] When designing a liposome-model 
system it is important to consider what interaction that should be studied. A liposome-based 
model system can be used to answer questions whether certain components in the outer 
membrane, such as LPS, would be of importance for interaction with a specific antimicrobial 
peptide. To address this liposomes can be used, one with LPS mixed with phospholipids and 
one with lipid A mixed with phospholipids[69] or simply only phospholipids.[70] A liposome-
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based model system may also be tuned to mimic the charge of a bacterium by mixing 
phospholipids with different head-group functionalities.[71]  

A few examples of liposomal compositions utilized for mimicking gram-negative bacterial 
membrane are 1:4 DOPG:DOPC,[72] 1:3[70] or 3:7[71] POPG:POPC, 1:1[73] or 2:1[74] POPS:POPC 
and 1:2:2 POPG:POPE:POPC.[75] There are hence both differences in the lipids used and the 
ratios between the lipid components, but all of the liposomes have a net negative charge, due 
to the PG or PS lipid-headgroup content, which is desired for creating a simple mimic of gram-
negative bacteria. It is important to remember that the interactions between any component 
and a lipid membrane model will most likely be different from that of the interaction with an 
actual bacteria.[76] 

 

Surface charge mimetic liposomes are difficult to construct, but zeta potential mimics can be 
made by comparing measurements between the actual system and the liposome-model 
system. Zeta potential is described in section 7.3. 

A liposome-model system for the gram-negative bacteria Porphyromonas gingivalis (P. 
gingivalis) W50 strain was designed in Paper IV. The zeta potential of microvesicles extracted 
from P. gingivalis cultures was matched with liposomes having different molar ratios of 
zwitterionic POPC and negatively charged POPS phospholipids. The P. gingivalis 
microvesicles are formed by the bacteria as a result of the cell wall turnover.[77] The vesicles 
are essentially a representation of the outer membrane composition and small enough for zeta-
potential measurements. The liposome composition of 5:95 POPS:POPC proved to match the 
zeta potential of the P. gingivalis microvesicles as shown in Figure 3-7.  

 

 

Figure 3-7: Zeta potential of liposomes with POPS:POPC molar ratio of 1:99, 5:95 and 10:90 and microvesicles 
extracted from P. gingivalis in PB pH 7. 
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A number of de novo designed and naturally derived peptides have been utilized and studied 
in this thesis. A peptide is a polymer or oligomer of amino acids, formed as a result of 
covalently linking of two or more amino acids through amide bonds. The number of residues 
in a peptide i.e. the number of linked amino acids, can vary from two to several hundreds. The 
composition only varies due to the diversity of the side chains (Rn) of each residue that has 
been linked into the peptide primary structure (Figure 4-1).[19] 

 

 

Figure 4-1: The condensation reaction of two amino acids to form a dipeptide where the N-terminus refers to the 
free amine (-NH2) and C-terminus to the free carboxyl group (-COOH) at each end of the peptide.  

The presence of hydrophilic, hydrophobic and charged residues in the primary structure 
enables different intra- and intermolecular interactions such as hydrogen-bonds, hydrophobic 
interactions and electrostatic attraction and repulsion. In response to these interactions the 
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peptide can fold into secondary structures, in full or in part, to minimize the Gibbs free energy 
of the system. There two most common secondary structures are the α-helix and the β-sheet. 
The secondary structure of a peptide can be determined by circular dichroism described in 
section 7.5. 

An α-helix is the structure adopted when the peptide backbone forms a spiral structure, 
regularly with 3.6 residues per turn, and the residue side chains directed outwards from the 
rotation axis of the helix. Many other different helices have been identified, such as the 310- 
and π-helix, differing in number of residues per turn and helix diameter due to difference in 
composition and environment. The α-helix is usually stabilized through intramolecular 
hydrogen bonding of the carbonyl (residue i) and amide (residue i+4) groups in the peptide 
backbone. The α-helix is often visualized in a top-down manner with the rotation axis in the 
center and the residues in positions around. This representation is the helical wheel diagram 
and since it takes about 7 residues to return to the starting position helix-containing sequences 
are often described as heptad repeats (abcdefg). 

In contrast to the α-helix, β-strands are stabilized through intermolecular hydrogen bonding 
between other parallel or antiparallel β-strands. The residue arrangement in a β-strand is 
linear where the residue sidechains are directed outwards in on plane. Due to the 
intermolecular stabilization β-strands are often found in multiples forming β-sheets. 

The absence of a defined secondary structure is referred to as random coil.[19] 

Changes in secondary structures can occur due to changes in various physicochemical factors 
such as temperature,[78] pH,[79], ionic strength,[80] metal ion coordination[81] and through 
specific or unspecific interactions with other small molecules[82] or peptides.[83–85] The 
interaction of peptides with interfaces, such as nanoparticle surfaces[86] and lipid bilayers,[87] 
can also induce changes in secondary structure. 

 αβ

The peptides used in this thesis are all synthetic and have been produced using solid phase 
peptide synthesis.[88] The JR2 and EKIV peptides are de novo designed peptides and the 
primary structures can hence not be found in any naturally occurring proteins. In contrast, 
PLNC8αβ are naturally occurring peptides normally produced by bacteria. 

 

The four-helix bundle is a motif consisting of four amphipathic α-helices aligned to form a 
structure where the hydrophobic faces of helices make up a hydrophobic core.[19] The 
formation of this hydrophobic core is the main driving force behind the folding of the peptides 
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and additional hydrogen bonding and electrostatic interactions between helices increase the 
stability of the motif.[83] The four α-helices in the motif may either all be part of the same unit, 
connected via loops or other secondary structures, or be assembled from two or more subunits. 
The four-helix bundle is frequently found in nature and a few examples can be found in the 
RNA-binding Rop protein (Figure 4-2a),[89] the electron-carrier cytochrome b562,[90] the 
cytokine interleukin-2,[91] and as a part of the hepatitis B virus capsid.[92] 

The JR2-peptides are a pair of helix-loop-helix peptides, the lysine-rich JR2K and the glutamic 
acid-rich JR2E, that were de novo designed by Rydberg and Sarojini.[83] Both peptides 
contains 42 residues and are random coil at neutral pH, but when mixed together they fold 
into a helix-loop-helix motif and heterodimerize into a four-helix bundle (Figure 4-2b,c),[83] 
with a dissociation constant of about 20 µM.[93] The hydrophobic core is mainly made up of 
alanine (A) and leucine (L) with the residues positioned at a and d. The arrows in Figure 4-2b 
indicate the electrostatic interactions between the charged residues in the b and e positions.[83] 
The substitution valine→cysteine, JR2K→JR2KC, in the loop region by Aili and Enander 
enabled immobilization of the peptides on for example gold substrates[93,94] and maleimide-
functionalized materials such as the liposomes used in Paper I. 

 

 

Figure 4-2: a) The four-helix bundle of the RNA-binding Rop protein (PDB ID: 1RPR[95]) acquired from the 
protein data bank (PDB)[96] and visualized using the NGL viewer.[97,98] b) Helical wheel diagram showing the top-
down view of the helices of the lysine (K)-rich JR2KC and the glutamic acid (E)-rich JR2E when folded and 
heterodimerized into a four-helix bundle. c) The primary sequence of the JR2KC and JR2E peptides. 
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The coiled coil motif is comprised of amphipathic α-helices which are slightly wrapped around 
one another to optimize the packing of residue side chains in the hydrophobic core. This 
additional twisting causes each individual α-helix to be slightly distorted with 3.5 instead of 
3.6 residues per turn.[19] The primary structure of coiled coil peptides often follows the 
repeating pattern of HPPHPPP, where hydrophobic residues (H) are located at the a and d 
positions in the helical wheel and the rest are hydrophilic residues (P).[99] This motif is 
common in proteins and can e.g. be found in tropomyosin in the cytoskeleton (Figure 
4-3a),[100] laminin in the extra-cellular matrix[101] and in the staphylococcal protein A.[102] 

 

 

Figure 4-3: a) The coiled coil 81-residue N-terminal fragment of tropomyosin (PDB ID: 1IC2[103]) acquired from 
the protein data bank (PDB)[96] and visualized using the NGL viewer.[97,98] b) The primary structure of the EKIV 
peptides: KV, KVC, KI, KVC, EV and EI peptides. c) Helical wheel diagram showing the top-down view of the 
helices of the lysine (K)-rich and the glutamic acid (E)-rich variants of the EKIV peptides when folded into a coiled 
coil. 

The EKIV-peptides are a set of four de novo designed 28 residue amphipathic α-helices 
designed to heterodimerize and fold into coiled coils. The design was inspired by coiled coil 
sequences from Hodges[104] and Woolfson[85] and further refined and expanded into the four 
EKIV-peptides by Aronsson et al.[84]. The name of each peptide reflects major residue content 
and the primary structure is shown in Figure 4-3b. The residues making up the hydrophobic 
core are leucine (L) at the d position and isoleucine (I) for KI and EI, and valine (V) for KV 
and EV in the a position. To further stabilize the coiled coil, charged residues are located in 
the e and g positions; glutamic acid (E) for EI and EV and lysine (K) for KI and KV. The 
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asparagine (N) at the third repeat at the a position enables the formation of a hydrogen bond 
with the corresponding asparagine in another peptide which locks the α-helices in position 
and facilitate a parallel and in-register orientation of the two monomers. The tryptophan (W) 
in the third heptad at the f position enables determination of peptide concentration through 
absorbance spectroscopy at 280 nm.[84] The addition of a N-terminal cysteine in KI→KIC and 
KV→KVC further enabled conjugation of the peptide to maleimide-functionalized materials 
such as polymers[105] and liposomes used in Paper II-III.  

As a consequence of the charge complementary design, heterodimerization is favoured at 
neutral pH. Any combination of two charge complementary peptides, out of the four EKIV-
peptides, heterodimerize and fold into coiled coils (Figure 4-3c) with different dissociation 
constants ranging from less than 0.1 nM (EVKV) to about 1 µM (EIKI) (Figure 4-4)[84] due to 
the difference in the hydrophobic core composition and the helical propensity of the serine (S) 
and alanine (A)[106] in the b position.  

 

 

Figure 4-4: The heterodimerization of the EKIV peptides and the Kd for each heterodimer respectively. 

To further study the interactions of KVC with lipid membranes, a small redesign of the peptide 
sequence was made for Paper III. Adjustments were made to make each heptad repeat 
identical (KVSALKE) to enable comparison of peptides of different lengths and also to study 
the influence of the N and W in positions 17 and 22, respectively, on the membrane activity. 
Peptides with 2-5 heptad repeats were synthesised (Figure 4-5). The cysteine was kept at the 
N-terminal for all KVC variants. 

 

 

Figure 4-5: Primary structure of KVC2-KVC5 peptides. 
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Bacteriocins are a class of peptide toxins produced by bacteria in order to inhibit growth or 
kill other strains of bacteria. The vast variety of bacteriocin sequences and mechanisms of 
action make them attractive as possible “new antibiotics”.[107] This class of peptides have not 
yet been extensively used clinically and there is thus a very low evolutionary pressure on the 
target bacteria to evolve resistance, which is a major problem with current antibiotics.[108] 
Bacteria have, however, evolved multiple strategies to resist the effects of bacteriocins, such 
as secretion of enzymes to digest the peptides, active transport of any bacteriocin that enter 
the cell out again and changing the charge of the bacterium membrane in order to repel the 
bacteriocins.[109] Bacteriocins and other antimicrobial peptides still may provide hope for new 
treatments if used with more care than current antibiotics have been. 

PLNC8αβ is a two-peptide bacteriocin produced by the bacterium Lactobacillus plantarum 
which is part of the human natural flora of the oral cavity amongst other.[110] The PLNC8αβ 
has proven effective in inhibiting the growth of Porphyromonas gingivalis, a key pathogen in 
periodontitis.[111] 

 

 

Figure 4-6: The primary structure and its hydropathy index for each residue of the two bacteriocins PLNC8α and 
PLNC8β. 

Synthetic peptides with the same primary structure as PLNC8αβ where used in Paper IV. The 
primary sequence of the two peptides PLNC8α and PLNC8β[111] are presented in Figure 4-6 
showing the hydropathy index of each residue. The hydropathy index provide a simple 
overview of the residue-properties in the primary structure.[112] 
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Membrane active peptides are a very broad class of functional biomolecules that can be found 
in practically all organisms. These peptides include the antimicrobial peptides (AMP) that can 
kill or inhibit bacterial growth  by disrupting the integrity of the bacterial cell membrane,[113] 
naturally occurring cell penetrating peptides (CPPs) that traverse the cellular membrane[20] 
and essentially all de novo designed peptides that interact with any lipid membranes[114] 
(Figure 5-1). The primary structure of de novo designed membrane active peptides are often 
inspired by natural peptides in order mimic function of AMPs[115] or CPPs[116] but membrane 
activity in designed peptide may also be a result of serendipity.  

 

 

Figure 5-1: Illustration of the different categories of membrane active peptides. 
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The vast numbers of different membrane active peptides interact with lipid membranes 
through many different interactions and mechanisms. AMPs are usually divided into 
subgroups based on their charge, specific residue content or secondary structure content.[22] 
One subclass of membrane active peptides comprises the linear amphipathic cationic peptides. 
These peptides are often random coil in solution but adopt a defined α-helical secondary 
structure upon interaction with lipid membranes. The α-helix propensity of individual amino 
acids differs between aqueous and lipid environments.[117] The initial electrostatic interaction 
between the cationic peptide and anionic lipid membranes enables the subsequent folding of 
the peptide.[118] 

The folding of these peptides is energetically favourable because of the amphipathic 
characteristics of the peptide in the folded α-helical state where the hydrophobic residues are 
largely concentrated on once face of the α-helix. Hydrophobic interactions thus appears to be 
the main driving force behind the folding of the peptide and their affinity to lipid 
bilayers.[117,118] However, Van der Waals interactions and electrostatic interactions are also 
often very important. In addition, the α-helix is stabilized through internal H-bonds between 
the amide and carbonyl groups in the peptide backbone.[119] Although the folding increases the 
entropy of the peptide, the entropy change for the entire system is typically negative due to the 
loss of the highly organized water previously associated with the hydrophobic sidechains.[19] 
Linear amphipathic cationic peptides interact with lipid bilayers differently depending on 
their primary structure and the specific composition of the lipid bilayer.[120] The peptide-lipid 
modes of action can be mainly described by the detergent-like, carpet, toroidal pore or barrel 
stave pore model (Figure 5-2).[121]  

 

 

Figure 5-2: Schematic illustration of the main different modes of action by peptide interacting with lipid bilayers. 
Adapted with permission from Kumar et al.[121]  

Irrespectively of the mechanisms by which the linear amphipathic cationic peptides interact 
with the lipid bilayer, the association tends to trigger changes in secondary structure of the 
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peptide, from random coil to α-helical. In the carpet model the peptides reside in the outer 
leaflet of the lipid bilayer. The detergent-like model describes the removal of peptide-lipid 
complexes upon peptide interaction with the lipid bilayer due to the mismatch in sterical 
properties.[122] The detergent-like model is the only one that include lipid removal, although 
the carpet model is sometimes a precursor to both the detergent-like and toroidal pore model. 
The two pore models (toroidal and barrel stave) differ only in how the lipids are arranged 
around the pore. In the toroidal pore model, the peptide lipid head-groups interact with the 
peptides all through the cross-section of the pore. In the barrel stave pore, the lipid head-
groups only resides on the lipid bilayer surfaces and the peptide thus interact more intimately 
with the hydrophobic tails of the lipids.[121] Pore forming peptides include melittin found in 
bee-venom,[123,124] magainin 2 secreted from frog skin[125,126] and LL-37 secreted from epithelial 
cells in the human lung.[127,128] 

Membrane active de novo designed linear amphipathic cationic peptides and their interaction 
with liposomes have been extensively investigated, such as the KLAL peptide,[118] the K peptide 
(KIAALKE)3,[129] and short collagen-mimetic peptides.[48] The interaction in these studies were 
characterized, among others, by monitoring the change in lipid membrane permeability using 
the release of an encapsulated fluorophore (described in section 7.1) and by measuring the 
changes in secondary structure using circular dichroism (described in section 7.5).  

In Paper I-III different de novo designed linear amphipathic cationic peptides and their 
interactions with lipid bilayers were investigated. In Paper IV naturally occurring linear 
cationic peptides and their interactions with a very simplistic bacterial lipid bilayer model 
systems were investigated. 

 

Peptides with no or low lipid membrane affinity can be modified in order to promote 
membrane association and lipid interactions by increasing their hydrophobicity through 
conjugation to phospholipids, cholesterols or fatty acids.[130–132] Two main types of strategies 
are used; pre- and post-modification. In the pre-modified strategy, also known as lipidation, 
the peptide is conjugated to a hydrophobic moiety and purified before allowing any interaction 
with the lipid membranes. During post-modifications the peptide is allowed to covalently bind 
to a moiety in the already formed lipid membrane. Pre-modifications has been thoroughly 
investigated to improve the properties of antimicrobial peptides[133] and to develop model 
systems for studies of e.g. membrane fusion.[130,131] 

In this thesis, the conjugation of peptides to liposomes in Paper I-III, regarding the JR2 and 
EKIV peptides, was done using the maleimide-thiol Michael addition reaction (Figure 5-3). 
The conjugation was performed after formation of liposomes, and thus this conjugation 
strategy could also be referred to as a post-modification lipidation. Conjugation of the lysine-
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rich and N-terminal cysteine containing JR2KC, KIC and all versions of KVC peptides to MPB-
PE containing liposomes was done by utilizing the maleimide in MPB-PE and the thiol in the 
cysteine. 

 

 

Figure 5-3: a) Schematic over the maleimide-thiol Michael addition reaction adapted from Northrop et al.[134] b) 
Conjugation of peptide with cysteine to MPB-PE containing liposomes. 

The Michael addition of the maleimide-thiol reaction relies on a nucleophilic attack of the π-
bond of the maleimide by the nucleophilic thiolate anion. The enolate intermediate 
deprotonates another thiol group resulting in additional maleimide-thiol reactions and the 
final product is the result of the protonated enolate intermediate. The main driving force due 
to the withdrawing effects of the two activating carbonyls groups and the resulting release of 
ring strain.[134] 

 

The interactions of the amphipathic cationic JR2KC and the amphipathic anionic JR2E 
(peptides described in section 4.2.1) with liposomes containing MPB-PE and POPC (described 
in section 3.2.4) was investigated to evaluate the potential of this four-helix bundle peptide 
system as a tunable and enzymatically triggered liposomal cargo release system. 
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Figure 5-4: a) Schematic illustration of the conjugation of JR2KC with and without MPB-PE lipids mixed into 
the POPC liposomes. b) The CF release after 30 min interaction between 0, 1, 3, 5 and 10 mol% MPB-PE liposomes 
with JR2KC, oxidized JR2KC, scrambled JR2KC and JR2K (se legend). c) CD spectra of JR2KC and scrambled 
JR2KC with 0 and 5 mol% MPB-PE liposomes in 10 µM PBS pH 7.4 (se legend). d) ΔD vs Δf plot from QCM-D 
measurement with 4 µM JR2KC added to SLB made from 5 mol% MPB-PE liposomes. The addition of peptide 
started at t = 0 and the final time point in this graph is just before buffer rinsing. 

As previously described, the cysteine-containing JR2KC was conjugated to the maleimide 
moiety in MPB-PE-containing POPC liposomes (Figure 5-4a). It was evident that JR2KC was 
membrane active only after this conjugation, which caused a change in permeability of the 
lipid membrane to release the encapsulated fluorophore carboxyfluorescein (CF) (the method 
is described in section 7.1). The CF release after 30 min from liposomes (with total lipid 
concentration of 40 µM) containing 1, 3, 5 and 10 mol% MPB-PE with 4 µM JR2KC was 69, 
84, 92 and 97 % indicating that an increase in MPB-PE content increased the release rate. The 
same trend was noted with increasing peptide concentration (Figure 5-4b). The CF releases 
after 30 min when either the cysteine in the peptide was removed (JR2K) or when liposomes 
did not contain MPB-PE (0 mol% MPE-PE liposomes) were all below 11 %. The drastic 
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difference in permeability change of the lipid membrane demonstrated the importance of 
conjugation of this specific peptide. The conjugation can be considered as a prerequisite to the 
peptide-lipid interaction that modulate the liposome permeability and the CF release rate can 
be finely tuned by tailoring the MPB-PE and JR2KC content. 

The interaction of JR2KC with the lipid membrane containing MPB-PE also triggered a change 
in secondary structure of the peptide from random coil to α-helical (Figure 5-4b). The folding 
was only observed when JR2KC was allowed to conjugate to the liposome. The primary 
structure of the peptide was shown to be of importance since a peptide with a scrambled 
primary structure did neither fold nor cause any significant increase in CF release. A similar 
change in secondary structure as a consequence of partitioning into the lipid bilayer have also 
been seen in the pore forming helix-loop-helix peptide melittin[123,135] and commonly seen for 
other amphipathic cationic peptides.[129,136,137] The folding enables the hydrophobic residues to 
bury their sidechains in the hydrophobic interior of the lipid bilayer. The total Gibbs free 
energy of the system is thus reduced trough the release of highly organized water around the 
hydrophobic residues.[118] The interaction of JR2KC with 5 mol% MPB-PE supported lipid 
bilayers evaluated by QCM-D showed that the initial interaction resulted in the partitioning of 
peptides and likely pore formation as indicated by the increase in mass and change in 
viscoelastic properties. At equilibrium the majority of peptides were, however, mainly 
localized on the bilayer surface (Figure 5-4d).[138–140] 

Additionally, it was observed that the CF release could be further tuned by the addition of the 
charge complementary peptide JR2E which heterodimerize with JR2KC forming four-helix 
bundles (Figure 5-5a).[83] The CF release could be inhibited from 81 to 10 % by allowing 
conjugation of the heterodimer to 5 mol% MPB-PE liposomes instead of JR2KC alone (Figure 
5-5b). The competitive interaction offered by JR2E inhibits the otherwise faster interaction of 
JR2KC with the lipid membrane.  

A triggered CF release was achieved by the proteolytic digestion of the inhibitory peptide JR2E 
by the matrix metalloproteinase MMP-7 (Figure 5-5a). The upregulation of MMP-7 in vivo is 
associated with the progression of various malignant tumours and inflammatory processes.[141] 
JR2E contains two cleavage sites for MMP-7; 11-A-|-L-12 and 26-A-|-Q-27, and the JR2E 
fragments have a drastically reduced ability to associate with JR2E.[142] The presence of MMP-
7 enabled JR2KC to interact with the lipid membrane and, as shown in the beginning of this 
section, increase the permeability of the lipid membrane and release the encapsulated CF 
(Figure 5-5c). The MMP-7 concentrations used here (0.5-10 µg/mL), are higher than clinically 
relevant concentrations (on the order of ng/mL),[143] but demonstrate the concept of MMP-
triggered release and can likely be improved by  further optimization of the system. 
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Figure 5-5: a) Schematic illustration of the inhibition of CF release by the conjugation of JR2KC- to 5 mol% MPB-
PE liposomes in the presence of the complementary peptide JR2E and the triggered release by MMP-7 digestion 
of JR2E. b) The CF release after 2 h when conjugation pre-incubated JR2E 1 µM and JR2KC. c) CF release after 2 
h after degradation of JR2E (50 µM) with MMP-7. The CF release was due to reactivated JR2KC and the result 
was normalized according to the release from 1 µM JR2KC after 2 h. 

Similar liposome-based DDS have been developed for triggered release by MMP-9 exploiting 
the proteolytic digestion of liposome-conjugated triple helical peptides derived from collagen 
type I. In contrast to JR2KC that trigger release when intact,   the collagen derived peptides 
unfolds when digested causing a strain on the lipid membrane resulting in a release of the 
liposomal content.[48–50] This strategy, however, required significantly higher peptide 
concentrations (30 mol%) compared to the concept developed in Paper I based on JR2KC and 
showed a relatively slow and inefficient release with a substantial background leakage.  

 

Inspired by the findings that JR2KC was membrane active when conjugated to liposomes the 
interactions of the amphipathic coiled coil peptides KIC, KVC, EI and EV (peptides described 
in section 4.2.2) with liposomes containing MPB-PE and POPC (described in section 3.2.4) 
were investigated. The potential to use this coiled coil peptide system in design of tunable and 
triggered liposomal cargo release system was evaluated. 
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Figure 5-6: a) Schematic illustration of the conjugation of KIC and KVC to MPB-PE containing liposomes and 
the non-conjugated KI / KV. b-c) The CF release after 2 h from 0, 1 and 5 mol% MPB-PE liposomes upon 
interaction with KIC (b) and KVC (c). d-e) CD spectra of 50 µM peptide KIC and KVC (d and e, respectively), with 
0 mol%, 1 mol% and 5 mol% MPB-PE liposomes in PBS after 8 h, except for an extra measurement on the KIC + 
5 mol% MPB-PE liposomes after 10 min as indicated by the arrow, legend in (e). 

The peptide-lipid interactions of KIC and KVC proved to be highly dependent on the 
conjugation of the peptide to the liposome through the maleimide-thiol reaction, as was the 
case with JR2KC in Paper I. The dependence of the conjugation was determined from the lack 
of CF release upon peptide interaction with 0 mol% MPB-PE liposomes in combination with 
the extensive CF release from 5 mol% MPB-PE liposomes. The CF release from 1 mol% MPB-
PE liposomes never reached over 10 % after addition of any of the two peptides (Figure 5-6a-
c). The critical peptide surface concentration was hence likely not reached at this MPB-PE 
concentration. The conjugated KIC caused a CF release from 5 mol% MPB-PE liposomes 
which peaked at a peptide:maleimide ratio of about 1:2 (1 µM KIC), but never reached a higher 
release than about 40 %. KVC on the other hand was observed to have an increased CF release 
with increasing concentration of the peptide. Comparing the two peptides KVC did release 
more of the encapsulated CF whereas KIC released CF at lower peptide concentrations but 
never came near an extensive release. KIC likely folded into homodimers as the peptide surface 
concentration increased. The folding into homodimers was further supported by both the 
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increased coiled coil secondary structure (MRE222<MRE208, Figure 5-6d) and the extensive 
aggregation of KIC-functionalized liposomes.a The higher propensity of KI as compared to KV 
to form homodimers in PBS was previously observed by Aronsson et al.,[84] although in 
peptides without the N-terminal cysteine modification, and can be explained by the higher 
packing efficiency of isoleucine (I) compared to valine (V).[144] Interestingly, even though it 
was expected that KVC would fold when interacting with a lipid bilayer lipid bilayer no defined 
secondary structure was observed (Figure 5-6e). Either the mechanism of action does not 
require a change in secondary structure or only a small fraction of the conjugated KVC was 
folded and responsible for the CF release.  

Since a reproducible and efficient CF release, as well as a discrete (i.e. non-aggregated) system 
was desired, KIC was excluded as a candidate and the inhibition and triggered release using 
KVC was further investigated. As a means to inhibit the CF release by conjugated KVC, the 
effect of heterodimerization was explored. The two peptides EI and EV are both capable of 
heterodimerizing with KVC and fold to form coiled coils with different dissociation constants 
(Kd =0.01 µM and Kd = 1 µM for EIKV and EVKV, respectively).[84] The CF release was 
significantly lower when conjugating the heterodimeric coiled coils instead of KVC and the 
efficiency of the inhibition was reflected by their affinities for heterodimerization (Figure 
5-7a,b). The formation of heterodimeric coiled coils before conjugation was crucial, since 
already conjugated KVC did not significantly interact with neither EI nor EV due to the 
competing peptide-lipid interactions (Figure 5-7c). This observation further confirmed that 
KVC interacted extensively with the lipid bilayer. 

 

 

Figure 5-7: a) Schematic illustration of the inhibition of release by EI (or EV) through conjugation of 
heterodimers. b) The CF release after 4 h by conjugation of the heterodimers EIKVC and EVKVC (5 µM KVC + 0, 
1, 2, 5, 10, 20 and 50 µM EI or EV). C) Degree of EI and EV which could heterodimerize with KVC already 
conjugated to 5 mol% MPB-PE liposomes calculated from surface plasmon resonance sensorgrams. 

 

                                                                        
a Figure 2 in Paper II  
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Figure 5-8: a) Schematic illustration of the heterodimer exchange. b) The CF release after 4 h from KVC (5 µM) 
+ EI (10 µM) + KI (dark grey) or KV (light grey) and the control KVC (5 µM) (black). 

The triggered release was achieved by exploiting the heterodimer exchange, which was 
previously demonstrated by Dånmark et al.[105] to control the crosslinking density in peptide-
based hydrogels. The additions of KI or KV to EI inhibited KVC-conjugated liposomes resulted 
in a heterodimer exchange removal of inhibitory peptide, rendering the conjugated KVC free 
to interact with the lipid bilayer. The heterodimeric exchange was slightly more efficient with 
the addition of KV even though KI has a higher affinity for EI heterodimerization (Kd = < 0.1 
nM and Kd = 0.01 µM for EIKI and EVKI, respectively[84]), likely a result of the tendency of KI 
to homodimerize (Figure 5-8).  

The prospect of using KVC for a tunable and triggered liposome cargo release strategy seems 
promising. There are still some questions regarding the interactions and mechanism involved, 
in particular the lack of secondary structure seems puzzling. Peptides with similar primary 
structure tend to fold into α-helices when interacting with lipid membranes,[118,129] although it 
has been suggested that increased permeability can be an effect of electrostatic interactions 
between the peptide and the lipid headgroups solely.[118] In order to further characterize and 
optimize the peptides for controlled the release, the influence of peptide length and were 
investigated. 

 

The interactions of the KVC-derived peptides KVC2-KVC5 (described in section 4.2.2) with 
liposomes containing MPB-PE and POPC (described in section 3.2.4) was evaluated to 
investigate if there was an optimal KVCn length that could be used in future designs for 
triggered liposome cargo release. In Paper II it was shown that KVC could be used as the 
membrane active peptide in a peptide heterodimer system for tunable and triggered release. 
For future designs based on this peptide, detailed knowledge of the optimal composition and 
number of heptad repeats (n) of KVCn will be beneficial. 
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The KVC peptide was originally designed to heterodimerize and fold into parallel coiled coils 
with a complementary peptide. To promote in-register dimerization (i.e. no overhanging ends) 
an asparagine (N) was included asymmetrically in the hydrophobic core in all peptides. 
Efficient dimerization thus required alignment of the N residues in the two peptides to form a 
hydrogen bond when the two peptides interacted.[84] The presence of a polar residue on the 
hydrophobic face, however, reduced the amphipathic characteristics of the peptide which was 
thought to negatively influence the interaction of KVC with lipid membranes. In addition, KVC 
has a W in f position to facilitate purification and determination of concentration, but which 
further compromised the amphipathic properties of the peptide.  

A redesign of KVC by introducing the substitutions 17-W→E and 22-N→V was hence carried 
out, resulting in the peptide KVC4 with the repetitive primary sequence (KVSALKE)4. The 
changes in liposome permeability triggered by KVC4 was dependent on the peptide-lipid 
conjugation as previously observed in Paper I and II. This dependency was shown both as an 
absence of CF release and lack of interaction observed by isothermal titration calorimetry 
(ITC) (Figure 5-9) unless conjugated.  

 

 

Figure 5-9: a) The CF release after 2 h with 0, 5 mol% MPB-PE liposomes and KVC, KVC4 (see legend). b-c) ITC 
heat traces of 5 mol% MPB-PE liposomes (30 mM) titrated into 150 µM KVC4 (b) and KVC (c). d) Enthalpy changes 
for the interactions in b-c and for interactions of 0 mol% MPB-PE liposomes with KVC4 and KVC. Legend as in a. 

When comparing the lipid-peptide interactions of KVC and KVC4 it was observed that KVC4-
liposome interaction increased the permeability substantially more than KVC did, despite the 
rather minor differences in primary sequence between the two peptides. The unfavourable 
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localization of W and N at the hydrophobic-hydrophilic interface of the lipid bilayer[145] may 
thus contribute to the large difference in peptide-lipid interaction between KVC4 and the W/N-
containing KVC. When conjugated to the 5 mol% MPB-PE liposomes KVC4 caused a CF release 
at lower peptide concentrations than KVC and a small but consistent increase in helicity. The 
thermodynamics of the interactions of the two peptides with liposomes was investigated using 
ITC but interpretation was complicated by the negative contribution from the maleimide-thiol 
conjugation (ΔH = -0.57 kcal/mol). The interaction between 5 mol% MPB-PE liposomes and 
KVC and KVC4 (ΔH = -0.24 and -0.16 kcal/mol, respectively) reflected the combined peptide-
lipid conjugation and the resulting non-covalent interactions. Subtracting the contribution 
from the conjugation indicates that the peptide-lipid interactions was entropy driven. 

The peptides KVC2, KVC3, KVC4 and KVC5 were evaluated to study the effects of peptide length 
on the release efficiency. The CF release after 20 min with 10 µM peptide and 5 mol% MPB-
PE liposomes was 1.4, 25.2, 65.1 and 35.7 % for KVC2-KVC5, respectively (Figure 5-10a-d). The 
difference in the CF release could be related to the length of the peptides in relation to the 
thickness of the POPC lipid bilayer (4 nm).[146] The unfolded contour length of the peptides 
were 5.5, 8, 10.6 and 13.1 nm, for KVC2-KVC5 respectively, assuming 0.356 nm/residue[147] and 
the folded α-helix contour length 2.25, 3.3, 4.4 and 5.4 nm, respectively, assuming 0.15 
nm/residue.[148] The low CF release from KVC2 was on par with the short contour length 
suggesting the peptide was not long enough to efficiently span the lipid membrane. The 
peptides KVC3-KVC5 were all sufficiently long enough and the CF release was extensive. KVC3 
was observed by dynamic light scattering (DLS) to cause liposome aggregation at high peptide 
surface concentration which is not considered as an attractive property from a DDS 
perspective.b  

The changes in secondary structure when the peptides interact with 0 mol% MPB-PE 
liposomes were minimal and all peptides remained as random coils.c When the peptides could 
interact with 5 mol% MPB-PE liposomes, the α-helical content increased as the peptide length 
increased (Figure 5-10e-h). KVC2 barely changed secondary structure, which correlated with 
the low CF release. KVC3 was observed to have drastically lower signal intensity when folded 
which can be an indicator of increased scattering in the sample which was confirmed by the 
aggregation seen in the DLS measurements. KVC4 and KVC5 were both observed to increase 
their α-helical content when conjugated to 5 mol% MPB-PE liposomes, although the folding 
of KVC5 was much faster, the CF release of KVC4 was faster and without any trace of 
aggregation.  

                                                                        
b Figure 4 in Paper III 
c Figure 5i-l in Paper III 
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Figure 5-10: a-d) The CF release of KVC2-KVC5 respectively over 2 h, legend in (a). e-h) CD spectra of KVC2-KVC5 
+ 5 mol% MPB-PE liposomes, legend in (e). i) Schematic illustration of the setup for SPR measurements generating 
data to calculate j) the conjugation-degree of KVC2-KVC5 per lipid (5 mol% MPB-PE liposomes) and k) the 
heterodimerization-degree of EI to KVC2-KVC5-functionalized 5 mol% MPE-PE liposomes. 

To further investigate the interactions of the peptides with the lipid membrane, surface 
plasmon reference (SPR) was used to estimate the degree of conjugation KVCn/lipid (Figure 
5-10i,j). KVC5 showed a surface concentration that was higher than the MPB-PE-content, 
indicating that either homodimerization between conjugated and non-conjugated peptides on 
the liposome surface occurred or that the initial interaction promoted defect formation in the 
lipid bilayer, as seen with similar peptides,[149] allowing unconjugated peptide to bind to these 
defects without being conjugated.  

The availability of the conjugated KVCn to bind to the complementary peptide EI was used to 
determine the amount of conjugated KVCn that did not interact with the lipid membrane and 
thus was available for heterodimerization (Figure 5-10k). It was observed that more EI was 
able to bind to the peptides in reverse order of length (EI/KVC5 < EI/KVC4 ≈ EI/KVC3 < 
EI/KVC2), even though the longer peptides had a higher conjugation degree as well as higher 
charge per peptide. The electrostatic attraction between the EI and KVCn thus did not explain 
these results but rather the availability of the KVCn hydrophobic residues to form a 
hydrophobic core when folded with EI was crucial. The high availability for heterodimerization 
and the low CF release by KVC2 was interpreted as a low degree of interaction with the lipid 



38 
 

membrane, where for KVC3 and KVC4 the opposite was observed. The low availability for 
heterodimerization and the slightly lower CF release by KVC5 compared to KVC4 was explained 
by the homodimerization of KVC5 thus rendering the peptide unavailable for 
heterodimerization. 

 

 

Figure 5-11: Table summarizing the main results thus facilitating the comparison of KVC2-KVC5. 

In conclusion (summarized in Figure 5-11), KVC4 was able to trigger the most rapid and 
efficient release without causing aggregation of the system and was thus considered to be the 
best candidate for future work on designed bioresponsive peptide-liposome based DDS. 

 αβ

The interactions of the bacteriocins PLNC8α and PLNC8β (described in section 4.2.3) with 
the Porphyromonas gingivalis charge mimetic liposome model system 5:95 POPS:POPC 
(described in section 3.3.1) was investigated in order to improve our understanding of the 
mechanisms involved. 

It is assumed that PLNC8αβ belongs to a class of two peptide bacteriocins that show no, or 

very low, antimicrobial effect if only one of the two peptides are present.[150] Previous studies 
of the antimicrobial effect of PLNC8αβ on gram-positive bacteria strains were done by co-
cultures with Lactobacillus plantarum and detecting its increase in PLNC8αβ production as 
a response to the presence of the gram-positive bacteria.[151] Since the genes for the two 
peptides are in close proximity to each other, it further strengthens the theory of the two-
peptide system.[111] Though these studies were based around the effect of PLNC8αβ on gram-
positive bacteria and not gram-negative bacteria such as P. gingivalis. 

Co-cultures between P. gingivalis and L. plantarum, as well as additions of synthetic 1:2 ratio 
PLNC8αβ proved to supress the growth of the gram-positive P. gingivalis. The PLNC8αβ 
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bound to the cell membrane of P. gingivalis and thus increased the permeability which was 
shown by DNA staining with Sytox Green.d  

The peptide-lipid interaction was evaluated by utilizing a liposome model system comprising 
5:95 POPS:POPC and observing the CF release kinetics during 30 min for both a 1:2 mix of 
PLNC8αβ as well as each peptide separately. The CF release from liposomes proved to be as 

extensive for PLNC8β alone as for the 1:2 PLNC8αβ (Figure 5-12a). The initial CF release also 
proved to be very fast (a few minutes) followed by a slower plateau phase (Figure 5-12b,c).  

 

 

Figure 5-12: a) Release of encapsulated CF after 30 min from 5:95 POPS:POPC liposomes upon incubation with 
PLNC8α, PLNC8β or PLNC8αβ. The total bacteriocin concentration was varied from 0.0005-4 µM and the total 
lipid concentration was 25 µM in all samples. b-c) The interaction kinetic for PLNC8α and PLNC8β, the arrow 
indicates increasing peptide/lipid ratio and the black line represents the highest ratio of 0.08 peptides per lipid. 

 

 

Figure 5-13: CD spectra of 100 µM a) PLNC8α and b) PLNC8β without (dashed line) and with 1 mM total lipid 
concentration of 5:95 POPS:POPC liposomes in 10 mM PB pH 7, 20 °C. 

                                                                        
d Figure 1 and 2 in Paper IV 
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Additionally, the interactions of PLNC8α with the 5:95 POPS:POPC resulted in a slight change 

in the peptide secondary structure with an increase in α-helicity whereas PLNC8β showed a 

slight increase in β-strand content (Figure 5-13). These changes in secondary structure when 
allowed to interact with liposomes further confirmed that both peptides did interact with the 
lipid bilayer, although resulting in different effects on the CF release kinetics. 

The investigation of the interactions of PLNC8αβ with the 5:95 POPS:POPC liposome model 

system suggest that both peptides may interact with P. gingivalis without a specific target 
epitope. The initial electrostatic attraction between the cationic peptides (+4.1 and +5.2 at pH 
7 for PLNC8α and PLNC8β, respectively) and the anionic liposomes is most likely the driving 
force for the interaction, though this is more pronounced for PLNC8β. This non-specific 
interaction strategy is common for many other antimicrobial peptides.[22] 
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The characteristics of gold nanoparticles (AuNPs) differ from gold in bulk. The difference 
between the macro- and nanoscale is not unique for gold, but can be found in many metals for 
example silver.[152] Where the gold in bulk is a soft yellow, electrically conducting metal with a 
melting temperature slightly above 1000 °C, all this changes at the nanoscale.[153]  

 

Gold can interact with electromagnetic radiation (i.e. light) under certain conditions and 
create a propagating electron density wave at a metal-dielectric interface at a specific 
frequency. This resonance condition is called surface plasmon resonance (SPR). Surface 
electrons in gold nanoparticles can also interact with light and resonantly induce collective 
electron oscillations, a phenomena known as localized surface plasmon resonance (LSPR).[154] 
The small size of AuNPs compared to the wavelength of the incident light results in the charge 
polarization due to displacement of conduction electrons from the equilibrium distribution. 
At resonance, the displacement of the conducting electrons oscillates with the frequency of the 
incident electromagnetic field. In this process some of the energy is scattered and dissipated 
as heat giving rise to a distinct absorption band. For spherical AuNPs with a diameter of about 
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20 nm the absorption peak, or plasmon peak, is typically seen at 520 nm.[155] Depending on 
particle size and geometry, the plasmon peak can have different positions and hence, give rise 
to different colors for dispersed AuNPs.[155,156] A suspension of AuNPs appear red since the 
particles absorb light in the blue/green region of the spectrum.[157] The plasmon peak position 
can undergo a significant red-shift due to plasmonic coupling between individual particles 
when the interparticle distance is less than 3 times the radius of the particles.[157] This color 
change, induced  by the aggregation of particles, is detectable by the naked eye or by UV-Vis 
spectroscopy (Figure 6-1), which can be utilized in biosensing applications.[158–161] 

 

 

Figure 6-1: UV-Vis absorbance spectra of citrate-stabilized 13 nm AuNPs, before and after addition of NaCl (black 
and grey, respectively) causing aggregation through charge screening (unpublished data). 

 

Due to the low optical quantum yield for gold nanoparticles the absorbed energy is forced into 
a non-irradiative route generating heat. The heat from the particle warms the surrounding 
media, which is referred to plasmonic heating.[162]  

The heat generated by AuNPs can be utilized to induce local phase transitions in lipid 
membranes which can increase the membrane permeability, and thus enable triggered release 
from liposomes.[24] The extent of heating of the lipid membrane depends on AuNP size and 
shape as well as on the distance between AuNPs and the membrane. The AuNPs can be 
associated to a liposome either by anchoring to the surface, encapsulation or by insertion into 
the hydrophobic interior of the lipid bilayer.[45] Plasmonic heating has been investigated for 
delivery and triggered release of cancer drugs using drug delivery systems based on 
thermosensitive liposomes combined with AuNPs. Plasmonic heating has also been explored 
for cancer treatment by photothermal ablation.[163,164] 
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The chemical synthesis of AuNPs is often based on the starting material hydrogen 
tetrachloroaurate (HAuCl4) dissolved in water. The formation of nanoparticles is realized 
through the reduction of AuIII to Au0 by a variety of reducing agents. The nanoparticles must 
be stabilized so that the result from the synthesis is discrete particles and not a few large 
assemblies. The nucleation step is the first stage in the formation of the nanoparticles, where 
a few Au0 atoms cluster together.  The growth in the nucleation stage is chaotic and rapid, 
which explains the lack of an ordered face centered cubic crystal structure in ultra-small 
nanoparticles. At a critical size the particle growth may be described as linearly proportional 
to the particle surface area.[165] Since larger particles have larger surface area they will continue 
to grow faster than smaller particles. Even after depletion of the HAuCl4 the growth of larger 
particles continues at the expense of smaller particles. This in known as Ostwald ripening and 
is important to consider when designing and evaluating synthesis strategies.[156] 

 

One of the more popular strategies for chemical synthesis of AuNPs is the citrate reduction 
synthesis, developed by Turkevich et al, which exploits citrate both as the reducing and 
stabilizing agent.[166] In this synthesis strategy the ratio between citrate and HAuCl4 can be 
altered in order to tailor the size of the resulting AuNPs.[167] The popularity of the citrate 
reduction is not only due to the simplicity of the synthesis, but also because of the possibility 
to easily functionalize the resulting AuNPs by substitution of the adsorbed citrate with other 
molecules.[168]  

 

 

Figure 6-2: a) Activation scheme of the photoinitiator I-2959 and the subsequent stepwise reduction of Au3+ → 

Au2+ → Au+ → Au0 forming AuNPs. Adapted with permission from McGilvray et al., copyright (2006) American 
Chemical Society.[169] b) UV-Vis absorbance spectra identifying the plasmon peak of AuNPs after 15 min UV 
irradiation (black) but not before (grey). The absorption below 500 nm before UV irradiation is due to the I-2959. 
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In Paper V, a photochemical synthesis strategy developed by McGilvray et al.[169] was explored, 
which exploited the photoinitiator I-2959 (Irgacure-2959, 1-[4-(2-hydroxyethoxy)phenyl]-2-
hydroxy-2-methyl-1-propane-1-one) and HAuCl4 dissolved in water. The reduction of the gold 
ions require that the solution is irradiated by UV light. Upon UV irradiation the carbonyl group 
in I-2959 accepts a photon which induces the cleavage into two radicals through a Norrish 
type I α-cleavage, as can be seen in Figure 6-2. The free ketyl radical reduces the Au3+ to Au0 
and AuNPs are formed.[169] 

The resulting AuNPs were quite polydisperse with diameters spanning from 3-32 nm with the 
most common sizes being around 10.5 ± 5.2 nm (Figure 6-3). 

Through these synthesis strategies, it is inherently difficult to synthesize ultra-small AuNPs 
with a diameter of less than 2 nm. The small size is attractive because of their high catalytic 
activity in many organic reactions[170] and for the theoretically improved clearance from the 
body when used in drug delivery systems.[171] There is consequently an interest in development 
of new synthesis strategies of ultra-small AuNPs by using for example microfluidic devices,[172] 
or by introducing different ligands during the reaction or by etching of larger particles.[173] 

 

 

Figure 6-3: a) The photochemical synthesis of AuNPs. b) TEM image of the AuNPs obtained using HAuCl4 (0.1 
mg/mL) and I-2959 (1 mM). 

 

In order to explore the possibility to fabricate liposome encapsulated small-sized AuNPs, the 
photoinitiator I-2959 and HAuCl4 were encapsulate in liposomes. Liposomes made from 
POPC were prepared through thin film hydration (as described in subsection 3.2.3) using an 
aqueous solution of I-2959 and HAuCl4. After hydration of the lipid thin film and after 
extrusion through a 100 nm polycarbonate membrane the liposomes were purified on a G-25 
sephadex column. This ensured that non-encapsulated I-2959 and HAuCl4 were removed. 
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Upon UV irradiation for 15 min the appearance of a characteristic plasmon peak of AuNPs 
verified that AuNPs were forming (Figure 6-4).  

 

 

Figure 6-4: UV-Vis absorbance spectra showing the plasmon peak of AuNPs after 15 min UV irradiation (black) 
and a slight presence of AuNPs prior to irradiation (grey). 

The position of the plasmon peak was centered around 530 nm which is a little higher than 
expected for small AuNPs. This is compared to citrate stabilized AuNPs where the plasmon 
peaks for 9, 15 and 22 nm particles is positioned at 517, 520 and 521 nm respectively.[174] The 
position of the plasmon peak indicates that AuNPs larger than 20 nm was found but, the 
extinction coefficient for smaller sized particles are much lower than for larger ones which in 
turn could mean that not all particles contribute equally to the final intensity of the signal.[175] 
For AuNPs smaller than about 2 nm, a plasmon peak may not be possible to detect.[176] In total, 
a few larger AuNPs may contribute to the majority of the plasmon peak and its position may 
not reflect the true content of the sample. The detection of the plasmon peak in itself confirmed 
that AuNPs were formed through the UV irradiation of the liposomes containing I-2959 and 
HAuCl4. 

TEM bright field imaging (Figure 6-5) verified the success of the liposome-confined synthesis 
in producing ultra-small AuNPs with a size ranging from 0.5-12 nm with the majority of the 
particles having a diameter of 2.8 ± 1.6 nm. Liposomes are typically not expected to be 
visualized by TEM due to very low contrast of the lipids. The location of the AuNPs were 
clustered in a confined area about the size of liposomes which further confirmed that the 
majority of the particles were produced inside the liposomes. A few AuNPs can be found 
outside this clustered area (Figure 6-5b), which was likely due to residual reaction components 
in the sample due to a less than 100 % efficiency in the G-25 sephadex separation. 
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Figure 6-5: a) The AuNP synthesis inside liposomes, with a 2 mg/mL lipid concentration, using encapsulated 
HAuCl4 (0.1 mg/mL) and I-2959 (1 mM). b-c) TEM image of the obtained AuNPs. 

Before UV irradiation a low intensity plasmon peak can be observed (Figure 6-4) which 
probably is due to some minor reduction of HAuCl4 by lipids. There was no indication that this 
process damaged the liposomes as they retained their size.e 

 

In conclusion the same synthesis strategy using the same concentrations of HAuCl4 and the 
photoinitiator I-2959, activated by UV irradiation, produced spherical AuNPs of vastly 
different sizes when conducted confined in liposomes as compared in bulk solution. Counts of 
the particles from multiple TEM bright field images was made to visualize this difference in a 
more inclusive way than a few selections of images (Figure 6-6).  

                                                                        
e Figure 4b in Paper V 
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Figure 6-6: Size distribution analysis of AuNPs synthesized in bulk (black) and encapsulated in liposomes (grey). 

The significantly smaller sizes of AuNPs produced inside liposomes is likely due to do the 
adsorption of gold nuclei on, or in, the lipid membrane which restricts diffusion and thus 
growth. The small size of the AuNPs and the fact that they are efficiently entrapped in the 
liposomes make this strategy highly interesting for further development of systems for 
photothermal drug delivery. 
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In this chapter the main characterization techniques used in this thesis are presented in short. 
The characterization techniques are presented in the order by which they appear in the thesis. 

 

The ability of molecules to diffuse trough the membrane is defined by its permeability. It is 
difficult for ions and any hydrophilic molecule, with the exception for water, to diffuse through 
a lipid bilayer. The permeability of a lipid bilayer is therefor considered to be very low, and 
liposome encapsulated molecules are thus typically retained.[51] Interactions of membrane 
active molecules with the lipid bilayer can increase the permeability by disrupting the 
organization of the lipids.[23] The permeability changes of a liposome can be analyzed by 
encapsulating a fluorophore at self-quenching concentrations and register the release by 
fluorescence spectroscopy.[33] 

The principle of fluorescence spectroscopy is based on the ability of fluorophores to absorb a 
photon and emit another photon with lower energy. This occurs trough excitation, non-
irradiative relaxation to the lowest vibrational level of the excited state and finally irradiative 
relaxation returning the fluorophore to the ground state. The irradiative relaxation trough the 
emitting of a photon is referred to as the fluorescence emission of the fluorophore. The 
measurement relies on selecting a wavelength for excitation (λex) of the fluorophore and 
detecting the spectrum of emitted light (λem). The fluorescence emission intensity can be 
decreased by offering a non-irradiative relaxation all the way back to the ground state through 
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interactions with surrounding molecules, this process is called quenching.[177] The fluorophore 
carboxyfluorescein (CF) has a λex = 495 nm and maximum λem = 517 nm and it is self-
quenching at concentrations above 50 mM. The self-quenching mechanism of CF is caused by 
both the formation of non-fluorescent dimers and energy transfer from monomers to 
dimers.[178] Encapsulation of self-quenching concentrations of CF in liposomes and detecting 
emission of CF from leaking liposomes have been done for decades.[33] It is used in many 
studies investigating the integrity of lipid membranes for example upon storage,[179] heating[38] 
or interaction with surfactants[180] or peptides.[23,49] The change in CF release from liposomes 
due to peptide interactions was studied in Paper I-IV. 

 

The size of liposomes can be determined by dynamic light scattering (DLS), which is a 
technique that measures the scattering of light by small particles in suspension. DLS exploits 
a monochromatic light source to irradiate the sample and the scattering caused by particles in 
the sample is detected at a fixed angle, typically 90°. Fast sequential measurements are done 
to record fluctuations in the scattered light due to the Brownian motion of particles. Different 
sized particles have distinct differences in their movement patterns, where smaller particles 
move faster than larger particles. The measured count rate is the scattered intensity or simply 
the number of photons recorded per second. From this the normalized intensity time 
correlation function is derived: 

g(2)(τ)-1 = 
〈 I(t) ∙ I(t+τ) 〉

〈 I(t) 〉2
 

where the intensity of the scattered light is I(t) and I(t+τ) at times t and t+τ, respectively. From 
the g(2)(τ) the translational diffusion coefficient (D) of the particle, and thus its hydrodynamic 
diameter RH, can be obtained:  

g(2)(τ) - 1 = β
2
e-2Dq2τ 

RH= 
kBT

3πηD
 

where β is an instrument constant ideally calibrated to 1, q is the magnitude of wave vector, kB 
is the Boltzmann’s constant, T is the absolute temperature and η is the viscosity of the 

sample.[181] The CONTIN analysis method can be used to identify multiple translational 
diffusion coefficients and thus multiple hydrodynamic diameters from the correlation 
function for polydisperse samples.[182] 
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Figure 7-1: a) The normalized intensity time correlation function for POPC liposomes in PBS buffer extruded 
through a polycarbonate membrane with 100 nm pore size using a total lipid concentration of 40 µM. b) The 
resulting size distribution of liposomes by fitting the data in a using the CONTIN method. There is no detectable 
decay time for the PBS sample and thus no particles could be detected.  

The determination of liposome size with DLS have been shown to be comparable to more 
resource-demanding techniques such as freeze-fracture electron microscopy (EM).[183] 
Liposomes extruded 21 times through a 100 nm in diameter pore size polycarbonate 
membrane will have a hydrodynamic radius of about 60-75 nm (Figure 7-1) and are thus 
suitable for measuring with DLS. The hydrodynamic radius of liposomes was measured by 
DLS in Paper I-V.  

 

The zeta potential (ζ) of a particle is the potential at the distance from the particle called the 
slipping plane. Any charged particle in solution will attract oppositely charged ion from the 
solution towards the particle surface, this first layer of counter ions is the Stern layer. Beyond 
the Stern layer, counter ions and their counter ions are highly organized (electric double layer) 
until the effect wears off with increased distance. The slipping plane is defined as the 
maximum distance from the particle where the associated counter ions move with the 
particle.[27] 

The zeta potential cannot be directly measured but can be derived from the electrophoretic 
mobility (μe) of charged particles under an applied electric field (E). During a measurement, 
the particle suspension is subjected to an applied electric field and the particle scatter the light 
from an incident laser. When the laser light is scattered by the particles the frequency shifts. 
To compare it to the original beam frequency, the beam is split allowing only one beam to pass 
through the sample and in the end combining the two beams to detect the shift (Doppler shift). 
The particle velocity (V) is can be deduced from the Doppler shift. Thus, the electrophoretic 
mobility can be described by: 

μ
e
 = 

V

E
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The electrophoretic mobility of large particles where the thickness of the electric double layer 
is much smaller than the particle itself (approximations for particles larger than 100 nm in 
diameter) can in turn be described by the Helmholtz-Smoluchowski equation: 

μ
e 

= 
εrε0ζ

η
 

where εr is the relative permittivity, ε0 is the permittivity of vacuum and η is the viscosity of 
the solution. The zeta potential can thus be calculated using the combined information in the 
two equations above.[184] In Paper IV, zeta potential was used to tailor the lipid composition of 
the liposome model system to mimic the zeta potential of the bacterial cell membrane.  

 

Absorbance spectroscopy is based on measuring the difference in intensity of monochromatic 
(single wavelength) light before (I0) and after (I) passing through a sample. To generate an 
absorption spectrum the wavelength of the incident light is stepwise changed over a desired 
range. The absorbance (A) is determined by: 

A = log ( 
I0

I
 ) 

Depending on the molecule, it may absorb light of different wavelength (photon energy) and 
to a different extent, this is referred to the molar absorptivity or extinction coefficient (ε). The 
absorbance is directly proportional to the concentration (c) of the light absorbing molecule in 
the sample trough the Beer-Lambert law: 

A = l ∙ c ∙ ε 

where l is the pathlength.[185] 

To determine peptide concentration the presence of the residues tryptophan (W), tyrosine (Y) 
or cysteine (C), which absorb light in the UV-range and have maxima around 280 nm, can be 
used. A total extinction coefficient for the peptide must be calculated based on the primary 
structure content in order to use the Beer-Lambert law to determine peptide concentration.  

ε = nWεW ∙ nYεY ∙ nCεC 

where nW, nY and nC are the number of tryptophans, tyrosines and cysteines in the peptide 
primary structure respectively. The extinction coefficient for the residues at 280 nm are εW = 
5960, εY = 1280 and εC = 120 M-1 cm-1.[186] The peptide concentration was estimated through 
these calculations in Paper I-V. 
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The secondary structure of peptides and proteins can be determined by circular dichroism 
(CD) spectroscopy. The technique relies on irradiating the sample with circularly polarized 
light and detecting the difference in absorbance of left- and righthanded circularly polarized 
light (ΔA) caused by the presence of optical active or chiral entities in the sample.  

∆A = l ∙ c ∙ ∆ε 

where l is the optical path length, c is the molar concentration of the sample and Δε is the 
difference in the molar extinction coefficient of left- and righthanded circularly polarized light. 
The ΔA is converted to degrees of ellipticity (θ) to reflect the distortion of the circularly 
polarized light after passing through an optical active sample.  

θ = ∆A ( 
ln 10

4
 )  ( 

180

π
 )  = 32.98∆A 

In peptides, the amide bond absorbs in the far-UV and give rise to the characteristic spectrums 
(Figure 7-2) due to the difference in the angles φ and ψ that can be found in each secondary 
structure.  

 

 

Figure 7-2: CD-spectra showing the characteristics of the α-helix, β-sheet and random coil adapted from the 
Fasman standard curves of poly-Lysine.[187] 

In order to facilitate comparisons of CD results from peptides with different lengths, or more 
precise the number of residues (n), the data may be converted to mean residue molar ellipticity 
(MRE).[188] 

MRE = 
100 ∙ θ

c ∙ n ∙ l
 

In Paper I-IV the secondary structure of peptides interacting with liposomes was observed 
through CD spectroscopy. 



54 
 

 

The QCM-D technique is based on the acoustic waves generated by an oscillating piezoelectric 
crystal quartz sensor. The oscillation arises when an alternating electric field is applied which 
causes the sensor to expand and contract. The resonance frequency depends on the mass of 
the sensor and any adhering material. The change in frequency (Δf) is recorded and can be 
related to the change in adsorbed mass (Δm):  

∆f = 
∆m ∙ n

C
 

where n is the overtone number and C is a constant derived from the thickness, density and 
resonance frequency of the dry sensor. Any odd number overtones are simultaneously 
recorded and the higher number overtone, the shorter the penetration depth of the acoustic 
wave. Thus, each overtone gives a different perspective of what happens at the sensor 
surface.[189] 

The viscoelasticity of the adsorbed material on the sensor is measured through the dissipation 
(D) determined by monitoring the decay of the sensor oscillation.[190] 

D = 
Edissipated

2π ∙ Estored

 

where Edissipated is the dissipated energy during one oscillation period and Estored is the stored 
energy in the oscillating system. 

Peptide-lipid interactions can be investigated using quartz crystal microbalance with 
dissipation (QCM-D). A supported lipid bilayer (SLB) can be formed on a silicon dioxide 
coated sensor surface by liposome adsorption and subsequent rupture.[191,192] In Paper I, QCM-
D was used to observe peptide-lipid interactions and to evaluate its mechanism of action.  

 

Isothermal titration calorimetry (ITC) offers a label-free technique to study the 
thermodynamics of biomolecule interactions such as peptide-liposome interactions.[193] The 
technique relies on the detection of changes in heat of the reaction cell compared to the 
reference cell. The measurement is carried out by small titrations of the ligand into the sample 
cell containing the analyte and the changes in heat (q) for each titration is recorded. In well-
defined experiments with only one interaction it is possible to determine the association 
constant (Ka), the enthalpy of binding (ΔH) and the stoichiometry (n) of the interaction.[194] 

q = V ∙ ∆H ∙ ∆[LB]  
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Q = V ∙ ∑  ∆Hi  ∙ [LB,i]

i

 = V ∙ ∑  
ni ∙ ∆Hi ∙ Ka,i ∙ [L]

1 + Ka,i ∙ [L]
i

 

where ΔLB is the change in bound ligand concentration, V is the reaction volume, Q is the 
cumulative heat and [L] is the concentration of free ligand.  

In Paper II-III, ITC was used to evaluate the characteristics of the peptide-lipid interaction 
and the effect of conjugated and non-conjugated peptide respectively. 

 

Surface plasmon resonance (SPR) is commonly used to characterize biomolecular 
interactions, first reported by Liedberg et al.[195] in 1983. It relies on the excitation of surface 
plasmons which propagate along a metal surface. The excitation is achieved by a light source 
which is reflected at the backside of the sample surface. At a specific incident angle of the light 
source, energy is transferred to the surface plasmon and at the detector this is recorded as an 
intensity minimum (θsp). Any change in refractive index in the sample will affect the surface 
plasmon and thus the angle of incident light that is transferred to it (Δθsp). The surface 
plasmon evanescent field probes the sample up to about a few hundred nm (from gold 
surfaces).[196] 

The ligand immobilization can be made on different sensor surfaces depending on the 
characteristics of the system of interest. When analysing peptide-peptide interactions it is 
often preferred to use a 3D carboxymethylated dextran matrix (the CM5 sensor) where 
immobilization of ligand per sensor surface area can be maximized to increase the 
sensitivity.[197] The interaction between the ligand and analyte is measured in response units 
(1 RU corresponds to Δθsp = 0.0001°) and the analyte per ligand bound can be calculated by 
using the respective ΔRU and their molecular weight (MW): 

analyte per ligand = 
∆RUanalyte  ∆RUligand⁄

MWanalyte  MWligand⁄
 

The 3D carboxymethylated dextran matrix was modified by incorporating hydrophobic alkyl 
chains to act as anchors to capture liposomes (the L1 sensor).[198] The captured liposomes are 
generally regarded to be intact on the sensor,[198,199] but there have been a few observations of 
liposome rupture and the subsequent formation of a supported lipid bilayer (SLB).[200] The 
liposome-functionalized sensor enable measurements of the interaction between peptides and 
liposomes.[201] In Paper II-III, SPR was used to determine the conjugation efficiency of 
peptides to liposomes, the subsequent ability to heterodimerize as well as the isolated 
heterodimerization of peptides. 
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Transmission electron microscopy (TEM) can be utilized to enable imaging of structures 
smaller than the wavelength of light, such as gold nanoparticles. The electrons are usually 
accelerated by an applied potential of about 70-300 keV and can enable imaging resolutions 
below 1 Å. The higher the accelerating voltage the higher the resolution, although electrons 
with high energy may interact and destroy sensitive samples.  

In bright field imaging the electrons going through the sample without scattering 
(transmitted) are detected by a CCD camera. In the resulting image, dark areas are thus areas 
where high electron dense material is located such as AuNPs. Low electron density materials 
such as liposomes do not scatter electrons to the same extent and the contrast to the 
background (typically carbon coated formvar) is low if no staining procedure is performed.[202] 

In Paper V, TEM was used to image the AuNPs and measure the particle size. 
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This thesis is based on five scientific papers where Papers I, II, IV and V are published in peer-
review journals, and Paper III is submitted.  

This chapter provides a short summary of each paper, their main results and discussion. 
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Seng Koon Lim†, Camilla Sandén†, Robert Selegård, Bo Liedberg, Daniel Aili 

Scientific Reports, 2016, 6:21123 

 

 

The paper describes how the liposomal content release kinetics can be tuned by varying the 
degree of JR2KC peptide modification on liposomes as well as the inhibitory effects of 
heterodimerization of JR2KC with the charge complementary JR2E. The interaction and 
subsequent pore formation of JR2KC in the lipid membrane is dependent on the peptide-lipid 
conjugation through a maleimide-thiol reaction. The liposomal content release can be 
triggered by proteolytic digestion of the inhibitory JR2E by the matrix metalloproteinase 
MMP-7 which is upregulated in many malignant tumors. 

  

                                                                        
† These authors contributed equally to this work. 
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Camilla Skyttner, Karin Enander, Christopher Aronsson, Daniel Aili 

Langmuir, 2018, 34(22):6529-6537 

 

 

The paper describes how the liposomal content release kinetics can be tuned using the de novo 
designed coiled coil peptides KIC and KVC. Relatively small differences in peptide primary 
structures resulted in large differences in membrane activity. The homodimerization of the 
isoleucine-rich KIC was extensive when conjugated to liposomes resulting in just a minor 
increase in membrane permeability.  In contrast, conjugation of the valine-containing KVC 
lead to a dramatic increase in the permeability of the lipid membranes thus releasing the 
liposomal content. Moreover, the potential to inhibit the release using heterodimerization 
with the complementary peptides EI and EV resulting in folding into coiled coils was 
investigated. The differences in Kd for heterodimerization (EIKVC<EVKVC) was reflected in 
the inhibition efficiency, where EI inhibited KVC at lower concentrations than EV. The 
liposomal content release was reactivated upon addition of KI or KV to enable a heterodimer 
exchange resulting in a free liposome-conjugated KVC and a new heterodimer not associated 
with the liposomes (EIKI or EIKC).   
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Camilla Skyttner, Robert Selegård, Jakob Larsson, Christopher Aronsson, Karin Enander, 
Daniel Aili 

Submitted 

 

 

The paper investigates the optimization of the membrane active 29 residue peptide KVC used 
in Paper II. By single amino acid substitutions in the hydrophobic (N→V) and hydrophilic face 
(W→E) of this amphipathic coiled coil the original KVC was modified to have a repeated 
heptad of (KVSALKE)n but keeping the N-terminal C. This enabled the optimization of peptide 
length without the influence of single residue deviations. When comparing the original KVC 
to the equally long KVC4, KVC4 caused a more efficient release of liposomal content. 

The number of heptad repeats investigated generated the peptides KVC2, KVC3, KVC4 and 
KVC5. The shorter peptides KVC2 and KVC3 proved to cause lower CF release due to the peptide 
length barely spanning the lipid bilayer for KVC2 and liposome aggregation was observed for 
KVC3. The longest peptide KVC5, although showing promising CF release kinetics the 
conjugation degree was about 1.8 peptides/conjugation site which indicate difficulties in 
having a highly controlled system. The optimal length proved to be KVC4 where the total CF 
release was high but also tunable in regard to the degree of peptide conjugation. KVC4 also 
proved to have a strong interaction with the lipid membrane without causing liposome 
aggregation. A future design including these components may also benefit from using the 
shortest peptide sequence that still results in an efficient release. 
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αβ

Hazem Khalaf, Sravya Sowdamini Nakka, Camilla Sandén, Anna Svärd, Kjell Hultenby, 
Nikolai Scherbak, Daniel Aili, Torbjörn Bengtsson 

BMC Microbiology, 2016, 16:188 

 

 

The paper investigates the antimicrobial effects of a few Lactobacillus species, as well as the 
L. plantarum NC8 produced bacteriocins PLNC8αβ, on P. gingivalis identified as a key 
pathogen in periodontitis. It was shown that L. plantarum NC8 and 44048 as well as the 
bacteriocins PLNC8αβ alone could inhibit the growth of P. gingivalis. PLNC8αβ bound to the 

cell membrane of P. gingivalis and thus increased the permeability which was shown by DNA 
staining with Sytox Green. 

The effect of the two bacteriocins PLNC8αβ on a liposome-model system using a 5:95 molar 
ratio of POPS:POPC to mimic the zeta potential of P. gingivalis membrane microvesicles was 
investigated. Upon liposome-membrane interaction the PLNC8αβ underwent changes in 

secondary structure where PLNC8α showed an increase in α-helicity and PLNC8β showed an 

increase in β-strand content. The rapid interaction and permeabilization of the P. gingivalis 
membrane by PLNC8αβ was also shown in the liposome-model system where the 
encapsulated fluorophore CF was released. It was indicated by the results from the liposome-
model system that PLNC8β was more efficient in membrane permeabilization then PLNC8α, 

and comparable with PLNC8αβ together at the double concentration. This suggests a new 

approach moving forward where the previously perceived pair of PLNC8αβ could be used 

individually or that their mechanism of action in killing the bacteria differs between the two. 

  



62 
 

Sushanth Gudlur, Camilla Sandén, Petra Matoušková, Chiara Fasciani, Daniel Aili 

Journal of Colloid Interface Science, 2015, 456:206-209 

 

 

The paper describes the photochemical synthesis of gold nanoparticles (AuNPs) within 
liposomes. This synthesis was performed within minutes and the resulting AuNPs showed the 
characteristic plasmon peak. The AuNPs produced through this confined synthesis was 
observed to have a size of 2.8 ± 1.6 nm in diameter, which was much smaller compared to the 
non-confined synthesis (10.5 ± 5.2 nm).  
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The main objective was to develop and study new strategies for tunable and triggered changes 
in the permeability of the lipid membranes of liposomes. To this end, the potential of using 
specific folding mediated interactions of liposome conjugated de novo designed helix-loop-
helix and coiled coil peptides to control the release of encapsulated species was investigated. 
Liposome-model systems was also used to elucidate information about the interactions of 
bacteriocins with lipid bilayers and their effect on membrane integrity. Finally, a novel 
procedure for synthesis of liposomes encapsulated gold nanoparticle was developed.  

 

The tunable and triggered release of encapsulated molecules by peptide-functionalized 
liposomes proved successful. The JR2 and EKIV peptides could both be used to tune the 
release of a small fluorophore (CF) by the conjugation of the lysine-rich peptide (JR2KC, KIC 
and KVC) and inhibit the release trough heterodimerization with a glutamic acid-rich 
inhibitory peptide (JR2E, EI and EV). A triggered release was achieved by MMP-7 digestion 
for the JR2 system and a heterodimer exchange for the EKIV system.  

The membrane active KVC peptide was optimized in regard to sequence and length. Four 
different peptides (KVC2, KVC3, KVC4, and KVC5) were investigated where the heptad repeat 
was optimized to (KVSALKE)n where n = 2, 3, 4 and 5. The KVC4 peptide had an efficient 
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release of liposome-encapsulated molecules and did not induce aggregation and was suggested 
to be a good candidate for further development of peptide-liposome-based drug delivery 
systems.  

 

The P. gingivalis charge mimetic liposome-model system was successfully used to elucidate 
information of the bacteriocins PLNC8αβ interaction with lipid bilayers. The peptide-lipid 
interactions of both PLNC8αβ increased the permeability of the liposomes, although the effect 
was more pronounced for PLNC8β. These results indicate that PLNC8α and β could be used 

individually in treatment of P. gingivalis infections and that the mechanism of action of the 
two peptides likely are different.  

 

The comparison of a one-pot photochemical AuNP synthesis in a confined and non-confined 
reaction showed that differently sized AuNPs were generated. The resulting AuNP in the 
confined reaction and in the non-confined reaction was 2.8 ± 1.6 nm in diameter 10.5 ± 5.2 
nm in diameter, respectively. The smaller size resulting from the confined reaction is likely a 
result of a constrained diffusion of the gold nuclei initially in the growth process. 

 

To this day, a couple of liposome-based drug delivery systems have been approved for clinical 
use and several are in clinical trials. All of them are based on the passive release of the 
encapsulated drug molecules but further development of these systems can enable tunable and 
triggered release in order to improve drug efficacy. As shown in this thesis, membrane active 
peptides are potentially interesting components in the design liposome-based drug delivery 
systems. Triggered release of encapsulated molecules was demonstrated using a number of 
different amphipathic peptides and means to control the release by both highly specific 
peptide mediated interactions and the hydrolytic activity of a cancer related enzyme were 
developed. The detailed interactions and structure of the peptides in the membranes are yet 
not fully understood and it would hence be of interest to characterize these systems further to 
e.g. find out if the release is caused by pore formation or some other mode of action. Another 
question not answered in this thesis is what type of molecules can be released. The only 
molecule used for release-studies so far is a small charged fluorophore. It would hence be of 
interest to repeat the experiments with a greater variety of encapsulated molecules with 
respect to size and charge to better predict which drug molecules could be release using these 
strategies. So far, the lipids and peptides have not been optimized to fully address the 
multitude of obstacles, such as degradation, that will arise when used in a biologically more 
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relevant context. It would thus be interesting to investigate if the proposed release strategy 
can be combined with e.g. PEGylated liposomes that have been proven to not initiate an 
immune response. In addition, the peptides may be subjected to proteolytic degradation, and 
more stable versions obtained by including D-amino acids would be interesting candidates to 
consider. The tailoring of release to also include other triggers, such as enzymes related to 
specific disorders, is also of great interest. The results in Paper I-III can thus be regarded as a 
proof-of-concept and optimization of the materials in the system will be necessary. 

The investigation of PLNC8αβ showed that a liposome model system also could be used to 
elucidate relevant information about the peptide-lipid interactions for this clinically 
potentially relevant bacteriocin. The work with these peptides is ongoing and it is my hope 
that the results from the liposome model system in Paper IV can facilitate the future 
development of therapeutic applications of the peptides. Because of the decrease in pH in the 
gingival pockets where the target pathogen P. gingivalis normally reside, it would be 
interesting to further investigate how the characteristics of the peptide-liposome interactions 
could differ at different pH. In this thesis, the interactions were investigated at neutral pH and 
PLNCβ was found to have a more pronounced interaction with the model liposome than 
PLNCα. This suggests that PLNCβ might have a more prominent non-specific interaction with 
the P. gingivalis membrane and PLNC8α might have a different target. These results may also 
provide ideas on how these peptides may be incorporated as antimicrobial agents into future 
functional materials, where perhaps PLNC8β can be functionalized on the material to be 

available for membrane interactions whereas PLNC8α might need to be released. The 

development of a zeta potential mimicking liposomes might also be step forward in improving 
liposome model systems for fast screening of potential antimicrobial peptides. 

To obtain liposome encapsulated AuNP systems, AuNPs are usually synthesized, stabilized by 
various surface functionalization strategies and then encapsulated into liposomes. The one-
pot synthesis described in Paper V showed a different strategy where the synthesis was 
achieved within the confinement of liposomes. In this paper only one concentration and ratio 
of the components was used, and it would be interesting to study further how the size of the 
synthesized AuNPs changes due to changes in concentration and ratio of the reactants and if 
this difference then would be the same for the confined and non-confined synthesis. If this 
confined synthesis strategy will be used to generate a triggered drug delivery system, then the 
effect of simultaneously encapsulating the drug molecule together with the reactants must be 
investigated.  

It is my hope that some of the results presented in this thesis will be beneficial not only for my 
current group, which will continue to work in this direction, but also for other researchers 
around the world. In my mind, this is how true scientific progress works since each of us has 
a different perspective and therefor notices something different when studying the results of 
others. It is in the nature of scientific research that you never really now the impact of your 
work, since it might take many years before you can evaluate any change in the overall progress 
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in the field. I hope that the work presented in this thesis will be a piece of the much larger 
puzzle moving forward. 
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